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Abstract

The function of many natural products, such as antibiotics, oligosaccharides, polyphenols and
proteins is determined by their glycosylation pattern. The site selective glycosylation is in many
cases performed by nucleotide diphosphate (NDP) dependent glycosyltransferases (GT) which
transfer a sugar moiety from an activated sugar-nucleotide towards a nucleophilic acceptor
molecule. However, their industrial application in processes where chemical synthesis lacks
selectivity is typically limited by the costs of the nucleotide sugars. To regenerate a-UDP-glucose
in-situ from sucrose and UDP, sucrose synthases (SuSy) were explored as recycling system in one-
pot reactions. To elucidate the reaction mechanism of inverting GT’s, glucosyl fluorides were
studied as new glycosyl donors and potential mechanistic probes.

For resveratrol and phloretin, three polyphenol-glucoside preparations from only an acceptor
molecule, catalytical amounts of UDP and inexpensive sucrose the improvement in overall
reaction performance was shown.The uptake of resveratrol (trans-3,5,4'-trihydroxystilbene) which has
drawn great attention as health promoting food ingredient is limited by its vanishingly low water
solubility. UGT71A15 from apple was identified as suitable biocatalyst for synthesis of highly soluble
resveratrol 3,5-B-D-diglucoside without impairing its antioxidative effectiveness. Phloretin which was
identified as a potential treatment for diabetes type 2 is found in form of its 2’-O-glucoside phlorizin in
apple. Nothofagin which has a C-glycosidic bond instead of the O-glycosidic bond found in most of
naturally occurring glycosylation products was produced to enhance the stability of the glucoside against
hydrolysis.

In a similar approach to “glycosynthases” which are engineered glycoside hydrolases able to synthesize
product glycosides from glycosyl fluorides, GT’'s were tested for their ability to form products from glycosyl
fluorides. Out of 6 inverting GTs tested to accept glycosyl fluorides as alternative sugar donors only 3 use
B-glucosyl fluoride in presence of catalytic amounts of UDP in place of a-UDP-glucose. In a first rate
limiting step a-UDP-glucose is formed in situ and is then used as substrate in the following glucosylation
of phloretin. Neither for inverting nor retaining GTs a transfer reaction from a-glucosyl fluorides was
observed. In addition, a-mannosyl, galactosyl and glucosyl fluoride were not accepted as sugar donors for
the synthesis of the corresponding nucleotide sugars performed by two SuSy’s from Acidophilus
bacteriasus and Glycine max. Mutational studies in the active site of a C-glycosyltransferase from Oryza
sativa (OsCGT) revealed that a switch from O- to C-transferase activity in the 1121D mutant increases the
formation of a-UDP-glucose from the corresponding fluorid.

Glucosyl fluorides were further used as probes in the study of levoglucosan kinase from Lipomyces starkeyi
and helped to confirm the predicted reaction mechanism. The improvement of analytical techniques using
NMR and whole mass spectroscopy presented strong evidence of an early transition state for the direct
transfer of sugar moieties in O- and C-glycosylation.
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Creating a Water-Soluble Resveratrol-Based Antioxidant by
Site-Selective Enzymatic Glucosylation

Alexander Lepak,” Alexander Gutmann,”” Sandra T. Kulmer,”’ and Bernd Nidetzky*™ !

The phytochemical resveratrol (trans-3,5,4'-trihydroxystilbene)
has drawn great interest as health-promoting food ingredient
and potential therapeutic agent. However, resveratrol shows
vanishingly low water solubility; this limits its uptake and com-
plicates the development of effective therapeutic forms. Glyco-
sylation should be useful to enhance resveratrol solubility, with
the caveat that unselective attachment of sugars could destroy
the molecule’s antioxidant activity. UGT71A15 (a uridine 5'-di-
phosphate a-p-glucose-dependent glucosyltransferase from
apple) was used to synthesize resveratrol 3,5-B-p-diglucoside;
this was about 1700-fold more water-soluble than the unglu-
cosylated molecule (~0.18 mm), yet retained most of the anti-
oxidant activity. Resveratrol 3-B-b-glucoside, which is the natu-
rally abundant form of resveratrol, was a practical substrate for
perfect site-selective conversion into the target diglucoside in
quantitative yield (gL ' concentration).

Polyphenols constitute a large and diverse class of plant natu-
ral products that are widespread and abundant in fruits, seeds,
and vegetables." Interest in natural polyphenols has been
high across multiple scientific disciplines, as well as for the
public: there are strong claims about the significant health
benefits resulting from the regular consumption of polyphe-
nol-containing foods.”” The stilbene resveratrol (Scheme 1) has

Scheme 1. Glycosylation of phenolic compounds, such as resveratrol, by glycosyltransfer-
ases (GTs, EC 2.4) typically involves transfer of glucosyl moieties from UDP-glucose and

formation of O-f-p-glucosides.

[a] A. Lepak, Dr. A. Gutmann, S. T. Kulmer, Prof. Dr. B. Nidetzky
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Graz University of Technology, NAWI Graz
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E-mail: bernd.nidetzky@tugraz.at
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received keen attention in particular, because in addition to its
cardioprotective® and anti-inflammatory® effects (long sus-
pected in red wine), resveratrol has also shown promising ac-
tivities against different forms of cancer.”*>*** |t has proved ef-
fective against neurodegenerative diseases, in extending the
lifespan of model organisms”' and in attenuating age-related
changes in mice.” Its positive effects on the skin have further
encouraged interesting applications in cosmetics."”

A limitation in translating the beneficial effects of resveratrol
to humans apparently lies in the molecule’s low bioavailabil-
ity."” Rapid metabolism by sulfation or glucuronidation is rec-
ognized (although not universally)""" as major problem for re-
sveratrol plasma stability and target-tissue delivery."®'? The
vanishingly low water solubility of resveratrol is another key
problem, mainly for uptake from foods or in pharmaceutical
form."*! Besides classical formulation development,"® ' chemi-
cal conjugations, such as sulfation,"" glycosylation,"* oligome-
rization,"® and other derivations,”**'” hold particular promise,
as they offer the possibility of altering the uptake characteris-
tics."”* Glycosylation is an optimal biocompatible approach
for water-solubility enhancement; it is also a proven method in
prodrug development."® Notably, in an animal model, resvera-
trol 3,5-B-p-diglucoside was shown to be a potential prodrug
for the treatment of inflammatory bowel disease."’” Mechanis-
tic data support the notion that biological effects of resveratrol
potentially involve the activation of the protein de-
acetylase SIRT1,"” and also its action as an antioxi-
dant A concern for the attachment of sugars,
therefore, is that the antioxidant activity of resvera-
trol might be impaired. A systematic evaluation of re-
sveratrol glycosides is lacking, however, one can infer
from literature that an unmodified 4'-OH group is im-
portant for various pharmacological properties of re-
sveratrol."**1%*2% Thijs implies that whatever method
is chosen for resveratrol glycosylation, site selectivity
requires special attention. Selective enzymatic glyco-
sylation of the chemically unprotected substrate
would constitute a highly favorable synthetic proce-
dure. No such procedure is currently available.

Because of their high stilbene content, the roots of
Japanese knotweed (Polygonum cuspidatum) are the
main commercial source of resveratrol and piceid (also known
as polydatin and resveratrol 3-O-B-p-glucoside).?" The piceid
concentration exceeds that of resveratrol by five- to tenfold in
P. cuspidatum,”” and therefore piceid presents an evident
point of reference for the development of new resveratrol gly-
cosides.!'”*?! Like resveratrol, piceid is biologically active."”?*!
Natural glycosylation of polyphenolic substrates is accom-
plished by nucleoside diphosphate sugar-dependent GTs

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim




(Scheme 1), thus strongly suggesting these enzymes for the
synthesis of well-defined glycosidic products. With resveratrol,
unfortunately, none of various GTs examined showed site se-
lectivity to a degree suitable for synthetic applications."* %
The naturally available piceid was often the main product of
resveratrol glucosylation, thus rendering enzymatic glucosyla-
tion of limited use.

Here we report a highly efficient single-step synthesis of a
unique resveratrol 3,5-f-p-diglucoside; it exhibited almost
1700-fold increased water solubility compared to resveratrol
(100-fold compared to piceid), yet retained most of the antioxi-
dant activity of the unglucosylated molecule. Based on a de-
tailed characterization of its uridine 5'-diphosphate (UDP)-a.-p-
glucose-dependent reaction with resveratrol, the glycosyltrans-
ferase UGT71A15 (GenBank: DQ103712) from apple was iden-
tified to catalyze site-selective 5-O-f3-p-glucosylation of piceid.
We also show that piceid was an efficient acceptor substrate in
an overall high-yielding enzymatic transformation with UDP-
glucose as donor, thereby giving the target diglucoside in con-
centrations suitable for the isolation of pure product on a prep-
arative scale (>5gL ).

Recombinant UGT71A15, containing N-terminal Strep-tag Il
for single-step affinity purification, was obtained from Escheri-
chia coli cultures by well-established protocols for the prepara-
tion of (closely) related plant GTs.*? Although the enzyme
tended to form inclusion bodies, a sufficient amount of
UGT71A15 was recovered from the soluble fraction of bacterial
cell extracts (FigureS1 in the Supporting Information).
UGT71A15 was initially selected because of its broad acceptor
scope in the glycosylation of flavonoids.”” We were pleased
that resveratrol was a good substrate for UGT71A15: specific
activity ~380 mU mg ' in the presence of 20% DMSO, which
had to be added in all conversions to avoid precipitation of
resveratrol. Glucosylation of resveratrol was analyzed by re-
versed-phase HPLC adapted for the determination of resvera-
trol and different glycosides thereof (Supporting Information).
Figure 1A shows a representative UV-HPLC trace from the late
stage of the enzymatic reaction. Three products appeared to
have been formed from the conversion of resveratrol. Authen-
tic resveratrol glucosides eluted at positions corresponding
exactly to the product peaks in the sample (Figure 1A), thus
enabling unambiguous assignment as well as peak area cali-
bration. Only piceid is available as a commercial standard; the
other glucosides were isolated by preparative HPLC and identi-
fied by NMR analysis as resveratrol 4'-O-f3-p-glucoside (resvera-
troloside) and resveratrol 3,5-di-O-3-p-glucoside.

Figure 1B shows a full time course of resveratrol glucosyla-
tion. The monoglucosides piceid and resveratroloside initially
formed in a ratio of about 3:1. Unlike resveratroloside, which
reached a maximum concentration upon complete consump-
tion of resveratrol and remained constant afterwards, piceid
accumulated in the first phase of reaction (up to 4 h), but then
decreased due to its gradual transformation into the 3,5-diglu-
coside. After extended reaction times, therefore, 3,5-digluco-
side was the main product of resveratrol conversion. Interest-
ingly, despite effective glucosylation at 3-OH and 4'-OH of free
resveratrol, no 3,4'-diglucoside was synthesized by transforma-
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Figure 1. A) HPLC analysis (320 nm) of products formed by resveratrol gluco-
sylation by UGT71A15 and standards (resveratrol glucosides). B) Time course
of product formation at pH 7.0 from resveratrol (1 mm) with UGT71A15

(100 ug mL~") and UDP-glucose (2 mm). Resveratrol (green), piceid (purple),
resveratroloside (blue) and 3,5-diglucoside (red).

tion of the intermediaries piceid or resveratroloside
(Scheme 2). Resveratrol triglucoside was also not formed. As
pH could influence resveratrol glucosylation (by affecting reac-
tion kinetics or thermodynamics),”*® we carried out reactions
over pH 6.0-8.0: optimum conversion was around pH 8.0. The
pH-dependent distribution of glucosylated products (Figure S2)
can be explained by the increased reaction rate at high pH.
Piceid prevailed at low pH, at which the 3,5-diglucoside was
only a minor by-product. At high pH, the relative amount of
3,5-diglucoside increased, apparently at the expense of piceid
formation, because of the accelerated conversion.

Initial-rate analysis with 5 mm resveratrol at pH 8.0 revealed
2.5-fold faster formation of piceid than of resveratroloside
(Scheme 2). Resveratrol showed pronounced substrate inhibi-
tion, resulting in reduced activities above 2.5 mm (Figure S3).
The half-saturation constant for UDP-glucose when glucosylat-
ing resveratrol was around 0.25 mm, and no substrate inhibi-
tion was detected (Figure S4). Enzyme selectivity for glucosyla-
tion of the 3-OH compared with 4-OH did not change with dif-
ferent concentrations of resveratrol or UDP-glucose.

The results shown in Figure 1B suggest that UGT71A15
might be a useful catalyst for the conversion of piceid into re-
sveratrol 3,5-diglucoside. This transformation is of interest not
only because of the assumed high product selectivity, but also
because piceid is more effective and less expensive than re-
sveratrol.?"’ The pH dependence of piceid glucosylation by
UGT71A15 showed a broad optimum over pH7.5-8.5 (Fig-
ure S5). Kinetic analysis at pH 8.0 revealed that piceid was
about sevenfold less efficiently glucosylated than resveratrol
(Scheme 2, Figure S6). However, piceid exhibited lower sub-
strate inhibition compared to resveratrol. At 40 mm piceid,
UGT71A15 still showed 60% of the maximum activity at about

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Three of the five potential glucosides are formed in vitro by [i-p-glucosylation of resveratrol with UGT71A15. Arrows indicate transformations con-
firmed by product identification and activity measurement. Specific activities are based on mass of purified protein. Activities (U= pmol min ') are initial rates
measured at pH 8.0 with 5 mm acceptor and 2 mm UDP-glucose as donor. Qrange balls indicate positions of glucosylation.

7.5 mm, whereas resveratrol had maximum activity at 2.5 mm
(only 50% at 10 mm). The practical ramification of the elevated
K, values of piceid is that a relatively high concentration can be
used without risking strong impairment of enzyme activity.
Also, the fact that piceid is somewhat more water-soluble than
resveratrol (see below) can be exploited fully in synthetic appli-
cation.

Figure 2 A shows a representative time course of synthesis of
resveratrol 3,5-diglucoside from piceid. Using UDP-glucose
(20 mm) in excess over piceid (5 mm), near quantitative conver-
sion (96%) of acceptor substrate was achieved, and 3,5-diglu-
coside was the sole product of the enzymatic glucosylation,
With 10 mm UDP-glucose the product yield decreased to
around 86 % at 23 hours (Figure 2 A), likely because of a kinetic
rather than a thermodynamic effect as follows. Figure 2A re-
veals clear slowdown of the reaction at a piceid conversion of
about 70% (3.5 mm). The rate-retarding effect, which is ex-
plained by the lowered enzyme activity due to drop of the
piceid concentration, was more pronounced at the lower UDP-
glucose concentration (Figure 2A). When offering resveratrol
3,5-diglucoside and UDP (1 mm each) to UGT71A15 at pH 8.0,
no reverse reaction occurred (within the limits of detection of
UDP-glucose and piceid, ~0.5% conversion, data not shown),
Therefore, this supports the contention that product yield in
resveratrol 3,5-diglucoside synthesis was not limited by reac-
tion thermodynamics. Piceid and resveratroloside were also
not deglucosylated by the enzyme in the presence of 1 mm
UDP at pH 8.0.

We considered that the required fourfold excess of the rela-
tively expensive UDP-glucose might prohibit synthesis of
larger amounts of the diglucoside. An enzymatic cascade reac-
tion (Scheme S1) was therefore implemented where the piceid
glucosylation was coupled to in situ UDP-glucose production
from sucrose and UDP catalyzed by sucrose synthase (SuSy
from soybean Glycine max, GmSuSy). Sucrose is a more practi-
cal glucosyl donor substrate as it is far less expensive than
UDP-glucose. Because UDP is recycled in the two-step reaction
(Scheme S1), it is used only in sub-stoichiometric amounts.
Similar cascades combining the synthetic reaction of a GT with
the SuSy reaction were previously shown to offer effective
systems for glucosylation of different dihydrochalcone natural

ChemBioChem 2015, 16, 1870 - 1874 www.chembiochem.org
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Figure 2. Conversion of piceid (purple) to resveratrol 3,5-diglucoside (red) by
UGT71A15. A) 5 mm piceid glucosylated from 10 mm (a) and 20 mm (@)
UDP-glucose, with 470 ug mL' UGT71A15. B) Glucosylation of 5 (e) and

10 mm (&) piceid (900 and 1800 pg mL™" UGT71A15, respectively) at pH 7.0
was coupled to UDP-glucose formation from 1 mm UDP and 200 mm su-
crose in the presence of GmSuSy (75 ng mL ).

products.”” The combination of thermodynamic and kinetic
constraints renders UDP-glucose synthesis by GmSuSy unfavor-
able at high pH.”” We were therefore forced to operate the
UGT71A15-GmSuSy cascade at pH 7.0, and thus accept a slight
decrease in UGT71A15 activity. However, despite replacing
20 mm UDP-glucose with only T mm UDP and 200 mm sucrose,
conversions of 5 and 10 mm piceid resulted in very high final
yields (99 and 97%, respectively; Figure 2B). Although we
used relatively high concentrations of UGT71A15 in the reac-
tions (900 and 1800 ug mL ', for 5 and 10 mm piceid, respec-
tively), the results clearly demonstrate the potential of the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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two-enzyme cascade for economic synthesis of resveratrol 3,5-
diglucoside. Up to 54 gL ' diglucoside was produced from
two inexpensive substrates (piceid and sucrose) with only cata-
lytic amounts of UDP (Figure S7). The kinetic data for
UGT71A15 (Figure S6) suggest increasing the piceid concentra-
tion (up to ~40 mm), where substrate inhibition of the enzyme
becomes effective, as one possible strategy for improving the
transformation further. A plausible strategy to cope with the
requirement for high amounts of UGT71A15 is the reuse of im-
mobilized enzyme.

About 23 mg of resveratrol 3,5-diglucoside was recovered
from conversions of 5 mm piceid on a 10 mL scale by using re-
versed-phase HPLC, with an isolated yield of 90% based on
piceid. Product purity was ~99% (based on HPLC peak area),
and product identity was confirmed by comparison with previ-
ously reported NMR data.”*"?" Resveratroloside was recovered
from the more complex product mixture of the resveratrol re-
action (Supporting Information).

3,5-Diglucoside was compared with piceid, resveratroloside,
and unglucosylated resveratrol (reference) for water solubility
and antioxidant activity (Table 1). Attachment of a single gluco-
syl residue to resveratrol resulted in moderately enhanced sol-
ubility, irrespective of the site of glucosylation. Double glucosy-
lation of the resorcinol moiety of resveratrol, by contrast, was
extremely effective in increasing the water solubility, by more
than 4000-fold in terms of mass concentration. On a molar
basis, resveratrol availability in aqueous solution was thus en-
hanced around 1700-fold or 100-fold when compared to re-

Table 1. Solubility and antioxidative power of resveratrol and its gluco-
sides.

Substrate Water solubility™ DPPH FRAP
gL’ mm 1C5, [pm]®™ FE™
resveratrol 0.04 0.18 46.7 1.02
piceid 1.26 3.23 59.3 0.91
resveratroloside 1.42 362 =1790 0.16
3,5-diglucoside 172 an 128.5 0.89

[a] After 48 h incubation at 30°C; [b] Concentrations required for scav-
enging 50% DPPH after 60 min; [c] Ferrous equivalents (umol Fe’* pro-
duced per pmol of antioxidant after 30 min).

sveratrol or piceid, respectively.

Antioxidant activity was assessed by radical-scavenging and
one-electron-reducing abilities, by applying the DPPH (2,2-di-
phenyl-1-picrylhydrazyl) and FRAP (ferric ion reducing antioxi-
dant power) assays widely used to evaluate the antioxidative
power of polyphenols.”” Both assays gave consistent results,
thus showing that glucosylation of the resorcinol moiety of re-
sveratrol caused only a relatively small loss of antioxidant activ-
ity compared to the unglucosylated reference resveratrol. Glu-
cosylation of the styryl moiety, by contrast, resulted in a dra-
matically decreased antioxidant activity, reflected not only in
a highly increased IC,, value in the DPPH assay and decreased
ferrous equivalents (FE) value in the FRAP assay, as shown in
Table 1, but also in a greatly decreased reaction rate of resvera-
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troloside compared with resveratrol in either antioxidant assay
used (Figures S8 and 510). The results clearly underline site se-
lectivity as critical in the enzymatic glucosylation of piceid; this
is required for development of a resveratrol derivative exhibit-
ing a desirable combination of high water solubility and similar
antioxidant properties.

In conclusion, a highly efficient single-step synthetic route
to resveratrol 3,5-diglucoside from piceid is reported here for
the first time. Glucosyltransferase UGT71A15 was identified as
a perfectly selective catalyst of the reaction. The 3,5-digluco-
side was shown to be an interesting water-soluble resveratrol-
based antioxidant. It might also constitute a bioavailability-en-
hanced potential prodrug."’® Piceid is more soluble than re-
sveratrol but it is easily hydrolyzed. The 3,5-diglucoside by con-
trast is more resistant to enzymatic hydrolysis."”* 3,5-Digluco-
side has been obtained by chemical’**?* and enzymatic
procedures.”*"" However, all these are unselective, thus result-
ing in complex mixtures of products from which the target di-
glucoside has to be isolated through elaborate workup proto-
cols. Moreover, chemical synthesis involves a multistep proto-
col. Clearly, the yield of resveratrol 3,5-diglucoside is seriously
limited in synthetic routes and previous biotransformations,
The convenient access to the 3,5-diglucoside by simple regio-
specific enzymatic production from piceid enables the 3,5-di-
glucoside to be evaluated more broadly in different applica-
tions: its use as a resveratrol prodrug is particularly promis-

i (17a]

ing.
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1. Methods

1.1. Chemicals and reagents

Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich in the highest purity available.
Resveratrol (99% purity) and piceid (99% purity) were obtained from Carbosynth. Strep-Tactin® Sepharose®
and desthiobiotin were bought from IBA. BCA assay kit and DNA modifying enzymes were purchased from
Thermo Scientific.

1.2. Construction of UGT71A15 and GmSuSy expression strains

The UGT71A15 (GenBank: DQ103712) gene was received from the group of Karl Stich (Institute of
Chemical Engineering, Technical University Vienna, Austria) in a pYES 2.1/V5-His-TOPO vector for protein
expression in Saccharomyces cerevisiae.!" For expression in E. coli the gene was integrated into pET-
STRP3, which is a custom made derivate of pET-24d that enables protein expression with an N-terminally
fused Strep-tag Il and was received from the group of Prof. Robert Edwards (Centre for Bioactive Chemistry,
Durham University, UK).m To clone the UGT71A15 gene into pET-STRP3 the two flanking restriction sites
Ndel and Xhol were introduced by PCR using taaccatatgaagagaccagcacaactagtgticg and
ggtgctcgagttaaattttatcaataaaacgccctaatg as forward and reverse primers, respectively. The resulting
fragment was purified on an agarose gel, digested with Ndel and Xhol fast digest restriction enzymes and
cloned into the respective sites of the pET-STRP3 vector. The correct sequence was verified by sequencing
the complete gene. The expression strain was created by transformation of electro-competent E. coli BL21-
Gold (DE3) cells. Construction of the E. coli BL21 Gold (DE3) expression strain for GmSuSy (GenBank:
AF030231) was described elsewhere.”!

1.3. Enzyme expression and purification

For expression of UGT71A15 the respective strain was grown at 37°C and 120 rpm in 1 L baffled shake
flasks in 300 mL LB-medium containing 50 ug mL” kanamycin until an optical density at 600 nm of around
0.5 was reached. The temperature was then decreased to 20°C and expression was induced by addition of
0.5 mm isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were harvested after 18 h by 30 min
centrifugation at 4°C, 5000 rpm, resuspended in ddH,O and frozen at -20°C until cell lysis by sonication (10 s
on, 20 s off, 3 min total on-time). The cell lysate was cleared of debris (20,000 x g, 60 min), filtered through a
1.2 pm filter and loaded onto a 3 mL gravity flow Strep-Tactin column which was preequilibrated with 3
column volumes (CVs) washing buffer W (100 mm Tris/HCI pH 8.0, 150 mm NaCl, 1 mm EDTA). Purification
recommendations given by IBA were closely followed. After washing the column with 5 CVs of buffer W the
target protein was eluted with 3 CVs buffer E (100 mm Tris/HCI pH 8.0, 150 mm NaCl, 1 mm EDTA, 2.5 mm
desthiobiotin). The first 0.5 CVs were discarded and the rest was pooled. Subsequently the column was
regenerated using 15 CVs of buffer R (100 mm Tris/HCI pH 8.0, 150 mm NaCl, 1 mm EDTA, 1 mm hydroxy-
azophenyl-benzoic acid) and finally reequilibrated with 10 CVs of buffer W. UGT71A15 was concentrated
and buffer exchanged to 25 mm HEPES pH 7.5 using centrifugal concentrators. Expression and purification
of GmSuSy was previously reported in detail ¥ Enzyme purity was checked by SDS-polyacrylamide gel
electrophoresis (PAGE) and protein concentrations were determined by BCA assay using BSA as standard.
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1.4. HPLC-based determination of resveratrol (glucosides) and UDP-(glucose)

Resveratrol and its glucosides were analyzed on a Chromolith® Performance RP-18e, LC 100 x 4.6 mm
column at 35°C with a binary gradient using H,O as mobile phase A and acetonitrile as mobile phase B
(0.1% formic acid each). Separation was achieved using following method under UV detection at 320 nm: 5-
30% B (7.5 min, 1 mL min™"), 30-100% B (0.01 min, 1 mL min™), 100% B (2.49 min, 1.5 mL min™"), 100-5% B
(0.01 min, 1.5 mL min"), 5% B (2.49 min, 1.5 mL min"). Resveratrol and piceid were used as authentic
standards and the concentrations of glucosylated products were calculated from peak areas.

To analyze besides resveratrol-glucosides also uridine-derivates (such as UMP, UDP and UDP-glucose) in a
single run, we used reversed-phase ion-pairing HPLC with tetra-n-butylammonium bromide (TBAB) as ion
pairing reagent. HPLC analysis was performed on a reversed phase C18 column (Kinetex™ 5 um C18 100 A
column 50 x 4.6 mm, Phenomenex) at 35°C. 20 mm potassium phosphate, pH 5.9 containing 40 mm TBAB
were used as mobile phase A. It was prepared by dissolving TBAB in a 5-fold diluted 100 mm potassium
phosphate buffer (pH 5.9) stock. Acetonitrile was used as mobile phase B. Separation was achieved using
following method at a constant flow rate of 2 mL min™: 5% B (1 min), 5-40% B (3.2 min), 40-90% B (0.01
min), 90% B (0.79 min), 90-5% B (0.01 min), 5% B (0.99 min). Uridine and resveratrol derivatives were
monitored at 262 and 320 nm, respectively. UMP, UDP, UDP-glucose, resveratrol and piceid were used as
authentic standard and concentrations were calculated from peak areas.

1.5. Determination of initial reaction rates of UGT71A15

Linear initial rates of UGT71A15 conversion were calculated from the amount of resveratrol glucosides
formed after various incubation times. The described HPLC assay without ion pairing was used to quantify
resveratrol and its glucosides. Reaction mixtures with a typical volume of 200 uL contained besides the
respective acceptor and UDP-glucose 13 mM MgCl,, 50 mm KCI, 50 mm HEPES (unless mentioned
otherwise), 0.13% (w/v) BSA and 20% (v/v) DMSO. Reactions were started by addition of UGT71A15 at
concentrations leading to 5-20% conversion within the observed reaction time of 1h at 30°C without shaking.
To stop the reaction samples of typically 20 uL were mixed with an equal volume of acetonitrile and
centrifuged for at least 15 min at 13,200 rpm to remove precipitated compounds before HPLC analysis.
Typically 4-5 samples were analyzed to determine an initial reaction rate.

The effect of different resveratrol concentrations on UGT71A15 activity was investigated in a range from 10
UM to 10 mm (2 mm UDP-glucose, 12-48 ug mL" UGT71A15, pH 8.0). In an otherwise identical experiment
UDP-glucose was varied between 10 uMm and 10 mm (1 mm resveratrol, 20 ug mL™” UGT71A15).

To determine the pH dependency of piceid glucosylation the pH was varied between 5.5 and 10.0 using
MES (5.5-6.5), HEPES (6.5-9.0) or CHES (9.0-10.0) as buffer (5 mm piceid, 2 mm UDP-glucose, 100 pg mL”
UGT71A15). Piceid concentrations were varied between 10 um and 40 mm to evaluate the effect on
UGT71A15 activity (2 mm UDP-glucose, 11.6-46.4 ug mL" UGT71A15, pH 8.0). Furthermore, UDP-glucose
concentrations were varied in presence of 5 mm piceid from 10 pm to 10 mm (12 pg mL™" UGT71A15, pH
8.0).

Glucosylation of 1 mm resveratroloside and resveratrol 3,5-diglucoside in presence of 1 mm UDP-glucose
and 100 ug mL™ UGT71A15 was tested by incubation at pH 8 for 48 h.

Additionally reversibility of glucosylations was tested by incubation of 1 mm resveratrol glucoside (piceid,
resveratroloside or resveratrol 3,5-diglucoside) with 1 mm UDP and 100 ug mL" UGT71A15 at pH 8.0 for
48 h.

1.6. Resveratrol and piceid conversions

Resveratrol and piceid glucosylations by UGT71A15 were followed by HPLC as described for initial rate
measurements to record the respective time courses. Only when GmSuSy was applied for in situ
regeneration of UDP-glucose the ion pairing HPLC method was used to measure besides the concentrations
of resveratrol (glucosides) also those of UDP and UDP-glucose whereas reaction buffers and conditions
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were as described for activity measurements. Reaction volumes were adapted to the amount of samples
withdrawn in the respective experiment.

Conversion of 1 mM resveratrol with 100 pg mL™" UGT71A15 in presence of 2 mm UDP-glucose was followed
for 24 h at pH 7.0. To find the ideal pH for resveratrol glucosylation conversion of 1 mm resveratrol was
furthermore followed for 70 h at various pH in the range from 6.0 to 8.0 (1 mm UDP-glucose, 100 ug mL”
UGT71A15, 50 mm HEPES).

Conversion of 5 mM piceid to the 3,5-diglucoside by 470 ug mL" UGT71A15 was tested with 10 and 20 mm
UDP-glucose, respectively (23 h reaction time, pH 8.0). Synthesis of the resveratrol 3,5-diglucoside from 5
and 10 mM piceid with 900 and 1800 ug mL" UGT71A15, respectively was also coupled to in situ UDP-
glucose recycling by 75 ug mL" GmSuSy from 1 mm UDP and 200 mm sucrose.

1.7. Purification of resveratrol glucosides by HPLC

To prepare sufficient amounts of resveratrol glucosides reactions were upscaled. Using 10 mm UDP-glucose
either 25 mL of 5 mm resveratrol or 10 mL 5 mm piceid were glucosylated for the synthesis of
resveratroloside and resveratrol 3,5-diglucoside, respectively. After removing enzymes with centrifugal
concentrators reaction products were separated on a 5 ym Sphereclone ODS(2) (250 x 10.0 mm) column.
Water was used as mobile phase A and acetonitrile as mobile phase B (0.1% formic acid each). The flow
rate was 3 mL min” and the percentage of B was increased from 5% by increments of 2.5% until all products
were eluted. The purification was done manually and therefore no time for each step is given. After removing
acetonitrile under reduced pressure water was removed by freeze drying. 8 mg resveratroloside and 23 mg
resveratrol 3,5-diglucoside were recovered.

1.8. Identification of resveratrol glucosides by HPLC and NMR

It was possible to identify resveratrol (glucosides) by comparison of HPLC retention times with authentic
standards. For resveratrol and piceid commercial standards were available. Those for resveratroloside and
resveratrol 3,5-diglucoside were prepared by ourselves. Besides purified resveratroloside and resveratrol
3,5-diglucoside commercial resveratrol and piceid were analyzed by NMR for unambiguous product
identification. 'H, "*C, *C-HSQC and COSY spectra were recorded on a Varian Unity Inova 500 MHz
spectrometer or a Bruker Avance Ill 300 MHz spectrophotometer and subsequently interpreted in Mnova 9.0.

1.9. Antioxidative Assays

To determine the antioxidative power of resveratrol and its glucosides microplate compatible protocols of
DPPH (2,2-diphenyl-1-picrylhydrazyl) and FRAP (ferric ion reducing antioxidant power) assay were adapted
from Clarke et al.” According to previously described methods for DPPH assays dilutions of the antioxidant,
dissolved in either DMSO or methanol, were prepared. 20 pL of the dilutions were then mixed with 160 pL
DPPH in methanol (40 pg mL™") and 20 pL of methanol or DMSO to reach a final volumetric ratio of 1:9
DMSO:methanol. This was necessary as resveratrol is not properly soluble in methanol and the reference a-
tocopherol is not soluble in DMSO. The absorbance was measured in 90 s intervals at 517 nm on a
platereader. Blanks without antioxidant and a-tocopherol standards were run simultaneously. The
scavenging was calculated by following equation:

blank — Asamp]e

A
DPPH radical scavenging (%) = *100%

Abplank

The concentration which scavenged 50% of DPPH (ICs,) was calculated by linear interpolation between the
closest points above and below 50% scavenging.

For FRAP measurements 20 pL of resveratrol (glucosides) in DMSO were mixed with 180 uL FRAP-buffer
consisting of 300 mM acetate buffer pH 3.6, 10 mm 2,4,6-tripyridyl-s-triazine (TPTZ) in 40 mm HCl and 20 mm
FeCl; x 6 H,0 mixed in a volumetric ratio of 10:1:1. The absorbance was measured in 90 s intervals at 595

Page 5

11



nm on a platereader to monitor Fe?* formation by comparison with a serial dilution of FeSO,. DMSO as blank
and FeSO, as control were run simultaneously. The FRAP results, given in Ferrous Equivalents (FE),
correspond to the amount of electrons donated per molecule of resveratrol (glucoside) to reduce Fe** to
Fe”. Itis calculated from the slope of a linear regression of the concentration of released Fe®* against that of
applied resveratrol (glucoside).

1.10. Solubility measurements

Suspensions of resveratrol, piceid, resveratroloside and resveratrol 3,5-diglucoside were prepared by adding
excess amounts of the respective powders in ddH,O. After incubation for 48 h at 2000 rpm on a thermomixer
at 30°C the suspensions were centrifuged at 15,200 rpm at 30°C for 15 min. Afterwards 80% of the aqueous
phase between pellet and surface was taken and again centrifuged. This was repeated 3 times until no pellet
or solid particles on the surface were visible. From the final aqueous solution samples were taken and the
concentration of resveratrol, piceid, resveratroloside and 3,5-diglucoside determined with the described
HPLC-assay. All steps were carried out with preheated pipette tips to avoid precipitation.
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2. Results

2.1. Protein expression

~70 kDa

~ 55 kDa
~40 kDa
~35kDa
~ 25 kDa

bttt o

~15 kDa

Figure S1: SDS-PAGE of Strep-tagged UGT71A15 (53.86 kDa): Lane 1: insoluble fraction after cell
disruption; Lane 2-4: UGT71A15 purified by Strep-tag affinity chromatography (8, 17 and 50 pg respectively);
Lane S: Page Ruler Prestained™ Protein Ladder.

2.2. Resveratrol and piceid conversions

0.6 1
0.5
0.4

0.3 1

0.2
0.1 4
0.0 Y i =y
7 75

pH

c/mm

Figure S2: Concentrations of resveratrol and its glucosides after 70 h of glucosylation are pH dependent
(1 mm resveratrol, 1 mm UDP-glucose, 100 pg mL™ UGT71A15). Due to increased activity resveratrol was
fully converted at high pH values and higher concentrations of the 3,5-diglucoside were obtained.
Resveratrol (green), piceid (purple), resveratroloside (blue) and 3,5-diglucoside (red).
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Figure S3: Influence of resveratrol concentration on UGT71A15 activity with 2 mm UDP-glucose at pH 8.0.
Resveratrol concentrations higher than 2.5 mm showed a severe inhibitory effect lowering the initial rates at
10 mm to about 50% of maximum activity.
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Figure S4: Variation of UDP-glucose concentration in presence of A) 1 mm resveratrol (20 pg mL”
UGT71A15) or B) 5 mm piceid (12 ug mL™” UGT71A15) revealed no substrate inhibition (pH 8). The half-
saturation constants for UDP-glucose were determined to be 0.25 mm and 0.1 mm when glycosylating

resveratrol or piceid, respectively.
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Figure S5: pH profile of piceid (5 mm) glucosylation by UGT71A15 (100 pg mL™") with 2 mm UDP-glucose. A
broad optimum was observed between pH 7.5 and 8.5. MES (filled circle), HEPES (hollow circle) and CHES
buffer (triangle) were used in this study and showed no interference with the activity.
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Figure S6: Influence of piceid concentration on UGT71A15 activity with 2 mm UDP-glucose at pH 8.0. Piceid
concentrations higher than 7.5 mm showed inhibitory effects that were not as pronounced as with resveratrol
as acceptor.

OH
OH
< oS
o) O 2 UGT71AIS — o O
/ \ )

OH

piceid OH \ 3,5-diglucoside
9 UDP
F'flo
O—uDP
OH
OH ” o
o o - o = _oH
OH OH —~—— GmSusy ——— (o) OH
H O—,
OH
OH
fructose sucrose

Scheme S1: GT-catalyzed cascade reaction for synthesis of resveratrol 3,5-diglucoside. Glucosylation
mediated by UGT71A15 is coupled with in situ regeneration of UDP-glucose from UDP and sucrose by
GmSuSy.
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c/mm

Figure S7: Conversion of piceid to the resveratrol 3,5-diglucoside by UGT71A15 is coupled to in sifu UDP-
glucose formation by GmSuSy (75 pg mL") from 1 mm UDP and 200 mm sucrose: A) 5 mMm piceid (900
ug mL™” UGT71A15); B) 10 mMm piceid (1800 pg mL™” UGT71A15); A constant UDP-glucose concentration of
~0.5 mm is quickly established and maintained throughout the reaction. Although 5 mm piceid (A) are already
almost converted after 22 h the UDP-glucose concentration is only slightly increased within the remaining
26 h. This indicates that GmSuSy is not limiting and that the concentrations of UDP and UDP-glucose are
mainly determined by the equilibrium of the GmSuSy reaction. Piceid (purple), 3,5-diglucoside (red), UDP
(orange) and UDP-glucose (grey).

2.3.

scavenging / %

Antioxidative assays

120 4 a-tocopherol
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Figure S8: Time courses of DPPH radical scavenging by resveratrol and its glucosides compared to a-
tocopherol as positive control (40 pg mL" DPPH). Despite using higher concentrations of resveratroloside
the response time was compared to the other resveratrol derivatives much prolonged.
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Figure S9: Comparison of concentration dependency of DPPH radical scavenging by resveratrol (glucosides)
and a-tocopherol (40 ug mL™" DPPH, after 60 min, data extracted from Figure S8). Resveratroloside shows
largely reduced DPPH scavenging. Resveratrol (green), piceid (purple), resveratroloside (blue), 3,5-

diglucoside (red), a-tocopherol (black)
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Figure S10: Time resolved production of Fe? equivalents by resveratrol and its glucosides in FRAP

measurements. Although the concentration of resveratroloside was slightly increased the reaction time was
drastically prolonged.
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2.4. NMR identification of purified resveratrol glucosides

Table S1: 'H and "°C NMR data of resveratrol and its glucosides obtained by preparative HPLC.

R,—0O
OH
" o
%o
G-1
OH

resveratrol piceid 3,5-diglucoside resveratroloside
(R1,235=H)* (Ri=glucose, Rzs=H)" (Ri2=glucose, R3=H)° (R1.2=H, Rs=glucose)*

nr B¢ B nr & Sy nr & B nr ¢ Sy

1 139.76 1 139.62 1 139.78 1 139.44

2/8 104.25 6.29 (d, J= 2.2 Hz, 2H) 2 105.06 6.55 (1H, unresolved) 2/6 108.03 6.68 (2H, unresolved) 2/6 104.91 6.34 (d, J=2.2 Hz, 2H)
315 156.71 3 158.62 3/5 158.95 3/5 158.97

4 101.09 6.00 (t, J=2.2 Hz, 1H) 4 103.06 6.16 (t, J = 2.2 Hz, 1H) 4 103.38 6.39 (1H, unresolved) 4 102.49 6.07 (1H, unresolved)

5 157.57
6 10747 6.38 (1H, unresolved)

H-1 125.43 6.78 (d, J=16.3 Hz, 1H) H-1 125.51 6.68 (d, J=16.4 Hz, 1H) H-1 125.22 6.75 (d, J = 16.4 Hz, 1H) H-1 127.61 6.85 (1H, unresolved)
H-2  127.85 6.64 (1H, unresolved) H-2 128.26 6.85 (d, J = 16.4 Hz, 1H) H-2 128.31 6.94 (d, J = 16.5 Hz, 1H) H-2 127.81 6.89 (1H, unresolved)

1" 128.86 1" 128.82 1" 129.55 1 131.26
2'8' 127.24 7.17 (d, J=8.5 Hz, 2H) 2'/6’ 128.20 7.22 (d, J=8.3 Hz, 2H) 216" 128.44 7.22 (d, J=8.2 Hz, 2H) 2'/6° 128.04 7.44 (d, J=8.3 Hz, 2H)
35 114.92 6.59 (d, J = 8.6 Hz, 2H) 35" 115.80 6.58 (d, J = 8.5 Hz, 2H) 3/5' 115.97 6.58 (d, J = 8.1 Hz, 2H) 35" 116.84 6.95 (d, J = 8.2 Hz, 2H)
4 158.02 4 159.15 4' 157.85 4' 15743

G-1 100.97 4.62 (d, J=7.2 Hz, 1H) G-1 100.78 4.85 (2H, unresolved) G-1100.73 4.81 (d, J=7.1 Hz, 1H)

a) "H: 300.36 MHz, °C: 75.53 MHz; (CD,0D, & in ppm)
b) "H: 300.36 MHz, "°C: 75.53 MHz; (DMSO-ds, 5 in ppm)
¢) 'H: 300.36 MHz, '°C: 125.70 MHz; (DMSO-ds, & in ppm)
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Figure S19: 'H-NMR of HPLC purified resveratrol 3,5-diglucoside
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UDP-glycosyltransferases (UGTs) are a promising class of biocatalysts that offer a sustainable alternative
for chemical glycosylation of natural products. In this study, we aimed to characterize plant-derived UGTs
from the GT-1 family with an emphasis on their acceptor promiscuity and their potential application in
glycosylation processes. Recombinant expression in E. coli provided sufficient amounts of enzyme for the
in-depth characterization of the salicylic acid UGT from Capsella rubella (UGT-SACr) and the stevia UGT
from Stevia rebaudiana (UGT-76G1Sr). The latter was found to have a remarkably broad specificity with
activities on a wide diversity of structures, from aliphatic and branched alcohols, over small phenolics
to larger flavonoids, terpenoids and even higher glycoside compounds. As an example for its industrial
potential, the glycosylation of curcumin was thoroughly evaluated. Under optimized conditions, 96%
of curcumin was converted within 24 h into the corresponding curcumin (-glycosides. In addition, the
reaction was performed in a coupled system with sucrose synthase from Glycine max, to enable the

Keywords:
Glycosyltransferase
Glycosylation
Stevia rebaudiana
UGT76G1
Curcumin

cost-efficient (re)generation of UDP-Glc from sucrose as abundant and renewable resource.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Glycosylation is an efficient tool to increase the solubility of
hydrophobic compounds (De Winter et al., 2015; Dirks-Hofmeister
et al, 2015), extend the stability of labile compounds (Kwon
et al, 2007) or interfere with the release of fragrances and
flavors (Schwab et al., 2015). Also, glycosylated compounds are
applied in the pharmaceutical industry both as an active moi-
ety for therapeutic activity (Kren and Rezanka, 2008; Oh et al.,
2011) and as an innovative approach for targeted drug delivery
(Jain et al., 2012). Although many chemical glycosylation methods
exist (Muthana et al., 2009; Mydock et al., 2011), the necessary
tedious (de)protection and activation steps often lead to low yields
and generate a large amount of waste. In that respect, enzymatic
reactions offer a promising alternative with a tremendous improve-
ment in eco-efficiency (Desmet et al., 2012). Biocatalyst technology

Abbreviations: GTs, Glycosyltransferases; SuSy, Sucrose Synthase; Escherichia
coli, E. coli.
* Corresponding author.
E-mail address: tom.desmet@ugent.be (T. Desmet).

http://dx.doi.org/10.1016/j.jbiotec.2016.06.034
0168-1656/© 2016 Elsevier B.V. All rights reserved.

has become appealing in this field as it can easily replace multistep
chemical processes. In that respect, glycosyltransferases (GTs) offer
a promising alternative as they enable single-step glycosylation at
specific positions (Palcic, 2011).

Glycosyltransferases (EC 2.4) are a large family of carbohydrate-
active enzymes able to catalyze sugar transfer to an acceptor
molecule. The latter could be a small molecule, such as a saccharide,
or a macromolecule, such as a polypeptide or a lipid. Based on their
preferred donor substrate, GTs can be divided into two groups: the
Leloir and the non-Leloir GTs (Lairson et al., 2008). The donor sub-
strates for members of the Leloir group are nucleotide-activated
sugars such as UDG-Glc. In contrast, the donor substrates for the
non-Leloir GTs are sugar phosphates such as glucose 1-phosphate,
or can even be non-activated sugars such as sucrose or starch-
derived oligosaccharides. Only about a dozen or so of non-Leloir
enzymes have so far been reported while a much larger diversity
(>200 EC-entries) is available for the Leloir GTs.

To date, more than 230,000 putative GT sequences have been
deposited, but less than 1% of those have been characterized
(Schmid et al., 2016). Furthermore, few studies have thoroughly
evaluated the acceptor promiscuity of GTs as potential biocatalysts
for the glycosylation of a wide range of chemical structures. In that
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respect, the most promising enzymes can be found in family GT-1,
which contains a large number of plant GTs that use UDP-sugars
as donor substrate (so-called UGTs) and use a variety of natural
products as acceptor substrate (Cantarel et al., 2009). In this work,
a total of five different plant UGTs from GT-1 were recombinantly
expressed in E. coli to enable their biochemical characterization,
with particular emphasis on their acceptor promiscuity and appli-
cability as glycosylating biocatalysts.

2. Materials and methods
2.1. DNA techniques

The genes of the selected GTs were chemically synthesized
(GenScript) with a codon usage that is optimal for expression
in E. coli (Supplementary materials, S1). These sequences were
inserted in the constitutive pCXP34h (in-house, Aerts et al., 2011)
and inducible pET21a expression vectors (Novagen) via Gibson
Assembly (Gibson et al., 2009), using primers listed in Supplemen-
tary S2. As a result, a C-terminal Hisg-tag was inserted in all final
constructs. The plasmids were used to transform (electrocompe-
tent) E. coli BL21 (DE3) cells (Novagen). Ampicillin (100 pg/mL) was
used for proper selection of clones and correct inserts were revealed
via sequencing (LCG Genomics).

2.2. Enzyme production and purification

Inoculum was routinely grown at 37 °Cin 5 mL LB medium sup-
plemented with 100 pg/mL ampicillin. After overnight incubation
with continuous shaking at 200 rpm, 1% (v/v) of inoculum was
added to 1L shake flasks containing 250 mL LB medium, supple-
mented with ampicillin (100 pg/mL). For constitutive expression,
the cells were collected after 6h (at 37°C) or 18h (at 16°C) of
growth by centrifugation in a Sorvall RC-6+ rotator. For inducible
expression, after approximately 2 h incubation at 37 °C (when the
optical density at 600 nm reached a value of 0.6) expression was
started by adding 1 mM IPTG to the inoculum. After 6 h incuba-
tion at 37°C or 18 h incubation at 16 °C, cultures were centrifuged
and obtained cell pellets were stored at —20°C for at least 1h,
Cell pellets from 250 mL cultures were then dissolved in 8 mL lysis
buffer (50 mM NaPB pH 7.4 and 500 mM NacCl (PBS), 10 mM imi-
dazole, 100 pM PMSF and 1 mg/mL lysozyme) and exposed to 2
times 3 min of sonication (Branson 250 Sonifier, level 3, 50% duty
cycle). Then, cell debris was removed by centrifugation, yielding
crude cell extract containing the soluble protein fraction. The Hisg-
tagged proteins were purified out of these cell extracts by Ni-NTA
affinity chromatography, using gravity-flow columns as described
by the supplier (MC Lab). Finally, buffer was exchanged to 100 mM
MOPS pH 7.0 in 30 K Amicon Ultra centrifugal filters (Merck). Pro-
duction of sucrose synthase from Glycine max (GmSuSy) has been
described previously (Bungaruang et al., 2013).

2.3. Enzyme characterization

Protein concentration was measured according to the BCA™
Protein Assay kit (Pierce) with bovine serum albumin (BSA) as
standard. Enzymatic activity was measured continuously using the
colorimetric PK/LDH assay, which is based on NADH detection
through the direct coupling of the UDP production with pyruvate
kinase (PK) and lactate dehydrogenase (LDH)(Gosselinet al,, 1994),
The assay mix consisted of 100 times diluted PK/LDH enzymes
from rabbit muscle (Sigma-Aldrich), in buffered aqueous glycerol
solution, (900-1400U/mL LDH, 600-1000 U/mL PK), 5 mM MgCls,
1.6 mg/mL BSA, 0.3 mM NADH and 0.3 mM PEP. Aliquots of assay
mix were added to reaction mixtures containing appropriate con-
centrations of UDP-Glc and acceptor, i.e. stevioside and salicylic

acid for UGT-76G1Sr and UGT-SACr, respectively. In this way, the
amount of UDP produced by GT activity was indirectly linked to
a drop in absorbance at 340 nm. Temperature profiles were deter-
mined using 5mM UDP-Glc and 5mM acceptor in 100 mM MOPS
buffer at pH 7.0, supplied with 0.6 mg/mL of UGT-76G1Sr or UGT-
SACr. A universal Britton-Robinson (BR) buffer system, consisting
of 25mM H3BO3, H3PO,4 and CH3COOH was used to determine
pH profiles of UGT-76G1Sr or UGT-SACr. Kinetic parameters for
UDP-Glc were determined in 100mM MOPS pH 7.0 at 40°C, using
5mM stevioside and 5 mM salicylic acid for UGT-76G15r and UGT-
SACr, respectively, as co-substrate whereas kinetics for acceptor
molecules were determined with 5mM UDP-Glc¢, Values were cal-
culated by non-linear regression of the Michaelis-Menten equation
using Sigma Plot 11.0. One unit of GT activity was defined as
the activity that corresponds to the release of 1pmol UDP per
minute from 5mM UDP-Glc and 5 mM acceptor in 100 mM MOPS
buffer at pH 7.0 and 40°C. Reaction mixtures for screening the
catalytic promiscuity of UGT-76G1Sr and UGT-SACr consisted of
0.5 mM acceptor, 0.5 mM UDP-Glc and 0.25 mg/mL purified enzyme
in 100 mM MOPS buffer at pH 7.0.

2.4. Chromatographic analysis

Thin Layer Chromatography (TLC) was applied as a fast method
to evaluate the activity of GTs towards different acceptor molecules.
To that end, 1 pL samples of reaction mixtures was spotted on TLC
silica gel 60 F254 plates (Merck). TLC eluent consisted of EtOAc-
MeOH-H;0 in a ratio of 30-5-4. Detection was achieved by UV
absorption (254 nm) or oxidation with 10% (v/v) H2504 solution.
HPLC measurements were performed on a reversed phase column
(Kinetex™ 5 p.m C18 100 a Column 50 x 4.6 mm, Phenomenex) at
35+<C. Mobile phase A contained 20 mM KPOy4, pH 5.9, 40 mM TBAB,
mobile phase B contained pure acetonitrile. For nucleotide anal-
ysis, analysis was performed with 10% B and isocratic flow at a
constant flow rate of 2mL/min for 2 min. Signals were detected
at 262 nm. For measurements in which uridine-derivates (such as
UMP, UDP and UDP-Glc) and curcumin derivates were analyzed, the
time program was altered as followed: 0-1 min 10% B, 1-4.20 min
to 40%, 4.20-4.21 min to 90% B, hold until 5min, 5-5.01 min to 10%
B, hold until 6.00 min at a constant flow rate of 2 mL/min. Signals
were detected at 262 nm (uridine derivates) and 370 nm (curcumin
derivates). UDP, UDP-Glc, curcumin and curcumin derivatives were
used as authentic standards, and the product concentration was
calculated from peak area.

2.5. Production and purification of curcumin glycosides

As a representative example, the synthesis of curcumin glyco-
sides is described. 2 mg/mL purified UGT-76G1Sr and 0.075 mg/mL
GmSuSy was added to reagents UDP (1 mM), sucrose (100 mM)
and curcumin (2.5mM) in a total volume of 25 mL. The solution
was buffered in 100 mM MOPS at pH 7.0, supplemented with 10%
(v/v) DMSO. Subsequently, the resulting mixture was stirred under
reflux for 24 h and temperature was controlled at 30°C. Proteins
were deactivated by a heat treatment of 5 min at 95 “C. After remov-
ing precipitated enzyme with centrifugal concentrators, reaction
products were separated by preparative HPLC on a 5 pm Sphe-
roclone ODS (250 x 10.0 mm) column. Water was used as mobile
phase A and acetonitrile as mobile phase B (0.1% formic acid each).
The flow rate was 3 mL/min and the percentage of B was increased
from 20% until 90% so that all products were eluted. This prepar-
ative HPLC purification was done manually, and therefore no time
for each step is given. The solvent acetonitrile was evaporated
under reduced pressure and residual water was removed by freeze
drying. Preparatory yields were typically more than 50% of the ini-
tially applied curcumin (>10 mg product recovery). 'H NMR spectra
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Table 1
Overview of the GTs selected in this study.
EC Plant source Uniprot Protein ID

Monoterpenol (3-glucosyltransferase 24.1.127 Vitis vinifera F6H6Q5 XP_003634093
(UGT-MTWv)
Gallate 1-0-B-glucosyltransferase 24.1.135 Quercus robus V5LLZ9 AHA54051
(UGT-GAQr)
Salicylic acid B-glucosyltransferase 24.1.- Capsella rubella ROHCD5 XP.006294206
(UGT-SACr)
Stevioside glucosyltransferase 24.1.- Stevia rebaudiana Q6VAB4 AAR06912
(UGT-76G1Sr)
Kaempferol 3-0-B-galactosyltransferase 24.1.234 Petunia hybrida Q9SBQ8 AAD55985
(GalT-F3Ph)

of the isolated products were recorded on a Varian Unity Inova
500 MHz spectrometer and subsequently interpreted in MestReN-
ova.

3. Results and discussion
3.1. Selection of glycosyltransferases

Glycosyltransferases (GTs) that are useful for the glycosy-
lation of natural products are mainly found in family GT-1
(Cantarel et al., 2009; Osmani et al., 2009). Therefore, a rep-
resentative set of enzymes was selected from this family to
cover a wide diversity in acceptor structures, such as phenolics,
flavonoids, terpenoids and glycosides (Table 1). Furthermore, a
galactosyltransferase (GalT-F3Ph) was included to complement the
glucosylation reactions catalyzed by the other enzymes. Indeed,
flavonol 3-O-B-galactosyltransferases are able to galactosylate
acceptors like kaempferol and quercetin selectively at the 3-
position (Milleretal., 1999), with their sugar preference sometimes
being determined by a single residue in the C-terminal domain
(Sharma et al., 2014).

Monoterpenol 3-glucosyltransferases (UGT-MTVv) are known
to act on a broad range of substrates, i.e. not only terpenoids
such as geraniol and menthol but also aromatic and aliphatic alco-
hols (Martinkus and Croteau, 1981; Ohgami et al., 2015). In that
respect, the isoforms present in grape (Vitis vinifera) seem espe-
cially interesting (Bonischetal.,2014a,2014b).In turn, salicylic acid
B-glycosyltransferases are able to process various hydroxybenzoic
acids, forming ether as well as ester linkages (Lim et al., 2002).
Here, an enzyme from the pink shepherd’s purse (Capsella rubella)
was selected for further characterization and acceptor screening
(UGT-SACr). Next, gallate 1-O-B-glucosyltransferases (UGT-GAQr)
caught our interest because of their activity towards trihydroxy-
benzoic acid as well as the phenolic aldehyde vanillin (Gross, 1983,
1982). Finally, we also included stevioside glucosyltransferase
(UGT-76G1Sr) because of the unusual structure of its acceptor and
its obvious commercial interest (Richman et al., 2005).

3.2. Recombinant expression

Glycosyltransferases, especially from plant origin, are gener-
ally known for their poor expression yields in bacterial expression
systems (Desmet et al., 2012). As full characterization of the
selected GTs demands sufficient amount of enzymes, recombi-
nant expression in E. coli needed to be optimized. The production
yields of these GT enzymes were stepwise improved by evaluat-
ing two different promotor strengths (strong T7 vs intermediate
P34), inducible versus constitutive expression systems (pET21 vs
pCXP34 h) and two strains of E. coli as expression host (BL21(DE3)
vs Origami2(DE3)). The combination of an inducible expression sys-
tem with a strong T7 promoter, provided by the pET21a-vector,
gave the highest total expression yields. Indeed, in comparison

with the constitutive P34 promoter system, a 3- to 12-fold increase
for UGT-SACr and UGT-76G1Sr, respectively, was found (Supple-
mentary S3). For GalT-F3Ph switching the expression host from
BL21(DE3) to Origami2(DE3) was helpful, most likely because
it enabled the proper formation of disulfide bridges. Unfortu-
nately, for UGT-MTVv and UGT-GAQr, none of these optimization
steps resulted in higher yields, and both enzymes were there-
fore discarded from further characterization. Overall, a generalized
approach for efficient plant GT-expression could not be found, as
the procedure seems to depend on the GT enzyme under investi-
gation.

3.3. Temperature profile, pH optimum and kinetic properties of
UGT-SACr and UGT-76G1Sr

The two enzymes with the highest expression yield, UGT-
SACr and UGT-76G1Sr, were selected for further characterization.
UGT-76G1Sr, firstly, originates from the plant Stevia rebaudiana, a
perennial herb of great commercial interest (Ceunen and Geuns,
2013). The enzyme is involved in the biosynthetic pathway for
the natural sweetener stevia, where it converts stevioside into
rebaudioside A or steviolbioside into rebaudioside B through the
addition of a 3-1,3-linked glucose moiety (Mohamed et al., 2011;
Richman et al., 2005). The second enzyme, UGT-SACr shares 92%
sequence identity with UGT-74F2 from Arabidopsis thaliana (Lee
etal., 1999) but other salicylic acid 3-glycosyltransferases have also
been reported (Lim et al., 2002). However, none of these enzymes
have been thoroughly evaluated for their potential to glycosylate
different acceptors.

Both UGT-76G1Sr and UGT-SACr exhibited a temperature opti-
mum of 40 “C. Further, the highest enzyme activities in the direction
of glycoside synthesis were found from pH 7.0-8.5 and around 7.0
for UGT-76G1Sr and UGT-SACr, respectively (Fig. 1). Whereas the
observed pHoptimumis quite typical for GT enzymes (Gachonetal.,
2005), the temperature optimum of 40 °C is rather high, especially
since the source organisms Stevia rebaudiana and Capsella rubella
have optimal growth temperatures around 20 — 24 °C(Sicard et al.,
2011; Singh and Rao, 2005). In addition, the kinetic stability of UGT-
76G1Sr and UGT-SACr was assessed by measuring their half-life
time (ty)2) at different temperatures. At 37 °C, the t;;; were 35.1h
and 21.4h, respectively, while at 50°C those values dropped to
52.7min and 6.1 min. When stored at 4°C, t;, raised to 15.5 days
and 21.5days, respectively.

Apparent kinetic parameters were determined at 40 °C for both
enzymes (Table 2). The Ky, of UGT-76G1Sr and UGT-SACr for UDP-
Glc were 0.45 and 0.66 mM, respectively. Ky, values lower than
1mM (0.24 and 0.83 mM) were also found for their in vivo accep-
tor substrates stevioside and salicylic acid. An important difference
between both enzymes was detected when analysing the cat-
alytic efficiencies. Indeed, kear/Km values for donor and acceptor
substrates were about a factor 10 higher for UGT-76G1Sr when
compared to UGT-SACr.

31



52 G. Dewitte et al. / Journal of Biotechnology 233 (2016) 49-55

Residual activity (%)

120

B

80 A

40 1

Residual activity (%)

201

25 30 35 40 45 50
Temperature (°C)

ER
3

Residual activity (%)

o T T T T T

100

&0

40

Residual activity (%)

2

20 25 30 35 40 45
Temperature (°C)

55

Fig. 1. Effect of temperature and pH on the activity of UGT-76G15r (A-B) and UGT-SACr (C-D). Reaction conditions: (A) 5 mM stevioside, 5 mM UDP-GIc and 0.6 mg/mL
UGT-76G1Sr in 100 mM MOPS buffer at pH 7.0 and varying temperature. (B) 5 mM stevioside, 5mM UDP-Glc and 0.6 mg/mL UGT-76G15r in 25 mM universal BR buffer at
40°C and varying pH. (C) 5 mM salicylic acid, 5 mM UDP-Glc and 0.6 mg/mL UGT-SACr in 100 mM MOPS buffer at pH 7.0 and varying temperature. (D) 5 mM salicylic acid,
5mM UDP-Clc and 0.6 mg/mL UGT-SACr in 25 mM universal BR buffer at 40°C and varying pH.

3.4. Substrate specificity of UGT-SACr and UGT-76G1Sr

Unlike microbial GTs such as Yjic from Bacillus licheniformis
(Pandey et al., 2014), OleD and variants thereof from Streptomyces
(Gantt et al., 2008), plant GTs often possess high substrate speci-
ficity in vivo (Bowles et al., 2005). However, for in vitro glycosylation
processes, somewhat contradictory findings have been reported.
Some authors state that plant GTs are rather promiscuous, being
limited mainly by their regioselectivity (Hansen et al., 2003). On the
contrary, evidence for highly specific GTs has also been presented
(Fukuchi-Mizutani et al., 2003).

Here, the substrate promiscuity of both enzymes was evalu-
ated towards a diverse set of 58 acceptors using TLC analysis as
a quick qualitative screening method (Supplementary S5). A total
of 78% and 44% of the tested substrates acted as acceptors of
UGT-76G1Sr and UGT-SACr respectively (Fig. 2). From this screen-
ing, some general features regarding substrate specificity of both
UGTs emerged. Firstly, for UGT-76G15Sr, acceptors included aro-

Table 2
Kinetic parameters of UGT-76G15r and UGT-SACr.

Km (mM) Vimax (U/mg) Keat/Kin (M~'571)
UGT-76G15r
UDP-glucose 0.44 +0.06 11.06 £ 0.46 227 % 10°
stevioside 0.23+£0.05 9.30+£0.57 1.80 % 10°
UGT-SACr
UDP-glucose 0.66+0.08 1.58 £0.05 1.03 =< 104
salicylic acid 0.83+£0.19 1.92+0.16 1.00 x 10*

matic as well as aliphatic compounds. Interestingly, the enzymatic
activity is not limited to linear alcohols, also branched alcohols
such as cinnamyl alcohol or geraniol were glucosylated by UGT-
76G1Sr. This in contrast to UGT-SACr, which could not glycosylate
any aliphatic alcohols. The latter seems similar to the promiscuity
of microbial BcGT1, where acceptors needed to contain an aro-
matic ring system, hypothesizing a 7-7 interaction between an
amino acid in the active site and the aromatic ring (Chiu et al.,
2016). Further, ortho positioned substituents seemed to be unfavor-
able for UGT-76G1Sr's glycosylation potential. Examples from the
screening include (acceptor vs. non-acceptor): orcinol vs. thymol
and hydroquinone vs. pyrogallol. Likewise, trans-cyclohexanediol
was an acceptor, whereas UGT-76G15r did not show activity
towards cis-cyclohexanediol. Further, esters of gallic acid could
not be glycosylated by UGT-SACT. In contrast, UGT-76G15r showed
activity towards these compounds but the glycosylation poten-
tial decreased with increasing length of the ester chain. Indeed,
methyl-, ethyl- and propylgallate were efficiently glycosylated by
UGT-76G1Sr, whereas in the case of octyl- and laurylgallate only
small product spots were detected. Further, both enzymes enabled
glucosylation of flavonoids such as catechin, quercetin and cur-
cumin. Lastly, elongation of the sugar chain moiety is achievable
with UGT-76G15r, not with UGT-SACr. Indeed, the former enzyme
catalyzed a reaction with not only the glucoside of p-nitrophenal,
but also the galactoside and even the fucoside derivative. It can
be stated that both enzymes are promiscuous, with UGT-76G1Sr
clearly being superior over UGT-SACr. These results illustrate the
versatile applicability of UGT-76G15r for the production of glyco-
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Fig.2. Acceptor promiscuity of UGT-76G15r compared to UGT-SACr. Qualitative survey of promiscuity on 58 diverse acceptors. The semi-quantitative amount of formed prod-
uct after 24 h incubation of the acceptors with UDP-Glc and the GTs is represented in three categories, namely high (40 — 100%), medium (5 — 40%) and low { < 5%/undetectable),
which are represented by black, grey and white squares, respectively. The reaction with the natural acceptor is marked with X" and is taken as reference (100%). Reaction
conditions: 0.5mM acceptor, 0.5 mM UDP-glucose and 0.25 mg/mL purified UGT-76G1Sr or UGT-SACr in 100 mM MOPS buffer at pH 7.0.

sides. GTs with broad substrate specificity are generally recognized
as powerful tools in the glycodiversification of natural products
(Thibodeaux et al., 2008).

3.5. Glycosylation of curcumin

UGT-76G15r was found here to have a remarkably broad speci-
ficity, which can be exploited for the glucosylation of a wide range of
acceptor molecules. As an example, the glucosylation of curcumin
was examined in more detail. Curcumin is a bright yellow sub-
stance commonly used as food colorant and also known to have
pharmaceutical properties such as antioxidant, anti-inflammatory,
antimicrobial and anti-carcinogenic activities (Anand et al., 2007).
Curcumin has also been suggested as treatment for Alzheimer's dis-
ease, since it suppresses amyloid 3-protein, the causative agent
of the disease (Hamaguchi et al., 2010). The biggest problem of
curcumin is its very poor water solubility. Nevertheless, glycosyla-
tion can enhance water solubility of such hydrophobic compounds
significantly (Kaminaga et al., 2003).

A number of parameters, including the presence of cosolvent
and additives as well as the concentration of donor and acceptor,
are known to influence the glycosylation efficiency. The enzyme
concentration was fixed at 2 mg/mL, as this conveniently yielded
10% conversion within 1h of reaction time. A ten-fold excess of
donor substrate UDP-Glc (5mM) was used to push the reaction
towards conversion of 0.5 mM curcumin. DMSO was used as a cosol-
vent to solubilize the hydrophaobic substrate curcumin, with 10%
offering the best balance between acceptor solubility and enzyme
stability (Fig. 3). Indeed, using 2% DMSO resulted in a large por-
tion of curcumin to remain precipitated, whereas in 20% DMSO
enzymatic activity was lost after only 4 h. Interestingly, the accep-
tor conversion could be further increased up to 93% by adding
500 mM trehalose to the reaction, most likely because it stabilizes
the enzyme against the presence of cosolvent. Trehalose is a well-
known protein protectant and is not an acceptor of UGT-76G15r,
indicating that the stabilization originates from non-specific inter-
actions at the enzyme surface (De Winter et al.,, 2013; Szabo et al.,
2009). Similarly, the addition of sucrose also led to increased yields,
although 80% seemed to be the maximum in this case (Fig. 4).
Extending the incubation time from 8h to 24 h yielded a small

increase in final conversion rates (96% and 85% for 500 mM tre-
halose and 500 mM sucrose, respectively).

The major drawback of applying GTs in large-scale glucosyla-
tion processes, is the fact that they require expensive UDP-glucose
as a sugar donor. In this respect, sucrose synthase (SuSy) is an
interesting biocatalyst as it can be used for the production of acti-
vated sugars starting from the abundant and cheap donor substrate
sucrose (Diricks et al., 2015; Elling and Kula, 1993; Elling et al.,
1993; Figueroa et al, 2013; Schmélzer et al,, 2015). Even more,
when SuSy and a GT are combined in a one-pot reaction, the UDP
generated by the latter enzyme can instantly be regenerated to
UDP-glucose by the former, preventing possible enzyme inhibition
by high concentrations of UDP (Bungaruang et al., 2013; Gutmann
et al.,, 2014; Huang et al., 2016; Lepak et al., 2015; Terasaka et al.,
2012). Interestingly, as discussed in this work, the presence of
sucrose as starting material should have a favorable effect on the
stability of UGT-76G15r in a coupled reaction. The (re)generation
system with the SuSy from Glycine max (GmSuSy) was tested for the
case of curcumin glycosylation (Fig. 5). If UGT-76G1Sr (2 mg/mL)
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Fig. 3. Effect of varying the amount of cosolvent DMSO (% v/jv) on the conversion of
curcumin into glucosides. The production of glucosides is presented in function of
time. Reaction conditions: 0.5 mM curcumin, 5mM UDP-Glc, 2 mg/mL UGT-76G15r
in 100 mM MOPS buffer pH 7.0 at 30°C.
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mix on the conversion of curcumin into glucosides after 8 hincubation. Reaction con-
ditions: 0.5mM curcumin, 5mM UDP-Glc, 2 mg/mL UGT-76G15r, 10% (v/v) DMSO
and a varying concentration of Tre or Suc, in 100 mM MOPS buffer pH 7.0 at 30°C.
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was used without GmSuSy, the glucosides were formed at a rate of
99 pM/h, whereas a rate of 135 pM/h could be obtained using the
coupled system (2 mg/mL UGT-76G15r and 0.075 mg/mL GmSuSy).
After 24 h of reaction, the coupled system reached 95% conversion
with respect to the initial acceptor concentration. Interestingly, the
product mainly consisted of curcumin diglucoside (69%) and only
contained minor amounts of the monoglucoside, which is similar
to what has been reported for the CaUGT2 from Catharanthus roseus
(Masada et al., 2007). The kinetic profile of the production of mono-
and diglucoside suggested both products are formed consecutively
(Supplementary S6). The products were purified from the reaction
mixture and NMR analysis was in agreement with the expected
positioning of glucose groups, being beta attached to one or both
free OH-groups of curcumin (Supplementary S7).
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Fig. 5. Glycosylation of curcumin by direct action of UGT-76G15r (full line) com-
pared to the coupled system with UDP-Glc (re)generation using GmSuSy (dashed
line). The conversion of curcumin and the production of its glucosides is presented
in function of time. Reaction conditions: Full lines: 0.5 mM curcumin, 5 mM UDP-Glc,
100 mM sucrose, 2 mg/mLUGT-76G15r; Dashed lines: 0.5 mM curcumin, 1 mM UDP,
100 mM sucrose, 2 mg/mL UGT-76G15r, 0.075 mg/mL GmSuSy: both in 10% DMSO
and 100 mM MOPS buffer pH 7.0 at 30°C. Closed circles: curcumin; Open triangles:
total glucoside product,
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4, Conclusions

In this work, screening of a diversity of GT enzymes revealed
that some of them are more promiscuous than could be expected
from literature. Indeed, recombinantly expressed UGT-76G1 from
Stevia rebaudiana showed glycosylating activity not only towards
aliphatic and branched alcohols, but also towards (substituted)
phenols, flavonoids, gallates and glycosides. Careful optimization of
reaction conditions allowed the glucosylation of curcumin up to a
yield of 96%. Interestingly, the production of curcumin B-glucosides
was also achieved by coupling UGT-76G15r to GmSuSy in order to
(re)generate expensive UDP-glucose from sucrose as substrate. In
conclusion, the broad acceptor specificity discovered here for UGT-
76G15r offers valuable potential for the glycosylation of a myriad
of natural products. In addition, the enzyme’s flexibility to fit in
one-pot synthesis setups makes it an attractive biocatalyst for cost-
effective glycosylation. Enzymatic structure-function relationship
studies might give us more insight in the underlying reason of this
remarkable promiscuity, information that might prove useful to
engineer new glycosylation biocatalysts with broad specificity.
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S1: Sequences of selected GTs

<UGT-76G1Sr: gb|AGL95113.1| (Glycosyltransferase_GTB_type superfamily)

DNA-sequence

ATGGAAAATAAAACCGAAACCACCGTCCGTCGCCGTCGTCGTATCATTCTGTTCCCGGTCCCGTTCCAAGGTCACATCAACCCGATTCTGC
AGCTGGCCAACGTGCTGTATAGCAAAGGTTTCTCTATCACCATCTTCCATACGAACTTCAACAAACCGAAAACCTCTAACTACCCGCACTT
TACGTTCCGTTTTATTCTGGATAACGACCCGCAGGATGAACGCATCAGTAATCTGCCGACCCATGGTCCGCTGGCGGGTATGCGTATTCC
GATTATCAACGAACACGGCGCAGATGAACTGCGTCGCGAACTGGAACTGCTGATGCTGGCCTCTGAAGAAGATGAAGAAGTTAGTTGCC
TGATCACCGACGCACTGTGGTATTTTGCCCAGAGTGTTGCAGATTCCCTGAACCTGCGTCGCCTGGTCCTGATGACGAGCTCTCTGTTCAA
TTTTCATGCCCACGTTTCCCTGCCGCAGTTCGATGAACTGGGTTATCTGGACCCGGATGACAAAACCCGCCTGGAAGAACAAGCTTCAGG
CTTTCCGATGCTGAAAGTCAAAGATATTAAAAGTGCGTACTCCAACTGGCAGATTCTGAAAGAAATCCTGGGTAAAATGATCAAACAAAC
CCGTGCAAGTTCCGGCGTCATCTGGAATTCCTTCAAAGAACTGGAAGAATCAGAACTGGAAACGGTGATTCGCGAAATCCCGGCTCCGT
CTTTTCTGATTCCGCTGCCGAAACATCTGACCGCGTCATCGAGCTCTCTGCTGGATCACGACCGTACGGTGTTTCAGTGGCTGGATCAGCA
ACCGCCGAGTTCCGTGCTGTACGTTAGCTTCGGTAGCACCTCTGAAGTGGATGAAAAAGACTTTCTGGAAATCGCTCGTGGCCTGGTTGA
TTCAAAACAATCGTTCCTGTGGGTGGTTCGCCCGGGTTTTGTGAAAGGCAGCACGTGGGTTGAACCGCTGCCGGATGGCTTCCTGGGTG
AACGTGGTCGCATTGTCAAATGGGTGCCGCAGCAAGAAGTGCTGGCACATGGTGCTATCGGCGCGTTTTGGACCCACTCAGGTTGGAAC
TCGACGCTGGAAAGCGTTTGTGAAGGTGTCCCGATGATTTTCTCGGATTTTGGCCTGGACCAGCCGCTGAATGCACGTTATATGAGCGAT
GTTCTGAAAGTCGGTGTGTACCTGGAAAACGGTTGGGAACGCGGCGAAATTGCGAATGCCATCCGTCGCGTTATGGTCGATGAAGAAG
GCGAATATATCCGTCAGAATGCTCGCGTCCTGAAACAAAAAGCGGACGTTAGTCTGATGAAAGGCGGTTCATCGTACGAATCCCTGGAA
TCACTGGTCTCCTACATTTCTTCTCTGGGCTCGCATCATCATCATCATCATTA

AA-sequence

MENKTETTVRRRRRIILFPVPFQGHINPILQLANVLYSKGFSITIFHTNFNKPKTSNYPHFTFRFILDNDPQDERISNLPTHGPLAGMRIPIINEHGA
DELRRELELLMLASEEDEEVSCLITDALWYFAQSVADSLNLRRLVLMTSSLFNFHAHVSLPQFDELGYLDPDDKTRLEEQASGFPMLKVKDIKSA
YSNWQILKEILGKMIKQTRASSGVIWNSFKELEESELETVIREIPAPSFLIPLPKHLTASSSSLLDHDRTVFQWLDQQPPSSVLYVSFGSTSEVDEKD
FLEIARGLVDSKQSFLWVVRPGFVKGSTWVEPLPDGFLGERGRIVKWVPQQEVLAHGAIGAFWTHSGWNSTLESVCEGVPMIFSDFGLDQPL
NARYMSDVLKVGVYLENGWERGEIANAIRRVMVDEEGEYIRQNARVLKQKADVSLMKGGSSYESLESLVSYISSLGSHHHHHH

<UGT-SACr: ref| XP_006294206.1| (Glycosyltransferase_GTB_type superfamily)

DNA-sequence

ATGGAGAAGAAACGTGGTCATGTCCTGGCAGTGCCGTATCCGACCCAGGGCCACATTACGCCGATCCGTCAATTTTGCAAACGCCTGCAT
TACAAAGGCCTGAAAACCACGCTGGCTCTGACCACGTTTATTTTCAACTCTATCAAACCGGATCTGTCGGGCCCGATTAGCATCGCGACC
ATTTCGGACGGTTATGATCATGGCGGTTTTGACACCGCCGGCAGCATCCACGATTACCTGCAGAACTTCAAAACCAGTGGTTCCAAAACG
ATTGCGGACATTATCCGTAAACACCAAACCAGTGATAATCCGGTTACGTGCATCGTCTATGACGCCTTTATGCCGTGGGCGCTGGATGTC
GCACGTGAATTCGGTCTGGTGGCGACCCCGTTTTTCACGCAGCCGTGTGCCGTTAACTACGTCTACTACCTGTCGTACATCAACAATGGCA
GCCTGGAACTGCCGATCGAAGAACTGCCGTTTCTGGAACTGCAGGACCTGCCGAGCTTTTTCTCAGTCTCGGGTAGCTATCCGGCATACT
TCGAAATGGTTCTGCAGCAATTCATCAACTTCGAAAAAGCTGATTTCGTTCTGGTCAATAGCTTCCAGGAACTGGAACTGCATGAAAAAG
AACTGTGGTCTAAAAGTTGCCCGGTGCTGACCATTGGTCCGACGATTCCGTCTATCTATCTGGATCAGCGTATCAAAAGTGATACCGACT
ACGATCTGAACCTGTTTGGCTCTACGGACGCGAGTTATTGTACCAATTGGCTGGATACGCGTCCGCAGGGCTCGGTGGTTTACGTGGCAT
TCGGTAGCATGGCTCAGCTGAACAATGTGCAAATGGAAGAACTGGCGCTGGCCGTTTCCAAATTTTCATTCCTGTGGGTCGTGCGTAGCT
CTGAAGAAGCAAAACTGCCGAGCGGCTTTCTGGAAACCGTTGATAAAGAAAAATCTATGGTCCTGAAATGGAGTCCGCAGCTGCAAGTG
CTGTCTAACAAAGCCATTGGCTGCTTTCTGACCCATTGTGGTTGGAATAGTACCATGGAAGCACTGACGTTCGGTGTGCCGATGGTTGCT
ATGCCGCAGTGGACCGACCAACCGATGAACTCCAAATATATCCAGGATGTTTGGAAAGCGGGTGTGCGTGTTAAAACCGATAAAGAATC
AGGCATTGCAAAACGCGCTGAAATTGAATTTTCCATCCAAGAAGTGATGGAAGGCGAAAAATCAGTGGAAATGAAGAAAAACGTTAAA
AAATGGCGCGATCTGGCCGTTAAATCCCTGAACGAAGGCGGTTCAACCGACATTAATATCGATACGTTTGTCTCCAAAGTGGAATCAAAA
GGCGGTCATCACCATCACCATCACTAA

AA-sequence

MEKKRGHVLAVPYPTQGHITPIRQFCKRLHYKGLKTTLALTTFIFNSIKPDLSGPISIATISDGYDHGGFDTAGSIHDYLQNFKTSGSKTIADIIRKH
QTSDNPVTCIVYDAFMPWALDVAREFGLVATPFFTQPCAVNYVYYLSYINNGSLELPIEELPFLELQDLPSFFSVSGSYPAYFEMVLQQFINFEKA
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DFVLVNSFQELELHEKELWSKSCPVLTIGPTIPSIYLDQRIKSDTDYDLNLFGSTDASYCTNWLDTRPQGSVVYVAFGSMAQLNNVOMEELALA
VSKFSFLWVVRSSEEAKLPSGFLETVDKEKSMVLKWSPQLQVLSNKAIGCFLTHCGWNSTMEALTFGVPMVYAMPQWTDQPMNSKYIQDVW
KAGVRVKTDKESGIAKRAEIEFSIQEVMEGEKSVEMKKNVKKWRDLAVKSLNEGGSTDINIDTFVSKVESKGGHHHHHH

<GalT-F3Ph: sp|Q9ISBQ8.1|KGLT_PETHY (Glycosyltransferase_GTB_type superfamily)

DNA-sequence

ATGTCTAACTATCATGTTGCGGTCCTGGCCTTTCCGTTCGCAACCCACGCTGGTCTGCTGCTGGGTCTGGTCCAGCGTCTGGCTAACGCGL
TGCCGAATGTGACCTTTACGTTTTTCAACACGTCAAAATCGAATAGCTCTCTGTTCACCACGCCGCATGATAACAACATCAAACCGTTCAA
CATCAGCGACGGCGTGCCGGAAGGTTACGTGGTTGGCAAAGGCGGTATTGAAGCACTGATCGGTCTGTTTTTCAAATCTGCGAAAGAAA
ACATTCAGAATGCCATGGCGGCCGCAGTTGAAGAAAGTGGCAAGAAAATTACCTGCGTCATGGCCGATGCATTTATGTGGTTCTCCGGT
GAAATTGCCGAAGAACTGTCAGTGGGCTGGATCCCGCTGTGGACCTCTGCTGCGGGTAGCCTGTCTGTGCATGTTTATACGGATCTGATT
CGTGAAAACGTTGAAGCACAAGGCATCGCTGGTCGCGAAGACGAAATTCTGACCTTTATCCCGGGTTTCGCGGAACTGCGTCTGGGCAG
TCTGCCGTCCGGTGTCGTGAGTGGCGATCTGGAATCACCGTTCTCGGTGATGCTGCACAAAATGGGTAAAACCATTGGCAAAGCTACGG
CGCTGCCGGTGAATTCGTTTGAAGAACTGGATCCGCCGATCGTTGAAGACCTGAAAAGCAAATTCAACAATTTCCTGAACGTTGGTCCGT
TCAATCTGACCACCCCGCCGCCGTCGGCAAACATTACCGATGAATATGGTTGTATCGCATGGCTGGACAAACAGGAACCGGGCAGCGTG
GCATACATTGGCTTTGGTACCGTTGCTACCCCGCCGCCGAATGAACTGAAAGCCATGGCAGAAGCTCTGGAAGAATCAAAAACCCCGTTT
CTGTGGTCGCTGAAAGACCTGTTTAAAAGCTTTTTCCCGGAAGGTTTTCTGGAACGCACGTCTGAATATGGCAAAATTGTGAGTTGGGCG
CCGCAGGTCCAAGTGCTGAGCCATGGCTCTGTTGGTGTCTTTATCAACCACTGCGGTTGGAATAGTGTTCTGGAATCCATTGCCGCAGGT
GTGCCGGTTATCTGTCGTCCGTTTTTCGGCGATCATCAACTGAACGCGTGGATGGTCGAAAAAGTGTGGAAAATTGGTGTTAAAATCGAA
GGCGGTGTCTTCACCAAAGACGGCACGATGCTGGCCCTGGATCTGGTGCTGAGCAAAGACAAACGCAATACCGAACTGAAACAGCAAA
TTGGCATGTACAAAGAACTGGCACTGAACGCAGTCGGTCCGTCCGGTAGTTCCGCAGAAAACTTCAAAAAACTGGTTGATATCATCACCT
CATGCAACGGCGGTCATCACCATCACCATCACTAA

AA-sequence

MSNYHVAVLAFPFATHAGLLLGLVQRLANALPNVTFTFFNTSKSNSSLFTTPHDNNIKPFNISDGVPEGYVVGKGGIEALIGLFFKSAKENIQNA
MAAAVEESGKKITCVMADAFMWFSGEIAEELSVGWIPLWTSAAGSLSVHVYTDLIRENVEAQGIAGREDEILTFIPGFAELRLGSLPSGVVSGD
LESPFSVMLHKMGKTIGKATALPVNSFEELDPPIVEDLKSKFNNFLNVGPFNLTTPPPSANITDEYGCIAWLDKQEPGSVAYIGFGTVATPPPNEL
KAMAEALEESKTPFLWSLKDLFKSFFPEGFLERTSEYGKIVSWAPQVQVLSHGSVGVFINHCGWNSVLESIAAGVPVICRPFFGDHQLNAWMY
EKVWKIGVKIEGGVFTKDGTMLALDLVLSKDKRNTELKQQIGMYKELALNAVGPSGSSAENFKKLVDITSCNGGHHHHHH

<UGT-MTWv: ref| XP_003634093.1| (Glycosyltransferase_GTB_type superfamily)

DNA-sequence

ATGTTTATGCTATAATTTTTCGGTATCCATGGCGGCCGCTCTAGAAGAAGCTTGGGATCCGTCGACCTCGAATTCGGAGGAAACAAAGAT
GGAAAGTGTGGTTCTGTATCCGTCCCCGGGCATGGGTCATCTGATCAGCATGGTGGAACTGGGCAAACTGATTCTGAAACATCACCCGA
GTTTTTCCATTACCATCTTCATTGTTACGCCGCCGTATAACACCGGTTCTACGGCACCGTACCTGGCTCGTGTCAGCTCTACCATCCCGAGT
TTTACGTTCCATCACCTGCCGACCATTAGTCTGCCGCTGGATTCCTTTAGTTCCCCGAACCATGAAACGCTGGCGTTCGAACTGCTGCGTCT
GAACAATCCGAATGTTCACCAGGCCCTGGTCTCAATCTCGAACAATTCATCGGTGCGCGCGCTGATTGTTGATTCATTTTGCACCACGGCA
CTGTCGGTTGCAGCACAACTGAACATCCCGTGTTATTACTTTTTCACCAGCGGCGCGTGCTGTCTGGCCTCTTATCTGTACCTGCCGTTTAT
TCATCAGCAAACCACGAAATCTTTCAAAGATCTGAATACCCATCTGCACATCCCGGGTCTGCCGCCGGTGCCGGCAAGTGACATGGCTAA
ACCGATTCTGGATCGTGAAGACAAAGCATACGAATTTTTCCTGAACATGTTTATCCACCTGCCGCGTTCTGCTGGCATTATCGTTAATACC
TTCGAAGCACTGGAACCGCGCGCTGTCAAAACGATTCTGGATGGTCTGTGCGTGCTGGACGGTCCGACCAGCCCGATCTTCTGTATTGGT
CCGCTGATCGCAACGGATGACCGTTCAGGCGGTGGCGGTGGCGGTGGCGGTGGCATTCCGGAATGCCTGACCTGGCTGGAATCACAGC
CGAAACGCTCGGTGCTGTTTCTGTGTTTCGGCAGCCTGGGTCTGTTTTCTGAAGAACAGCTGAAAGAAATTGCCGTTGGCCTGGAACGTA
GTGGTCAACGCTTTCTGTGGGTCGTGCGTAGCCCGCCGTCTAAAGATCCGTCGCGTCGCTTCCTGGCACCGCCGGATCCGGACCTGAACA
GCCTGCTGCCGGATGGCTTTCTGGACCGTACCAAAGAACGCGGTCTGGTTGTCAAAAGTTGGGCACCGCAGGTCGCAGTGCTGAACCAT
GCGTCCGTGGGTGGCTTTGTTACCCACTGCGGCTGGAATTCAGTCCTGGAAGCGGTGTGTGCCGGTGTTCCGATGGTCGCATGGCCGLT
GTATGCCGAACAACGTTTCAATCGCGTGGTTATGGTCGAAGAACTGAAACTGGCACTGCCGATGGAAGAATCCGAAGAAGGCTTTATCA
CCGCTACGGAAGTTGAAAAACGTGGCCGCGAACTGATGGAAAGCGAAGAAGGTAATACCCTGCGTCTGCGCATTATGGCAATGAAAAA
AGCAGCTGAAACCGCTATGTCGGATGGTGGCAGCTCTCGTAATGCCCTGACGAAACTGGTGGAAAGCTGGCGCCTGGGTGGCGGTCAT
CACCATCACCATCACTAA
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115

116
117
118
119
120
121

122

123

124

125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

143

144
145
146
147
148
149

150

152

153

154

AA-sequence

MESVVLYPSPGMGHLISMVELGKLILKHHPSFSITIFIVTPPYNTGSTAPYLARVSSTIPSFTFHHLPTISLPLDSFSSPNHETLAFELLRLNNPNVHQ
ALVSISNNSSVRALIVDSFCTTALSVAAQLNIPCYYFFTSGACCLASYLYLPFIHQQTTKSFKDLNTHLHIPGLPPVPASDMAKPILDREDKAYEFFL
NMFIHLPRSAGIIVNTFEALEPRAVKTILDGLCVLDGPTSPIFCIGPLIATDDRSGGGGGGGGGIPECLTWLESQPKRSVLFLCFGSLGLFSEEQLKE
IAVGLERSGQRFLWVVRSPPSKDPSRRFLAPPDPDLNSLLPDGFLDRTKERGLVVKSWAPQVAVLNHASVGGFVTHCGWNSVLEAVCAGVP
MVAWPLYAEQRFNRVVMVEELKLALPMEESEEGFITATEVEKRGRELMESEEGNTLRLRIMAMKKAAETAMSDGGSSRNALTKLVESWRLG
GGHHHHHH

<UGT-GAQr: gb|AHA54051.1| (Glycosyltransferase_GTB_type superfamily)
DNA-sequence

ATGGGCTCGGAAGCCCTGGTCCATGTGTTTCTGGTTAGCTTCCCGGGCCAGGGTCACGTTAACCCGCTGCTGCGTCTGGGTAAACGTCTG
GCGGCCAAAGGTCTGCTGGTTACCTTTAGTACGCCGGAATCCATTGGCAAACAGATGCGTAAAGCTTCCAATATCACCGATGAACCGGCA
CCGGTGGGTGAAGGTTTTATTCGCTTCGAATTTTTCGAAGACGGTTGGGATGAAGACGAACCGCGTCGCCAGGATCTGGACCAATATCT
GCCGCAGCTGGAACTGATTGGCAAAGATATTATCCCGAAAATGATCCGTAAAAACGCGGAAATGGGTCGCCCTGTGAGCTGTCTGATTA
ACAATCCGTTTATCCCGTGGGTGTCAGATGTTGCCGAATCGCTGGGTCTGCCGAGCGCAATGCTGTGGGTTCAGTCGTGCGCTTGTTTCT
GCGCGTATTACCATTATTACCACGGTCTGGTGCCGTTTCCGAGCGAAGCTGAACCGTTCATTGATATCCAGCTGCCGTGCATGCCGCTGCT
GAAATATGACGAAACCCCGTCTTTTCTGTATCCGACCACGCCGTACCCGTTCCTGCGTCGCGCAATTCTGGGCCAATACGGTAATCTGGAT
AAACCGTTTTGTATCCTGATGGACACCTTCCAGGAACTGGAACATGAAGTTATCGAATTCATGTCTAAAATCTGCCCGATCAAAACGGTC
GGCCCGCTGTTTAAAAACCCGAAAGCTCCGAATAGTGTGCGTGGTGATTTCATGAAAGCGGATGACTGTCTGGAATGGCTGGACTCTAA
ACCGCCGCAAAGTGTGGTTTATATCAGTTTTGGTTCCGTCGTGTACCTGACCCAGAAACAAGTTGATGAAATTGCGTTTGGCCTGCTGCA
GTCAGGTGTGTCGTTCCTGTGGGTTATGAAACCGCCGCATAAAGATGCTGGCCTGGAACTGCTGGTTCTGCCGGATGGTTTTCTGGAAAA
AGCGGGCGACAACGGTCGCGTTGTCCAGTGGTCTCCGCAGGAACAAGTGCTGGCTCATCCGAGTGTCGCGTGTTTCGTGACCCACTGCG
GCTGGAATTCAACCATGGAAAGCCTGACGTCTGGCATGCCGGTGGTTGCCTTTCCGCAATGGGGTGATCAGGTTACCGACGCAGTCTAT
CTGGTTGATGTCTTCAAAACGGGCGTGCGTATGTGTCGCGGTGAAGCCGAAAACCGTGTTATCACCCGCGATGAAGTCGAAAAATGCCT
GCTGGAAGCCACGGTCGGTCCGAAAGCAGTGGAAATGAAACAAAACGCCTCCAAATGGAAAGCAGCTGCGGAAGCCGCATTTTCAGAA
GGCGGTAGCTCTGATCGTAATATCCAGGCATTCGTCGACGAAGTGCGTGCACGCTCCGTCGCAATTACCGGCAAATCAACGGCTAATGG
TGTGGCGCTGGATCTGGCCGAAAAAAGTGCAGAAATTAACGGCAAAGTTGACCTGGTCGAAACCAAAACGAATGGTAAAGTGGAACTG
GTTGAAGCGGGCGGTCATCACCATCACCATCACTAA

AA-sequence

MGSEALVHVFLVSFPGQGHVNPLLRLGKRLAAKGLLVTFSTPESIGKQMRKASNITDEPAPVGEGFIRFEFFEDGWDEDEPRRQDLDQYLPQLE
LIGKDIIPKMIRKNAEMGRPVSCLINNPFIPWVSDVAESLGLPSAMLWVQSCACFCAYYHYYHGLVPFPSEAEPFIDIQLPCMPLLKYDETPSFLY
PTTPYPFLRRAILGQYGNLDKPFCILMDTFQELEHEVIEFMSKICPIKTVGPLFKNPKAPNSVRGDFMKADDCLEWLDSKPPQSVVYISFGSVVYL
TQKQVDEIAFGLLQSGVSFLWVMKPPHKDAGLELLVLPDGFLEKAGDNGRVVQWSPQEQVLAHPSVACFVTHCGWNSTMESLTSGMPVVA
FPQWGDQVTDAVYLVDVFKTGVRMCRGEAENRVITRDEVEKCLLEATVGPKAVEMKQNASKWKAAAEAAFSEGGSSDRNIQAFVDEVRAR

SVAITGKSTANGVALDLAEKSAEINGKVDLVETKTNGKVELVEAGGHHHHHH
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155  S2: Primers used for GT subcloning

ORF Vector Sequence (5" = 3')
GT fragments
Forw CCGTCGACCTCGAATTCGGAGGAAACAAAGATGGAAAATAAAACCGAAACCAC
pOP3dh Rev CATATGGTCGACCTGCAGTTAATGATGATGATGATGATGCGAGCCCAG
veT-76615r Forw GAAGGAGATATACGGGATGGAAAATAAAACCGAAACCAC
PET21a Rev GTTAGCAGCCGGATCTTAATGATGATGATGATGATGCG
Forw CGAATTCGGAGGAAACAAAGATGGAGAAGAAACGTGGTCATG
pOPash Rev CCCATATGGTCGACCTGCAGTTAGTGATGGTGATGGTGATGACC
UGTsACr Forw AAGAAGGAGATATACGGGATGGAGAAGAAACGTGGTC
pETZ12 Rev GTTAGCAGCCGGATCTTAGTGATGGTGATGGTGATG
Forw CCTCGAATTCGGAGGAAACAAAGATGTCTAACTATCATGTTGCG
PCKPS4h Rev CCCATATGGTCGACCTGCAGTTAGTGATGGTGATGGTGATGACC
GalT-F3Ph Forw GAAGGAGATATACGGGATGTCTAACTATCATGTTGCG
pET212 Rev GTTAGCAGCCGGATCTTAGTGATGGTGATGGTGATG
Forw CGAATTCGGAGGAAACAAAGATGGAAAGTGTGGTTCTGTATC
PCKP34h Rev CCCATATGGTCGACCTGCAGTTAGTGATGGTGATGGTGATGACC
veTMIv Forw AAGAAGGAGATATACGGGATGGAAAGTGTGGTTCTGTATC
pET2i2 Rev GTTAGCAGCCGGATCTTAGTGATGGTGATGGTGATG
Forw CGAATTCGGAGGAAACAAAGATGGGCTCGGAAGCCCTGGTCC
pOXP3dh Rev CCCATATGGTCGACCTGCAGTTAGTGATGGTGATGGTGATGACC
veT-eAar Forw AAGAAGGAGATATACGGGATGGGCTCGGAAGCCCTG
PET21a Rev GTTAGCAGCCGGATCTTAGTGATGGTGATGGTGATG
Vector fragments

Forw CTGCAGGTCGACCATATGGG
pCXP34h_backbone  pCXP34h

Rev CTTTGTTTCCTCCGAATTCGAGGTC

Forw CCCGTATATCTCCTTCTTAAAG

Rev GATCCGGCTGCTAACAAAG

pET21a_backbone pET21a

156
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157  S3: Recombinant expression of GTs: yields in different expression systems

Constitutive expression (pCXP34h)

Enzyme THZE) Yield
(mg/L culture)

UGT-MTWv 16 0.6
37 0.6

UGT-GAQr 16 0.3
37 0.4

UGT-SACr 16 0.6
37 1.0

UGT-76G1Sr 16 0.8
37 1.0

GalT-F3Ph 16 0.2
37 <0.1

158
Inducible expression (pET21a)
Enzyme T(°C) | IPTG (mM) Yield
(mg/L culture)

UGT-MTW 16 0.2 <0.1
16 1.0 <0.1
37 0.2 <0.1
37 1.0 <0.1

UGT-GAQr 16 0.2 <0.1
16 1.0 <0.1
37 0.2 <0.1
37 1.0 <0.1

UGT-SACr 16 0.2 0.6
16 1.0 0.3
37 0.2 3.0
37 1.0 2.2

UGT-76G1Sr 16 0.2 7.1
16 1.0 17.8-30.5
37 0.2 32
37 1.0 34

GalT-F3Ph 16 0.2 <0.1
16 1.0 0.2
37 0.2 0.2
37 1.0 0.3

159
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160

161

S4: Kinetic characterization of UGT-76G15r (A-B) and UGT-SACr (C-D)
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§5: Chemical structure of acceptors used for screening enzyme promiscuity
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S6: Kinetics of the production of curcumin mono- and diglucoside

(A) Schematic representation of curcumin conversion into consequently mono- and diglucoside, as

well as the UDP-Glc regeneration system. (B) The conversion of curcumin and the production of its
glucosides is presented in function of time. Reaction conditions: 0.5 mM curcumin, 5 mM UDP-Glc,

100 mM sucrose, 2 mg/mL UGT-76G15r in 10% DMSO and 100 mM MOPS buffer pH 7.0 at 30 °C.
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177  S7: 'H-NMR analysis of curcumin mono- and diglucoside
TH-NMR of curcumin monoglucoside
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Chapter 3:

Glycosyltransferase cascades for natural product
glycosylation: Use of plant instead of bacterial sucrose
synthases improves the UDP-glucose recycling from sucrose
and UDP
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Glycosyltransferase cascades for natural product glycosylation:
Use of plant instead of bacterial sucrose synthases improves the
UDP-glucose recycling from sucrose and UDP
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Natural product glycosylations by Leloir glycosyltransferases (GTs) require expensive nucleotide-

4 T 3 Received 22 DEC 2016
activated sugars as substrates. Sucrose synthase (SuSy) converts sucrose and uridine 5’-diphos- Revised 14 APR 2017
phate (UDP) into UDP-glucose. Coupling of SuSy and GT reactions in one-pot cascade transforma- Accepted 20 APR 2017
tions creates a UDP cycle, which regenerates the UDP-glucose continuously and so makes it an Accepted

expedient donor for glucoside production. Here we compare SuSys with divergent kinetic charac- article online 21 APR 2017

teristics for UDP-glucose recycling in the synthesis of the natural C-glucoside nothofagin. Develop-
ment of a fast reversed-phase ion-pairing HPLC method, quantifying all relevant reactants from
the coupled conversion in a single run, was key to dissect the main factors of recycling efficiency.
Limitations due to high K,,, both for UDP and sucrose, were revealed for the bacterial SuSy from
Acidithiobacillus caldus. The L637M-T640V double mutant of this SuSy with a 60-fold reduced K,
for UDP substantially improved UDP-glucose recycling. The SuSy from Glycine max (soybean) was
nevertheless the most active enzyme at the UDP (<0.5 mM) and sucrose (<1 M) concentrations
used. It was also unexpectedly stable at up to 50°C where spontaneous decomposition of UDP-
glucose started to become problematic. The herein gained in-depth understanding of require-
ments for UDP-glucose regeneration supports development of efficient GT-SuSy cascades.

Supporting information r
available online

Keywords: Biocatalysis - Bioprocess development - Cascade reactions, Glycosyltransferase - Sucrose synthase -
UDP-glucose regeneration

1 Introduction glycosyltransferases (GTs) are the biocatalysts of choice
for high-precision synthesis of complex oligosaccharide
structures and glycosylated natural products [1-3]. Com-
mon problem of GT-catalyzed glycosylations is that the
NDP-sugar substrates are usually too costly to be used as
reagents in synthetic applications [4, 5]. Efficient in situ

regeneration of NDP-sugars is therefore a clear require-

Because of their unmatched regio- and stereoselectivity,
nucleoside diphosphate (NDP)-sugar-dependent Leloir

Correspondence: Prof. Bernd Nidetzky, Institute of Biotechnology and

Biochemical Engineering, Graz University of Technology, Petersgasse 12,
8010 Graz, Austria
E-mail: bernd.nidetzky@tugraz.at

Abbreviations: AcSuSy, sucrose synthase from Acidithiobacillus caldus;
GmSuSy, sucrose synthase from Glycine max; GT, Leloir glycosyltransferase;
Ky Michaelis-Menten constant; NDP, nucleoside diphosphate; OsCGT,
C-glucosyltransferase from Oryza sativa; SuSy, sucrose synthase; TBAB,
tetra-n-butylammonium bromide; UDP, uridine 5'-diphosphate; UMP, uri-
dine 5'-monophosphate

1600557 (1 of 10)

ment for the economic feasibility of glycosylation pro-
cesses at production scale.

A widely used approach of NDP-sugar recycling is
based on the use of sugar-1-phosphate nucleotidyltrans-
ferases in a multi-step enzyme cascade transformation, as
shown in Scheme 1A [4, 6, 7]. While generally efficient and
also relatively flexible in its application to different NDP-
sugars, the cascade requires three or even more enzymes.
Besides costs, therefore, reaction optimization can

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

49



Biotechnology
Journal

www.biotechnology-journal.com

f Q0B G@ A O
/S o
o

PP,
phosphatase

l@ ]

phosphorylation

il

mono-
saccharide

activating
Jeaving group

[ P

Biotechnol. J. 2017, 12, 1600557

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

OH

Scheme 1. Clycosyltransferase cascades applied to biocatalytic synthesis are shown. Glycosylations can be combined with NDP-sugar regeneration by (A)
sugar-1-phosphate nucleotidyltransferases or (B) the reverse reaction of a GT. In (A) the sugar-1-phosphate is usually prepared in situ by phosphorylation
of the sugar from NTP using a suitable kinase. (C) 3'-C-B-p-glucosylation of phloretin was coupled with in situ UDP-glucose recycling by SuSy.

become a complex task. A conceptually simpler, single-
step approach of NDP-sugar regeneration is to use the
reverse reaction of a GT: a glycoside substrate is reacted
with NDP to give the desired NDP-sugar (Scheme 1B)
[8-10]. The “GT in reverse” approach is somewhat limited
by the availability of suitable glycoside donors. Reverse
glycosylations are generally disfavored thermodynami-
cally unless driven to NDP-sugar formation by a high
degree of donor glycoside activation (10, 11]. Both routes
of NDP-sugar regeneration are justified and even have
complementary use. However, in cases where a NDP-
glucose substrate is required, sucrose and sucrose syn-
thase (EC 2.4.1.13; SuSy) are particularly useful [12, 13].
Among the naturally abundant disaccharides, sucrose is
exceptional in that it possesses a glycosidic linkage
unusually rich in energy [8, 13]. Sucrose therefore repre-
sents an ideal donor substrate to promote the NDP-depen-
dent conversion into NDP-glucose.

SuSy catalyzes the reversible glucosyl transfer reac-
tion, sucrose + NDP <> NDP-glucose + fructose [12, 13].
The specificity of SuSy for NDP is relatively broad, thus
enabling synthesis of the corresponding NDP-glucoses
[12, 14]. However, because the majority of the known
glucosyltransferases requires UDP-glucose, this was also
the clear focus of past efforts of using SuSy for donor sub-
strate recycling [15-20]. To expand the scope of SuSy-GT
cascade reactions beyond glucosyl transfer, additional
NDP-glucose-modifying enzymes were added to enable
regeneration of UDP-galactose [21-25], UDP-glucuronic
acid [26] and dTDP-rhamnose [27].

Considering the importance of UDP-glucose recy-
cling, detailed evidence on the SuSy reaction in the con-
text of GT-SuSy cascade transformations is required.
Systematic analysis is necessary to make sure that the
potential of SuSy is properly utilized in these transforma-
tions. Up to now, the influence of single parameters like

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the UDP concentration [17], the pH [18] or the ratio of SuSy
to GT [15] were investigated in certain case studies. How-
ever, comprehensive study of possible bottlenecks in GT-
SuSy cascade reactions is still needed. We envisioned
that not only the optimization of reaction conditions but
also the enzyme selection would be crucial. Despite large
differences in substrate affinity, specific activity and ther-
mostability of the SuSys reported so far, direct compari-
son of enzymes under conditions of sugar nucleotide
regeneration is lacking. A general constraint of GT-SuSy
cascade reactions for glucosylation by UDP-glucose is
that, in order to reduce the overall process cost, the num-
ber of UDP-glucose regeneration cycles (transferred glu-
cose moieties/UDP applied) should be maximized [28].
This is achieved by reducing the concentration of UDP,
which is by far the most expensive substance added to
the reaction mixture. Additionally, lowering the UDP
input into the reaction also prevents pronounced product
inhibition by UDP, which is frequently observed for GTs
[16, 29]. The sucrose concentration is generally less
important, for sucrose is expedient and usually shows no
inhibition. Based on these considerations, therefore, one
would suggest that a SuSy with a low Michaelis-Menten
constant (K;,) for UDP should be applied for UDP-glucose
recycling.

The known SuSys belong to two major evolutionary
lineages, one in plants and the other in bacteria [13, 30].
Bacterial SuSys appear to prefer ADP and show low affin-
ity for UDP. SuSys from plants have high affinity for UDP.
Previously, with some notable exceptions [24, 25, 31], only
SuSys from plant origin were applied in GT-SuSy cascade
reactions. Choice of the plant SuSys was probably not so
much inspired by considerations of kinetic suitability but
by enzyme availability at the time of study. The bacterial
SuSys represent a discovery of a more recent date (30, 32].
Thermostability, specific activity and recombinant ex-
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pression levels appear to be significantly higher in some
of the bacterial SuSys as compared to the plant enzymes
[30, 32, 33]. Therefore, this raised considerable interest in
the industrial application of the bacterial SuSys. An ideal
SuSy would however combine the robustness of bacterial
enzymes with the high UDP affinity of plant enzymes.

We have recently shown that point mutations in the
nucleotide binding pocket of a bacterial SuSy from Acidi-
thiobacillus caldus (AcSuSy) could strongly increase the
affinity for UDP without negative effects on enzyme activ-
ity or expression [31]. The L637M-T640V double mutant,
having LMDKVVA as nucleotide binding motif, exhibited
a 60-fold decreased K, for UDP which in preliminary
investigations resulted in significantly improved UDP-
glucose recycling [31]. In this study we present an in-
depth comparison of UDP-glucose regeneration by SuSy
from soybean (Glycine max, GmSuSy), AcSuSy wild-type
and the AcSuSy variant [17, 30, 31]. Reaction of each SuSy
was coupled to the well-established and synthetically
useful 3'-C-B-p-glucosylation of the dihydrochalcone
phloretin by a C-glucosyltransferase (CGT) from rice
(Oryza sativa, OsCGT) (Scheme 1C) [17, 34]. The resulting
product nothofagin is a major health promoting antioxi-
dant in rooibos tea, for which various interesting applica-
tions as nutraceutical exist [36-37]. To fully understand
the performance of GT-SuSy cascade conversions, it was
important to analyze not only substrate and product there:
phloretin and nothofagin) but also the components of the
1egeneration cycle, UDP and UDP-glucose. A reversed-
phase ion-pairing HPLC assay was established to monitor
these compounds efficiently in a single run. Insights thus
obtained were not only vital for optimization of the CGT-
SuSy cascade but also revealed purely chemical limita-
tions due to UDP-glucose instability that could otherwise
have gone unnoticed.

2 Materials and methods
2.1 Materials

Unless otherwise indicated, all chemicals were from Sig-
ma-Aldrich (Vienna, Austria) in the highest purity avail-
able. Phloretin (98%), UDP (>97%) and UDP-glucose (>90%)
were purchased from Carbosynth (Berkshire, UK) and
tetra-n-butylammonium bromide (TBAB) was obtained
from Carl Roth (Karlsruhe, Germany).

2.2 HPLC assays

Reversed-phase HPLC assays were used to follow enzy-
matic conversions. Phloretin and nothofagin as well as
UMP, UDP and UDP-glucose were quantified. Aliquots of
25 uL were withdrawn from reactions and enzymes were
inactivated by mixing with 25 pL water and 50 uL ace-
tonitrile. By centrifugation at 13 200 rpm for 15 min pre-
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cipitated proteins were removed and 5 uL of the superna-
tant were applied to HPLC analysis. If the concentration
of a nucleotide in the reaction mixture was below b pM,
the injection volume was increased to 20 pL to improve
quantification. All assays were performed on an Agilent
1200 HPLC system equipped with a Kinetex™ C18 col-
umn (5 pm, 100 A, 50 x 4.6 mm; Phenomenex, Aschaffen-
burg, Germany). A constant flow rate of 2 mL/min was
applied at 35°C. Using an Agilent G1365D multiple-wave-
length detector dihydrochalcones and (sugar) nuclectides
were quantified by UV-detection at 288 and 262 nm,
respectively. For quantification of phloretin and nothof-
agin water and acetonitrile, each containing 0.1% formic
acid, were used as mobile phase A and B, respectively.
Separation was achieved by following gradient: 4 min
5-35% B, 0.01 min 35-80% B; 0.99 min 80% B; 0.01 min
80-5% B; 1.49 min 5% B. UMP, UDP and UDP-glucose
were analyzed by reversed-phase ion-pairing HPLC dur-
ing 1.5 min long isocratic runs. 87.5% mobile phase A
(20 mM potassium phosphate buffer, pH 5.9 containing
40 mM TBAB) and 12.5% mobile phase B (acetonitrile)
were used. To analyze besides (sugar) nucleotides also
phloretin and nothofagin in a single run, a gradient was
added to the ion-pairing protocol: 1 min 10% B; 4 min
10-60% B; 0.01 min 50-80% B; 0.99 min 80% B; 0.01 min
80-10% B; 1.49 min 10% B. To determine linear dynamic
range and limits of quantitation and detection, serial dilu-
tions of mixtures containing either UMP, UDP and UDP-
glucose or nothofagin and phloretin were analyzed.
Nucleotide concentrations ranged from 10 nM to 10 mM
and dihydrochalcones were applied from 50 nM to 50 mM.

2.3 Enzyme preparation

E. coli BL21-Gold (DE3) strains for expression of OsCGT
(GenBank: CAQ77160.1) [38, 39], GmSuSy (GenBank:
AAC39323.1) [17], AcSuSy (GenBank: ATABS343.1) [30]
and the AcSuSy L637M-T640V double mutant (alterna-
tively termed LMDKVVA) [31] were described elsewhere.
Enzyme expression and purification by Strep- (OsCGT,
GmSuSy) or His-tag (AcSuSy, AcSuSy variant) affinity
chromatography were performed as previously reported
[14, 39].

2.4 Enzymatic conversions

Allenzymatic conversions were performed in 1.6 mL reac-
tion tubes without agitation. Reactions were buffered to
pH 7.5 by 50 mM HEPES containing 50 mM KCI, 13 mM
MgCl, and 1.3 mg/mL BSA. Because pH changes during
conversions were below 0.1 pH units no pH correction
was recuired. The influence of the sucrose concentration
(100—-1000 mM) on SuSy activity was studied by convert-
ing 1 mM UDP with 1 ng/mL SuSy at 30°C. All OsCGT-
SuSy cascade conversions contained 17.5 mM B-cyclo-
dextrin (B-CD) to avoid precipitation of 5 mM phloretin.
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As glucose source 1 M sucrose was added. Unless men-
tioned otherwise, 0.5 mM UDP was used and the reaction
temperature was 30°C. Reaction mixtures were preheat-
ed before starting conversions by addition of 30 pg/mL
OsCGT and 10 pg/mL SuSy. The effect of the UDP con-
centration on the coupled conversion was studied in a
range of 0.1-5 mM and the temperature dependence was
studied between 30 and 60°C. Reaction rates and analyte
concentrations varied in multiple repeats of enzymatic
conversions by less than 5%.

3 Results and discussion
3.1 Fast comprehensive reaction analysis
for facilitated optimization

Synthesis of nothofagin according to the cascade reaction
in Scheme 1C was analyzed. Although conversion of phlo-
retin into nothofagin was the clear target, the cascade's
performance could not be fully understood unless the
dynamics of the regeneration cycle was also resolved.
Recent work of Elling and coworkers shows the impor-
tance of detailed reactant fingerprinting, via monitoring
substrates, intermediates and products of the reaction
simultaneously, for optimization of multi-enzyme cas-
cades in NDP-sugar synthesis [40]. Ideally, the obtained
information should also allow for identification and quan-
tification of side-reactions. Here, changes in the concen-
trations of UDP and UDP-glucose therefore had to bhe
measured in dependence of conversion or time. Reversed-
phase HPLC with a water/acetonitrile gradient was previ-
ously used for the quantification of phloretin and nothof-
agin (Supporting information, Fig. S1A) [17]. Although no
enzymatic side reactions were expected, decomposition
of UDP-glucose to UMP and glucose-1,2-cyclic phosphate
was foreseen as potentially problematic (Supporting infor-
mation, Scheme S1). Therefore, UMP besides UDP and
UDP-glucose had to be quantified in addition to phloretin
and nothofagin. We noted that (sugar) nucleotides like
UMP, UDP and UDP-glucose could also be analyzed by
reversed-phase HPLC if an TBAB based ion-pairing pro-
tocol was used [11]. By applying an isocratic flow at 12.5%
acetonitrile (sugar) nucleotides were separated in just
1.5 min (Supporting information, Fig. S1B).

However, the use of two separate HPLC assays with
different buffers — one for (sugar) nuclectide analysis, the
other for dihydrochalcone analysis — was labor-intensive.
More importantly even, under the conditions used for
nucleotide analysis, nothofagin and phloretin did not
elute and would eventually clog the column. To solve the
problem we developed a novel reversed-phase ion-pairing
HPLC method to analyze the relevant compounds in a
single run (Fig. 1). In essence, the isccratic ion-pairing
protocol had to be extended by an optimized acetonitrile
gradient. Using 40 mM TBAB, nucleotides were resolved
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Figure 1. Reversed-phase ion-pairing HPLC with an acetonitrile gradient
was used to quantify nucleotides and dihydrochalcones in a single HPLC
run. Compounds were monitored by UV detection.

within 1 min at 10% acetonitrile before starting a 4-min
long gradient to 50% acetonitrile to analyze the dihydro-
chalcones. Including a wash at 80% acetonitrile and re-
equilibration of the column, the overall run time was only
7.6 min. The protocol enabled a simultaneous quantifica-
tion of UMP, UDP, UDP-glucose, nothofagin and phloretin,
as shown in Fig. 1. For all compounds a linear dynamic
range was obtained over three orders of magnitude from
around 2 pM to 3 mM (Supporting information, Fig. S2A
and 52B). The relative standard deviations from multiple
injections were typically below 0.3%. Because reaction
mixtures contained up to 5 mM phloretin and nothofagin,
samples were four-fold diluted before HPLC analysis. It
was critical to be nevertheless able to quantify small
amounts of nucleotides, which were present in only low
catalytic concentrations. Without dilution, the limit of
quantitation of nucleotides was slightly below 1 uM, and
the corresponding limit of detection was around 0.2 pM
(Supporting information, Fig. S2C). If required, the same
sensitivity was also obtainable with diluted reaction mix-
tures upon increasing the injection volume from 5 to
20 pL. The high throughput of 192 samples per day pro-
vided convenient access to all required data for reaction
analysis and optimization.

We envisioned that the herein developed assay would
not only be applicable to optimize the OsCGT-SuSy cas-
cade reaction, but could be a generally useful tool to study
conversion of hydrophobic acceptors by GTs.

3.2 Establishing the cascade of SuSy and CGT

To facilitate reaction control and to preclude any side-
reactions from enzyme impurities, all conversions were
performed with affinity purified enzymes from E. coli over-
expression cultures (Supporting information, Fig. S3).
Before comparing UDP-glucose recycling by the different
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Figure 2. Kinetic evaluation of the different SuSys used is shown. (A) The sucrose dependence of the initial UDP-glucose formation rate in SuSy reactions

is shown. Reaction conditions: 1 mM UDP, 1 pg/mL SuSy, 30°C, pH 7.5; standard deviation <0.1 pM/min. (B-D) Time courses of phloretin conversion by
OsCGT-SuSy cascade reactions are shown. GmSuSy (B), AcSuSy (C) or AcSuSy variant (D) was used. Reaction conditions: 5 mM phloretin, 0.5 mM UDP,

1 M sucrose, 30 pg/mL OsCGT, 10 pg/mL SuSy, 30°C, pH 7.5; standard deviation <5%.

SuSys we had to define useful reaction conditions for the
cascade conversions. Unlike nothofagin synthesis by
OsCGT (pH optimum =8.5), UDP-glucose formation by
SuSy was favored under acidic conditions (=pH 5-6) [11,
17]. We previously recognized that both enzymatic con-
versions were well combinable when buffered to pH 7.5
with 50 mM HEPES containing 50 mM KCl and 13 mM
MgCl, [17]. Because of the limited thermostability of
GmSuSy, a reaction temperature of 30°C was selected
[11]. The concentrations of phloretin and UDP were set to
5 and 0.5 mM, respectively, so that 10 regeneration cycles
would be required for full conversion of phloretin. To com-
pensate for the limited water solubility of phloretin,
17.5 mM B-CD were added to form a soluble phloretin/B-
CD inclusion complex [34].

1600557 (5 of 10)

To identify the ideal sucrose concentration for the
cascade reaction we measured the rates of UDP-glucose
formation by GmSuSy, AcSuSy and AcSuSy variant at
various sucrose concentrations (Fig. 2A). The rates with
AcSuSy wildtype and variant gradually increased at
higher sucrose concentration without reaching substrate
saturation within the tested range of 0.1-1 M sucrose.
However, the AcSuSy variant was roughly eight times
more active than the wildtype enzyme. The improved
conversion of 1 mM UDP by the SuSy variant was caused
by a 60-fold reduced K, for UDP [31]. SuSy reaction kinet-
ics involve a ternary complex between enzyme, sucrose
and NDP which must be formed prior to any product
release [13, 41]. This implies that the K, -value for sucrose
typically depends also on the binding affinity for the NDP
substrate. Interestingly, therefore, despite changes in the
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K, for UDP caused by AcSuSy engineering, the K, for
sucrose was not affected in the enzyme variant compared
to AcSuSy wild-type. It applies also for other bacterial
SuSys from Anabaena sp. and Nitrosomonas europaea
that unusually high K, -values for sucrose (=300 mM) were
measured in presence of UDP [30, 42]. Wang and co-
workers recognized that the lower K, -values of plant
SuSys were advantageous for UDP-glucose recycling [43].
It was therefore not a complete surprise that GmSuSy
handled low sucrose concentrations much better than the
bacterial enzymes. Using GmSuSy, 756% of the maximum
1ate was already attained at 0.1 M sucrose and GmSuSy
was b9 and 6.9 times more active than AcSuSy wildtype
and wvariant, respectively. At higher sucrose concentra-
tions the advantage of GmSuSy diminished gradually and
at 1 M sucrose GmSuSy was only 1.9-fold more active
than the AcSuSy variant. To offer conditions where all
SuSys showed appreciable activities we used 1 M sucrose
in the cascade conversions reported later.

After having defined key operational parameters we
compared cascade reactions with the different SuSys. To
emphasize on the effect of UDP-glucose regeneration,
OsCGT (30 ug/mL) was applied in three-fold excess over
SuSy (10 pg/mL). The resulting time courses demon-
strated that the efficiency of UDP-glucose recycling
controlled the nothofagin formation rate (Fig. 2B-D).
Only with GmSuSy a sufficient amount of UDP-glucose
was formed so that the UDP-glucose consumption by
OsCGT was fueled properly (Fig. 2B). Within 2 min a
steady-state concentration of 60—-90 uM UDP-glucose
was reached. Only after 5 h when phloretin was fully
converted to nothofagin and UDP-glucose consumption
ceased, the UDP-glucose concentration increased fur-
ther to around 200 pM. Using AcSuSy, in contrast, the
nothofagin synthesis was severely limited by the lack of
UDP-glucose formed (Fig. 2C). Throughout the course of
the reaction less than 2 nM UDP-glucose were present.
Although less pronounced, the same restriction was
observed with the AcSuSy variant (Fig. 2D). As a conse-
quence of these limitations, the final nothofagin concen-
tration after 5 h was 4.96 mM (99.2% conversion) with
GmSuSy but only 018 mM (3.5% conversion) and
1.27 mM (25.4% conversion) with AcSuSy wildtype and
variant, respectively. Also the initial nothofagin forma-
tion rates were affected in a similar manner. Although
the replacement of AcSuSy wild-type with the variant
accelerated the nothofagin formation almost by an order
of magnitude from 0.5 to 4.1 uM/min, conversion with
GmSuSy (34 pM/min) was still nearly 10-fold faster.
Therefore, only GmSuSy was able to recycle UDP-glu-
cose efficiently under the applied conditions. However,
the performance of the bacterial SuSys should be boost-
ed at elevated UDP concentrations and high reaction
temperatures. To provide a comprehensive comparison,
therefore, we also studied time courses of biocatalytic
reactions under these conditions.
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3.3 GmSuSy is most efficient in regenerating
UDP-glucose at low UDP concentrations

In view of the high K}, of AcSuSy for UDP (7.8 mM) [30],
we expected a performance boost for this enzyme at ele-
vated UDP concentrations. Therefore, we recorded time
courses of OsCGT-SuSy cascade reactions at 0.1 to 5 mM
UDP and compared the initial nothofagin formation rates
under these conditions (Fig. 3). Using AcSuSy, as antici-
pated, the phloretin conversion increased almost linearly
with the UDP concentration. A strong influence of UDP
was also observed with the AcSuSy variant. However,
because of the decreased K, clear signs of saturation
were recognized above 2 mM. Only with GmSuSy very
little dependence on the UDP concentration was seen and
already at 1 mM UDP the maximum conversion rate was
reached. Even at 0.1 mM UDP the nothofagin formation
was only slowed down by 32%. Therefore the correspond-
ing production rates with AcSuSy wild type and variant
were 91 and 14-times slower, respectively. Using the
AcSuSy variant, a 50-fold higher UDP concentration of
5 mM was required to match the rate of the GmSuSy reac-
tion. The results can be used to calculate a “system K"
for UDP which describes the apparent dependence of the
GT-SuSy cascade on the UDP concentration. The system
K, is a practically useful parameter conducive to reaction
optimization via maximizing the nothofagin formation
rate, the number of regeneration cycles or a compromise
of both. For GmSuSy a value of 46 (+ 8) uM was deter-
mined. This can be compared to a system K, of
1.3 (x 0.2) mM and 20 (+ 5) mM for AcSuSy in variant and
wild-type form, respectively. A high system K, can be
remedied partially by raising the UDP concentration.
However, we considered for several reasons that UDP
levels above 0.5 mM were not suited for synthetic applica-

30

25 4

20

—4— GmSuSy

—&— AcSuSy
—4&— AcSuSy variant

Nothofagin formation rate (uM/min)

UDP concentration (mM)

Figure 3, The UDP dependence of the initial nothofagin formation rate in
OsCGT-SuSy cascade reactions is shown. Reaction conditions: 5 mM
phloretin, 1 M sucrose, 30 pg/mL OsCGT, 10 pg/mL SuSy, 30°C, pH 7.5;
standard deviation <2 pM/min.
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tions. The number of regeneration cycles typically defines bly fast conversion at elevated temperatures gave no
the efficiency of cofactor/cosubstrate recycling systems insights into the long-term stability of GmSuSy under
[28]. Because the maximum number of transferable gluco- these conditions, but as applied in these reactions, the
syl moieties is restricted by the applicable acceptor con- enzyme was clearly stabilized. We previously showed that
centration, reduction of the UDP concentration is crucial. at pH 5.5 and 45°C the initial reaction rate of GmSuSy
Therefore, UDP-glucose was regenerated up to 99 and 132 dropped already by more than 50% [11]. At 60°C the
times when the UDP concentration was restricted to 0.1 enzyme was virtually inactive. Here, not only the pH was
and 0.5 mM, respectively [19, 34]. High concentrations of increased to 7.5 but also the concentration of the poten-
the rather costly UDP not only have a negative impact on tially stabilizing sucrose was raised from 0.5 to 1 M [45, 46].
overall process economy, but product inhibition of GT's by Furthermore, addition of 3-CD had a moderately positive

UDP can also strongly reduce reaction rates [16, 28]. To effect on both stability and activity of GmSuSy [34]. It was
achieve optimal performance the system K, for UDP has probably a combination of these effects that GmSuSy was
to be well below the respective inhibition constant of the sufficiently stabilized to maintain a high UDP-glucose
GT module. In the OsCGT-GmSuSy cascade this criterion regeneration rate even at 60°C, for at least 2 h.

was clearly fulfilled. By raising UDP from the optimum at Cascade reactions with the thermostable AcSuSys
1 mM to 6 mM (=100-fold above the system K,,) the could profit even more from elevated reaction tempera-
nothofagin formation rate dropped by less than 5% (Fig. 3). tures. In line with the previous results, however, the nothof-
agin formation with AcSuSy was considerably slower than

3.4 GmSuSy shows unexpectedly efficient with GmSuSy and it improved significantly at increased
performance at elevated temperatures temperatures (Fig. 4B). Up to 50°C, nothofagin production

was constant over the observed time span of 13 h. At60°C,

Although GmSuSy clearly performed best among the however, the phloretin conversion rate gradually decreased
three SuSys when a temperature of 30°C was chosen, over time and the reaction almost completely stopped after
there remained the concern that the plant SuSy might not 6.5 h. Therefore, the highest final nothofagin concentration
offer the required thermostability for industrial carbohy- was obtained at 50°C and it was just 1.1 mM. Examined
drate conversions. These processes are typically per- under identical conditions, the conversion with GmSuSy
formed at elevated temperatures to avoid microbial con- was around 75-fold faster. Coupled conversions with the
taminations [44]. The impact of differences in enzyme AcSuSy variant were generally faster than the correspond-

thermostability was tested by running the CGT-SuSy ing conversions with the wild-type enzyme (Fig. 4C). How-
cascade reactions between 30 and 60°C (Fig. 4). GmSuSy ever, at 60°C, the nothofagin formation again slowed down
handled elevated temperatures surprisingly well and during the reaction and fully stopped after 9 h. Once more,
nothofagin was formed fastest at 50 and 60°C (Fig. 4A). At 50°C was the optimum temperature and full phloretin con-

both temperatures phloretin was already almost com- version was achieved within 6.5 h. Although the CGT-
pletely converted to nothofagin after around 2 h. At 30 and GmSuSy cascade was still more than three times faster, the
40°C similar degrees of conversions were only reached strongly improved activity of the variant at 50°C could be
after a substantially longer reaction time of 9 h. The nota- considered as technologically useful.
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Figure 4. Time-courses of nothofagin formation by OsCGT-SuSy cascade conversions are shown for various temperatures. GmSuSy (A), AcSuSy (B) or
AcSuSy variant (C) was used. Reaction conditions: 5 mM phloretin, 0.5 mM UDP, 1 M sucrose, 30 pg/mL OsCGT, 10 pg/mL SuSy, pH 7.5; standard
deviation <0.3 mM.
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By analyzing only conversion of phloretin to nothof-
agin it was difficult to rationalize if it was the CGT or the
SuSy reaction that restricted the useable reaction tem-
perature to 50°C. However, analysis of UDP and UDP-
glucose concentrations revealed clearly that it was inac-
tivation of the CGT that had caused the insufficient per-
formance at 60°C. In the coupled CGT-AcSuSy reaction
the UDP-glucose was constantly below 10 nM during the
first 3 h of reaction, but accumulated afterwards to up to
44 pM when the nothofagin formation gradually
decreased. Also with the AcSuSy variant UDP-glucose
was around 10 pM during the first 30 min, but increased
to 125 uM at 6.6 h. Therefore, transition from an initially
SuSy-limited reaction to a CGT-restricted conversion
occurred between 3 hand 6.5 h of reaction. In conclusion,
the comparably low thermostability of GmSuSy had no
negative impact on the CGT-SuSy cascade reaction
because OsCGT was more sensitive to elevated tempera-
tures than GmSuSy was. This led to the counterintuitive
result that full conversion of phloretin at 60°C was only
possible with the least thermostable SuSy. Because of the
superior UDP-glucose recycling performance of GmSuSy,
the synthesis of nothofagin was completed before the
CGT was inactivated.

Careful nucleotide analysis showed that degradation
of instable UDP-glucose became also problematic at ele-
vated temperatures. Decomposition of UDP-glucose to
glucose-1,2-cyclic phosphate and UMP is favored by alka-
line pH, at elevated temperatures and when divalent
cations like Mg?* are present (Supporting information,
Scheme S1) [11, 47]. Despite using a slightly alkaline pH
of 7.6 and 13 mM Mg in all conversions, UDP-glucose
degradation only became critical when the reaction tem-
perature was also increased. Fig. S4 in the Supporting
information shows the concentrations of nucleotides and
nothofagin after 3 h of coupled conversions at 60°C. For-
mation of UMP strongly depended on accumulation of
UDP-glucose and thereby also on the SuSy activity. Using
GmSuSy the concentration of UMP (180 pM) surpassed
already after 3 h those of UDP (170 uM) and UDP-glucose
(150 pM). Also with the AcSuSy variant relatively high
levels of UMP (70 uM) and UDP-glucose (90 puM) were
observed. Only with barely active AcSuSy wild-type
hardly any UDP-glucose (8 nM) and UMP (14 uM) were
formed. Because of the strong dependence of nothofagin
formation on UDP-glucose accumulation, sugar donor
decomposition also correlated well with nothofagin levels.
Even after prolonged incubation of 9 h only 17% of ini-
tially applied UDP was degraded to UMP when AcSuSy
wild-type was used. However, with GmSuSy and the
AcSuSy variant UMP accumulated to 73 and 67%, respec-
tively. Because UMP cannot be recycled by SuSy, the
effective concentrations of UDP(-glucose) were reduced
from 500 to roughly 150 uM. Such a strong reduction of
available UDP should decrease nothofagin formation with
the AcSuSy variant by more than three-fold (Fig. 3). To
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counter UDP-glucose decomposition either more UDP has
to be applied or UMP has to be recovered through phos-
phorylation to UDP [14, 48].

4 Concluding remarks

The current study of nothofagin synthesis via 3'-B-C-glu-
cosylation of phloretin revealed how critically important
the efficiency of UDP-glucose regeneration by SuSy was
for the overall performance of the GT-SuSy cascade reac-
tion. It showed furthermore that besides the relevant
substrate-product pair (here: phloretin and nothofagin),
UDP and UDP-glucose had to be quantified throughout
the 1eaction to gain detailed understanding of the cas-
cade's function. A new HPLC method was therefore
developed to enable efficient determination of the required
reactant concentrations in a single run. In a systematic
analysis, for the first time, the impact of kinetic properties
of the SuSy on synthetic efficiency of the bienzymatic
cascade was demonstrated. Fitness in terms of kinetics,
expressed in relatively low K -values for UDP and sucrose,
made the SuSy from plant source the strongly preferred
choice. It superseded enhanced thermostability in the
SuSys from bacterial source as criterion of selection. The
nothofagin formation rate improved almost 100-fold by
choosing the proper SuSy enzyme. A simplified practical
approach to kinetic evaluation was determination of the
“system K" where the dependence of the glycoside for-
mation rate on the UDP concentration was measured.
Roughly, a system K, of just around one-tenth of the
added UDP concentration during the reaction seemed
ideal and only the plant SuSy fulfilled this criterion.
Advancements in NAD(P)H/NAD(P)* recycling systems
for oxidoreductase cascade reactions have demonstrated
that coenzyme regeneration poses no longer an intrinsic
hindrance to economic biocatalytic processes employing
these systems [28, 49]. In the GT-SuSy cascade, however,
in order to achieve a significant number of regeneration
cycles, the UDP “co-substrate” had to be applied in the
pM-range where only GmSuSy worked efficiently. Com-
bined with suitable strategies of solubility enhancement
for the hydrophobic acceptor substrate, recycling num-
bers of about 100 are therefore clearly within reach for
UDP-glucose using the SuSy reaction [19, 34]. This
strongly supports the use of GT-SuSy cascades in natural
product glycosylations targeted at specialty chemical
synthesis. A final note of caution concerns the reaction
temperature. While increasing the temperature seemed
generally useful when thermostable GTs were available,
spontaneous decomposition of the nucleotide sugars
could become problematic under these conditions
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Figure S1. A) Nothofagin and phloretin were quantified by reversed-phase C-18 HPLC using a water/acetonitrile
gradient. B) UMP, UDP-glucose and UDP were quantified by isocratic reversed-phase C-18 HPLC using a TBAB

based ion-pairing protocol.
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Scheme S1. UDP-glucose can spontaneously decompose to UMP and glucose-1,2-cyclic phosphate.
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Figure S2. The linear dynamic range (A, B) and limits of quantitation and detection (C) of the reversed-phase ion-
pairing gradient HPLC assay were determined. The injection volume was fixed to 5 pL and compounds were
monitored by UV-detection at 288 (A) or 262 nm (B, C).
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Figure S3. SDS-PAGE of affinity purified enzymes from E. coli overexpression cultures. S: PageRuler™ Prestained
Protein Ladder (Thermo Scientific); 1: OsCGT; 2: GmSuSy; 3: AcSuSy; 4: AcSuSy variant. OsCGT and GmSuSy were
purified by Strep-tag affinity chromatography. AcSuSy wildtype and variant were purified by His-tag affinity
chromatography.
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Figure S4. Concentrations of UDP, UDP-glucose, UMP (A) and nothofagin (B) after 3h of OsCGT-SuSy cascade
conversions at 60°C are shown. Data was extracted from reactions displayed in Fig. 4. Reaction conditions: 5 mM
phloretin, 0.5 mM UDP, 1 M sucrose, 30 pg/mL OsCGT, 10 pg/mL SuSy, pH 7.5.
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Levoglucosan kinase (LGK) catalyzes the simultaneous hydroly-
sis and phosphorylation of levoglucosan (1,6-anhydro-f3-p-glu-
copyranose) in the presence of Mg”*-ATP. For the Lipomyces
starkeyi LGK, we show here with real-time in situ NMR spec-
troscopy at 10°C and pH 7.0 that the enzymatic reaction pro-
ceeds with inversion of anomeric stereochemistry, resulting in
the formation of «-b-glucose-6-phosphate in a manner remi-
niscent of an inverting [3-glycoside hydrolase, Kinetic character-
ization revealed the Mg®" concentration for optimum activity
(20-50 mm), the apparent binding of levoglucosan (K, =
180 mm) and ATP (K,=1.0 mm), as well as the inhibition by
ADP (K;=0.45 mm) and p-glucose-6-phosphate (IC;,=56 mm).
The enzyme was highly specific for levoglucosan and exhibited

Introduction

Levoglucosan kinase (LGK) catalyzes the conversion of the an-
hydrosugar levoglucosan (1,6-anhydro-fi-p-glucopyranose, 1)
in the presence of adenosine triphosphate (ATP) and Mg®~."
The enzymatic reaction involves combined hydrolysis and
phosphorylation of the substrate to yield p-glucose-6-phos-
phate (2) and adenosine diphosphate (ADP) as the products
(Scheme 1). Together with AnmK (1,6-anhydro-N-acetylmuramic
acid kinase), LGK forms a subfamily of anhydrosugar kinases
within the large hexokinase protein family.*? LGKs from Lipo-
myces starkeyi"**" Aspergillus niger/” and Sporobolomyces sal-
monicolor™ have been purified and characterized. Furthermore,
LGK activity was detected in the cell extracts of various yeasts
and filamentous fungi.">®
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weak ATPase activity in the absence of substrate. The equilibri-
um conversion of levoglucosan and ATP lay far on the product
side, and no enzymatic back reaction from p-glucose-6-phos-
phate and ADP was observed under a broad range of condi-
tions. 6-Phospho-a-p-glucopyranosyl fluoride and 6-phospho-
1,5-anhydro-2-deoxy-p-arabino-hex-1-enitol (6-phospho-b-
glucal) were synthesized as probes for the enzymatic mecha-
nism but proved inactive with the enzyme in the presence of
ADP. The pyranose ring flip “C,—'C, required for 1,6-anhydro-
product synthesis from p-glucose-6-phosphate probably pres-
ents a major thermodynamic restriction to the back reaction of
the enzyme.

A) 2 Mg2*
o]
ADP\(_“»_,;:I -
dc'),
o~ OPO,* OPO4*
OH
Q -0
Q \o'H LK _ MRS _ HRMUH
OH OH K OHOH OH
\I a-2 p-2
he
Asp212
B)
1) HO 2. PO,%
o ek, " e
~ % ) S
OH OH o —_DH OH OH OH
1 2
C)
OPO;* OPO;*
RS % HO °
HO =
orf
4

Scheme 1. Mechanistic proposals suggest formation of A) a-2 or B) an open-
chain form of 2 as products of the LGK reaction.”*! Anomerization of 2
(shown in gray) most probably occurs in solution. C) Compounds 3 and 4
were synthesized as mechanistic probes of the enzymatic reaction in the re-
verse direction.

Because of the anhydro linkage, the pyranose ring of 1 is
locked in the otherwise energetically highly unfavorable 'C,
chair conformation.” Compound 1 is a major product of ligno-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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cellulose pyrolysis and accounts for up to 30 wt% of the liquid
fraction obtained in the process.” Therefore, the use of 1 as a
substrate for bioconversion by microbial fermentation is of
rapidly growing interest.***

Besides the biocatalytic application of LGK, the enzyme's cat-
alytic mechanism has also drawn considerable attention. How
LGK couples hydrolysis of anhydro substrate 1 with phosphory-
lation from ATP is a problem of fundamental significance, LGK
and AnmK uniquely combine the catalytic features of a glyco-
side hydrolase (GH) with those of an ATP-dependent sugar
kinase."” The structures of the LGK from L. starkeyi (LsLGK)""?!
and the AnmK from Pseudomonas aeruginosa'®"" have been
determined. In both enzymes, a conserved Asp was suggested
to serve as catalytic base for attack of water on the substrate’s
anomeric carbon atom. On hydrolytic opening of the 1,6-anhy-
dro ring, phosphorylation at C6 also occurs. A stereochemical
reaction course was proposed for LGK (Scheme 1A), in which
the a-anomer of 2 is the product. Accordingly, the anomeric
configuration changes between [} in 1 and « in 2, which is
consistent with the stereochemical course of the reaction of an
inverting p-glycoside hydrolase."” A NMR spectroscopy time-
course experiment was used to analyze the formation of 2 by
LsLGK."¥ However, product 2 was detected as an equilibrium
mixture of anomers (38% «, 62% [)."* It was therefore sug-
gested that the LGK reaction might involve a pyranose ring-
opening step, as shown in Scheme 1B."? This might facilitate
release of ring strain present in 1. Ring closure would then
yield a mixture of anomers of 2 at equilibrium. However, the
very fast mutarotation of 2 complicates this analysis."” Inter-
estingly, NMR spectroscopy analysis of the reaction of AnmK
revealed formation of the a-anomer in a stereochemically in-
verting reaction."®

The current study was performed to advance mechanistic
understanding of LsLGK on the basis of three lines of experi-
ments. The problem of the catalytic reaction’s stereochemical
course was reassessed by real-time NMR spectroscopy under
conditions that reduce the rate of mutarotation. 6-Phospho-a-
p-glucopyranosyl fluoride (3) and 6-phospho-1,5-anhydro-2-
deoxy-p-arabino-hex-1-enitol (4) were synthesized and evaluat-
ed as mechanistic probes of LGK, potentially functioning as
analogues of 2 in the reverse reaction of the enzyme. Com-
pounds 3 and 4 were of particular interest, because unlike 2,
which must release water to enable 1,6-anhydro ring formation
(Scheme 1A), they could become “activated” much more easily
by expulsion of fluoride or protonation, respectively. It was
also considered that the conversion of 3 into 1 might thermo-
dynamically (owing to the exergonic release of fluoride) be
much more favored than the conversion of 2. Finally, although
LsLGK was characterized biochemically in some detail befor-
e "™ certain properties of the enzyme and the reaction cata-
lyzed by it were not clear. This required a systematic re-investi-
gation and new evidence was obtained in its course,

ChemBioChem 2018, 19, 596 - 603 www.chembiochem.org
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Results and Discussion

Purification and stabilization of LsLGK

LsLGK equipped with a N- or C-terminal His-tag was produced
in Escherichia coli. The N-terminally tagged protein accumulat-
ed mostly in aggregates and was hardly active. The N termini
in the dimeric assembly of LsLGK are in close proximity to
each other (Figure ST in the Supporting Information). Steric
conflict may therefore prevent accommodation of the His-tag
in a still-native enzyme structure. In contrast, the C-terminally
tagged protein was expressed well and could be purified con-
veniently (Figure S2). A specific activity of (16.9+22)Umg "’
was determined at pH 7.8 under optimized assay conditions,
The far-UV circular dichroism (CD) spectrum of the purified
LsLGK (Figure S3) indicated a properly folded protein. The rela-
tive composition of secondary structural elements in LsLGK
calculated from the CD data was in agreement with that found
in the enzyme's crystal structure."

Purified LsLGK proved to be a highly unstable protein. Differ-
ential scanning fluorimetry (DSF) revealed a melting tempera-
ture (T,) of just 37°C. The enzyme was not stabilized by one
of its substrates or products, except for ATP (2 mm) together
with MgCl, (10 mm), which increased T, by 3°C. Consistent
with the low T, LsLGK was quickly inactivated under typical
reaction conditions (Figure S4 A). At 30°C and pH 7.5, all activi-
ty was lost within just 2 h. A temperature decrease to 25°C
and the addition of 1 mgmL ' bovine serum albumin (BSA) en-
hanced the enzyme's half-life to approximately 4 h. Raising the
BSA concentration to 5 mgmL~" did not further enhance the
stability (Figure S4B). Stability was pH dependent, with an opti-
mum at approximately pH 7.9 (Figure 54 C). Limited stability of
LsLGK was noted before,"” but in another study,” the enzyme
was found to be stable (for 30 min) at 30°C in the pH range of
7 to 9. With the main factors of LsLGK stability unknown at
this time, we proceeded forward taking carefully into account
that fast activity loss restricted the usable incubation times in
biochemical assays for enzyme characterization.

Kinetic characterization and substrate specificity of LsLGK

The pH-activity profile of LsLGK has a sharp optimum at pH 8
(Figure S5), which corresponds well to the optimum of stability
at pH 7.9 (Figure S4C). Therefore, HEPES buffer (pH 7.8) was
used in all subsequent studies.

The active site of LsLGK contains two Mg* " ions that interact
with the phosphate groups of ATP/'” The ratio of Mg®'/ATP
strongly influences the activity of LsLGK. Using 4 and 8 mm
Mg®*, the activity was highest at a Mg’*/ATP ratio of 2 and
drastically dropped if the ratio was less than 1. We consid-
ered that the ideal concentration of Mg?' might also depend
on the concentrations of ATP and LsLGK used. Employing a
constant ATP concentration (2.5 mm), the enzyme activity
increased with the Mg”" concentration until a Mg? ' /ATP ratio
of 8 was reached at 20 mm MgCl, (Figure 1A). Any further in-
crease in Mg®' led to a moderate decrease in activity. It was
previously shown for a cyclin-dependent kinase, which similar
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Figure 1. The dependence of the LsLGK reaction rate on Mg”* and ATP con-
centration was determined (500 mm 1, 0.02 mgmL ' LsLGK, pH 7.8, 30 °C).
A) Reaction in the presence of 2.5 mm ATP is shown. B) To determine the K,
for ATP, the Mg”" concentration was adjusted to the ATP concentration
used: 10 mm (light gray), 20 mm (black), and 50 mm (dark gray) MgCl, were
used. The solid line shows a hyperbolic fit of the data.

to LsLGK requires the binding of two magnesium ions for
activity,"” that the complex of 2 Mg?* and ADP binds more
tightly to the enzyme than does the corresponding ATP com-
plex. The same effect might also lead to “Mg’" substrate” in-
hibition of LsLGK.""'*)

The influence of Mg?" was considered in the determination
of the K, for ATP (Figure 1B). Adjusted to the ATP concentra-
tion used, the MgCl, concentration was varied from 10 to
50 mm to avoid conditions too high or too low in Mg?*. The
resulting K, was (1.0+0.2) mm, as shown in Figure 1B. Some-
what lower K, values of (0.20+0.02)% and (0.68 +0.06) mm®!
were previously obtained by using a constant MgCl, concen-
tration of 10 mm. At the time of these earlier measurements,
rate reduction due to Mg~ limitation was not yet reported
and so might have been mistaken for substrate saturation by
ATP. The K, for 1 was (177 +36) mm (Figure S6). It was again
slightly higher but comparable with earlier reported values
(69-119 mm)."** Product inhibition of LGK was tested in reac-
tions containing 300 mm 1 and 2.5 mm ATP. ADP was a strong
competitive inhibitor against ATP with a K; of (0.45+0.03) mm
(Figure S7A). Similarly strong inhibition by ADP was reported
for the LGKs from S. salmonicolor (K,=0.15 mm)® and A. niger
(K;=0.20 mm)."*" Product 2 also inhibited the LsLGK, albeit
only weakly [IC5,=(56-+10) mm, Figure S7B]. p-Glucose, b-
mannose, and p-fructose hardly inhibited the enzyme (Fig-
ure S8).

The crystal structure of the LsLGK reveals a relatively “open”
substrate-binding site (Figure 2A)."? Somewhat surprisingly for
a carbohydrate-active enzyme, 1 forms only a single hydrogen
bond with the LsLGK (Asp212). Otherwise, 1 is surrounded by
numerous water molecules. This raises concern that hydrolysis
might compete effectively with the canonical use of ATP for
phosphorylation of 1. Hexokinases are generally known to ex-
hibit ATPase activity in the absence of substrate."® Indications
of minor “error” hydrolysis of ATP were also found with the
LGK from S. salmonicolor.”’ To distinguish between synthesis of
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Figure 2. A) The active site of LsLGK is shown (PDB ID: 4ZLU, chain A).""?
Only the catalytic base Asp212 forms a hydrogen bond with C4 of 1, which
is surrounded by water molecules. Bound 1 appears to adopt a 'C, pyranosy!
ring conformation. B) ATP consumption (squares, solid lines) and release of
free phosphate (circles, dashed lines) were measured to study the canonical
LsLGK reaction and error hydrolysis of ATP. Reactions in the absence of
LsLGK (black) or 1 (gray) were compared to a standard conversion (green).
Reaction conditions: 0/100 mm 1, 2 mm ATP, 0/1 mgmL ' LsLGK, 10 mm
MgCl,, pH 7.8, 30 °C.

2 and hydrolysis of ATP in the enzymatic reaction, we analyzed
the release of ADP and inorganic phosphate on the conversion
of ATP. We compared utilization of ATP in the presence of 1 to
its utilization if 1 or the LsLGK was lacking (Figures 2B and S9).
If 1 was present, all ATP (2 mm) was rapidly converted into
ADP and no hydrolysis took place. In the absence of 1, howev-
er, ATP was degraded by hydrolysis. The activity of the LsLGK
for ATP hydrolysis (=4 mUmg™') was approximately 400-fold
slower than the activity for the conversion of 1 into 2. The
gradual slowdown in ATP conversion is explainable by the lim-
ited stability of the LsLGK. The ADP produced initially was not
hydrolyzed further. A control lacking the LsLGK showed that
ATP was stable under the applied conditions (Figure 2B).

The binding of 1 by the LsLGK (Figure 2 A) inspires the belief
that the enzyme might utilize anhydrosugars other than 1 as
its substrates. However, biochemical evidence suggests LGKs
to be rather specific for 1.°>%*/ We tested a series of anhydro-
sugars and also p-glucose for utilization by the LsLGK in the
presence of ATP (Figure S10). In all cases, no conversion of the
putative substrate was detected. Consumption of ATP was
identical to the control comprising only enzyme and ATP. For-
mation of ADP was always closely matched to the release of
phosphate. High substrate specificity of the LsLGK is support-
ed.

In situ NMR spectroscopy supports an inverting mechanism
of LsLGK

The use of real-time 'H NMR spectroscopy to study the stereo-
chemical course of the LGK reaction is complicated by the fast
mutarotation of released 2. At 25°C and pH 7, the half-lives of
o- and -2 were reported to be just 5 and 10 s, respectively."
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On lowering the temperature to 0°C, the half-life of (-2 was
increased to 2.1 min."”" Changing the solvent from H,0 to D,O
also enhanced anomer stability approximately 1.7-fold."® Con-
ditions suitable for in situ 'H NMR spectroscopy analysis there-
fore involve enzymatic conversion of 1 into 2 that proceeds
faster than the subsequent mutarotation. We carefully opti-
mized temperature (10°C), pD (7.0), LsLGK (2 mgmL™"), and
substrate concentrations (100 mm 1, 10 mm ATP) to this end.
The results of the real-time monitoring of the enzymatic re-
action are shown in Figure 3 A. The first NMR spectrum record-
ed 5min after the start reveals a clear excess of «-2 (56%)
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Figure 3, Stereochemical course for the conversion of 1 by LsLGK was ana-
lyzed by using real-time in situ NMR spectroscopy (100 mm 1, 10 mm ATP,
20 mm MgCl;, 2 mgmL~' LsLGK, pD 7.0, 10°C). A) Superpaosition of the

'"H NMR spectra for the conversion of 1 inta 2. Characteristic signals for «-2
and [-2 are indicated in the spectra. B) Relative portions of the - and [-
anomers of 2 formed during the conversion of 1 as a function of reaction
time.

over [3-2 (44%). The relative abundance of -2 subsequently
increases until after approximately 25 min the mutarotation
equilibrium is reached (Figure 3B). The seemingly conflicting
observation of an anomeric mixture of 2 by Bacik et al. is prob-
ably due to increased mutarotation at the higher reaction tem-
perature (20°C instead of 10°C) and longer reaction time (4 h
instead of 40 min)." In fact, during the less emphasized first
minutes of the conversion, some accumulation of «-2 was also
visible in the previous in situ NMR spectroscopy study."® The
distinct patterns for the formation of @-2 and -2 in depend-
ence of time (Figure 3B) support a reaction scenario in which
the LsLGK is specific for the formation of the a-anomer of 2.
Because glucopyranose ring opening (Scheme 1B) is not in line
with initial accumulation of «-2, we propose an inverting ([ —
o) stereochemical reaction course of LsLGK, similar to that of
AnmK (Scheme 1 A). Accordingly, LsLGK combines mechanistic
features of an ATP-dependent kinase and an inverting glyco-
side hydrolase."™“ From the enzyme's structure™™ Asp212
might function as a general base by facilitating attack of water
in the catalytic mechanism (Scheme 1A, Figure 2A).
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The LsLGK reaction is experimentally quasi-irreversible

Conversion of 1 into 2 is expected to release a large amount
of free energy, resulting from ATP conversion and from relaxa-
tion of conformational strain in 1 upon hydrolysis of the [3-1,6-
glycosidic bond. Just the phosphorylation of p-glucose from
ATP releases approximately 20 kJmol ™' of energy if performed
at neutral pH in the presence of Mg? " Enzymatic reactions
at varied substrate concentrations (ATP: 2-10 mm; 1: 2-
100 mm; pH 7.8) confirmed that the equilibrium of the LsLGK
reaction lay far on the side of product 2. However, despite the
high enzyme concentrations used in the experiments
(3 mgmL '), the time to reaction equilibrium exceeded the life-
time of the enzyme. Determination of the equilibrium constant
(K.q) was therefore not pursued. To investigate the formation
of 1 by the enzymatic back reaction, a broad range of concen-
trations of ADP (0.2-20 mm) and 2 (1-150 mm) was tested. The
pH was also varied in the range of 6 to 9, considering its possi-
ble effect on K., in phosphoryl-transfer reactions.”” No 1 was
detected under the different conditions used. Detection of 1
was performed routinely by HPLC by using refractive index
detection, To enhance sensitivity, high-performance anion-ex-
change chromatography with pulsed amperometric detection
(HPAEC-PAD) was used, and the samples were pretreated to
decrease the large excess of 2 and ADP. Sample preparation
was validated with 0.3 mm 1 as an internal standard (Fig-
ure S11). The detection limit of 1 was indicated to be approxi-
mately 50 pm.

Analysis of mechanistic probes of the LGK reaction

Compounds 3 and 4 (Scheme 1C) were synthesized as poten-
tial probes of the reverse reaction of the LsLGK. Their use was
inspired by the fact that glycosyl fluorides and glycals have
proven useful as alternative substrates of different glycoside
hydrolases from both the retaining and the inverting mecha-
nistic types.”"” However, enzymatic reactivity with these ana-
logues can vary over a broad range in various glycoside hydro-
lases, and especially the glycals proved to be potent inhibi-
tors.”'®* We nonetheless considered that formation of the
intramolecular f-1,6-glycosidic bond could be facilitated by
replacing the difficult water-release step of the canonical
reaction of 2 by a different, probably more easily achieved
chemical step: release of fluoride from 3 and protonation of
the double bond at C2 in 4 (Scheme 2). Both 3 and 4 do not
rely, in principle, on the protonation of Asp212 for reactivity.

A) B)
2 Mg?* 2+ .
/9_ ADP 2 Mg?* 2 Mg ADP 2 Mgzm_p
5
015_03 o AT® 0—POy’ o]
OH 0, OH
o Hot); —_— 0
HR&&\\\ s HoM=7
OH| # OH OH HzO05H OH
3 F 1 4 2-deoxy-1

Scheme 2. Proposed mechanisms for the LsLGK-catalyzed conversion of A) 3
and B) 4 in the presence of ADP.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

66



@* ChemPubSoc
R Europe

Although conversion of 4 also involves a protonation step, it
occurs at C2 and not at the OH leaving group at C1, which
forms a hydrogen bond with Asp212 (Scheme 1A). Therefore,
we envisioned that the numerous water molecules in the
active site of the LsLGK (Figure 2A) could act as shuttles for
long-range proton transfer from an alternative general acid to
the C2 of 4.

To examine the reactivity of 3, the LsLGK (1.5 mgmL ') was
added directly to a reaction mixture obtained by phosphoryla-
tion of a-p-glucopyranosyl fluoride from ATP by using hexo-
kinase. Whereas the formation of 3 was confirmed unambigu-
ously by using 'FNMR spectroscopy analysis (Figure S12),
'H NMR spectroscopy analysis revealed that no further conver-
sion of 3 into 1 occurred over 24 h (Figure S13). Also, no trans-
formation of 3 into any other product was detectable.

The reactivity of 4 was examined in a manner similar to that
described above for 3. Compound 4 was synthesized by enzy-
matic phosphorylation of “p-glucal” (1,5-anhydro-2-deoxy-p-
arabino-hex-1-enitol) and was isolated by anion-exchange
chromatography and barium acetate precipitation. To avoid
thermodynamic restrictions during the conversion of 4, ATP
was removed in situ by adenylate kinase from E. coli
(ECADK).?®) The enzyme catalyzes the reversible formation of
two ADP molecules from ATP and AMP. Therefore, besides
160 mm 4 and 10 mm ADP, the reaction mixture also contained
90 mm AMP. To compensate potentially low reaction rates with
the substrate analogue, 10 mgmL ' LsLGK was used, and the
reaction was followed for 24 h by in situ 'H NMR spectroscopy
(Figure S14). However, 2-deoxy-1 was not detected, and also,
the conversion of 4 into alternative products was not ob-
served.

Generally, these results suggest that “activation” of substrate
in 3 and 4 compared to 2 could not be exploited by the
enzyme to overcome an apparently very large energy barrier
to (3-1,6-anhydro ring formation. Note that release of fluoride
from 3 is expected to release a large amount of free energy,?"’
which, in principle, could be utilized to promote the formation
of 1. Interestingly, therefore, uncoupling of hydrolysis from
phosphoryl transfer to form 1 from 3 or 2-deoxy-1 from 4 was
also not observed in the reactions of the LsLGK.

Mechanistic proposal: A hypothetical catalytic itinerary of
sugar puckering conformations

Considering Hammond's postulate,*” the large decrease in
standard Gibbs free energy (AG,) upon the conversion of 1
into 2 would imply an early transition state, the structure of
which would resemble 1 more than 2. Besides cleavage of the
anhydro linkage and transfer of a phosphate group from ATP,
conversion of 1 by the LsLGK also has to involve a 'C,—*C,
pyranose ring flip. This rearrangement must happen through
an itinerary of sugar ring conformations, the variety of which is
summarized in the Cremer-Pople spherical coordinate system
(Figure 4A).”" Another point of consideration was that a glyco-
side hydrolase like reaction mechanism of the LsLGK would
plausibly involve an oxocarbenium ion like transition state.”!
Such transition states are characterized by partial change in hy-
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Figure 4. Mechanistic proposal for the LsLGK reaction. A) Suggested catalytic
itinerary of sugar puckering conformations is displayed on the Cremer-
Pople spherical coordinate system. Conformations in bold can adopt oxocar-
benium ion like transition states. The proposed *H, transition state involving
cleavage of the anhydro bond with coincident change from the f§ configura-
tion (blue) to « configuration (red) is shown in purple. The conformational
itinerary, indicated by the dotted line, is expected to happen on the
enzyme. The additional conformational rearrangements could also occur in
solution. A tentative route is indicated. B) Mechanistic proposal for anhydro
bond cleavage. The 'C, chair conformation is observed for 1 bound to
LsLGK."™!

bridization (sp*—sp?) at the anomeric carbon atom.”” The im-
plied coplanar orientation of C5, 05, C1, and C2 can only be
adopted by two boat (B,s and *°B), two half-chair (*H; and
*H,), and four envelope (E, E;, °E, and E,) conformations.?*>?2
Considering the conformational itineraries utilized by glycoside
hydrolases, reviewed in refs. [26] and [27], we suggest a cata-
lytic reaction coordinate for LGK, as shown in Figure 4.

Among the sugar ring conformations directly accessible
from the 'C, chair (Figure 4A), only the *H, and the closely re-
lated *E and E, conformations can accommodate oxocarbeni-
um ion character. A *H, transition state is tentatively suggested
for the LGK reaction (Figure 4B). The *H, half-chair limits ring
strain from the 1,6-anhydro linkage and has typically a some-
what lower energy than the ’E and E, conformations.”® It is
structurally close to the 'C, chair of 1 observed in the sub-
strate-bound structure of the LsLGK.™ Its formation in the
transition state would be in line with the principle of least nu-
clear motion in catalysis. The 'C,—H,"—3S, itinerary suggest-
ed for the LsLGK (Figure 4B) has precedence from inverting
mannosidases of glycoside hydrolase families GH 47 and GH
134.%8 |t is also found in retaining a-fucosidases and sialida-
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ses.” |n the LGK reaction, conversion of «-2 from the post-
catalytic “S, conformation into the most stable *C, conforma-
tion might happen on the enzyme or in solution. An itinerary
via E,, or alternatively °E, is feasible.”™ The large barrier for
conversion of the “C, conformation into the °S, conformation
(=32 kJmol™" for u-p-glucose)*™ would restrict enzymatic re-
action of 2 or 3 to 1.

Conclusion

Conversion of 1 into 2 by the levoglucosan kinase from L. star-
keyi (LsLGK) involves configurational inversion at the anomeric
carbon atom, [3 (equatorial) in the substrate and o (axial) in the
product. This stereochemical course is consistent with the
hybrid kinase-hydrolase mechanism depicted in Figure 4, In
this mechanism, opening of the B-1,6-anhydro ring is promot-
ed by nucleophilic attack of O6 on the terminal v phosphorus
atom of ATP. The water nucleophile reacts under general base
catalytic assistance from Asp212. The transition state is expect-
ed to have substantial oxocarbenium ion like character. A
hypothetical conformational itinerary for conversion of the 'C,
chair of 1 into the *C, chair of a-2 involves a *H,* half-chair
transition state and a °S, skew-boat conformation. Absence of
detectable reaction of 2, or its “activated” analogue 3, to yield
1 involves a large energy barrier for converting the ‘C, chair
into the S, conformation. Lack of reactivity of 4 might reflect
inability to adopt the S, conformation. Besides the mechanis-
tic analysis, new biochemical data for the LsLGK provide an ad-
vanced knowledge basis for this interesting class of enzymes.

Experimental Section

Materials: ATP. ADP, (anhydro)sugars, and 2,3,4,6-tetra-O-acetyl-a-
p-glucopyranosyl fluoride were from Carbosynth (Berkshire, UK).
Phosphoenolpyruvic acid (PEP), b-glucal, pyruvate kinase from
rabbit muscle, hexokinase type lll from Saccharomyces cerevisiae
(25Umg "), and glucose-6-phosphate dehydrogenase (G6P-DH)
from Leuconostoc mesenteroides were from Sigma-Aldrich.

Preparation of LsLGK: Detailed procedures for creation of LsLGK
expression strains, recomhinant production in E coli and protein
purification are found in the Supporting Information. In short, for
expression with N- and C-terminally fused His-tag the codon-opti-
mized LsLGK gene (GenBank EU751287) was inserted into the
PQE-30 and pET-41b(+) vectors, respectively. LsLGK from overnight
expression in E. coli BL21-Gold (DE3) was affinity purified by Ni-NTA
chromatography.

LsLGK activity assays: Either conversion of ATP into ADP was
monitored by HPLC or formation of 2 was quantified photometri-
cally. Aliquots withdrawn for HPLC analysis were stopped by addi-
tion of an equal volume of acetonitrile. ADP and ATP separation on
a Kinetex C,; column (5um, 100 A, 50x4.6 mm; Phenomenex,
Aschaffenburg, Germany) is described elsewhere in detail.”” A flow
rate of 2mLmin~' [40 mm tetra-n-butylammonium bromide
(TBAB), 20 mm KH,PO,, pH 5.9] was applied, and nucleotides were
quantified by UV detection at A=259 nm. G6P-DH was used to
couple synthesis of 2 to equimolar formation of NADH, which was
spectrophotometrically ~ quantified at  1=340nm (e=
6.22 mm 'cm™'). Unless mentioned otherwise, reaction mixtures
for continuous measurement of 2 formation contained 1
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(300 mm), ATP (2.5mm), NAD* (1.4 mwm), LsLGK (0.02mgmL™"),
G6P-DH (10 UmL "), MgCl, (20 mm), BSA (1 mgmL "), and HEPES
(50 mm, pH 7.8). Conversions were performed in microplates at
30°C and started by the addition of 1. Alternatively, the assay was
used discontinuously. To quantify 2, aliquots were withdrawn from
LsLGK reactions, and the enzyme was inactivated by heating to
95°C for 5 min. After removal of precipitated protein by centrifuga-
tion, samples were diluted tenfold with phosphate buffer (50 mm,
pH 7.0), containing NAD™ (1.4 mm), MgCl, (10 mm), and ethylene-
diaminetetraacetic acid (EDTA; 10 mm). The concentration of 2 was
inferred from differences in absorption at A= 340 nm before and
after incubation with G6P-DH (10 UmL™") for 30 min at 30°C.

Stability of LsLGK: Verification of proper folding of the LsLGK by
far-UV CD spectroscopy and evaluation of enzyme stabilization by
DSF are described in detail in the Supporting Information. Time-de-
pendent inactivation was tested by measuring LsLGK activity with
the continuous G6P-DH assay after various incubation times rang-
ing from 1 to 24 h. Unless mentioned otherwise, LsLGK (1 mgmL™")
was incubated at 25 °C in HEPES buffer (20 mm, pH 7.5), containing
NaCl (50 mm) and dithiothreitol (DTT, 0.5 mm). An increase in tem-
perature from 25 to 30°C and the addition of BSA (1 and
2mgmL ") were evaluated. The effect of pH was tested in the
presence of BSA (1 mg mL™"). 2-(N-morpholino)ethanesulfonic acid
(MES; 50 mm, pH 6.4), HEPES (50 mm, pH 7.9), or glycine (50 mm,
pH 7.0 and 9.6) was used. To determine the operational stability of
LsLGK, time courses for 2 formation were analyzed in the presence
of 0 to 5mgmL~" BSA. Compound 1 (300 mm) and ATP (2.5 mm)
were converted by LsLGK (0.01 mgmL") at 25°C. Reactions were
buffered in HEPES (50 mm; pH7.8) containing MgCl, (20 mm).
Throughout the conversions, samples were withdrawn, and the
concentration of 2 was determined by the discontinuous G6P-DH
assay.

Kinetic characterization of LsLGK: Unless indicated otherwise,
reactions were performed at 30°C and pH 7.8. Reaction mixtures
contained LsLGK 0.02 mgmL~"), HEPES (50 mm), MgCl, (20 mm),
and BSA (5 mgmL ). If not mentioned elsewise, ion-pairing HPLC
was used to monitor conversion of ATP into ADP. Initial reaction
rates were determined from measurements at four distinct points
in time.

A pH-activity profile was recorded by following conversion of 1
(100 mm) and ATP (2 mm) by LsLGK (0.06 mgmL~") with the dis-
continuous G6P-DH assay. Reactions contained MgCl, (10 mm) and
buffer (50 mm; MES: pH 5.6-6.8, HEPES: pH 6.6-8.3, glycine pH 8.7-
10.5). The influence of the MgCl, concentration (1-75 mm) was
tested in reactions containing 1 (500 mm) and ATP (2.5 mm). The
K., of the LsLGK for ATP was determined in the presence of 1
(500 mm) and BSA (1 mgmL"). The MgCl, concentration was ad-
justed to the ATP level. 0.02-1 mm ATP/10 mm MgCly; 2 mm ATP/
20 mm MgCl,; 5-20 mm ATP/50 mm MgCl,. To determine the K, for
1 in the presence of ATP (2.5 mm) and MgCl, (10 mm), the concen-
tration of 1 was varied from 10 to 750 mm. Product inhibition by
ADP (0.1-5 mm) or 2 (10-190 mm) was studied with ATP (2.5 mm)
and 1 (300 mm). The inhibiting effect of monosaccharides was
studied with the continuous G6P-DH assay 1 (300 mm), ATP
(2.5 mm), BSA (1 mgmL™"). Sugar concentrations were 10 times
higher than the corresponding K,, of S. cerevisige hexokinase:*"
3.3 mwm fructose, 1.2 mm glucose, or 0.5 mm mannose.

Substrate specificity and error hydrolysis of ATP: Phosphoryla-
tion of various (anhydro)sugars by the LsLGK was evaluated: 1, p-
glucose, 1,6-anhydro-f3-p-mannopyranose, 1,6-anhydro-f-p-galacto-
pyranose, 1,6-anhydro-f3-p-cellobiose, and 1,6-anhydro-f-p-mal-
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tose. At the same time the influence of these sugars on ATP hy-
drolysis was tested. Reaction mixtures contained sugar (100 mm),
ATP (2 mm), MgCl, (10 mm), and HEPES (50 mm, pH 7.8). Conver-
sions at 30°C for 24 h were started by the addition of LsLGK
(T mgmL ). Control reactions contained either no sugar or no
LsLGK. Conversion of ATP into ADP was quantified by HPLC, and
release of inorganic phosphate was measured spectrophotometri-
cally at A==850 nm, as reported by Saheki et al.*”

Real-time in situ NMR spectroscopy: Reaction mixtures contained
1 (100 mm), ATP (10 mm), MgCl, (20 mm), LsLGK (2 mgmL™"), and
BSA (1 mg mL"). The pD was set to 7.0, and the temperature was
10°C, Spectra were recorded with a Varian (Agilent) INOVA 500-
MHz spectrometer (Agilent Technologies) using the VNMRJ 2.2D
software. '"H NMR spectra were measured at 499.98 MHz with a
5 mm indirect detection PFG probe. The water signal was presatu-
rated by a shaped pulse by using a standard presaturation se-
quence: relaxation delay 2s, 90° proton pulse, acquisition time
2.048 s, spectral width 8 kHz, number of points 32 k. For integra-
tion of the signal of the B-anomer of 2, the clearly separated half
of the doublet signal was integrated, and the resulting area was
multiplied by two.

Reaction equilibrium: Concentrations of 1 (2-100 mm) and ATP
(2-10 mm) were varied, resulting in ratios of 1/ATP ranging from
0.7 to 16.7. Reaction mixtures contained LsLGK (3 mgmL '), BSA
(1 mgmL™"), MgCl, (20 mm), and HEPES (100 mm, pH 7.8). Over the
24 h long conversions at 30°C, aliquots were withdrawn at certain
times. The concentrations of ADP and ATP were determined by
HPLC, and 2 was quantified photometrically by the discontinuous
G6P-DH assay. Residual 1 was calculated from initially applied 1
and the amount of 2 formed.

Reversal of the LsLGK reaction: To identify possible conditions for
the synthesis of 1, various concentrations of 2 (1-150 mm) and
ADP (0.2-20 mm) were tested. Also, the Mg”~ concentration was
varied from 1 to 50 mm, and a pH range of 6 to 9 was investigated.
Reactions were performed at 25°C and 300 rpm in the presence of
BSA (1 mgmL~"). Conversions were started by the addition of
LsLGK (0.5-1.1 mgmL ') and were followed for up to 24 h. HPLC
analysis was used to detect 1. A HPX-87H column (Bio-Rad, Vienna,
Austria) was operated at a flow rate of 0.8 mLmin~' (5 mm H,SO,,
65°C), and refractive index detection was employed. For more
sensitive detection of 1, selected samples were also analyzed by
HPAEC-PAD, as described in detail in the Supporting Information.

Synthesis and conversion of 6-phospho-u-p-glucopyranosyl fluo-
ride (3): Preparation of a-p-glucopyranosyl fluoride from 2,3,4,6-
tetra-O-acetyl-u-p-glucopyranosyl fluoride is described in the Sup-
porting Information. «-p-Glucopyranosyl fluoride (22100 mm) was
used in a reaction with ATP (100 mm), MgCl, (100 mm), and hexoki-
nase (4 mgmL™") in D,0. The pD was adjusted to 7.0 with concen-
trated NaOH. ""F NMR spectroscopy analysis showed that 23 mm 3
was formed after 24 h of incubation at 30°C. LsLGK (1.5 mgmL ")
was added, and after another 24 h at 25°C, the reaction mixture
was analyzed by 'H NMR spectroscopy.

Synthesis and conversion of 6-phospho-p-glucal (4): The synthe-
sis of 4 by hexokinase-catalyzed phosphorylation of p-glucal was
adopted from Chenault et al.*” Anion-exchange chromatography
and barium precipitation were applied to isolate 4, Preparation of
4 is described in detail in the Supporting Information.

Conversion of 4 (160 mm) and ADP (10 mm) by LsLGK (10 mgmL ™)
in D,0 was followed by in situ 'H NMR spectroscopy. The reaction
was buffered to pD 7.8 with phosphate buffer (10 mm) containing
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MgCl, (20mm) and BSA (1 mgmL™'"). For ATP removal, AMP
(90 mm) and ECADK (1 mgmL ') were added (see the Supporting
Information for details on EcADK preparation). Conversion at 30 'C
was monitored for 24 h with a Varian INOVA 500 MHz spectrome-
ter, as described for the canonical LsLGK reaction by recording one
spectrum per hour.

Acknowledgements

The authors thank Tea Pavkov-Keller (University of Graz, Austria)
for performing far-UV CD spectroscopy experiments and Sandra
Kulmer for preparing EcADK. This work was financially supported
by the Federal Ministry of Science, Research and Economy
(BMWFW); the Federal Ministry of Traffic, Innovation and Tech-
nology (BMWVIT); the Styrian Business Promotion Agency (SFG);
Standortagentur Tirol; the Government of Lower Austria; and
Business Agency Vienna through the Austrian COMET-Funding
Program managed by the Austrian Research Promotion Agency
(FFG).

Conflict of Interest

The authors declare no confiict of interest.

Keywords: carbohydrates - conformation analysis - enzyme
catalysis - kinases - reaction mechanisms

[1] a)J.-P. Bacik, J. R. Klesmith, T. A. Whitehead, L.R. Jarboe, C. J. Unkefer,
B. L. Mark, R. Michalczyk, J. Biol. Chem. 2015, 290, 26638 - 26648; b) Y. Ki-
tamura, Y. Abe, T. Yasui, Agric. Biol. Chem. 1991, 55, 515-521.

[2] T. Uehara, K. Suefuji, N. Valbuena, B. Meehan, M. Donegan, J. T. Park, J.
Bacteriol. 2005, 187, 3643 - 3649.

[3] a)J. Dai, Z. Yu, Y. He, L. Zhang, Z. Bai, Z. Dong, Y. Du, H. Zhang, World J.
Microbiol. Biotechnol. 2009, 25, 1589-1595; b) J. Ning, Z. Yu, H. Xie, H.
Zhang, G. Zhuang, Z. Bai, S. Yang, Y. Jiang, World J. Microbiol. Biotechnol.
2008, 24, 15-22.

[4) a) X. Zhuang, H. Zhang, Protein Expression Purif. 2002, 26, 71-81; b)H.-
J. Xie, X.-L. Zhuang, H.-X. Zhang, Z-H. Bai, H.-Y. Qi, FEMS Microbiol. Lett.
2005, 251, 313-319.

[5] Y. Kitamura, T. Yasui, Agric. Biol. Chem. 1991, 55, 523-529.

[6] H. Xie, X. Zhuang, Z. Bai, H. Qi, H. Zhang, World J. Microbiol. Biotechnol.
2006, 22, 887 -892.

[7] a) M. K. Dowd, A. D. French, P.J. Reilly, Carbohydr. Res. 1994, 264, 1-19;
b) L. Smréok, M. Sladkovicové, V. Langer, C. C. Wilson, M. Kods, Acta
Crystallogr. Sect. B 2006, 62, 912-918.

[8] a)L.R. Jarboe, Z. Wen, D. Choi, R. C. Brown, Appl. Microbiol. Biotechnol.

2011, 91, 1519-1523; b) Z. U. Islam, Y. Zhisheng, E. B. Hassan, C. Dong-

dong, Z. Hongxun, /. Ind. Microbiol. Biotechnol. 2015, 42, 1557 -1579;

c) H. B. Mayes, M. W. Nolte, G.T. Beckham, B. H. Shanks, L. J. Broadbelt,

ACS Sustainable Chem. Eng. 2014, 2, 1461 -1473.

a) J. Lian, M. Garcia-Perez, S. Chen, Bioresour. Technol. 2013, 133, 183-

189; b) Z. Yang, Z. Bai, H. Sun, Z. Yu, X. Li, Y. Guo, H. Zhang, Microb. Cell

Fact. 2014, 13, 182; ¢) X. L. Zhuang, H. X. Zhang, J. Z. Yang, H. Y. Qi, Bio-

resour. Technol. 2001, 79, 63 -66.

a) J.-P. Bacik, G. E. Whitworth, K. A. Stubbs, A. K. Yadav, D. R. Martin, B. A.

Bailey-Elkin, D. J. Vocadlo, B. L. Mark, J. Biol. Chem. 2011, 286, 12283~

12291; b) ). P. Bacik, L. R. Jarboe, IUBMB life 2016, 68, 700-708; c)G.

Davies, B. Henrissat, Structure 1995, 3, 853 -859; d) D. Pollard-Knight, A,

Cornish-Bowden, Mol. Cell. Biochem. 1982, 44, 71-80.

[11] J-P. Bacik, M. Tavassoli, T. R. Patel, 5. A. McKenna, D. J. Vocadlo, M. Kha-

jehpour, B. L. Mark, J. Biol. Chem. 2014, 289, 4504-4514.
[12] a) M. L. Sinnott, Chem. Rev. 1990, 90, 1171-1202; b) D. L. Zechel, S. G.
Withers, Curr. Opin. Chem. Biol. 2001, 5, 643 -649.

]

[10]

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

69



{&;ChemPubSoc CHEMBIOCHEM

i Europe Full Papers

[13] K. J. Schray, S. J. Benkovic, Acc. Chem. Res. 1978, 11, 136-141. [26] a)G. J. Davies, V. M.-A. Ducros, A. Varrot, D.L. Zechel, Biochem. Soc.

[14] J.R. Klesmith, J.-P. Bacik, R. Michalczyk, T. A. Whitehead, ACS Synth. Biol. Trans. 2003, 31, 523-527; b) G. Speciale, A.J. Thompson, G. J. Davies,
2015, 4, 1235-1243. S. J. Williams, Curr. Opin. Struct. Biol. 2014, 28, 1-13.

[15] D. M. Jacobsen, Z-Q. Bao, P. O'Brien, C. L. Brooks, lll, M. A. Young, J. Am.  [27] a) A. Ardévol, C. Rovira, J. Am. Chem. Soc. 2015, 137, 7528-7547; b) G. J.
Chem. Soc. 2012, 134, 15357 ~-15370. Davies, A. Planas, C. Rovira, Acc. Chem. Res. 2012, 45, 308 -316.

[16] A. Kaji, S. P. Colowick, J. Biol. Chem. 1965, 240, 4454 -4462. [28] a) K. Karaveg, A. Siriwardena, W. Tempel, Z.-J. Liy, J. Glushka, B.-C. Wang,

[17] E. Gernert, A.S. Keston, Arch. Biochem. Biophys. 1974, 161, 420 -425. K. W. Moremen, J. Biol. Chem. 2005, 280, 16197 -16207; b) A. J. Thomp-

[18] K. J. Schray, E. E. Howell, Arch. Biochem. Biophys. 1978, 189, 102-105. son, J. Dabin, J. Iglesias-Fernandez, A. Ardévol, Z. Diney, S.J. Williams,

[19] E. A. Robbins, P. D. Boyer, J. Biol. Chem. 1957, 224, 121 -135. 0. Bande, A. Siriwardena, C. Moreland, T. C. Hu, D. K. Smith, H. J. Gilbert,

[20] a) J. W. Lawson, R. L. Veech, J. Biol. Chem. 1979, 254, 6528-6537; b) A. C. Rovira, G.J. Davies, Angew. Chem. Int. Ed. 2012, 51, 10997-11001;
Gutmann, B. Nidetzky, Adv. Synth. Catal. 2016, 358, 3600-3609. Angew. Chem. 2012, 124, 11159-11163; ¢) Y. Jin, M. Petricevic, A. John,

[21] a) Y. Tanaka, W. Tao, J. S. Blanchard, E. J. Hehre, J. Biol. Chem. 1994, 269, L. Raich, H. Jenkins, L. Portela De Souza, F. Cuskin, H. J. Gilbert, C. Rovira,
32306-32312; b) S. J. Williams, S. G. Withers, Carbohydr. Res. 2000, 327, E. D. Goddard-Borger, S. J. Williams, G. J. Davies, ACS Cent. Sci. 2016, 2,
27-46; c)E.J. Hehre in Enzymatic Degradation of Insoluble Carbohy- 896-903.
drates, Vol. 618 (Eds.: J. N. Saddler, M. H. Penner), American Chemical So- [29] a) A. Lammerts van Bueren, A. Ardévol, J. Fayers-Kerr, B. Luo, Y. Zhang,
ciety, Washington, D.C., 1996, pp. 66-78; d) P. Wildberger, L. Brecker, B. M. Sollogoub, Y. Blériot, C. Rovira, G. J. Davies, J. Am. Chem. Soc. 2010,
Nidetzky, Carbohydr. Res. 2012, 356, 224-232; e) G. Legler, K. R. Roeser, 132, 1804-1806; b) G. Sulzenbacher, C. Bignon, T. Nishimura, C. A. Tarl-
H.K. lllig, Eur. J. Biochem. 1979, 101, 85-92; f) B. Lougheed, H.D. Ly, ing, S.G. Withers, B. Henrissat, Y. Bourne, J. Biol. Chem. 2004, 279,
W. W. Wakarchuk, S. G. Withers, J. Biol. Chem. 1999, 274, 37717 -37722; 13119-13128; ¢) M. A. F. Amaya, A. G. Watts, |. Damager, A. Wehenkel, T.
g) J. C. Diaz Arribas, A. G. Herrero, M. Martin-Lomas, F.J. Canada, S. He, Nguyen, A. Buschiazzo, G. Paris, A. C. Frasch, S. G. Withers, P. M. Alzari,
S. G. Withers, Eur. J. Biochem. 2000, 267, 6996 - 7005. Structure 2004, 12, 775-784.

[22] a) A. G. Santana, G. Vadlamani, B. L. Mark, S. G. Withers, Chem. Commun. [30] S.T. Kulmer, A. Gutmann, M. Lemmerer, B. Nidetzky, Adv. Synth. Catal.
2016, 52, 7943-7946; b) M. Petricevic, L.F. Sobala, P.Z. Fernandes, L. 2017, 359, 292-301.
Raich, A. J. Thompson, G. Bernardo-Seisdedos, O. Millet, S. Zhu, M. Sollo- [31] R. Fernandez, P. Herrero, F. Moreno, J. Gen. Microbiol. 1985, 131, 2705—
goub, J. Jiménez-Barbero, C. Rovira, G.J. Davies, S.J. Williams, J. Am. 2709.
Chem. Soc. 2017, 139, 1089-1097. [32] S. Saheki, A. Takeda, T. Shimazu, Anal. Biochem. 1985, 148, 277-281.

[23] M. Brune, R. Schumann, F. Wittinghofer, Nucleic Acids Res. 1985, 13, [33] H. K. Chenault, R. F. Mandes, Bioorg. Med. Chem. 1994, 2, 627 -629.
7139-7151.

[24] G.S. Hammond, J. Am. Chem. Soc. 1955, 77, 334-338. . .

(25] a)D. Cremer, J.A. Pople, J. Am. Chem. Soc. 1975, 97, 1354-1358;  Manuscript received: November 2, 2017

ChemBioChem 2018, 19, 596 - 603

b) H. B. Mayes, L.J. Broadbelt, G.T. Beckham, J. Am. Chem. Soc. 2014,
136, 1008-1022.

www.chembiochem.org

Accepted manuscript online: December 18, 2017

Version of record online: January 26, 2018

603

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

70



BIO

Supporting Information

Biochemical Characterization and Mechanistic Analysis of
the Levoglucosan Kinase from Lipomyces starkeyi

Christina Rother”,” Alexander Gutmann*,®! Ramakrishna Gudiminchi,* " Hansjérg Weber,"
Alexander Lepak,”” and Bernd Nidetzky*® !

]

chic_201700587_sm_miscellaneous_information.pdf

71



1. Experimental Section

1.1 Preparation of LsLGK

The LsLGK gene (GenBank EU751287) was codon optimized for E. coli expression and purchased as
gBlocks® Gene Fragment from Integrated DNA Technologies (Coralville, IA, US). The gene was ligated
into the BamHI and Hindlll sites of the pQE-30 plasmid for expression with N-terminally fused His-Tag.
For C-terminal fusion of the His-tag the stop codon was removed from the LsLGK gene before it was
inserted into the Ndel and Notl sites of the pET-41b(+) expression vector. Expression strains were
created by transforming electro-competent E. coli BL21-Gold (DE3) cells with the described plasmids.
LsLGK expression strains were grown at 37°C and 100 rpm in LB medium. 100 pg mL-! ampicillin and
50 pg mL' kanamycin were added for strains harboring the pQE-30 and pET-41b(+) plasmid,
respectively. At an ODeao of 0.7 enzyme expression was induced by addition of 1 mm IPTG (isopropyl-
D-1-thiogalactopyranoside) and the temperature was lowered to 30°C. After 3 h cells were harvested by
centrifugation (20 min, 5000 rpm, 4°C). Cell pellets were dissolved in 50 mm HEPES, pH 7.8 and frozen
at -20°C until cell disruption by sonication.

An AktaPrime plus system (GE Healthcare, Vienna, Austria) equipped with a 5 mL HisTrap HP Ni
Sepharose column (GE Healthcare) was used for LsLGK purification from the cleared lysate. A constant
flow rate of 1 mL min-'was applied. 20 mm Na-POa buffer, pH 7.4 containing 500 mm NaCl and 20 mm
imidazole was used to equilibrate the column and wash off unbound protein. LsLGK was eluted by a 50
mL long gradient from 20 to 250 mm imidazole. The concentrated elution fractions were dialyzed against
20 mm HEPES buffer, pH 7.5 containing 50 mm NaCl and 0.5 mmM DTT before storage in small aliquots
at -20°C. Protein concentrations were determined photometrically at 280 nm and protein purities were
assessed by SDS-PAGE.

Aggregation of LsLGK with N-terminal His-tag was analyzed by size exclusion chromatography with a
HiLoad 16/60 Superdex 200 prep grade column (GE Healthcare). 50 mm HEPES buffer, pH 7.2 with 150
mm NaCl was used at a constant flow rate of 1 mL min-'.

1.2 Circular dichroism (CD) spectroscopy

Far-UV CD spectra were acquired on a Jasco J-175 spectropolarimeter (Jasco Analytical Instruments,
GrofR3-Umstadt, Germany) over a spectral window of 190-260 nm. 0.5 mg mL-' LsLGK were dissolved in
20 mm HEPES, pH 7.5. Secondary structures were calculated by the DichroWeb software using the
CDSSTR method and the SMP180 reference set.!"]

1.3 Differential scanning fluorimetry (DSF)

Potential stabilizing effects of substrates, products and MgClz: were analyzed by DSF. Test solutions
contained 0.75 pg mL' SYPRO® Orange, 0.75 mg mL" LsLGK and 50 mm HEPES, pH 7.8. Unless
mentioned otherwise, 10 mm MgClz was added. The effect of ADP alone (2 mm) and in combination with
2 (D-glucose-6-phosphate) (20 mm each) was analyzed. Addition of 100 mm 1 (levoglucosan) or 2 was
studied. Finally supplementation of 2 mm ATP was tested with and without 10 mm MgClz. Using a real-
time PCR instrument the temperature was increased in a range of 20-95°C every 5 s by 0.5°C.
Fluorescence was continuously measured as ratio of extinction at 492 nm and emission at 610 nm.
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1.4 Calculation of K; for ADP

Conversion of 300 mm 1 and 2.5 mm ATP by 0.02 mg mL-" LsLGK was supplemented with 0.1-5 mm
ADP to study product inhibition by ADP. Ki was determined by fitting the experimental data with Formula
1 which describes competitive enzyme inhibition. Km for ATP (1.0 mM) and fmax (16.2 pmol min-' mg-")
were extracted from Figure 1B. The r-values are reaction rates at a given ADP concentration (cape). The
ATP concentration (cate) was 2.5 mm.

(1 ) T"max " CATP

T =
Km(u c“’;?")w,wp
L

1.5 Detection of 1 by HPAEC-PAD

High-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD)
was applied for sensitive detection of 1 in samples obtained from reverse reactions of LsLGK. A
Carbopac PA10 column (Thermo Fisher, Waltham, MA, US) was used for separation by isocratic elution
with 40 mm NaOH at a flow rate of 0.8 mL min-'. After each run the column was washed with 1 M sodium
acetate (10 min), 100 mm NaOH (10 min) and 30 mM NaOH (20 min). The column was equilibrated with
40 mM NaOH for 10 min. Sample preparation for HPAEC-PAD involved removal of residual 2 and ADP
by anion exchange chromatography. A 1 mL Toyopearl SuperQ-650 M column (Tosch Bioscience,
Tokyo, Japan) was mounted on an AKTA FPLC system (GE Healthcare). Uncharged 1 was eluted with
water at 1 mL min-'. After each run the column was washed with 2 m NaCl.

1.6 Preparation of a-D-glucopyranosyl fluoride

The a-D-glucopyranosyl fluoride was prepared from 2,3,4,6-tetra-O-acetyl-a-D-glucopyranosyl fluoride
using a slightly adapted protocol from Steinmann et al.2l Shortly, the peracetylated substrate was
deprotected by Zemplén deacetylationl® using sodium methoxide in methanol under stirring at 0°C. After
neutralization to pH 7 using Amberlite IR-120 (10 min presoaked in MeOH), the solution was filtered
through cotton before removal of solvents in oil pump vacuum.

1.7 Preparation of 6-phospho-D-glucal (4)

4 was synthesized by hexokinase catalyzed phosphorylation of D-glucal (1,5-anhydro-2-deoxy-D-
arabino-hex-1-enitol).#] 40 mm D-glucal and 40 mm ATP were converted by 1 mg mL™" hexokinase in
presence of 10 mm MgClz and 50 mm HEPES, pH 7.5. After 30 h of incubation at 37°C ultrafiltration (10
kDa cut-off) was used to stop the reaction by removing hexokinase.

4 was purified by anion-exchange chromatography on a 5 mL SuperQ-650 M column. Water was used
as mobile phase A and mobile phase B was 1 M sodium acetate, pH 4.2. The flow rate was fixed to 5
mL min-. Uncharged compounds were washed off with 20 mL of mobile phase A before 4 was separated
from other phosphorylated compounds during a 120 mL long gradient from 0-25% B. Fractions were
analyzed by HPLC to monitor nucleotides and TLC (thin layer chromatography) was used to detect D-
glucal and 4. Silica gel 60 F2s4 plates (Merck, Darmstadt, Germany) were applied with 1-butanol:1-
propanol:ethanol:H20 (3:3:1:1) as mobile phase. Compounds were stained with orcinol (40 mg orcinol,
80 mL acetonitrile, 4 mL concentrated H:SOa). Fractions containing pure 4 were pooled and
concentrated under reduced pressure.

Excess of acetate from anion-exchange chromatography was removed by barium precipitation of 4. 1.5
equivalents of barium acetate and 4 volumes of ethanol were added to precipitate 4 overnight at -20°C.
After centrifugation (5000 rpm, 4°C, 20 min) the precipitate was dried for 2 h at 40°C. The pellet was
resuspended in water containing 1.5 equivalents of Na2SQa. After 2 h of incubation at 4°C precipitated
Ba>S04 was removed by centrifugation (5000 rpm, 4°C, 20 min). The supernatant was freeze-dried and
product identity was confirmed by 'H-NMR.
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1.8 Preparation of adenylate kinase from Escherichia coli (EcADK)

The gene encoding EcADK (EC: 2.7.4.3; GenBank AAB40228.1) was amplified from the genomic DNA
of E. coli DH5 alpha using the primers EcADK_Ndel_fw (catatgcgtatcattctgettggegetee) and
EcADK_Xhol_rv (ctcgagttagccgaggattttttccagatcageg). For expression with N-terminally fused Strep-tag
the gene was inserted into Ndel and Hindlll sites of the expression vector pET-STRP3.I5! The expression
strain was created by transformation of electro-competent £. coli BL21-Gold (DE3) cells. Enzyme
expression in LB-medium supplemented with 50 yg mL-' kanamycin was performed as described for
LsLGK but overnight enzyme expression at 25°C was induced by 0.5 mm IPTG. EcADK was purified
from cell free extract by Strep-tag affinity chromatography using a gravity flow Strep-Tactin® Sepharose®
column (IBA GmbH, Géttingen, Germany).l®l The enzyme was buffer exchanged to 25 mm HEPES and
stored at -20°C.
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2. Results

Figure S1. The crystal structure of LsLGK (PDB ID: 4ZLU) is shown.[l Chain A and B of the dimer are
displayed in dark and light grey, respectively. The N-termini of both chains are marked in blue and the
C-termini are colored in red. ADP and 1 bound to the active sites are shown in green and cyan,
respectively.

123456 78

65 kDa W

50 kDa we- - , -"

40 kDa -
.
-

Figure S2. Affinity purification of LsLGK with C-terminal His-tag (49.7 kDa) was analyzed by SDS PAGE.
1: PageRuler™ Prestained Protein Ladder (Thermo Scientific); 2-3: distinct insoluble fractions after cell
lysis; 4: soluble fraction after cell lysis; 5: unbound protein from His-tag affinity purification; 6-8: distinct
elution fractions from affinity His-tag purification; 7 and 8 were pooled and used to study LsLGK.
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Figure S3. The far-UV CD spectrum of purified LsLGK is shown. 20 mm HEPES buffer, pH 7.5 was
used to dissolve 0.5 mg mL-' LsLGK. Analysis of the spectrum with DichroWeb suggested a composition
of 44% a-helices, 17% B-strands, 14% turns and 25% unordered structures. This was in good agreement
with experimental data from the LsLGK crystal structure (PDB ID: 4ZLU) which was composed of 48%
a-helices, 24% B-strands and 28% unordered structures.
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Figure S4. The influences of temperature, pH and BSA addition on stability of LsLGK were analyzed.
A) Time courses of LsLGK (1 mg mL") inactivation at pH 7.5 are shown. The temperature was 30 (red)
or 25°C (blue). At 25°C also addition of BSA (grey: 1 mg mL-'; black: 2 mg mL-") was tested. B) Time
courses of 2 formation at various BSA concentrations were compared: 0 mg mL™" (black), 0.5 mg mL"!
(grey), 1 mg mL" (blue), 2 mg mL-" (green), 3.5 mg mL-" (orange), 5 mg mL-" (red). Reaction conditions:
300 mm 1, 2.5 mm ATP, 0.01 mg mL™" LsLGK, 20 mm MgClz, pH 7.8, 25°C. C) The pH dependency of
LsLGK inactivation was studied in presence of 1 mg mL-' BSA. After 2 h of incubation at 25°C residual
activity from 1 mg mL-' LsLGK was determined. Following buffers were used at a concentration of 50
mmM: MES pH 6.4, glycine pH 7.0, HEPES pH 7.9, glycine pH 9.6.
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Figure S5. The pH-activity profile for synthesis of 2 by LsLGK is shown. Reactions were buffered by

MES (pH 5.6-6.8; blue), HEPES (pH 6.6-8.3; black) or glycine (pH 8.7-10.5; green). Reaction

conditions: 100 mm 1, 2 mm ATP, 10 mm MgClz, 50 mm buffer, 0.06 mg mL-' LsLGK, 5 mg mL"' BSA,
30°C.
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Figure S6. The Km of LsLGK for 1 was determined to be 177 + 36 mmM. The solid line represents a
hyperbolic fit of the experimental data and error bars show the standard deviation of three independent

experiments. Reaction conditions: 2.5 mm ATP, 10 mm MgClz, 0.02 mg mL™" LsLGK, 5 mg mL-' BSA,
pH 7.8.
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Figure S7. The influence of product inhibition on LsLGK activity was tested (300 mm 1, 2.5 mm ATP, 20
mm MgClz, 0.02 mg mL-" LsLGK, 5 mg mL-" BSA, pH 7.8, 30°C). A) ADP was a competitive inhibitor and
a K of 0.45 + 0.03 mm was calculated from the fit shown as a solid line. See the experimental section

for details on fitting Ki. B) Inhibition by 2 was fitted by a sigmoidal curve (solid line). A half maximal
inhibitory concentration (ICso) of 56 + 10 mm was calculated.
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Figure S8. Inhibition of LsLGK by various hexoses was tested. Concentrations of D-fructose, b-glucose
and b-mannose were 10 times higher than the corresponding Km of S. cerevisiae hexokinase.®l Reaction
conditions: 300 mm 1, 2.5 mm ATP, 20 mm MgClz, 0.02 mg mL™" LsLGK, 1 mg mL"" BSA, pH 7.8, 30°C.
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Figure S9. Time courses of ATP hydrolysis by LsLGK were studied (red: ATP; black: ADP; blue: free
phosphate). A) ATP conversion by LsLGK in presence of 1; B) ATP conversion by LsLGK in absence of

1; C) Incubation of 1 and ATP in absence of LsLGK. Reaction conditions: 0/100 mm 1, 2 mm ATP, 0/1
mg mL-' LsLGK, 10 mm MgClz, pH 7.8, 30°C.
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Figure $10. The canonical LsLGK reaction and error hydrolysis of ATP were investigated in presence
of various analogues of 1. A) The chemical structures of the tested substrates are shown. B) Time
courses of ATP consumption were compared. 2 mM ATP and 100 mMm of the respective sugar were
converted with 1 mg mL-" LsLGK (10 mm MgClz, pH 7.8, 30°C). 1 (green circle); monosaccharide
analogues (light blue): D-glucose (diamond), 1,6-anhydro-3-D-mannopyranose (square), 1,6-anhydro-f3-
D-galactopyranose (triangle up); disaccharide analogues (dark blue): 1,6-anhydro-3-D-cellobiose (star),
1,6-anhydro-B-D-maltose (triangle down); no sugar (grey circle), no LsLGK (black circle).
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Figure S11. HPAEC-PAD analysis was applied to test if 1 can be formed by reversal of the LsLGK
reaction (150 mm 2, 10 mm ADP, 20 mm MgClz, 1.13 mg mL-" LsLGK, 1 mg mL* BSA, 50 mm MES, pH
6.0). The reaction mixture was analyzed before (red) and after (blue) 24 h of incubation at 25°C. A
solution of 0.3 mm 1 was used as positive control (black). To remove phosphate containing compounds
all samples were passed through an anion exchange column prior to analysis.
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Figure S12. Hexokinase catalyzed phosphorylation of 100 mM a-D-glucopyranosyl fluoride to 6-
phospho-a-D-glucopyranosyl! fluoride (3) was monitored by ®F-NMR (100 mm ATP, 100 mm MgClz, 4
mg mL" hexokinase, D20, pD 7.0). After 24 h of incubation at 30°C the reaction mixture (red) was
compared with an equally treated negative control lacking hexokinase (blue). Only in presence of
hexokinase signals for free fluoride and two additional sugar fluorides were observed. Around 23% of
a-D-glucopyranosyl fluoride were phosphorylated to the desired main product 3 (-150.7 ppm).
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Figure S13. Synthesis of 1 from a-D-glucopyranosyl fluoride (Glc-1F) by consecutive conversion with
hexokinase and LsLGK was monitored by 'H-NMR. The spectrum of a levoglucosan standard (red) is
overlaid with spectra of the reaction mixture before enzyme addition (green) and after incubation with
hexokinase and LsLGK (blue). Phosphorylation of a-D-glucopyranosyl fluoride by hexokinase yielded
about 23 mm 3 (~23% conversion, see Figure S12). To convert 3 to 1 1.5 mg mL"' LsLGK were added.
After 24h of incubation at 25°C signals for 3 and D-glucose-6-phosphate (G6P) were clearly visible (blue
trace). However, the missing H-1 signal at 5.53 ppm shows that no 1 was formed.
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Figure S14. Attempted conversion of 160 mm 4 and 10 mm ADP with 10 mg mL-' LsLGK was monitored
by in situ 'TH-NMR. To prevent accumulation of ATP, 1 mg mL-" ECADK and 90 mm AMP were added.
The stacked "H-NMR spectra show the substrate 4 (red) and the reaction mixture before (blue) and after
(black) 24 h of incubation at 30°C. Despite high enzyme concentration and long incubation time no
significant formation of products was observed. The characteristic signals for the CHz-protons of the
anticipated product 2-deoxy-1 would be clearly visible around 2 ppm.
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ARTICLE INFO ABSTRACT

Keywords: The presence of monomeric and dimeric flavan-3-o0l monohexosides was investigated in grapes and wines.
Wine Polyphenol extracts were prepared from grape seeds and skins (Syrah, Merlot, and Cabernet-Sauvignon) sampled
Grape at three different developmental stages. Different wines (Tannat, Alicante, Syrah, Merlot, and Grenache) were

Flavan-3-ol glycoside
Mass spectrometry

also studied. The different samples obtained were analyzed by UPLC-ESI-IT-MS. Specific molecular ions corre-
sponding to flavan-3-ol hexosides were detected by using targeted molecular ions with specific m/z values: 451

for (epi)catechin hexosides, and 739 for procyanidin dimer hexosides. 4'-O-B-glucosyl-( +)-catechin and 7-0--
glucosyl-(+)-catechin were obtained by using a glucosyl transferase from apple, UGT71A15, and their structures
determined by NMR. These glucosylated monomers and the dimers were identified in all analyzed grape seed
and several skin extracts at the different stages and in wines made from different varieties.

1. Introduction

Flavonoids are a category of polyphenols present in a wide variety
of natural products such as grape, tea, and cocoa (Quideau, Deffieux,
Douat-Casassus, & Pouysegu, 2011), They have health properties and
are involved in organoleptic properties such as the color and the taste of
wine and play a role in plant defense mechanisms (Corder et al., 2006).
The common molecular backbone of these secondary metabolites is a
C6-C3-C6 type. Flavan-3-ols, called flavanols here, are an important
subclass of flavonoids. They are present in grape and wine as monomers
or polymers called proanthocyanidins (PAs) or condensed tannins. The
monomeric units are linked through Cs-Cs or C4-Cg linkages (B type)
with sometimes additional C2-0-C5 or C2-O-C7 bond (A type). In Vitis
vinifera berries, four principal units of PAs are usually found: (+)-ca-
techin, (—)-epicatechin, (—)-epigallocatechin and (—)-epicatechin
gallate. They are synthesized in skins and seeds at the earlier devel-
opmental stages after flowering, and the monomer and polymer con-
centrations remain stable after veraison, the onset of ripening (Downey,
Harvey, & Robinson, 2003; Terrier, Ollé, Verriés, & Cheynier, 2009).

The common flavonoid biosynthesis sequence is well described in
the literature (Bogs et al.,, 2005; Fujita et al.,, 2005; Tanner &
Kristiansen, 1993; Xie, Sharma, Paiva, Ferreira, & Dixon, 2003).

* Corresponding author.

However, the chemical or biochemical mechanism of the polymeriza-
tion steps generating PAs remains unknown. In 2008, Dixon and col-
laborators published a work about the expression of a glucosyl-
transferase, UGT72L1, in the seed coat of Medicago truncatula. This
enzyme catalyzes the formation of epicatechin 3’-O-glucoside, named
here E3'0OG, in the cytoplasm and its over-expression results in in-
creased accumulation of PA-like compounds in the vacuole (Pang et al.,
2013). Further studies have suggested that E3’OG rather than free
epicatechin is the substrate for the tonoplast-localized MATE, trans-
porters MATE] from M. truncatula and TT12 from A. thaliana, involved
in PA biosynthesis (Zhao & Dixon, 2009). This glucosylated flavan-3-ol
was postulated to be an intermediate in flavan-3-ol polymerization in
Medicago truncatula (Pang, Peel, Sharma, Tang, & Dixon, 2008).
Polyphenols substituted with different hexoses (glucose, galactose,
mannose, ...), including stilbenes (Ali & Strommer, 2003; Versari,
Parpinello, Tornielli, Ferrarini, & Giulivo, 2001), phenolic acids
(Monagas, Bartholomé, & Gomez-Cordovés, 2007), flavonols and fla-
vones (Castillo-Munioz et al., 2009; Hmamouchi, Es-Safi, Lahrichi,
Fruchier, & Essassi, 1996) have been described in the literature. Also,
several flavan-3-ol glucosides were found in a wide range of plants :
(+)-catechin-7-0-B-glucoside in elm (Kim et al., 2004), buckwheat
(Smaali, Maugard, Limam, Legoy, & Marzouki, 2007; Watanabe, 1998),
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cowpea seeds (Cui et al., 2016), barley and malt (Friedrich & Galensa,
2002), (+)-catechin 3-O-glucoside in lentils (Duenas, Sun, Herndndez,
Estrella, & Spranger, 2003), (+ )-catechin 5-0-, 7-0-, 3’-0-, and 4'-0-
glucosides in Chinese peony (Tanaka, Kataoka, Tsuboi, & Kouno, 2000),
(+)-catechin 7-O- - and 4-O-B-glucosides in Douglas-fir bark (Foo &
Karchesy, 1989), (+)-catechin 5-O-f-glucoside and ( —)-catechin 7-O-f3-
glucoside in rhubarb and Rhaphiolepis umbellata bark (Nonaka, Ezaki,
Hayashi, & Nishioka, 1983). The characterization of flavan-3-ol hexo-
sides was investigated in literature, and to this aim, some of these
compounds were produced. In fact, different strategies have been used
to obtain these standards: organic synthesis (Raab et al., 2010), enzy-
matic reactions (Smaali et al., 2007; Vic, Biton, Le Beller, Michel, &
Thomas, 1994). Some purifications from plants or foods may be per-
formed as well. Raab and collaborators developed the chemical synth-
esis of (+)-catechin 3"-O-B-p-glucopyranoside, (+)-catechin 5-O-f-p-
glucopyranoside, and (+ )-catechin 3-O--p-glucopyranoside. They also
obtained (+)-catechin 4'-0--p-glucopyranoside and (+ )-catechin 7-0-
B-v-glucopyranoside by using enzyme extracts from lentil and barley
(Raab et al., 2010). Another work on a glucosyl-transferase from apple
called UGT71A15 has some affinity for flavonoids such as phlorizin
(phloretin 2’-O-glucoside) (Lepak, Gutmann, Kulmer, & Nidetzky,
2015). In addition, unpublished preliminary assays showed that this
enzyme has some activity on flavanols.

The presence of hexosylated monomers of flavanols was already
reported in Merlot grape seeds and wine but not in grape skins
(Delcambre & Saucier, 2012). By using an ESI/Q-TOF/MS with a tar-
geted MS/MS strategy, 14 flavanol hexosides were detected. MS frag-
mentation patterns indicated that these molecules are O-hexosides of
the four major monomers found in grape (Simirgiotis, Silva, Becerra, &
Schmeda-Hirschmann, 2012). However, the nature and position of the
hexoside substituents have not been determined and whether these
compounds can be found as constitutive units of proanthocyanidins is
unknown,

The main objective of the present work was to detect by mass
spectrometry new flavan-3-ol hexosides compounds in grapes and
wines. Also, grape tissues, grape stages of development and variety
influences were investigated. Different grapes varieties at three dif-
ferent stages of development and wine were selected.

In this publication, we wanted to test the following hypotheses:

— Several isomers of dimeric flavanol hexosides are present in dif-
ferent grape varieties and wines

— The content of these compounds is influenced by the grape variety,
the tissue (skin or seed) and the grape development stage

— Some of the compounds are  glucosides of flavanols

2. Materials and methods
2.1. Reagents and samples

Deionized water was purified with a Milli-Q purification system
(Millipore, Molsheim, France). Acetone and diethyl ether were obtained
from Analytic Lab (St Mathieu de Treviers, France). Formic acid and
HPLC grade methanol were purchased from Sigma Aldrich (St Louis,
MO, USA).

Grapes from Unité Expérimentale de Pech Rouge in Gruissan
(France) were harvested at three different dates corresponding to dif-
ferent development stages.

Merlot: 31/07/2015 (3.4 “Brix), 14/08,/2015 (20.2 “Brix), 09/09/
2015 (23.1 "Brix)

Syrah: 31/07/2015 (2.9"Brix), 14/08/2015 (11.1 “Brix), 09/09/
2015 (20.4 "Brix)

Cabernet Sauvignon (CS): 14/08,/2015 (3.2°Brix), 09/09,/2015
(15.1 "Brix), 24/09/2015(22.9 "Brix).
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The first development stage sampling point of each grape is named
phase I (P-1), the second one, phase II (P-1I), and the last one is at ma-
turity, called phase III (P-111). The samples were stored at — 80 °C before
analysis.

Languedoc-Roussillon red wines selected for a screening were: a
Tannat press wine from cave de Crouseilles, Madiran-2016, an Alicante
Bouschet from Chateau de Pinet-2015, a Merlot from Mas Pellier-2014,
a Syrah from Mas de Valbrune-2013 and a Grenache from Chateau
Flaugergues, Montpellier-2016. Red wines were stored at — 80 °C before
analysis.

2.2. Preparation of grape tannin extracts

For each grape variety, seeds and skins were removed by hand on
ice from 100 berries. Ten grams of each tissue were extracted using
200 mL of acetone/water 7:3, under nitrogen with mechanical agita-
tion, overnight. Solutions were filtered on filter paper, evaporated
under reduced pressure at 37 °C. The residues were dissolved in deio-
nized water and lyophilized. Tannin extract powders were stored at
-20°C.

2.3. UPLC-DAD-ESI-IT-MS method

All analyses were performed on a Waters Acquity UPLC-DAD system
(Milford, MA) coupled with a Bruker Daltonics Amazon (Bremen,
Germany) mass spectrometer equipped with an electrospray source and
an ion trap mass analyzer. Separation was achieved using a C18 column
(Waters, Milford, BEH, 1.7 um, 1 x 150 mm) at temperature of 35°C.
The binary mobile phase consisted of deionized water with 1% of
formic acid (A) and methanol with 1% of acid formic (B). The 45-
minutes-long gradient was as follows: 0-1min, isocratic, 2% B;
1-10 min, 2-30% B; 10-12 min, isocratic, 30% B; 12-25 min, 30-75%
B; 25-30 min, 75-90% B; 30-35min, isocratic, 90% B; 35-45min,
isocratic 2% B. The flow rate was 0.08 mL.min .

For UPLC-DAD-ESI-IT-MS analysis, grape extracts were prepared in
methanol/H,0 1:1 to a final concentration of 1 mgAqu.

Red wines were all centrifuged at 13,500 rpm, during 15 min at 4 °C.
The supernatants were recovered and injected.

The MS instrument was operated in the negative mode with frag-
ment ion scan mode focused on specific precursor ions at m/z 451 and
739 (end plate off set: —500V; temperature, 200 °C; nebulizer gas:
10 psi and dry gas, 5L.min " '; capillary voltage, 4.5kV). Collision en-
ergy for fragmentation used for MS” experiments were set at 1.

A UGT714A15 reaction kinetic study was done, as shown on
Appendix 1. The proportions of (+ )-catechin 4-0-p-p-glucoside and
(+)-catechin 7-O-f-p-glucoside were monitored with the assumption
that they had the same UV absorption coefficient as (+)-catechin at
280 nm.

Monomeric and dimeric flavanol hexosides relative intensities were
measured based on the peak height of their associated m/z Extract lon
Chromatogram (EIC). Each sample was analyzed in triplicate. Samples
were analyzed in several batches within a 2-month period and the
average intensities and standard deviations (error bars) calculated.

2.4. Heterologous production of UGT71A15 and enzymatic reactions

Cloning and transformation of the glucosyltransferase UGT71A15
(GenBank: DQ103712) have been described elsewhere (Gosch,
Halbwirth, Schneider, Hélscher, & Stich, 2010). The heterologous ex-
pression of N-terminal Strep-tagged UGT71A15 in E. coli and purifica-
tion by Strep-affinity chromatography were performed as described
earlier (Lepak et al., 2015).

UGT71A15 was assayed in a reaction volume of 200 pL containing
50 mM HEPES pH 8.0, 50 mM KCI, 13 mM MgCl,, 50 ug/mL enzyme
with different acceptor reagents, (+)-catechin and (—)-epicatechin,
and UDPG concentrations (1 mM, 2.5 mM and 5 mM) at 30 °C. To obtain

86



M. Zerbib et al

a sufficient amount for structural characterization by NMR and MS, the
reaction was scaled up to 4mL using the same buffer conditions.
(+)-catechin 4-O-f-glucoside was then purified by preparative HPLC
(940 LC Varian) using a C18 reversed phase (Microsorb C18 100-3,
100 *21.4mm (L * ID), Dynamax Agilent). Samples were filtered on a
0.2 um regenerated cellulose membrane filter and 1 mL was injected.
The binary mobile phase consisted of deionized water with 1% of
formic acid (A) and acetonitrile, water and acid formic (80:19:1) (B).
The 16-minutes-long gradient was: 0-1 min, 10% B; 1-10 min, 16% B;
10-12min, 80% B; 12-14 min, 10% B; 14-16 min, 10% B. The flow rate
was 10 mL.min ™",

2.5. NMR spectroscopy experiments

All experiments were performed on an Agilent 500 MHz DD2 NMR
spectrometer (Agilent Technologies, Santa Clara, CA, USA) operating at
500.05 MHz for 1H and 125.75 MHz for **C and equipped with a 5 mm
indirect detection Z-gradient probe. The chemical shifts were reported
to that of methanol-d,, the organic solvent used for the experiments
(3.31 ppm and 49.1 ppm for 'H and ' C respectively). All data were
collected at 25 °C with active sample temperature regulation.

Identification and structure characterization of products were per-
formed using both 1D and 2D NMR, homeonucluear H (DOSY, COSY,
TOCSY and ROESY) and heteronuclear *H/**C (HSQC and HMBC) ex-
periments. Data were processed and analyzed using VNMRJ software.

2.5.1. (+)-Catechin-4’-0-B-glucoside (C4'0G)

'H NMR (25 °C, MetOD, ppm) § 4.629 (d, J = 7,3, C2); 3.982 (m,
C3), 2.516 (dd, 7.9; 16.5, C4), 2.817 (dd, 5.5; 16.5, C4), 5.932 (d, 2.2,
AB), 5.868 (d, 2.2, AB), 6.906 (d, 2.0, B2"), 7.183 (d, 8.4, Bs.), 6.831 (d,
2.0; 8.4, B6%), 4.771 (d, 7.5, Glec1), 3.492 (m, Glc2), 3.474 (m, Glc3),
3.408 (m, Glc4), 3.410 (m, Glc5), 3.716 (m, Glc6,6"), 3.895 (bd,
11.9 Hz, Glc6,67).

¢ NMR (25°C, MetOD) § 82.45 (C2), 68.69 (C3), 28.35 (C4),
157.59 (A5), 96.33 (A6), 157.80 (A7), 95.45 (A8), 156.73 (A9), 100.68
(A10), 136.39 (B1”), 115.79 (B2"), 148.25 (B3"), 146.51 (B4’), 118.58
(B5%), 119.88 (B6%), 104.29 (Glel), 74.90 (Glc2), 77.51 (Gle3), 71.32
(Gle4), 78.26 (Glc5), 62.39 (Gle6,67).

2.5.2. (+)-Catechin-7’-0-p-glucoside (C7°0G)

'H NMR (25 °C, MetOD, ppm) & 4.659 (d, J = 7,4, C2) ; 3.996 (m,
C3), 2.537 (dd, 8.2; 16.1, C4), 2.817 (dd, 5.2 ; 16.5, C4), 6.201 (d, 2.4,
A6), 6.157 (d, 2.4, A8), 6.829 (d, 1.8, B2"), 6.758 (d, 8.1, By), 6.711 (d,
1.8 ; 8.1, B6", 4.815 (d, 7.6, Glcl), 3.35-3.45 (m, Glc2, Gle3, Glc4,
Gle5), 3.696 (dd, 4.5 ; 12.0, Gle6,6%), 3.884 (dd, 2.0 ; 12.0, Gle6,6").

3. Results and discussion
3.1. Detection of hexosylated flavanols by targeted UPLC-DAD-ESI-IT-MS

The presence of hexosylated flavanol monomers and dimers was
investigated in analyzed wine and Merlot grape extracts. Specific mo-
lecular ions corresponding to (epi)catechin and procyanidin dimer
hexosides were targeted by ion-trap LC-MS. Respectively, five and
seven peaks eluted at different retention times were detected in the
extracted ion chromatograms at m/z 451 and m/z 739 (Appendix 5).
These isomers may correspond to different substitution positions on the
flavanols (catechin or epicatechin), by different hexosides or different
conformations. Indeed, the sugar can be bound on any of the flavanol
hydroxyl positions or on the C6 or C8 position.

3.1.1. Theoretical MS fragmentation of flavanol monomer hexosides
Specific MS/MS fragmentations were also searched beside the mo-
lecular ions to confirm the monomeric flavanol hexosides structures.
According to the hexose position, some theoretical fragmentation can
be described as illustrated in Fig. 1. The different possible
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R, to R; = Hexose or H

3 of Loss of hexose
. R.W Retro-Diels Alder
o

Heterocyclic Ring Fission

OC9/C2C3 cleavage

OC2/CAC

Fig. 1. Fragmentation pathways of (epi)catechin hexosides ().
adapted from Delcambre and Saucier (2012)

fragmentations are then retro-diels Alder (RDA), Heterocyclic ring fis-
sion (HRF) (Gu et al., 2003) and different bond cleavages. The most
common detected fragment is (epi)catechin aglycone detected at m/z
289, corresponding to the loss of hexose attached on a hydroxyl group
( —162), represented by red arrows. This fragment ion is present for
each possible hexose position. In addition, other fragments from dif-
ferent configurations may have the same mass and do not permit to
conclude on the hexose position. For example, fragments at m/z 299
and 151 and m/z 137 and 313 obtained from RDA and OC9/C2C3
cleavage (respectively orange and purple arrows) can be detected if the
hexose is bound on A, B or C ring (Delcambre & Saucier, 2012). NMR
analysis and molecular standards are then necessary to confirm the
nature of the hexose and its position on the molecule.

3.1.2. Theoretical MS fragmentation of flavanol dimer hexosides

Fig. 2 presents the theoretical fragmentations of a dimeric flavanol
glycoside with a hexose (for instance a glucose) on the position 5 of the
upper unit A ring. The loss of the glucose will yield the proanthocya-
nidin dimer aglycone ion (m/z 577) for any position of glucose. RDA
fragmentation can occur twice on the C ring of the dimer upper unit and
on the C’ ring of the lower unit, yielding an ion fragment at m/z 587 and
435 or 587 and 273 with the loss of both B rings (=152 x2). This
fragmentation is specific of the hexose on the A ring. HRF may also take
place on the upper unit to yield a fragment ion at m/z of 451 and 287.
The last classical presented fragmentation is the quinone methide (QM)
cleavage also called interflavan cleavage. If the hexose is bound on the
upper unit, like on Fig. 2, fragment ions at m/z of 449 Da and at 289 Da
are formed. If the hexose is on the lower unit, ions at m/z 451 and 287
are obtained. Depending on the hexose position, other MS? fragmen-
tations are summarized in Appendix 2. Other fragments such as m/z
587 and 721 are common for all flavanol dimer hexosides.

3.1.3. Characterization of flavanol dimer and monomer hexosides in grape
and wine using MS fragmentation

The use of MS? fragmentation has allowed (Appendix 5) the de-
termination of the hexose position on the upper or the lower unit of
proanthocyanidin hexosides but not its exact position. In the case of
monomeric flavanol hexosides, the fragment at m/z 289 was observed
from all isomers (Fig. 3a) and did not indicate the hexose position. To
better identify the monomeric flavanol hexosides structures, and for
further semi-quantification studies, flavanol glucoside enzymatic
hemisynthesis pathways were investigated.

Concerning observed dimer isomers, as presented in Fig. 3b, the
principal fragmentation patterns detected in our samples were m/z 721
(—18, loss of water 18), 587, 569 (dehydration from 587), 451, 435,
417 (dehydration from 435), which are common for all dimer hexoside
configurations, and also at 449, 339 and 289 which are more specific of
some hexose position. Indeed, MS? fragments at m/z 449 and 289
would be obtained from a QM, indicating that the hexose position
would be attached on the upper unit. MS® fragment at 339 represents
the loss of the B cycle ( —110) from the previous pattern at 449
showing that the hexose was not on it. The other possibility was that the
hexose was attached on the C ring (position 3). But fragments from
dehydrations were detected and commonly occur on the C3 (Li &
Deinzer, 2007), then the hexose is attached on other hydroxyl. To
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Fig. 2. Fragmentation patterns for a proanthocyanidin glucoside with the glucose attached on the A cycle of the upper unit.

conclude, the fragmentation observed is in favor of a hexose attached
on the upper unit and on the A ring (position 5 or 7) as illustrated in
Fig. 2.

3.2. Enzymatic production and characterization of flavan-3-ol glycosides:
( +)-catechin 4'-0-B-glucoside and catechin-7-O-f-glucoside

A high-efficiency single-step hemisynthesis of C4’0G and C7°0G,
catalyzed by the UGT71A15 glucosyl transferase, is depicted below
(Fig. 4a). Previous work by Nidetsky and Lepak showed that the
UGT71A15 (GenBank: DQ103712) from apples catalyzes site-selective
5-O-f-glucosylation of phlorizin, using UDPG as the glucose donor
(Lepak et al., 2015). Similar experimental conditions were tested for
glucosylation of (+)-catechin and (—)-epicatechin. Like resveratrol,
(+)-catechin was an efficient acceptor substrate showing a high level of

conversion after 24 h. Two signals on the UV chromatogram at 280 nm
were observed which corresponded to a molecular ion mass at m/z 451
with a m/z at 289 MS/MS fragment for the two retention times. NMR
analysis, in accordance with literature (Raab et al., 2010), allowed us to
determine the molecular configuration of (+)-catechin 4’-0--glucoside
(C4’0G) and catechin-7-0-B-glucoside (C70G) showed in Appendix 3.
Chemical shifts and coupling constants are in accordance with those
find in the literature (Raab et al., 2010; Vihakas, Tahtinen, Ossipov, &
Salminen, 2012). Conversely, (—)-epicatechin was not converted by the
enzyme to its corresponding glucoside. A kinetic study was undertaken
to optimize the (+)-catechin concentration: 1 mM, 2.5mM and 5mM
concentrations were compared (Appendix 1). The reaction with 2.5 mM
reached a plateau at 24h for C70G but not for C4'0G. The initial
concentration of 1 mM was more effective than others based on the
vield obtained. In fact, the C4°0OG amount represented approximately

a.
Intens.
x10¢ 289
10
0.s
0.0} — - — - - - - .
100 200 300 400 500 600 700 800 200 miz
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Intens. 587
x10%{
L0
0.8]
06
| 449 569
[289] 449 |
i h 721
3 | l [ K o N Ij " . Il PR ¢
0.0° 2
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Fig. 3. Examples of flavan-3-ols hexosides MS2/3 fragmentations in merlot grape seed extract from P-III in the negative ion mode with (a). Hexoside (epi)catechin
(from m/z 451, at 10.4 min), (b) Hexoside (epi)catechin dimer (from m/z 739, at 12.2 min).
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Fig. 4. (a) Enzymatic hemisynthesis of catechin 4’-0-B-glucoside (C4’0G) and catechin 7-0-B-glucoside by the glucosyltransferase UGT71A15 (b) m/z 451 FEIC of
C4'0G (light green), C70G (dark green) and merlot seed (pink) at the end of veraison. UV chromatogram and MS* from m/z 451 EIC of (¢) C70G, (c) C4'0G and
molecules (e) at 7.5 min and (f) at 8.6 min from merlot seed at the end of veraison. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. EIC intensities for hexosylated monomers in purple (m/z 451) and dimers in blue (m/z 739) from grape polyphenols extracts from seed and skin of Merlot at
three different stages (P-I, P-IT and P-IIT). Error bars correspond to MS standard deviation for triplicate analyses.
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Fig. 6. EIC intensities for hexosides monomers in purple (m/z 451) and dimers hexosides in blue (m/z 739) from five red wines from different grape varieties.

40% of the initial catechin concentration in the reaction medium for
1 mM compared to 28% and 10% for respectively 2.5mM and 5mM
catechin. The reaction containing 1 mM and 5 mM catechin reached a
plateau after 24 h for C4°0G and C7’OG. The same result was observed
for C70G yield: 25% for 1 mM and 13% and 4.5% for respectively,
2.5mM and 5 mM. The higher the reagent concentration, the lower the
reaction yield. We can hypothesize an excess of (+)-catechin can in-
hibit the enzyme activity. A substrate concentration at 1 mM was then
chosen for further synthesis. On Fig. 4b, the overlaid extracted ion
chromatograms (EIC) at m/z 451 of the enzymatic solution containing
C4’0G and C70G and of the merlot seed extract in P-II were compared.
Based on the retention times and mass spectrometry results, our syn-
thesized compounds would appear to be naturally present in the seed
extracts. In fact, MS® fragmentation depicted on Fig. 4c, e. and on
Fig. 4d, f show similar fragmentation patterns with aglycone formation
at m/z 289 for both of our compounds, even if a coelution of different
isomers cannot be completely ruled out. These monomers are the most
polar of flavanol hexosides and they are the major isomers. The less
polar isomer could be epicatechin hexosides derivatives but un-
fortunately, (—)-epicatechin was not a substrate for UGT71A15.

3.3. Study of Merlot grape composition at three different stages of
development

Several isomers of monomeric and dimeric flavanol hexosides were
detected in the skin and seed extracts of the three grape varieties,
Merlot, Cabernet-Sauvignon and Syrah. Comparison was based on the
assumption that compounds showing the same retention time and MS
data were identical although some isomers might co-elute. In Fig. 5 and
Appendix 4, histograms represent the ion intensities of targeted fla-
vanol hexosides in seed and skin extracts at three different stages of
grape development. Since the standards for these molecules are not
available, these analyses allowed qualitative comparisons between
samples rather than absolute quantification.

Merlot grape seed and skin extracts were first investigated. In seed,
an increase of all monomeric flavanol hexosides was observed during
development; these include the compounds eluted at 7.3 and 8.4 min,
tentatively attributed respectively to C4’0OG and C70G based on
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retention time and MS/MS fragmentation (loss of glucose), and also
those eluted at 10.4, 11.3 and 11.8 min. The EIC intensities of the five
monomeric flavanol hexosides increased from 10* order of magnitude
in P-I, to around 10°-10° in P-II, and reached 4.10° at maturity, P-III,
for the major isomer. In Merlot skins, a small amount of monomer
hexosides were detected in P-I. Both isomers of monomeric flavanol
hexosides at 7.3 min and 8.4 min were distinguished at the earlier stage.
The isomer attributed to C4’0OG (7.3 min) was still present in P-II and
finally no more detected at maturity.

Four flavanol dimer hexosides were detected in Merlot seed extracts
and their distribution monitored during ripening. The most abundant
one, eluted at 13.2 min, accumulated in seeds until P-II and was de-
tected in skins in P-I and in P-III. Another isomer eluted at 8.6 min was
present in higher amount in the seeds in P-I. The other ones were de-
tected in trace amounts in seeds and skins in P-I (elution times at 12.2
and 13.2 min).

In Merlot seeds, five isomers of monomer hexosides and four iso-
mers of dimer hexosides were detected, and in Merlot skin, two
monomers and three dimers in small amount. For CS seeds, five
monomers and three dimers were detected and one monomer and three
dimers in CS skin. Finally, five monomers and three dimers were ob-
served in Syrah seed extracts and three dimers and no monomer in skin
(Appendix 3).

All the monohexosylated flavanols were detected in the different
grape varieties except the flavanol dimer hexoside eluted at 7.7 min
which was only detected in our Merlot sample. To compare tissues, in
seeds, an accumulation of all flavanol monomer hexosides was mea-
sured during maturation and the isomer at 10.4 min was the most
abundant in all grape varieties. The isomer of monomeric flavanol
hexoside at 7.3 min was the second most present in CS and Syrah seed
extracts but not in merlot seed. In skin, the targeted hexosides were
detected in trace amounts with a major quantity of isomers detected
during the P-I in all grape varieties.

The presence of flavanol hexoside monomers in Merlot seeds in P-III
was in accordance with previous studies (Delcambre & Saucier, 2012)
and was also evidenced in two other grape varieties in this work. In
addition, dimeric flavanol hexosides were detected in grape seed and
skin for the first time in our experiments. Additionally, the presence of
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(epi)gallocatechin (m/z 467) and epicatechin gallate (m/z 603) hexo-
sides were also investigated, but, their concentrations were below their
detection levels in our samples.

3.4. Study of five red wine from different grape varieties

Analysis of five red wines from Tannat, Alicante, Merlot, Syrah and
Grenache grape varieties showed that they contain similar levels of
flavanol hexosides as shown on Fig. 6.

Concerning flavanol monomer hexosides, the wine from the Tannat
variety had the highest number of isomers eluted at 7.3, 8.4, 10.4, and
11.3 min. Three flavanol monomer hexosides were detected in Syrah
and Grenache wines at 7.3, 8.4 and 10.4 min. Also, Alicante and Merlot
wines included only two isomers, at 10.4 and 11.3 min. All these fla-
vanol hexosides were detected in grape seed at different levels. The
flavanol monomeric hexoside at 10.4 min was one of the most abundant
in all analyzed seed grapes and wines. On the contrary, the monomer
isomer at 11.3 min was one of the most abundant compounds in wine
but was not the major one in our grape seed extracts. Finally, the
monomer hexoside detected at 11.8 min in seed extracts from all grape
varieties seems to be absent in our wine samples.

The same three flavanol dimer hexosides at 12.2, 13.2 and 14 min
were detected in the wines, except for the Grenache wine in which the
dimer detected at 14 min was not present. The two dimeric flavanol
hexosides detected at 12.2 and 13.2 min in wine were also present in
Merlot, CS and Syrah grape seeds. But, the isomer at 14 min was absent
in all grape extracts. Finally, we detected mostly a dimer at 13.2 in
Syrah, Merlot and CS seeds in P-1II and in wines.

To conclude, our results based on similarity of retention times and
MS data suggest that the majority of flavanol hexosides detected in
wines have a grape origin. Other flavanol hexosides (such as the dimer
detected at 14 min) are present in wine but not in grape. Other bio-
chemical pathways (production or degradations) from microorganisms
(yeasts and bacteria) are also possible. Concerning the grapes, the ge-
netic ability to produce these compounds seems to be shared amongst
the different varieties but they were detected in different proportions
which might be a result of different genetic expressions of some gly-
cosyl transferase genes.

4. Conclusion

The presence of monomeric flavanol hexosides was confirmed in
grape and red wines by mass spectrometry. Proanthocyanidin dimer
hexosides were successfully detected in our samples with specific MS/
MS fragmentations. The flavanol monomer and dimer hexosides were
present in wines from different grape varieties (Tannat, Alicante,
Merlot, Syrah, and Grenache) and also in Merlot, Syrah and CS grape
berries. One of the flavanol monomer hexoside was found in grapes but
not in wines. All (epi)catechin hexosides concentrations increased from
P-I until P-IIT in seeds and decreases or were absent in skin. Standards of
(+)-catechin 4’-O-f-glucoside and catechin-7-0--glucoside were ob-
tained through an enzymatic hemisynthesis with the use of glucosyl
transferase UGT71A15. The presence of these compounds in analyzed
grape seeds, skins and wines was evidenced based on HPLC-MS ana-
lysis. The mechanisms of formation of those hexosylated flavanols and
their possible roles in proanthocyanidin biosynthesis in grapes remain
to be elucidated.
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Appendix 1. Catechin conversion to glucoside: (+)-catechin 4’-O-f-glucoside (C4'0G) and
(+)-catechin 7-0-p-glucoside (C70G).
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Appendix 2. Proanthocyanidin hexosides fragments depending on glucose position.
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ROESY:

Showing a correlation between the anomeric glucose proton (Hlglc) and the proton H3'B of the
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e (+)-catechin-7-O-f-glucoside

ROESY

Showing the correlations between the anomeric glucose proton (Hlglc) and the proton H6A and HSA
of catechin adduct
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TOCSY (Top: 1D 'H NMR spectrum):

Showing correlations implying the aliphatic protons of catechin adduct (in black) and the protons of

glucose moieties (in green)
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B Hexoside monomers

wsoe+0s M Hexoside dimers
Phase I
1,00E+06
E.
5]
5,00E+05

0,00e+00 M=l il

CS Seed

m 451 (7.3 min)

1,SE+06

1,0E+06

Intenisty

5,0E+05

0,0E+00

451 (11.8 min)

Phase I

=0
Syrah Seed

=451 (7.3 min)

451 (11.8 min)

CS Skin

IiI:Ii i

CS Seed

m 451 (8,4 min) =

= 739 (8,6 min)

Syrah Skin

Phase 11

CS Skin

451 (10.4 min)

= 739 (12,2 min)

Phase 11

L
IiII

Syrah Seed

m45]1 (8,4 min)

m739 (8,6 min)

[
Syrah Skin

m 451 (10.4 min)

u 739 (12,2 min)

Phase 111

=
i I

CS Seed

CS Skin

451 (11.3 min)

739 (13,2 min)

Phase 11

Syrah Seed

]
Syrah Skin

451 (11.3 min)

739 (13,2 min)

Appendix.4. Flavanol hexosides present in Cabernet Sauvignon (CS) and Syrah in phase I (P-
1), phase II (P-1I) and phase Il (P-1II). Average MS intensities and standard deviations
correspond to triplicate analyses.
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Retention time of flavanol hexoside MS2/3 fragments

monomers

(min)
7.3 289
8,4 289
10,4 289
11,3 289
11,8 289

Retention time of flavanol
hexoside dimers

MS2/3 fragments

Theoretical hexose position

451,587,721

(min)

7,7 289, 577,587,721 Upper unit — B ring
Upper unit - Aring

8,6 287,449, 451, 721 Upper unit —Aring
11,8 289, 451,577,721 Upper unit — B ring
Upper unit - Aring

12,2 287, 289, 341, 339, 435, Upper unit — A ring

449, 451, 569, 587, 721
13,2 289, 339, 417, 435, 449, Upper unit —Aring
451,577,587, 721
14 287, 289, 271, 339, 449, Upper unit —A ring

Appendix 5. MS?? of flavanol hexoside monomers and dimers

102




Chapter 6:

B-Glucosyl Fluoride as Reverse Reaction Donor Substrate and
Mechanistic Probe of Inverting Sugar Nucleotide-Dependent
Glycosyl-transferases
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ABSTRACT: For a set of flavonoid O- and C-f-glycosyltrans-

ferases, we show that f-glucosyl fluoride can function as substrate HO
for an enzymatic reaction wherein uridine $'-diphosphate (UDP) a-
glucose is synthesized in the presence of UDP. In pH and
mutagenesis studies of the C-glycosyltransferase from rice, we show o
that reaction with the f-glucosyl fluoride can serve to identify the

Inverting Leloir glycosyltransferase
e HO
Agn, e s
oHy % OHp,
UuDP

"Ro
B
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UDP~

acid—base catalytic residue of the enzyme (His24). We also show

that f-glucosyl fluoride can rescue activity in an enzyme variant (Ile121Asp) strongly impaired in the canonical reaction wherein
flavonoid acceptor is glucosylated from UDP-glucose. Coupling of this variant with the wildtype C-glycosyltransferase in a one-
pot reaction enabled efficient 3'-3-C-glucosylation of phloretin from f-glucosyl fluoride in the presence of substochiometric

amounts of UDP.

KEYWORDS: glycosyltransferase, inverting, retaining, glycosyl fluoride, glycosylation, general acid—base catalysis

lycosyl fluorides have gained significant importance as

substrates and mechanistic probes of glycosylation
reactions performed in water.' > Glycosyl fluorides offer a
convenient combination of stability and reactivity under these
conditions.” This, together with the small steric demand of the
fluoride leaving group, makes glycosyl fluorides broadly useful
for the study of enzymatic reactions.”*~® Glycosyl fluorides are
activated glycosyl donors in a kinetic and thermodynamic
sense. With a pK; of ~3.2, the fluoride is a very good leaving
group. Strong hydration of the fluoride anion in water
promotes its expulsion from the glycosyl fluoride. Glycosyl
fluorides can therefore drive glycosylations to good synthetic
yields.l""';’s'l’ Two observations from chemical studies are
important mechanistically. The hydrolysis of glycosyl fluorides
does not require acid catalysis,'’ and glycosyl fluorides show
reactivity with charged nucleophiles in aqueous solution.'"'”
This enabled the assignment of function to active-site residues
in glycoside hydrolases through kinetic evaluation of site-
directed variants using glycosyl fluorides as substrates.'>"*
Engineered glycoside hydrolases known as “glycosynthases”
exploit the advantages of glycosyl fluorides to synthesize
product glycosides that these enzymes are unable to hydro-
l e-‘i,lﬁ—l_

Glycosyl fluorides are not well explored as substrates of
sugar nucleotide-dependent glycosyltransferases. To our
knowledge, the retaining a-galactosyltransferase LgtC from
Neisseria mem'ngitidisls is the only member from this enzyme
class for which catalytic reaction with glycosyl fluoride has
been reported. LgtC was shown to convert a-galactosyl

< ACS Publications  © 2018 American Chemical Society
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fluoride and uridine 5’-diphosphate (UDP) into UDP-a-
galactose. In the presence of galactosyl acceptor (e.g., lactose),
reaction to the expected product (e.g, a-Gal-1,4-Gal-f-1,4-
Glc) took place, but only when catalytic amounts of UDP were
also present. Although efficiency of LgtC in terms of k_,/K,
was not high in these reactions (1-2 X 107" mM™" s7),
applicability of glycosyl fluorides to the study of glycosyl-
transferases was strongly suggested. Here, we show that f-
glucosyl fluoride can function as donor substrate for inverting
P-glucosyltransferases. We also show that the p-glucosyl
fluoride thus becomes accessible to mechanistic enzyme
characterization along lines established for glycoside hydro-
lases;' ' and that it presents an alternative donor substrate for
glycosyltransferases practically used for glycosylation cascade
reactions.

Our inquiry started with sucrose synthase which like LgtC is
a retaining enzyme.'” However, when offered a- or f-glucosyl
fluoride (2 mM) in the presence of UDP (1 mM) at 30 °C and
pH 7.0, the sucrose synthase from soybean (Glycine max)™
proved to be inactive toward forming UDP-glucose. Ion-
pairing high-performance liquid chromatography (HPLC) was
used to monitor product release (Figure S1, Supporting
Information). Addition of fructose (10 mM) to the reactions
did not elicit activity. Note: our use of both a- and f-glucosyl
fluoride was inspired by two important former observations:
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various glycosnde hydrolases utilize glycosyl fluorides of the
“wrong” anomeric configuration as substrates;”>"** and
curiously, LgtC showed slow reaction with an alternative
donor (2,4-dinitrophenyl-f-galactoside) having an activated
aromatic leaving group of anomerlc configuration (/) opposite
to that of the natural donor (@).”* While a-glucosyl fluoride is
relatively stable in aqueous solution, the f-glucosyl fluoride
hydrolyzes quickly (Figures S2 and S3, Supporting Informa-
tion). The half-life of f-glucosyl fluoride was determined with
proton NMR as ~6 h under the conditions used (30 °C, pD
7.0). Therefore, the stability of especially the p-glucosyl
fluoride has to be considered. Note that we typically used the
glucosyl fluoride in excess when conversion studies were
performed.

We then examined the inverting f-C-glucosyltransferase
(GT) from rice (Oryza sativa; OsCGT) which catalyzes 3'-f-
C- glucosylatlon of the dihydrochalcone phloretin from UDP-
glucose.”” In the presence of UDP (1 mM), OsCGT was
inactive when offered a-glucosyl fluoride (2 mM) as substrate,
but slow enzymatic formation of UDP-glucose occurred when
f-glucosyl fluoride (2 mM) was used. When phloretin (1 mM)
was added, the a-glucosyl fluoride was still unreactive but the
p-glucosyl fluoride was converted gradually to the expected /-
C-glucoside (nothofagin). Using ion-pairing HPLC, the
acceptor (phloretin) and both intermediary (UDP-glucose)
and final reaction product (nothofagin) were quantified
(Figure S1, Supporting Information). The initial nothofagin
formation rate (0.52 nmol min™ mg™") under these conditions
was about S times slower than the UDP-glucose formation rate
(2.6 nmol min~" mg“’) measured in the absence of phloretin.
Only traces of UDP-glucose were formed in the reaction of /-
glucosyl fluoride with UDP when phloretin was present. UMP
could not substitute for UDP in reactions of OsCGT with f-
glucosyl fluoride in the absence and presence of phloretin.
Therefore, an overall enzymatic conversion (f-glucosyl
fluoride — nothofagin) in two inverting reactions was
suggested (Scheme 1). Transformation of f-glucosyl fluoride

Scheme 1. Two-Step Reaction of OsCGT with f-Glucosyl
Fluoride, Phloretin, and Catalytic Amounts of UDP To Give

Nothofagin®
UDP HO HO.
Ham 7J' Ha ”?‘m
oH  uDP Phioretin
slow UD? faster

R= OH

o

“Specific activities measured for the individual reaction steps show
that the first step was slow (7.1 nmol min~" mg_l), and the second
was comparably fast (2200 nmol min™" mg™").

to UDP-a-glucose was rate limiting. Phloretin inhibited the
enzymatic reaction of f-glucosyl fluoride with UDP. After 24 h,
the conversion (based on the phloretin consumed) was 60%.

We expanded the study to five additional O- or C-f-
glucosyltransferases, which like OsCGT utilize UDP-glucose
for f-glucosylation of phloretin (Table 1). In terms of their
sequence, all enzymes were related to OsCGT by common
membership to family GT-1 of the glycosyltransferase
families.”> Depending on the enzyme used, the relevant
glucosylation products were the 3'-C-f-glucoside (nothofagin)
and the 2'-O-f-glucoside (phlorizin) (Table S2, Supporting
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Table 1. f-Glucosylation of Phloretin from Different
Glucosyl Donors Using a Set of Glycosyltransferases

specific activity [nmol min™" mg™']
enzyme" P-glucosyl fluoride” UDP-glucose”

0sCGT 4.0 2200
UGT708A6 220 900
UGT71A15 23 2400
UGT708C2 <0.05 2200
PcOGT <0.05 980
RsAS <0.05 26

“Purified enzyme (1000 Hg mL™") was used. General reaction
conditions: pH 8.0, 30 °C. "f-Glucosyl fluoride (4 mM), UDP (2
mM), phloretin (1 mM). “UDP-glucose (2 mM), phloretin (1 mM).
Data are from quadruplicate determinations and have SD of <10%.

Information). UGT71A1S additionally formed the 4'-O-f-
glucoside (trilobatin): Arbutin synthase (RsAS) formed
trilobatin exclusively (Table S2, Supporting Information).
None of the five glycosyltransferases showed activity with a-
glucosyl fluoride. However, when assayed with f-glucosyl
fluoride, the bifunctional O-/C-glycosyltransferase UGT708A6
from maize’® was active, whereas the C-glycosyltransferase
UGT708C2 from buckwheat”” was not. Among three O
glycosyltransferases used, only the UGT71A15 from apple™
showed activity with f-glucosyl fluoride, while enzymes from
pear (PcOGT)* and Indian snakeroot (RsAS)* did not. The
use of f-glucosyl fluoride as donor for enzymatic glucosylation
of phloretin required the presence of UDP in catalytic
amounts. A note of caution is made: traces of UDP copurified
with the enzyme (e.g, UGT71AI1S) in Strep-tag affinity
purification were already sufficient to elicit activity. Once
enzyme-bound UDP was removed completely by ion exchange
chromatography, no activity was measurable. Besides demon-
strating in initial rate analysis the activity of OsCGT,
UGT708A6, and UGT71A1S with f-glucosyl fluoride (Table
1), we also confirmed that substrate conversion was 70—80%
under the conditions used (24 h, based on phloretin
consumed; data not shown). The results summarized in
Table 1 imply that p-glucosyltransferases related by both
sequence and substrate specificity can differ as regards ability
to utilize f-glucosyl fluoride as substrate. This contrasts
glycosyltransferases with glycoside hydrolases. For inverting
glycoside hydrolases it is common that the glycosyl fluoride
corresponding to the canonical substrate is also hydrolyzed.”

Inverting glycosyltransferases employ a single displacement-
like mechanism involving acid—base catalytic assistance to the
departure/attack of the leaving group/nucleophile of the
reaction (Scheme 2).***" In flavonoid f-glycosyltransferases of
family GT-1 a conserved histidine likely fulfils the function of
the catalytic base.” 2

OsCGT has been well-characterized biochemically and
has already been used for mechanistic study by site-directed
mutagenesis.”**" This enzyme was therefore also used here.
The relevant His24 of OsCGT (Figure 1) was substituted by
an alanine, which is a residue incompetent in the catalysis
considered. To determine whether indeed the acid—base
catalytic function was destroyed by the site-directed replace-
ment, we compared the relative reaction rates of wildtype
enzyme and H24A variant for f-glucosylation of phloretin
from UDP-glucose and formation of UDP-glucose from f-
glucosyl fluoride. Phloretin glucosylation is expected to benefit
from catalytic facilitation by a general base as follows. The

20,24
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Scheme 2. Inverting C-Glycosylation under Base Catalysis
(a) and Reaction with fi-Glucosyl Fluoride in Absence of
Base Catalysis (b)“

a HO

OH HO

HO HO. OH
a
AN ] HBMR
ony ol o T
O-uop H";B% H :B%
R= OH uDP’O‘H
pKa=58 %
fs) UDP’U +H
b
HO F HO
0
H R e <
o e Oupp e
uoP

“The relevant pK, of the phloretin acceptor in (a) is 9.4, as discussed
in the text. Reaction with f-glucosylfluoride occurs with the catalytic
enzyme group protonated or unprotonated, or removed by muta-
genesis. Note: tautomerism involved in the C-glycosylation is not
shown in (a).

acceptor

2-deoxy-2-fluoro-
a-D-glucosyl

F15
§19

D119
(13

Figure 1. Superimposition of active sites in a structural model of
OsCGT (green, Phyre2**-obtained model from best match) and the
experimental structure of V. vitifera O-glycosyltransferase (PDB:
2C1Z; gray) bound with the inactive donor analog UDP-2-flucro-
glucose and the kaempferol acceptor. The putative catalytic acid—base
is His24 in OsCGT, corresponding to His20 in the O-
glycosyltransferase.

phloretin molecule shows 3 pK, values: 7.0, 9.4, and 10.5.”
Upon 2'-f-0O-glucosylation of phloretin the 9.4 pK, was lost,
while the other two pK, values remained. * The phloretin pK,
relevant for 3'-f-C-glucosylation (Scheme 2a) is therefore the
one of 9.4. Catalytic deprotonation of the 2'-hydroxy group is
thus required for f-glucosylation at C3'. Conversion of f-
glucosyl fluoride, by contrast, is expected to proceed readily
without assistance from the relevant catalytic residue in the
enzyme now acting as a general acid (Scheme 2b).
Compared to wildtype OsCGT, there was a large (200-fold)
loss of activity in the H24A variant for the canonical reaction
dependent on base catalysis while there was only a small (3.2
fold) loss of activity for the reaction with the p-glucosyl
fluoride (Table 2). The low basal activity of the wildtype
enzyme toward the f-glucosyl fluoride requires one to interpret
these results with caution. However, the findings appear
nonetheless supportive of the notion that His24 provides base
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Table 2. Glucosylation of UDP from f-Glucosyl Fluoride
and of Phloretin from UDP-Glucose by OsCGT and
Variants Thereof

specific activity [nmol min™" mg™"]

O0sCGT UDP + f-glucosyl fluoride” phloretin + UDP-glucose”
wildtype 7.1 2200

H24A 22 11

1121D 155 34

SI9A 11 390

“2 mM UDP, 4 mM f-glucosyl fluoride, 1000 pg mL™' OsCGT
(variant); 1 mM phloretin, 2 mM UDP-glucose, 0.1 mg mL™'
OsCGT (variant); All reactions were performed at 30 °C and pH 8.0.
Specific activities are from quadruplicate determinations and have SD
of £10%.

catalysis to C-glucosylation of phloretin by OsCGT (Scheme
2).
‘We considered additional experiments to support the notion
that conversion of fi-glucosyl fluoride into UDP-glucose does
not require acid—base catalysis, whereas conversion of
phloretin f-glucoside effectively needs it. A pH-rate profile
analysis carried out with the 121D variant of OsCGT provided
that support. Reason to choose the 1121D variant was that
unlike the wildtype enzyme and H24A variant, which are both
highly specific for 3'-f-C-glucosylation of phloretin, the [121D
variant is a bifunctional O-/C-glucosyltransferase in the
reaction with phloretin, as shown in earlier worl 24,33 (see
also Table S2, Supporting Information). When offered the 2'-
O-p-glucoside phlorizin in the presence of UDP, therefore, the
121D variant catalyzed the reverse reaction to form UDP-
glucose. Wildtype OsCGT™ and H24A variant (this study)
were completely inactive toward phlorizin under the same
conditions. Please note here that the 3'-f-C-glucosylation of
phloretin from UDP-glucose is not detectably reversible.”**
There is significant thermodynamic difference between
nothofagin and ph](][’i’l.in.';] These observations implied the
use of phlorizin and the 1121D variant of OsCGT for the pH
study considered. The pH-rate profiles obtained with the
1121D variant are shown in Figure S4 (Supporting
Information). The UDP-glucose formation rate from p-
glucosyl fluoride was independent of pH in the pH range
5.5-8.0 whereas the corresponding rate from phlorizin
decreased drastically upon increasing the pH from 6.0 to 8.0.
These pH profiles suggest the involvement of a molecular
group on the enzyme that must be protonated, probably to
provide acid catalysis, for activity toward phlorizin. This
molecular group, or the protonation state thereof, is not
important for activity toward the f-glucosyl fluoride.
Mechanistic interpretation of the reactivities of the H24A
variant as compared with the reactivities of wildtype OsCGT is
therefore supported.

In another set of experiments, we sought to demonstrate the
use of f-glucosyl fluoride to analyze OsCGT specificity. The f-
glucosyl fluoride was of interest because it effectively eliminates
noncovalent enzyme—substrate interactions at the subsite
accommodating the phloretin leaving group/nucleophile.
Such noncovalent interactions would be expected to contribute
to the precise positioning of the substrates at the enzyme active
site and so play an important role in catalysis. They clearly do
s0 in other glycosyltransferases.””*>** To test this idea for
OsCGT, we characterized two enzyme variants (S194, 1121D)
with substitutions that potentially interfere with positioning for

DOI: 10.1021/acscatal 8b02685
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Figure 2. Glycosyltransferase cascade reaction for phloretin 3'-f-C-glucosylation from f-glucosyl fluoride via UDP-glucose is shown. Reactions
were done at 30 °C and pH 8.0. (A) Conversion of f-glucosyl fluoride (4 mM) and UDP (2 mM) by I1121D variant (500 ug mL™"). (B)
Conversion as in (A) in the presence of phloretin (1 mM). (C) Cascade reaction using the substrate concentrations as in (B) in the presence of
wildtype OsCGT (50 ug mL™") and 1121D variant (500 gg mL™"). Note: trilobatin was also measured. It was not formed in detectable amounts

and is therefore not shown in Figure 2C.

catalysis in the ternary enzyme—substrate complex. As can be
inferred from Figure 1, the substitution of Ile121 by Asp is
likely to perturb the microenvironment of His24. Substitution
of Ser19 by Ala could affect binding of the acceptor substrate
(phloretin). Table 2 compares specific activities of 1121D and
S19A variants for conversion of f-glucosyl fluoride and C-f-
glucosylation of phloretin. Contrary to the wildtype enzyme
that showed high (310-fold) preference for glucosylation of
phloretin, the I121D variant preferred reaction with the /-
glucosyl fluoride (4.6-fold) and was 22-fold more active toward
f-glucosyl fluoride than wildtype OsCGT. The S19A variant
also showed change in reaction preference toward, relatively
speaking, better utilization of the f-glucosyl fluoride, although
the effect was less pronounced than in the 1121D variant.
Observation for the I1121D variant, that the A-glucosyl
fluoride can elicit activity in a mutated glycosyltransferase
strongly impaired in the canonical reaction, carries two major
implications. One is, that by enforcing glycosyltransferases to
react through an enzyme—substrate complex that leaves the
acceptor-binding site unoccupied, glycosyl fluorides represent
specific tools for the mechanistic characterization of these
enzymes. The other is that conversion of glycosyl fluorides
might serve as means of synthesizing sugar nucleotides, with
the interesting option of generating sugar nucleotide in situ for
use by other enzymes. We show realization of this
concept'****"* in a glycosyltransferase cascade reaction (cf.
Scheme 1) wherein the 1121D variant was coupled with
wildtype OsCGT for synthesis of nothofagin from f-glucosyl
fluoride in the presence of UDP (Figure 2). By combining
enzymes suitable for UDP-glucose formation from f-glucosyl
fluoride (I121D variant; Table 2; Figure 2A) and phloretin
glucosylation from UDP-glucose (OsCGT wildtype; Table 2),
respectively, the nothofagin production became efficient
(Figure 2C), which it was not when only a single
glycosyltransferase, 1121D (Figure 2B) or wildtype (data not
shown), was used. In Figure 2C, the two enzymes were used to
have wildtype activity for glucosylation of phloretin (85 nmol
min~' mL™") balanced with 1121D activity for formation of
UDP-glucose (78 nmol min™' mL™'). However, the UDP-
glucose formation by 1121D variant was inhibited about 11.5-
fold by the 1 mM phloretin present, as seen from a comparison
of the reaction time courses in Figure 2A and 2B (see also
Figure SS, Supporting Information). Therefore, only little
UDP-glucose accumulated in the reaction of Figure 2C.
Nonetheless, the UDP-glucose released was sufficient to
promote efficient conversion of phloretin into nothofagin.
Note that in the case of a glycosyltransferase showing suitable
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activities for both reactions (e.g, UGT708A6), the two-step
one-pot conversion of f-glucosyl fluoride into nothofagin
might be even carried out by a single enzyme.

In summary, we show that in several flavonoid pf-
glucosyltransferases of family GT-1, f-glucosyl fluoride can
function as alternative donor for inverting glucosyl transfer to
UDP. Using f-glucosyl fluoride as substrate for the kinetic
characterization of OsCGT variants, we show that mechanistic
tools originally developed for glycoside hydrolases'™'*'* are
also applicable in principle to glycosyltransferases. Enzymatic
glycosylation of phloretin from f-glucosyl fluoride via
intermediary UDP-glucose represents a new variation of the
seminal concept of glycosyltransferase reverse reactions for
synthetic application.”””* In terms of scope of use, glycosyl
fluorides complement glycosides with aromatic leaving groups
as non-natural substrates for glycosyltransferases. Practical
application of the relatively unstable fS-glucosyl fluoride must
however take into account its fast spontaneous hydrolysis.
Glycosyltransferases showing good activity toward the f-
glucosyl fluoride (e.g., 1121D variant of OsCGT, UGT708A6)
are therefore essential for glycosylation cascade efficiency.
More research is needed to understand requirements of
glycosyltransferase structure for utilization of glycosyl fluorides
as substrates. Evidence for OsCGT, that a single residue
substitution (1121D) caused substantial enhancement of
activity with the p-glucosyl fluoride, fuels the hope that
glycosyltransferases naturally unable to use glycosyl fluorides
might be engineered to do so.
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1. Methods

1.1.  Chemicals and reagents

Unless otherwise indicated, all chemicals were from Sigma-Aldrich in the highest purity available. Phloretin,
phlorizin, UMP, UDP and UDP-g (97% purity) and UDP-glucose were from Carbosynth. Strep-Tactin
Sepharose and desthiobiotin were from IBA. BCA assay kit and DNA modifying enzymes were from Thermo
Scientific.

1.2.  Glucosyl fluoride substrates

The o- and B-glucosyl fluoride were prepared by deprotection of 2,3,4,6-tetra-O-acetyl-a- or B-D-
glucopyranosyl fluoride using sodium methoxide in methanol.! Fresh 1 M sodium methoxide was prepared by
dissolving 23.5 mg sodium in I mL methanol. The Zemplen deprotection was performed at 0°C under nitrogen
atmosphere by treating one equivalent of substrate dissolved in methanol with 0.4 equivalents of sodium
methoxide. Reaction progress was monitored with TLC. A mixture of ethylacetate and methanol (9:1, by
volume) was used as eluent. Once the reaction was complete, the solution was neutralized using an ion-exchange
resin (Dowex 50W, H'-form), filtered, aliquoted and the solvent was removed under vacuum. The glucosyl
fluorides were dissolved in D>O and checked for purity by NMR before each experiment. Enzymatic reactions
were started exactly 30 min after dissolution of the glucosyl fluoride in D,O.

1.3.  Construction of expression strains

Codon optimized genes for UGT706A6 (GenBank: ACF81582.1)%, UGT708C2 (GenBank: BAP90361.1)* and
arbutin synthase (RsAs, GenBank: CAC35167.1)* were from GenScript and received in pUC57 vectors. For
expression in E. coli, the respective gene was integrated into pET-STRP3, which is a custom-made derivate of
pET-24d that enables protein expression with an N-terminally fused Strep-tag I1. The vector was received from
the group of Prof. Robert Edwards (Centre for Bioactive Chemistry, Durham University, UK).® To clone the
glycosyltransferase genes into pET-STRP3, the two flanking restriction sites Ndel and Xhol were introduced by
PCR using forward and reverse primers, respectively (Table S1). The resulting fragment was purified on agarose
gel, digested with Ndel and Xhol fast digest restriction enzymes and cloned into the respective sites of the pET-
STRP3 vector. The correct sequence was verified by sequencing of the complete gene. The expression strains
were prepared by transformation of electro-competent E. coli BL21-Gold (DE3) cells.

Construction of the E. coli BL21 Gold (DE3) expression strains for sucrose synthase (GmSuSy; GenBank:
AF030231)°, UGT71A15 (GenBank: DQ103712)7, PcOGT (UGT88F2; GenBank: FJ854496)%, OsCGT
(GenBank: FM179712)% and OsCGT 1121D® was described elsewhere. Further active site mutants of OsCGT
were created by two-stage PCR using the OsCGT wildtype or 1121D mutant gene as template. The required
primers are listed in Table SI.
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Table S1. Primers used to amplify glycosyltransferase genes or to introduce point mutations.

Enzyme Primer Sequence

UGT708A6_fwd TAACCATATGGCTGCTAATGGTGGCG

UGT708A6 UGT708AG6 _rev GGTGCTCGAGTTATTTACGTTCGGCGTCACGACAGCG
UGTT08C2 UGT708C2_fwd TAACCATATGATGGGTGATCTGACGACGAG

UGT708C2 _rev GGTGCTCGAGTTAGCGTTTCAGGGAGCCGATAATGTTCATCAG
RsAs RsAs_fwd TAACCATATGGAACACACGCCGCACATTG

RsAs rev GGTGCTCGAGTTAGGTGGAGGAGATTTTATTTTCCCATTTACACG
OsCGT H24A / 0sCGT_H24A_fw | GGGGACGAGCGCGCCCATGCCGGCGCTC

OsCGT H24A/1121D | OsCGT_H24A rv | GCCGGCATGGGCGCGCTCGTCCCCTTCG

OsCGT S19A OsCGT_SI9A_fw | CCATGCCGGCCGCCGGGATGAGCACCACATGC
OsCGT_SI9A rv GCTCATCCCGGCGGCCGGCATGGGCCACCTC

1.4. Enzyme expression and purification

For expression of the glycosyltransferases, the respective strain was grown at 37°C and 120 rpm in 1 L baffled
shake flasks in 250 mL LB-medium containing 50 ug mL"' kanamycin. The cells were grown until an optical
density at 600 nm of around 0.8 was reached. The temperature was then decreased to 18°C and expression was
induced by addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were harvested after 18 h by
centrifugation (30 min, 4°C, 5000 rpm), resuspended in water and frozen at -20°C. Cell lysis was done by
sonication (10 s on, 20 s off, 6 min total on-time, 400 watt). The cell lysate was cleared of debris (20,000 % g,
60 min) and filtered through a 1.2 um filter. It was loaded onto two connected 5 mL StrepTrap-HP columns and
purification was done according to the protocol supplied by the manufacturer. Fractions containing the enzyme
were pooled, concentrated using centrifugal concentrators and purified for a second time by anion exchange
chromatography on a 5 mL HiTrapQ HP column. A gradient from 0 - 1 M NaCl (100 mM Tris/HCI buffer, pH
7.5) over 10 column volumes was used. Fractions containing the glycosyltransferase were concentrated and
buffer exchanged to 25 mM HEPES (pH 7.5) using centrifugal concentrators. Expression and purification of
GmSuSy was done as reported previously.® Enzyme purity was checked by SDS-polyacrylamide gel
electrophoresis. Protein concentrations were determined by BCA assay using BSA as standard. Enzyme stocks
were stored at -20°C.

1.5. HPLC based quantification of phloretin (glucosides) and nucleotides

Phloretin, phloretin glucosides, UMP, UDP and UDP-glucose were quantified by a reversed-phase ion-pairing
HPLC method.” Tetra-n-butylammonium bromide (TBAB) served as ion-pairing reagent. HPLC analysis was
performed on a reversed phase C18 column (Kinetex™ 5 um C18 100 A column 50 x 4.6 mm, Phenomenex)
at 35°C. A 20 mM potassium phosphate buffer (pH 5.9) containing 40 mM TBAB was used as mobile phase A.
It was prepared by dissolving TBAB in a 5-fold diluted 100 mM potassium phosphate buffer (pH 5.9) stock.
Acetonitrile was used as mobile phase B. Separation was achieved using the following method at a constant
flow rate of 2 mL min™'; 10% B (1 min), 10 - 40% B (3.2 min), 40 - 90% B (0.01 min), 90% B (0.79 min), 90 -
10% B (0.01 min), 10% B (1.99 min). UMP, UDP and UDP-glucose were monitored at 262 nm. Phloretin and
its glucosides were monitored at 288 nm. Authentic standards of all compounds were used for calibration and
concentrations were calculated from peak areas.

The limit of detection for nucleotides was 200 nM.” It allowed identification of residual UDP and UDP-glucose
in purified enzyme. Measuring conversions of acceptors with glucosyl fluorides in the absence of UDP made
the use of UDP-free enzyme preparations essential. To validate nucleotide free preparation of the
glycosyltransferases, 500 pL samples containing 2 mg mL! (~ 40 pM) of enzyme were denatured by the
addition of 500 uL of methanol. Precipitated protein was pelleted by centrifugation (20,000 x g, 60 min) and
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the remaining supernatant tested for presence of nucleotides. This control guaranteed that less than 2% of protein
contained nucleotides.

1.6. Enzymatic glycosylations

Enzymatic conversions were monitored using the above described HPLC assay. Unless mentioned otherwise,
reactions were performed at 30°C in 50 mM HEPES buffer (pH 8) containing 13 mM MgClz, 50 mM KCl,
0.13% (w/v) BSA and 20% (v/v) DMSO. Reactions were started by enzyme addition. Withdrawn samples were
immediately mixed with an equal volume of acetonitrile to stop enzymatic conversions. Precipitated proteins
were removed before HPLC analysis by centrifugation (15 min at 13,200 rpm). Specific activities were
calculated from linear initial reaction rates determined from samples withdrawn within the first 15 to 60 min of
conversion.

UDP-glucose formation by sucrose synthase from Glycine max (GmSuSy) was studied at pH 7.0. Reaction
mixtures contained 2 mM a- or B-glucosyl fluoride, 1 mM UDP and 100 pg mL" GmSuSy. Conversions were
followed in absence and presence of 10 mM fructose.

To study glycosyltransferase catalyzed synthesis of UDP-glucose | mg mL™" of the respective enzyme was
incubated with 2 mM UDP and 4 mM a- or B-glucosyl-fluoride. Replacement of UDP with 2 mM UMP was
tested with 1 mg mL™' OsCGT and 4 mM a- or B-glucosyl-fluoride.

Glucosylation of | mM phloretin was coupled to in-situ synthesis of UDP-glucose from 2 mM UDP and 4 mM
a- or B-glucosyl-fluoride. 1 mg mL"' of glycosyltransferase were used. Alternatively, 1 mM phloretin was
directly glucosylated from 2 mM UDP-glucose with 0.1 mg mL"' of enzyme. Using | mg mL"' of OsCGT, also
glucosylation of 1 mM phloretin from 2 mM UMP and 4 mM p-glucosyl-fluoride was tested.

The pH dependence of UDP-glucose formation by OsCGT 1121D (50 pg mL") was studied. Reactions
containing 4 mM B-glucosyl fluoride and 2 mM UDP were buffered by 50 mM MES (pH 5.5 -7.0) or 50 mM
HEPES (pH 6.0 — 8.0). Additionally the pH dependency on UDP-glucose formation from 0.5 mM phlorizin and
5 mM UDP was studied. Reactions were catalyzed by 1 mg mL" of OsCGT 1121D and buffered by 50 mM
HEPES (pH 6.0-8.0).

Time dependent UDP-glucose formation and phloretin glucosylation by OsCGT and OsCGT [121D were
followed for 8 h. UDP-glucose was synthesized by 500 pg mL™"' OsCGT 1121D from 4 mM B-glucosyl-fluoride
and 2 mM UDP. Conversion of in-situ formed UDP-glucose was studied by adding also | of mM phloretin. 500
pg mL! OsCGT 1121D or 50 pg mL™!' OsCGT were used. Either separately or in combination.

Inhibition of UDP-glucose formation by phloretin was tested with 50 pg mL" @sCGT 1121D and 500 pg mL"'
OsCGT WT. Conversion of 2 mM UDP with 4 mM B-glucosyl fluoride was followed for 60 min in absence and
presence of | mM phloretin.

1.7.  NMR spectroscopy (including in-situ analysis of solvolysis)

A Varian (Agilent) INOVA 500-MHz NMR spectrometer (Agilent Technologies, Santa Clara, California, USA)
and the VNMRJ 2.2D software were used for all measurements. "H NMR spectra (499.98 MHz) were measured
on a 5 mm indirect detection PFG-probe. NMR data were recorded from purified glucosyl-fluorides. In-situ
analysis of solvolysis was performed at 30°C in a total volume of 600 pL potassium phosphate buffer (25 mM;
pD 7.0) in D20 containing 50 mM of either a-glucosyl-fluoride or 4 mM B-glucosyl-fluoride. Mestrenova 10
was used for evaluation of spectra. To measure the solvolysis of glucosyl fluorides the integrals of C-1 proton
signals were compared to integrals of C-1 proton signals from released a- and B-glucose.
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2. Results
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Figure S1. UMP, UDP-glucose, UDP, nothofagin, phlorizin and phloretin were quantified by reversed-phase
C-18 HPLC using a TBAB based ion pairing protocol. Nucleotides and phloretin derivatives were monitored at

262 and 288 nm, respectively.

-
A - = — Hw ! A
(A) ’"FSL;;j (B) L\ M 240min
i 1 n
' | | ” AN M| 210 min
|- ]
e e AN e 180min
" J
. - |\ u_____150min
"
= . 120min
S| | S IS e 90min
[ | S | S - . BOmin
| N b ] -
I [ il [ 1 SN | | S | [ «__ 30 min
11 A '\AI' il /\
o HL glucose HZ - M GcF

Figure S2. A) The 'H NMR spectrum of a-glucosyl flueride in 50 mM potassium phosphate buffer (pD 7.0) is
shown. B) In-situ '"H NMR measurement of u-glucosyl fluoride solvolysis in 50 mM potassium phosphate buffer

(pD 7.0) is shown.
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Figure S3. A) The "H NMR spectrum of B-glucosyl fluoride in 50 mM potassium phosphate buffer (pD 7.0) is
shown. B) In-situ '"H NMR measurement of B-glucosy! fluoride solvolysis in 50 mM potassium phosphate buffer
(pD 7.0) is shown.

Table S2: Relative abundance of products of enzymatic phloretin glucosylation displayed in %.!?!

Glucoside
Enzyme 3'-C 2'-0 4'-0
(nothofagin) | (phlorizin) | (trilobatin)

OsCGT 100 0 0
UGT708A6 100 0 0
UGT708C2 100 0 0
UGT71A15 0 23 77
PcOGT 0 100 0
RsAS 0 0 100
OsCGT H24A 100 0 0
OsCGT 1121D 12 17 71
OsCGT S19A 100 0 0
OsCGT H24A/1121D 10 0 90

1312 mM UDP-glucose, | mM phloretin, 1 mg mL"' purified enzyme, pH 8.0, 30°C
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relative specific activity (%)

—w— p-glucosyl fluoride (HEPES)
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Figure S4. The pH-dependence of UDP-glucose synthesis by OsCGT 1121D with B-glucosyl fluoride or
phlorizin as sugar donor is shown. Reaction conditions: 2 mM UDP, 4 mM B-glucosyl fluoride, 50 pg mL"!
OsCGT 1121D or 5 mM UDP, 0.5 mM phlorizin, 1000 pg mL"' OsCGT 1121D. Maximum activities of OsCGT
1121D (100%) with p-glucosyl fluoride and phlorizin were 130 mU mg™ and 1.38 mU mg!, respectively.
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Figure S5. Time courses show the inhibition of UDP-glucose synthesis from p-glucosyl fluoride in presence of
phloretin. 50 pg mL™" OsCGT 1121D and 500 pg mL" OsCGT WT were incubated at pH 8 with 4 mM p-
glucosyl fluoride in presence of 2 mM UDP. For inhibition 1 mM phloretin was added.
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Abstract

Sugar nucleotide-dependent (Leloir) glycosyltransferases from plants are impor-
tant catalysts for the glycosylation of small molecules and natural products.
Limitations on their applicability for biocatalytic synthesis arise because of low
protein expression (£10mg/L culture) in standard microbial hosts. Here, we
showed two representative glycosyltransferases: sucrose synthase from soybean
and UGT71A15 from apple. A synthetic biology-based strategy of decoupling the
enzyme expression from the Escherichia coli BL21(DE3) cell growth was effective in
enhancing their individual (approximately fivefold) or combined (approximately
twofold) production as correctly folded, biologically active proteins. The approach
entails a synthetic host cell, which is able to shut down the production of host
messenger RNA by inhibition of the E. coli RNA polymerase. Overexpression of the
enzyme(s) of interest is induced by the orthogonal T7 RNA polymerase. Shutting
down of the host RNA polymerase is achieved by L-arabinose-inducible expression
of the T7 phage-derived Gp2 protein from a genome-integrated site. The
glycosyltransferase genes are encoded on conventional pET-based expression
plasmids that allow T7 RNA polymerase-driven inducible expression by isopropyl-
p-p-galactoside. Laboratory batch and scaled-up (20L) fed-batch bioreactor
cultivations demonstrated improvements in an overall yield of active enzyme by
up to 12-fold as a result of production under growth-decoupled conditions. In batch
culture, sucrose synthase and UGT71A15 were obtained, respectively, at 115 and
2.30 U/g cell dry weight, corresponding to ~5 and ~1% of total intracellular
protein. Fed-batch production gave sucrose synthase in a yield of 2,300 U/L of
culture (830 mg protein/L). Analyzing the isolated glycosyltransferase, we showed
that the improvement in the enzyme production was due to the enhancement of
both yield (5.3-fold) and quality (2.3-fold) of the soluble sucrose synthase. Enzyme
preparation from the decoupled production comprised an increased portion (61%
compared with 26%) of the active sucrose synthase homotetramer. In summary,

Abbreviations: GmSuSy, sucrose synthase from soybean (Glycine max); GT, glycosyltransfer-
ase; SEC, size-exclusion chromatography; UGT71A15, UDP-glycosyltransferase 71A15.
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therefore, we showed that the expression in growth-arrested E. coli is promising for

recombinant production of plant Leloir glycosyltransferases.
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1 | INTRODUCTION

Plant metabolisms for natural product biosynthesis and detoxifica-
tion involve an elaborate enzymatic machinery for attaching sugars
onto noncarbohydrate small-molecule structures (Bowles., Lim,
Poppenberger, & Vaistij, 2006). This glycosylation machinery
comprises a large set of sugar nucleotide glycosyltransferases
(GTs). The enzymes also referred to collectively as Leloir GTs,
transfer glycosyl residues from sugar nucleotide donors to specific
positions on acceptor substrates (Liang et al., 2015). Compared with
other enzymes (e.g., glycoside hydrolases; glycoside phosphorylases)
that are also able to glycosylate small molecules, the GTs often
present a unique combination of high chemo/regioselectivity and
relatively flexible substrate specificity (R. Chen, 2018; Desmet et al.,
2012; Thuan & Sohng, 2013). The plant GTs are, therefore, promising
catalysts for glycoside production (for reviews, see: Lim, 2005;
Nidetzky, Gutmann, & Zhong, 2018). Glycosylated derivatives of
small molecules (e.g., flavonoids, terpenoids, peptides) with important
applications in the food, fragrance, cosmetic, and chemical industries
are synthesized efficiently using GTs (De Bruyn, Maertens, Beauprez,
Soetaert, & De Mey, 2015; Desmet et al., 2012; Hofer, 2016; Hsu
et al., 2018; Kim, Yang, Kim, Cha, & Ahn, 2015; Nidetzky et al., 2018;
Olsson et al., 2016; Schmélzer, Lemmerer, & Nidetzky, 2018; Schwab,
Fischer, & Wiist, 2015; Schwab, Fischer, Giri, & Wiist, 2015; Xiao,
Muzashvili, & Georgiev, 2014).

Limitation on the applicability of plant GTs arises from the fact
that these enzymes are difficult to express in standard microbial
hosts (Desmet et al, 2012; Lim, 2005; Nidetzky et al, 2018).
Escherichia coli is most often used. In general, expression is low
(<10mg/L; e.g., Arend, Warzecha, Hefner, & Stockigt, 2001;
Schmolzer, Gutmann, Diricks, Desmet, & Nidetzky, 2016) and poor
(<1mg/L) in various instances (e.g., Cai et al., 2017; Welner et al.,
2017). With notable exceptions (Arend et al., 2001; Dewitte et al.,
2016; Priebe, Daschner, Schwab, & Weuster-Botz, 2018; Schmideder
et al, 2016), the enzyme production has received relatively little
attention for systematic process development. The main bottlenecks
on the production efficiency thus remain largely unknown. Besides
specific requirements an individual GT may have, it seems probable
that there are also important factors of a more general, if not
universal relevance. Discovery of such factors and process optimiza-
tion along the lines thus suggested would present important
advances in the biocatalytic application of GTs.

In a recent study of a bacterial Leloir GT (sucrose synthase from
Acidithiobacillus caldus; Diricks, De Bruyn, Van Daele, Walmagh, &

Desmet, 2015) we showed that the constitutive expression in E. coli
BL21 shifted the production of recombinant protein mainly to the
stationary growth phase (Schmélzer, Lemmerer, Gutmann, & Nidetz-
ky, 2017). Once the glucose carbon source had been depleted, the
active enzyme was accumulated gradually to a substantial titer of
~350 mg/L of culture. This result gave rise to the working hypothesis
of this study, namely, the expression in growth-arrested E. coli might
constitute a general strategy for efficiency-enhanced production of
(plant) GTs.

Here, we used a synthetic biology-based approach to decouple E.
coli BL21(DE3) cell growth from the target gene overexpression
(Mairhofer, Striedner, Grabherr, & Wilde, 2016). The underlying
concept is built upon the Gp2 protein from the bacteriophage T7.
Gp2 inhibits the E. coli endogenous RNA polymerase (Mekler,
Minakhin, Sheppard, Wigneshweraraj, & Severinov, 2011) whereas it
leaves T7 RNA polymerase unaffected (Mairhofer, Striedner et al.,
2016). L-Arabinose-inducible expression of the Gp2 gene, thus, allows
for the host RNA polymerase to be shut off and, hence, the cell growth
to be arrested in a controllable fashion. Under the conditions managed
by Gp2, the E. coli protein synthesis machinery is taken over for
recombinant production of the target protein(s). The practical design
embodied in enGenes technology involves genome integration of the
Gp2 coding gene under control of the araB promoter inducible by
L-arabinose. Within this strain background, a pET plasmid vector is
used that contains the gene(s) of interest inducible by isopropyl-8-p-
galactoside. This design provides flexibility and temporal control for
the cell proliferation to be switched off and protein production to be
induced (Mairhofer, Striedner et al., 2016; Mairhofer, Stargardt et al.,
2016). It presents a new approach toward quiescent E. coli cells applied
to recombinant protein production (for alternative approaches, see: C.
Chen, Walia, Mukherjee, Mahalik, & Summers, 2015; Ghosh, Gupta, &
Mukherjee, 2012; Mahalik, Sharma, & Mukherjee, 2014).

Here, we demonstrate the application of the outlined approach to
individual and combined production of two representative GTs, the
sucrose synthase from soybean (Glycine max; GmSuSy; Bungaruang,
Gutmann, & Nidetzky, 2013) and the flavonoid GT UGT71A15 from
apple (Malus domestica; Lepak, Gutmann, Kulmer, & Nidetzky, 2015).
The GT reactions are shown in Scheme 1. Enzyme coexpression
reflects the idea of a glycosylation cascade in which the sugar
nucleotide donor substrate is formed in situ and continuously
regenerated (Scheme 1; Nidetzky et al., 2018). We showed that the
enzyme production in growth-arrested E. coli gives significant
improvements in the amount and quality of the recombinant GT as
compared with the exactly comparable production in the growing
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SCHEME 1 The reaction of the glycosyltransferase UGT71A15 as used in this study and reaction of sucrose synthase (SuSy).
Coupling of the SuSy reaction to the glycosyltransferase reaction allows for a glycoside synthesis with in situ regeneration of the uridine
diphosphate-glucose as donor substrate (for review, see Nidetzky et al., 2018; Schmélzer et al., 2016; for coupled use of UGT71A15 and

SuSy, see Lepak et al., 2015)

E. coli reference. We also showed transferability of the production
strategy to a high-cell-density fed-batch culture of E. coli at 20L
operating scale and obtained up to 830 mg GT protein/L of culture in
that way.

2 | MATERIALS AND METHODS

2.1 | Microbial strains

The E. coli strain referred to as enGenes-X-press is a BL21(DE3)
derivate with the genotype E. coli B F-ompT gal dcm lon hsdSg(rg mg”)
A(DE3 [lacl lacUV5-T7p07 ind1 sam7 nin5]) [malB*k.12(AS) attTn7:
<araC-p.,.g-gp2> AaraABCD=:CAT®  (Mairhofer, Striedner et al,,
2016). The enGenes-X-press has the Gp2 coding sequence inte-
grated into the genome at the Tn7 attachment (attTn7) site. The Gp2
gene expression is controlled by the L-arabinose inducible araB
promoter and involves transcription by T7 RNA polymerase. The
inserted sequence additionally involves a regulator (araC) and a
chloramphenicol resistance gene. Furthermore, the strain features
knockout of the complete L-arabinose degrading operon araABCD.
The strain enGenes-X-press is proprietary material of enGenes
Biotech GmbH. Its construction was reported elsewhere (Mairho-
fer, Striedner et al., 2016). The reference E. coli strain BL21(DE3)
was from the Coli Genetic Stock Center (CGSC#: 12504). To
compare the performance of the two E. coli strains, both were
transformed with the relevant expression plasmids, as described
below. It was shown (Mairhofer, Striedner et al., 2016) that in the
absence of induction by L-arabinose, enGenes-X-press exhibits a
growth behavior not different from that of E. coli BL21(DE3) and
that the presence of L-arabinose does not affect the growth of the
host strains as such.

2.2 | Enzyme expression

The previously described pET-STRP3 expression vector was used

(Lepak et al., 2015). Enzymes are thus produced as fusion proteins

harboring N-terminal Strep-Tag Il. For single enzyme expression, the
coding genes were inserted via Ndel and Xhol restriction sites. The
GmSuSy gene (GenBank: AF030231) was codon optimized for
expression in E. coli (Bungaruang et al., 2013). The UGT71A15 gene
(GenBank: DQ103712) was used.

For enzyme coexpression, the vector referred to as pETduo was
derived from pET-STRP3 by inserting the UGT71A15 gene into the
plasmid harboring the GmSusy gene. Suitable oligonucleotide primers
(pDUO _Ins_fwd, pDUQO_Ins_rev; Supporting Information) were used
to amplify the introduced expression cassette by specific binding
upstream of the promoter region and downstream of the terminator
sequence. The receiving vector was linearized by amplification using
pETduo_BB_fwd and pETduo BB_rev (Supporting Information) as
forward and reverse primer, respectively. The F1 ORI was eliminated
in this step (Figures S1 and S2). The resulting DNA fragments were
purified on agarose gel and fused by homologous recombination. The
sequences of both GT coding genes were verified in the final
expression vector.

Expression strains were obtained by transforming the respective
expression vector into electrocompetent cells of the E. coli BL21(DE3)
reference strain and the strain enGenes-X-press.

2.3 | Batch bioreactor cultivations

With exceptions noted, the strains E. coli BL21(DE3) and enGenes-X-
press were cultivated under exactly comparable conditions. Each
strain harbored the pET expression vector for production of GmSuSy,
UGT71A15, or both, Precultures (250 ml in 1,000 ml baffled-shaken
flasks) were inoculated from the glycerol stocks (100 pl) and incubated
overnight at 37°C and 130 rpm (Certomat™ BS-1; Sartorius, Gottingen,
Germany). LB medium supplemented with sterile filtered antibiotics
(E. coli BL21(DE3): 50 pg/ml kanamycin; enGenes-X-press: 50 pg/ml
kanamycin; 34 pg/ml chloramphenicol) was used.

Bioreactor cultivations were performed, parallelly, in two Labfors
111 3.6 L bioreactors from Infors HT Multitron (Bottmingen, Switzer-

land). A semisynthetic medium (Table S1) prepared from separately
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autoclaved components was used. To this, 0.4 ml/L of a sterile filtered
trace element solution was added (Table 52). Note: Glycerol was used
as the carbon source. Glucose was not used in the batch cultivations
because of the well-known effect of carbon catabolite repression by
glucose on the induction of gene expression under control of the araB
promoter and induced by L-arabinose (Briickner & Titgemeyer, 2002;
Cagnon, Valverde, & Masson, 1991; Lee & Jung, 2007). A value of
40% air saturation was maintained using agitation and airflow
cascade. Polypropylene glycol (PPG; 10%) was used for foam control.
The pH was maintained at 7.0 using automated addition of 2 M KOH
and 1M HzPQ,. Bioreactors were inoculated to an optical density
(OD)ggonm of 0.5 at a temperature of 37°C. The temperature was
lowered as per Table 1 before induction and initiated at an ODgoonm
of 5. The E. coli BL21(DE3) strain was induced with filter-sterilized
isopropyl p-p-1-thiogalactopyranoside (IPTG) solution to a final
concentration of 0.1 mM. The enGenes-X-press strain was induced
with IPTG (0.1 mM) and r-arabinose (100 mM). Samples (10 ml) were
taken at certain times and analyzed for cell dry mass and glycerol.
Cell dry mass was determined from 10 ml samples, The cells were
centrifuged, washed with 20ml distilled water, resuspended, and
transferred to a dried and weighed beaker, which was then dried at
105°C for 24 hr and reweighed. Cells were disrupted by ultra-
sonification (Supporting Information) to obtain the cell extract for

measurement and purification.

24 |
scale

Fed-batch bioreactor cultivations at a larger

The strains E. coli BL21(DE3) and enGenes-X-press harboring the pET
expression vector for production of GmSuSy were used. Fed-batch
cultivations were performed in a Bioengineering AG bioreactor (Type
NLF22; Wald, Switzerland) with 20L total working volume (10L
batch volume). The bioreactor was equipped with standard compu-
ter-controlled units (Siemens Simatic S7; WiIinCC; Siemens AG,
Munich, Germany). Semisynthetic medium was used (see the
Supporting Information). Its composition was adjusted for a total
production of 1,580g dry cell mass. Note: As the cultivation was

done under carbon source-limited growth conditions, glucose could
be used. This was not feasible in the batch cultivations.

Precultures (250 ml in 2,000 ml baffled-shaken flasks) were inocu-
lated from cell bank vials (500 pl) and incubated at 37°C and 180 rpm
(Infors HT Multitron) until an ODggonm of 30-3.5 was reached. An
amount of 1,000 ODsoonm UNits was transferred into 400 ml of 0.9% (by
weight) NaCl solution and added to the bioreactor. Air saturation was
kept at 30% through stirrer speed and aeration rate control. The O, and
CO; contents in the outlet air were measured with a BlueSens (Herten,
Germany) BluelnOne Gas Analyzer. The pH was controlled at 7.0 (+0.05)
using 25% (by weight) NH4OH solution. During the batch phase, the
temperature was 37°C+0.5°C. PPG-2000 was added as antifoam
(1.5ml/L batch culture). Before starting the feeding, when the culture
had reached stationary phase (after ~10hr; ~8g dry cell mass/L), the
temperature was lowered to 30°C. Initially, an exponential substrate
feed was used to provide a constant specific growth rate of 0.17 hr™t
over 11hr. Then, a linear substrate feed (9.54 g glucose/min) over 4 hr
and another linear substrate feed (4.35 g glucose/min) over 15 hr were
applied (see the Supporting Information). Substrate feed involved
superimposed feedback control of weight loss in the substrate tank.
Protein expression was induced after 15 hr of substrate feed. It included
the addition of 31.6 mmol IPTG (=20 pmol/g cell dry mass) and 0.1 M
L-arabinose based on the final volume of ~20 L. The induction solution
contained 79 mM of (NH,)250.,, based on the end volume. PPG-2000
(500 ml in total) was used for foam control. Samples were taken at
certain times and the cell growth was recorded as an increase in
ODgopnm The cells were harvested after 40 hr by centrifugation (30 min
at 4°C and 4,420 g; Sorvall RC-5B; ThermaFisher Scientific, Waltham,
MA) and stored at -20°C. They were disrupted by high-pressure
homogenization (Supporting Information) to obtain cell extract for

measurement and purification.

2.5 | Protein purification and characterization
2.5.1 | Strep-Tag purification

Prepacked 1 or 5ml Strep-Tactin Sepharose columns (IBA Life
Sciences, Gottingen, Germany) was used on an AKTA Explorer 100

TABLE 1 Glycosyltransferase activities from batch bioreactor cultivations of enGenes-X-press and the Escherichia coli BL21(DE3) reference

Inductiontemperature Reference
Glycosyltransferase Construct (°C) (UA)?
GmSuSy single 30 285
UGT71A15 single 30 03
GmSuSy single 25 8.7
UGT71A15 single 25 3.9
GmSuSy” double 25 35
UGT71A15" double 25 18

enGenes-X-  Reference enGenes-X-  Fold
press (U/L)*  (U/g)® press (U/g)*  increase®
700 25 115 4.6 (2.4)
14 0.0 0.2 8.9 (4.7)
16.7 1.1 42 3.9 (1.9)
10.6 0.5 23 4.4 (2.7)
3.7 0.5 0.7 1.6 (1.1)
3.3 0.2 0.6 2.6(1.8)

Note. GmSuSy: sucrose synthase from soybean (Glycine max); UGT71A15: UDP-glycosyltransferase 71A15.
“Recorded at the end of the bioreactor cultivation; results are from biological duplicates or triplicates and agree within less than 10% relative SD.

bActivities were measured individually.
“Refers to U/g data and (in brackets) U/L data.
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system (GE Healthcare, Pasching, Austria) and operated at a flow
rate of 1 and 5 ml/min, respectively. Tris/HCI buffer (100 mM, pH 8.0,
150mM NaCl, 1mM EDTA) was used. Alternatively, a column (0.5
cm inner diameter; 10 cm length) of Streptactin Sepharose High
Performance (GE Healthcare) was used. The flow rate was 1 ml/min.
Cell extract filtered through 1.2-um cellulose-acetate syringe filter
was loaded onto the column. After loading, the column was flushed
with buffer until the UV signal (280 nm) signal reached the baseline
level. Elution was done with two column volumes of desthiobiotin
(2.5 mM). The columns were regenerated with hydroxy-azo phenyl-

benzoic acid (1 mM) and equilibrated again with buffer.

252 | Size-exclusion chromatography

This was performed using a Superdex 200 increase 10/300 GL
column (GE Healthcare) operated on AKTA Explorer 100 system.
All runs were performed in 10 mM phosphate buffer (pH 7.4)
containing 300 mM NaCl. The flow rate was 0.5 ml/min and UV
detection (280 nm) was used. Strep-Tactin eluate (200 pl) was
applied to the column. For analytical SEC, a G3000SWXL column
(300 x 7.8 mm, inner diameter 5 um; Tosoh Bioscience, Tokyo,
Japan) was used.

2.6 | Enzymatic activity measurements

Assays were performed at 30°C in 1.5ml tubes on an Eppendorf
(Vienna, Austria) Thermomixer comfort at 300 rpm. The enzyme was
added as E. coli cell extract or in purified form to start the reaction.
Product release was measured in samples (20pl) taken at four
different times. Samples were diluted into acetonitrile (180 pl) to
stop the reaction. Precipitated protein was removed by centrifuga-
tion for 20 min at room temperature and 13,200 rpm. About 5-10pl
of supernatant was used for further analysis. Enzymatic rates were
determined from the linear time courses of product formation. One
Unit (U) of enzyme activity is the amount of enzyme producing

1 pmol product/min under the assay conditions.

2.6.1 | Sucrose synthase from soybean (Glycine max)

Sucrose (500 mM) and uridine 5'-diphosphate (10 mM) were used as
substrates in  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (100 mM; pH 7.5) containing 13mM MgCl, and
0.13% bovine serum albumin (BSA; Bungaruang et al, 2013). The
released uridine diphosphate (UDP)-glucose was measured by high-
performance liquid chromatography (HPLC).

2.6.2 | UDP-glycosyltransferase 71A15

Ferulic acid (1mM) and UDP-glucose (2mM) were used as
substrates in the HEPES buffer (50mM; pH 7.5) containing
50 mM KCI, 13 mM MgCl,, 0.13% BSA, and 2% dimethyl sulfoxide.
The released ferulic acid-4-O-B-o-glucoside (Scheme 1) was
measured by HPLC.

R 1L v

2.7 | Analytical HPLC methods

2.7.1 | Glycerol

This was analyzed on a Merck-Hitachi LaChrome HPLC System
equipped with an Aminex HPX-87H column (BioRad, Richmond, CA),
a Merck-Hitachi LaChrome L-7250 autosampler, and a Merck
L-7490 RI detector. The system was operated at 65°C, using a flow
rate of 0.6 ml/min with 5 mM sulfuric acid as the eluent.

2.7.2 | Reaction of GmSuSy

UDP-glucose and UDP were analyzed by reversed phase HPLC
using a Kinetex™ C18 column (5 um, 100 A, 50 x 4.6 mm; Phenom-
enex, Torrance, CA) in reversed phase ion-pairing mode. The
analysis was performed at 35°C with a mobile phase of 87.5%
20mM potassium phosphate buffer (pH 5.9) containing 40mM
tetra-n-butylammonium bromide and 12.5% acetonitrile. An iso-
cratic flow rate of 2ml/min was used and the detection was at
262 nm.

2.7.3 | Reaction of UGT71A15

Ferulic acid and ferulic acid-4-O-f-glucoside were analyzed by
reversed phase HPLC using the above described Kinetex® C18
column in the reversed phase mode. The analysis was performed at
35°C using a gradient separation (mobile phase A: H;O +0.1% formic
acid and mobile phase B: acetonitrile + 0.1% formic acid) at a flow
rate of 1 ml/min. Gradient conditions were as follows: 0.00 min 10%
B; 0.50 min 10% B; 4.00 min 70% B; 4.30 min 70% B; 4.31 min 10% B;
7.00 min 10% B. Detection was at 320 nm. Authentic standards were

used for calibration.

3 | RESULTS AND DISCUSSION

The enzymes used are representative of plant GTs applied to
biocatalytic glycosylation of small molecules (Nidetzky et al., 2018).
UGT71A15 shows broad acceptor substrate specificity and has
previously been used for the glycosylation of flavonoids (Lepak et al.,
2015). It is a member of the GT family GT-1, a large enzyme family
comprising numerous plant GTs involved in small-molecule glycosyla-
tion (Liang et al, 2015). UGT71A15 is a 50.2kDa protein that
functions as a monomer. GmSuSy belongs to the GT family GT-4. It is
a functional homotetramer composed of 22.2 kDa subunits. GmSuSy
has previously been used for UDP-glucose recycling in glycosylation
reactions by coupled GTs, including UGT71A15 (Scheme 1; Lepak
et al., 2015; Schmélzer et al., 2016; Schmélzer et al., 2018).

3.1 | Single gene expression for production of
GmSuSy

We performed controlled batch bioreactor cultivations at 25 and

30°C to compare enzyme production in enGenes-X-press under
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BL21(DE3). The different temperatures were chosen to examine
their effect on the enzyme production and cell growth. The results
are shown in Figure 1 (panels A and B; 30°C) and in Figure S3
(25°C). At 30°C, enGenes-X-press and E. coli BL21(DE3) showed
similar growth until the time of induction (8 hr). Whereas E. coli
BL21(DE3) continued exponential growth afterward (Figure 1b), the
growth of enGenes-X-press was reduced to a very small amount,
hence, effectively switched off at this point (Figure 1a). Its growth
arrest notwithstanding, the strain enGenes-X-press continued
consumption of the glycerol carbon source similarly as the growing
E. coli BL21(DE3) did (Figure 1ab). The GmSusy production,
measured as unit enzyme activity/g dry cell mass was far superior
in enGenes-X-press as compared with E. coli BL21({DE3). Both
strains started from a similar specific activity of 20 U/g at the time
of induction. Whereas in E. coli BL21(DE3) the specific activity was
constant in the induction phase, it increased almost linearly with
time in enGenes-X-press and reached 115 U/g after 24 hr. This
represents an approximately fivefold enhancement of specific
activity compared with the reference. Cultivations at 25°C (Figure
S3a,b) gave only poor enzyme production, with an activity of just ~4
U/g in enGenes-X-press and ~1 U/g in E. coli BL21(DE3). The strain
growth was still switched off reliably in enGenes-X-press through
induction but glycerol consumption was slow compared with E. coli
BL21(DE3) in the postinduction phase. However, 25°C was not an
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option for GmSusy production, we showed later that it was one for
production of UGT71A15.

In Table 1 we summarize the production parameters of the
different bioreactor cultivations performed. In terms of enzyme
activity/culture volume, the production in enGenes-X-press was
effective in improving (~2.5-fold) the reference production. However,
decreased biomass formation by enGenes-X-press as compared with
E. coli BL21(DE3) mitigated the effect of growth-arrested production
on the cell mass-based specific enzyme activity. We showed later that
enzyme production in high-cell density fed-batch culture could
overcome this problem. Using the specific activity of the purified
GmSuSy of 45 U/mg protein, comparable to the earlier studies
(Bungaruang et al., 2013), we calculated that production in enGenes-X-
press at 30°C gave an overall enzyme yield of 156 mg/L culture. The
corresponding production in E. coli BL21(DE3) gave 63 mg/L. These
values are used together with measurements of total protein content/g
cell mass and activity/g cell mass to estimate that the recombinant
GmSuSy accounted for roughly ~5% and ~1% of the total intracellular
protein in enGenes-X-press and E. coli BL21(DE3), respectively.

3.2 | Single gene expression for the production of
UGT71A15

UGT71A15 was previously noted to be difficult to produce. In a
shake-flask culture of E. coli BL21(DE3) about 1-5 mg protein/L was
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FIGURE 1 Time courses of growth, glycerol consumption, and enzyme formation in batch bioreactor cultivations of enGenes-X-press (a,c)
and Escherichia coli BL21(DE3) (b,d) producing GmSuSy (a,b) and the glycosyltransferase UGT71A15 (c,d). The induction temperature was 30°C
for GmSuSy production (a,b) and 25°C for UGT71A15 production (c,d). The symbols show cell dry mass concentration, open triangles; glycerol
concentration, full triangles; volumetric enzyme activity, full circles. GmSuSy: sucrose synthase from soybean (Glycine max); UGT71A15:

UDP-glycosyltransferase 71A15
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obtained (Lepak et al, 2015). The same series of bioreactor
cultivations described above for GmSuSy were carried out with
UGT71A15. The results are shown in Figure 1 (panels C and D; 25°C)
and Figure 54 (30°C). Overall trends in biomass growth and glycerol
consumption were similar as noted before. Production at 25°C was
strongly preferred overproduction at 30°C, probably because
UGT71A15 was not stable at the higher temperature. As observed
for GmSuSy, the UGT71A15 was produced poorly in the growing
E. coli BL21(DE3) (Figure 1d). There was only a small increase in
specific enzyme activity in the phase after the induction. By contrast,
UGT71A15 was formed efficiently in enGenes-X-press after the
induction (Figure 1c). We noted that the arrest of growth of
enGenes-X-press was less clear-cut at 25°C (Figure 1c) than it was
at 30°C (Figure 1a). A marked slow-down of growth was, however,
observed after the induction (Figure 1c). Nonetheless, the effect of
growth reduction on enzyme production was pronounced, as evident
from comparing panels C and D in Figure 1. Approximately, a fourfold
increase in the specific activity was thus achieved. The activity of
2.3 U/g cell mass obtained for UGT71A15 was 50-fold lower than
that obtained for GmSuSy, reflecting roughly the differences in
specific activity of the two enzymes as purified proteins. The
parameters of the enzyme production are listed in Table 1. The
volumetric enzyme titer was 11 U/L culture when using enGenes-X-
press, a 2.5-fold improvement was observed when compared with the
reference strain. The specific activity of purified UGT71A15 is
0.5 U/mg. Translated into functionally expressed recombinant
protein the production yield was 21mg/L of enGenes-X-press
culture, which can be compared with 8 mg/L of E. coli BL21(DE3)
culture. In terms of abundance relative to total intracellular protein,
values of ~1.0 and ~0.2% are calculated for enGenes-X-press and
E. coli BL21(DE3), respectively.

3.3 | Gene coexpression for production of
UGT71A15 and GmSuSy

Considering the temperature requirements of UGT71A15 revealed in
the single gene expression studies, coexpression of the GmSuSy and
UGT71A15 genes was performed at 25°C. Time courses from
bioreactor cultivations of enGenes-X-press and E. coli BL21(DE3)
are shown in Figure S5. The profiles of growth and glycerol
consumption of both strains producing the two GTs (Figure S5)
were highly similar as compared to their production of only
UGT71A15 (Figure 1cd). Upon induction, enGenes-X-press showed
slow accumulation of both enzyme activities. The final specific
activity (Table 1) was substantially lower (UGT71A15: fivefold;
GmSuSy: eightfold) than the single gene expression cultures.
Interestingly, the production of GmSuSy next to UGT71A15 was
hardly detectable in E. coli BL21(DE3). Gene coexpression interfered
with functional production of the individual enzymes and it did so in
both enGenes-X-press and E. coli BL21(DE3). The volumetric titer of
GmSuSy was decreased from 3.7 to 0.8 mg/L for enGenes-X-press
and from 1.9 to 0.8 mg/L in the reference. For UGT71A15, titers
dropped from 21.2 to 6.6 mg/L in enGenes-X-press and from 7.8 to

R 1L v

3.7 mg/L in the reference. Therefore, at this stage, enzyme produc-
tion through single gene expression would be preferable. Irrespective
of the possible incompatibility of GmSuSy and UGT71A15 for
combined production in a single host, production under growth
arrest in enGenes-X-press proved superior to production in growing
E. coli BL21(DE3) under all conditions used (Table 1).

3.4 | Downstream processing and characterization
of GmSuSy

Protein quality is key in recombinant protein production. Although
activity is the quintessential parameter of functional expression of
the enzyme, it alone is not sufficient to inform about the overall
quality of the recombinant GTs production. We, therefore, isolated
with Strep-Tactin affinity purification the GmSuSy produced in
enGenes-X-press and E. coli BL21(DE3). The cell mass (~1g dry
matter each) from bioreactor cultures that run for 24 hr at 30°C
(Figure 1a,b) was used. Target protein was recovered in a single sharp
protein peak (Figure Sé). The protein vield after purification was
26.7 mg/g for enGenes-X-press and 5.6 mg/g for E. coli BL21(DE3).
The specific activity of isolated GmSuSy (enGenes-X-press: 5.1 U/mg;
E. coli BL21(DE3): 4.8 U/mg) was in line with the previous report for
GmSuSy produced in a shaken-flask culture of E. coli BL21(DE3;
Bungaruang et al., 2013). Analysis with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE; Figure S6) showed a
low abundance of GmSuSy in the soluble fraction from cell
disruption. On the basis of the semiquantitative densitometry,
~10% of GmSuSy was present in the soluble fraction in enGenes-X-

press whereas it was only ~2% in the reference.

3.5 | Fed-batch cultivation for the production of
GmSuSy at a larger scale

It was mentioned that if volumetric enzyme titer is the parameter
used for evaluation, approximately, twofold lower biomass yield in
enGenes-X-press cultivations as compared with E. coli BL21(DE3)
cultivations reduces the benefit of enzyme production under
conditions of arrested growth (cf. Table 1). We addressed this
problem for the case of GmSuSy concomitantly with assessing the
translatability of the enzyme production in enGenes-X-press to a
high-cell-density fed-batch cultivation at one magnitude order larger
scale (20L). The important question was, whether under these
conditions the advantage of approximately fivefold higher enzyme
activity/g cell mass would be retained without compromising the
total biomass formation. We recall that glucose was the carbon
source used in the fed-batch cultivation. Glycerol was used in the
batch cultivation to avoid the effect of carbon catabolite repression
by glucose (Briickner & Titgemeyer, 2002; Cagnon et al., 1991; Lee &
Jung, 2007).

The fed-batch protocol (Figure S7) gave a final biomass
concentration of 56.0 g dry mass/L for enGenes-X-press and 67.5g
dry mass/L for E. coli BL21(DE3), a difference of just ~20% (Table 2).

On the basis of the protein purified from cell material (~1g dry
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TABLE 2 Scaled-up production of GmSuSy in fed-batch bioreactor cultivation and recovery of the enzyme

Biomass yield
(g dry cells/L)*

enGenes-X-press 56

Protein content(mg
GmSuSy/g dry cells)

14.8
BL21(DE3) reference 68 50

E. colistrain

Protein recovery SEC active fraction/total

(mAU x ml)® active enzyme(%)° / -fold®
673° (80) 61/12.5
226° (15)° 26/1

Note. GmSuSy: sucrose synthase from soybean (Glycine max); SEC: size-exclusion chromatography
“From the end of the bioreactor cultivation. The corresponding volumetric yields of GmSuSy are 0.83 g/L using enGenes-X-press and 0.34 g/L using the

BL21(DE3) reference

PRelevant peak area (absorbance detection at 280 nm) in chromatography times the volume collected.
“Percentage of enzymatically active protein in the eluate from the analytical SEC.
9Enhanced production of the total active enzyme in enGenes-X-press as compared with the reference; that is: 80x0.61/(15x0.26), from the table.

“Strep-Tactin eluate, and
feluate from the preparative SEC.

matter) thus received, we obtained 14.8 mg/g for enGenes-X-press
and 5.0 mg/g for E. coli BL21(DE3), also qualitatively in line with SDS-
PAGE (Figure 58). These numbers allow one to calculate a volumetric
titer of GmSuSy, which was 830mg/L for the enGenes-X-press
culture and 337mg/L for the E. coli BL21(DE3) culture. The
1.5% of the total
intracellular protein in enGenes-X-press and only 0.5% in the
reference. The specific activity of the GmSuSy isolated from fed-
batch production was in the range 0.5-2.1 U/mg, between three and

recombinant GmSuSy thus accounted for

10-fold lower than the specific activities of enzyme isolated from the
batch bioreactor cultures.

We, therefore, subjected the enzyme obtained from Strep-
Tactin purification to an additional step of size-exclusion chroma-
tography (SEC) on a Sephadex 200 column, as shown in Figure 2.
Samples from both productions showed a protein peak corre-
sponding in molecular size (350-400kDa) to the functional
GmSuSy tetramer. However, there was also the material of a
larger size that represented protein agglomerates of an undefined
degree. The two samples analyzed differed considerably regarding
the relative content of such agglomerates. Whereas in the sample
from the E. coli BL21(DE3) culture, the agglomerated protein
exceeded in abundance by far the protein in its native size. The
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sample from the enGenes-X-press culture contained the GmSuSy
tetramer as its main constituent.

As the protein peaks in the SEC of the E. coli BL21(DE3) sample
were baseline separated, they were collected as fraction | and Il and
were further analyzed by analytical SEC, as shown in Figure 59. The
fraction | did not elute from the column, probably because the
agglomerates had already reached size limit for the SEC matrix. The
analytical SEC of fraction Il showed the expected tetrameric
GmSuSy. We also determined the specific activity of the protein in
each fraction and found none in fraction | and 4.7 U/mg in fraction Il.
By integrating the absorbance traces from the preparative SEC
(Figure 2) we calculated, after normalization, the portion of native
tetramer in the enGenes-X-press sample and found it to be 65%
whereas that in the E. coli BL21(DE3) it was only 25% (Table 2).

Considering both the specific protein production/g cell mass and
the quality of the protein thus made, we found that GmSuSy
production in growth-arrested enGenes-X-press outperforms the
reference production in growing E. coli BL21(DE3) by more than one
magnitude order (12.5-fold; Table 2). In terms of improvement from
batch to fed-batch culture, GmSuSy activity was increased from 285
to 390 U/L for E. coli BL21(DE3). In enGenes-X-press, however, the
increase was far more significant (3.3-fold), 700 to 2,300 U/L, in
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FIGURE 2 Protein quality analysis in GmSuSy produced in enGenes-X-press and Escherichia coli BL1({DE3) by high-cell density fed-batch
cultivation. Absorbance traces of protein elution from Strep-Tactin affinity chromatography (a) and subsequent preparative SEC (b). The SEC
trace reveals heterogeneity in both enzyme preparations, however, much less so in the preparation from production in enGenes-X-press. The
peak at around 11 ml elution volume corresponds to the size expected for the native GmSuSy tetramer. GmSuSy: sucrose synthase from
soybean (Glycine max); SEC: size-exclusion chromatography; UGT71A15: UDP-glycosyltransferase 71A15
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consequence of the enhanced biomass formation in the fed-batch as
compared with the batch culture.

4 | CONCLUSION

To advance biocatalysis for small-molecule glycosylation with plant
GTs, better process technologies for the recombinant production of
these enzymes are required (e.g., Priebe et al., 2018; Schmideder
et al, 2016). The problem is difficult due to the involvement of
multiple process variables, and the complex interrelationship these
variables have with each other. A modularized approach intercon-
necting molecular engineering strategies at the levels of the gene, the
protein, and the host organism is promising to make the development
more predictable and faster. Focusing on E. coli as the production
host, we showed here that gene expression under arrested cell
growth was highly effective for GT synthesis as it enhanced yield and
improved quality. Compared with the growing E. coli reference, the
overall boost of production of the functional, high-quality enzyme in
enGenes-X-press exceeded one order of magnitude. The total
amount of functional enzyme (GmSuSy) produced in high-cell density
fed-batch culture at 20 L scale was 830 mg/L, surpassing common
titers of plant GTs in E. coli productions by 100-fold or more. The
outstanding titer of 5.5g/L for the glucosyltransferase from Vitis
vinifera expressed in E. coli BL21(DE3) is clearly noted at this point
(Priebe et al., 2018). With its effectiveness and scalability demon-
strated in principle, the approach of enzyme production decoupled
from cell growth might find further uses with different GTs and
potentially other difficult-to-express proteins (see also: C. Chen et al.,
2015; Gosh et al.,, 2012; Mahalik et al., 2014). For such proteins, HIV-
1 protease can serve as a representative example (Mairhofer, Stried-
ner et al., 2016). Practical realization of the approach in the strain
enGenes-X-press thus represents a validated platform technology
that offers flexible interconnection with gene and protein design
strategies for enhanced recombinant protein production.
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Supporting methods

Construction of the co-expression plasmid vector

The vector pETduo was derived from pET-STRP3 by inserting the UGT71A15 gene into the
plasmid harboring the GmSusy gene. Two oligonucleotide primers (pDUO Ins fwd,

pDUO _Ins_rev) were used.

pDUO Ins fwd: gatctcgatccegegaaattaatacg

pDUO Ins rev: cagggcgegteccatteg

The receiving vector was linearized by amplification using two oligonucleotide primers,
pETduo BB fwd and pETduo BB rev. Their use eliminated the F1 ORI in the vector.
pETduo_BB_fwd: ggacgegecctgtggceacttttcggggaaatgt and

pETduo BB rev: gggatcgagatcttcetectttcagcaaaaaacceet

Fed-batch media and feed composition

Semi-synthetic medium. Media were prepared to enable production of 1580 g dry cells. The
composition of the feed is given in relation to the unit mass (g) of cell dry mass: 94.1 mg
KH>POs, 31.8 mg H3POy4, 41.2 mg CeHsNazO7 x 2H>O (citric acid, trisodium salt), 45.3 mg
(NH4)2S04. Compounds were dissolved in an 8 L feed volume. The other substrate
components were added in relation to the grams of cell dry mass to be produced in the batch-
phase (80 g): 46.0 mg MgCl> x 6H>0, 20.2 mg CaCl; x 2H>0, 50 pL trace element solution
(Table S2) and 3.3 g glucose x H2O. Initially, the batch medium (10 L) also contained yeast
extract (0.135 g/g cell dry mass). Filter-sterilized kanamycin (50 pg/mL) and chloramphenicol
(34 pg/mL) were added.

The substrate feed was controlled by increasing pump speed according to an exponential

growth algorithm with superimposed feedback control of weight loss in the substrate tank. A
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specific growth rate (u) of 0.111 h! was held for 15 h. After the first 15 h of feeding, protein
expression was induced (see the main text).

Sampling, cell disruption, protein purity and concentration

Sampling. The cell growth was recorded as increase in ODgoonm. Samples (2 x 1 mL; 2 x 10
mL) were collected by centrifugation at 4°C for 30 min. Pellets were used for determination
of cell dry mass. The glycerol concentration in the supernatant was determined by ion
exchange HPLC and refractive index detection (see Methods in main text). Cells were
harvested after 16 h and 24 h respectively by 30 min centrifugation (Sorvall RC-5B) at 4°C,
4420 g, re-suspended in deionized water to a concentration of ~100 g dry cells /L and stored
at -20°C.

Cell disruption in batch cultivation and preparation of sample for Strep-Tactin purification.
Cell disruption was performed at 50% amplitude for 1 min (1 s pulse on and 2 s pulse off)
using a Sonic dismembrator (Ultrasonic Processor FB-505; Fisher Scientific, Vienna,
Austria) equipped with a 3.1 mm micro-tip. Supernatant (cell-free extract) was collected after
centrifugation at 21,130 g and 4°C for 30 min (Centrifuge 5424 R; Eppendorf, Vienna,
Austria) and used for activity assay. For Strep-Tactin purification the same procedure was
used and cell extract was additionally filtered through a 1.2 um filter prior to loading onto the
column.

Cell disruption in fed-batch cultivation. Cell disruption was performed by re-suspending cells
at a concentration of 50 gew/L in 20 mM Tris/HCL, 100 mM NaCl, pH 8.0 buffer and
processing the suspension on a Panda 2000 high pressure homogenizer (GEA Westfalia,
Oelde, Germany) for two passages at 700 bar. Cell debris was removed by centrifugation at
10,000 g at 4°C for 30 min in an Avanti JXN-26 centrifuge (Beckman Coulter, Vienna,

Austria).
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Protein concentration and purity. The BCA assay was used with bovine serum albumin
(BSA) as the standard. Protein purity was determined by SDS-PAGE. Protein bands were

stained with Coomassie Brilliant Blue and analyzed by densitometry.
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Supporting Tables

Table S1. Composition of the medium used in batch bioreactor cultivations

Component Concentration

(g/L)
KoHPO4 4.58
KH>PO4 3
tryptone 0.8
yeast extract 0.4
Najs-citrate-2H,O 2
MgS04-7TH20 0.8
CaCly-2H,0O 0.08
Trace element solution 0.4*
(NH4)2804 3.6
NH4C1 2.96
glycerol 98% 17.36
mL/L
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Table S2. Composition of the trace element solution

Component * Concentration
(L)
FeSO47H,O 40
MnSO4-H>O 10
AlICI3-6H20 10
CoCly 4
H3;BO; 0.5
CuCl>2H.0 1
ZnS04TH>0
NaxMo0O»:2H>O

* All components were dissolved in 5 M HCl.
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Supporting Figures
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Figure S6. Purification of GmSuSy from cell material produced in batch bioreactor
cultivations of enGenes-X-press and the E. coli BL21(DE3) reference. A: Absorbance traces
of protein elution from Strep-Tactin affinity chromatography. B: Analysis by SDS PAGE;
lanes 1 - 4 are fractions from purification of BL21(DE3) material, lanes 5 — 8 are from
purification of enGenes-X-press material. Lanes 1 and 5, loading fraction; lanes 2 and 6,

elution fraction; lanes 3 - 4 and 7 - 8 are flow through fractions.

§12

140



300

L 14000
250 1 o 12000 3,
200 - F 10000 _é
E 3
8 8000 2
S 150 2
g 6000 §
00 c
L 4000 =
3
2

50 2000

o 0
0 10 20 30 40 50
time (h)
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cultivation. Lanes 1 and 3 are the column loads; lanes 2 and 4 are eluting fractions. The arrow

indicates the expected position of the GmSuSy monomer.

S14

142



300
Fraction |
250
5 200 Fraction 1
E
= 150
8
g
£ 100
£
2
s 50
0 —
. - v v .
4 6 8 10 12 14 16
volume (mL)
1200 Tetrameric
1000 GmSuSy
~ 800 Buffer peak
=
T 600
o
E 400
] Fraction 1
% 200 — g _—
Fraction 11
. Fractionll  J\_ J\_
=200
0 10 20 30 40 50
time (min)

Figure S9. Fractionation of the GmSuSy eluate from Strep-Tactin purification using
preparative SEC on a SD-200 column (A) and analysis of the SEC fractions thus obtained on
an analytical size exclusion column (B). A: fractions I and fraction II represent agglomerated
oligomeric and native (tetrameric) species of GmSuSy, respectively. B: Analytical SEC

analysis of fractions I and II.

S15

143



Chapter 8:

Whole Mass Molecule Spectroscopy Measurement of Kinetic
Isotope Effect in C- and O-glycosyltransferases
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Abstract

Glycosylation of natural products is a key mechanism of functionalizing small molecules. For
many compounds this reaction is mediated by inverting UDP dependent glycosyltransferases
(UGT) which are able to confer a sugar moiety to form either a O, N, S or C bond. While the
formation of the first three is performed through a direct nucleophilic Sn2 mechanism the C-
glycosylation mechanism was under debate until the mechanism was also characterized as an
Sn2 through direct nucleophilic displacement on the C-1 position of the sugar moiety by a
carbanion of the aglycon. To study the reaction mechanisms of glycosyltransferases we measured
kinetic isotope effects on the reaction. Labelled UDP-glucose synthesized through a one-pot
cascade reaction from labelled glucose allowed measurement of a-secondary deuterium kinetic
isotope effect (KIE) on the glycosylation reaction. To implement an easy approach a NMR based
and mass spectroscopy based approach was compared. The obtained KIE in flavonoid GTs OsCGT
and PcOGT from rice and pear, respectively, was compared and showed no significant difference

confirming the identical reaction mechanism.

Introduction

Glycoconjugates and glycans are central compounds in biological systems as they play key roles
in signaling, recognition and bacterial cell wall synthesis. Many of these important compounds
are synthesized by glycosyltransferases (GT) which attach glycosyl moieties by catalyzing the
nucleophilic acceptor attack on the anomeric carbon of the sugar (see scheme. 1). GTs can he
distinguished depending on product formation as either inverting or retaining enzymes(. While
retaining GTs perform their reaction by an Sni-type reaction!?, inverting GTs utilize nucleoside
diphosphate sugars (e.g. UDP-glucose and UDP-galactose) and perform their reaction via a single
displacement mechanism with an oxocarbenium ion-like transition state and an asynchronous

Sn2 mechanism (32 0],
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Inverting GTs gained interest in biotechnological applications due to their high selectivity, which
implies an advantage over unspecific chemical synthesis of glycosylated compounds.
Furthermore they play a vital role in functionalization of small molecules > <l and proteins, only
achieving functionality upon specific glycosylation. The capability of inverting GTs to form O-, N-,
S- or C- bonds, enables them to form a wide variety of possible compounds which could be target
of drug formulation and derivatization. The formations of C-glycosides is outstanding in that

the C-C linkage is highly resilient against hydrolysis.

nothofagin

OH
O—UDP
UDP-glucose

Scheme 1. Glycosylation of phloretin by OsCGT. UDP-dependent inverting glycosyltransferases transfer a glycosyl moiety from an activated

nucleotide-sugar onto a receiving nucleophile.

In recent studies an O-glycosyltransferase from pear (Pyrus communis, PcOGT) and a C-
glycosyltransferase from rice (Oryza sativa, OsCGT) were reported to either form phlorizin (2-O-
glycoside) or nothofagin (3-C-glycoside) from phloretin ¥ The study demonstrated the possibility
to change the reaction outcome for OsCGT to form the O-glycoside instead of the C-glycoside by
introducing the single point mutation 1121D. From a mechanistic stand point this is of special
interest as it can help to understand if the reaction of both enzymes is performed via a direct
nucleophilic attack of the activated carbon at the anomeric C-atom of the sugar or by a

rearrangement reaction leading to the C-glycoside after initial O-glycosylation (see scheme 2).
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Scheme 2. Proposed mechanism of C-glycosylation. Activation of the aryl acceptor in phloretin is achieved by a conserved Histidine in both CGT

(blue) and OGT (orange). Earlier mechanisms proposed an O-/C- rearrangement after initial O-glycosylation as performed by OGT.

A technique developed by enzymologists to study transition states of enzymes is the
measurement of kinetic isotope effects (KIE) caused by incorporation of heavier isotopes.
Enrichments of isotopically labelled substrate or product provide information regarding the rate
determining-step by differences in the energy levels of each step!”). We therefore aimed to
measure the KIE of the rate-limiting step for both inverting GTs. Assuming the reaction is
achieved by a direct glycosylation, the expected transition state would be similar in both cases
and the resulting KIE on Vmax/Km identical. Measurement of kinetic isotope effects allow the
discrimination of early and late transition states. The kinetic isotope effect we expected to

observe for the two investigated inverting GTs is based on a Sn2 reaction in which the catalytic
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histidine activates the hydroxyl group in position 2 of phloretin. The charge after proton
subtraction is delocalized and the carbanion can act as additional nucleophile in competition with
the hydroxyl group. Through different positioning in the active site the glycosylation is favored
on position C-3 in case of the OsCGT. In the transition state an inversion at the anomeric carbon
atom takes place through which the B-glucoside is created. As structures of OsCGT and PcOGT

are lacking the exact nature of the transition state is unclear.

Calculation of kinetic isotope effects

The following mathematical derivations are from Paul Cook and William Cleland®. In brief,
isotope effects determined by internal competition on V /K for the labeled substrate the rate

equation for the unlabeled substrate is:

VyU

=KU(1+KLL)+U

.. (7-1)
Where concentrations of labeled and unlabeled substrate are represented by Uand L. V; and K,
are kinetic parameters and K, is the K, of the unlabeled substrate, which can be interpreted as

competitive inhibitor. For the labeled substrate the equation is:

I
" KL(1+RUG)+L

(7-2)

Where the unlabeled substrate acts as competitive inhibitor. These reactions can be rearranged

by dividing each by the respective K, value:

du = (V/K)yU
Tdar v L, U (7-3)
(1 +K_L+K_U)
dL (V/K).L
—y m——
dt U L (7-4)
(1 +K_U+K_L)
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If equation 7-3 is divided by equation 7-4:

du _ (V/K)yU
dL ~ (V/K).L

CR

Which integrates to:

In (L—"U) L(V/K) = In (u%)

The fractional reaction is defined as:

_WUo+Lo) = (U+L) _ (U+1L)

(Up+Lo) (U +Lg)

The isotope ratio in the product at fractional reaction fis:

R _ LU - L
P7u,—-u
While the ratio in residual substrate at fis:
Re = L
STu
Xy and X, represent initial mole fractions:
L X
R, = 20 _ 2L
Uy, Xy

(7-5)

(7-6)

(7-7)

(7-8)

(7-9)

(7-10)

(7-11)

(7-12)
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And it follows:

f -/
log|1l ———5— log | ———5—
(x, + Zile) (xy + 28
KIE = L(V/K) = 3 L 3 0 (7-13)
f 1=
log|l ————5—| log|———— %<
(o) |+ TR

From these equations we can simulate the variation of isotope ratios with fvalues over the
course of the reaction for different KIE values (see fig. 1). To determine L(V/K) from Rg and
Rp, f values of 0.5-0.7 and 0.2 - 0.3 give the lowest error margins, respectively. In this study we
did not rely on single measurements at a given f value, but instead took several samples over

the course of the reaction to minimize the error derived from determination of f.

7-13 can now be solved as X;; and X, are defined by the initial amounts of substrate and Ry, is
defined by Xy and X itself. The only values which have to be determined by measurements are
therefore Rp, Rs and f. To simulate curves for different KIEs Rp and R were fitted and plotted
against a given f to give raise to the KIE of interest. For the given plot Rp was varied and Rg
resulted from the inverse calculated amounts of used substrate assuming an initial equimolar
ratio of labelled and unlabelled substrate. Plots are normally using Rp / Ry or Rg / R, so that
independent of the chosen ratio of substrates at the start of the reaction the lack of a KIE would

always result in a value of 1.
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Figure 1. Predicted isotope ratios in substrate (Rs) and product (R;) as a function of fractional reaction f and the initial isotope ratio in the
substrate (R,). Four different “(V /K )values of 1.025, 1.05, 1.1 and 1.15 were assumed for calculation.

Methods

Materials

Isotopically labelled [1-2H], [6,6-2H,2H ] and unlabeled D-glucoses were obtained from Omicron
Biochemicals (South Bend, Indiana, USA) and had isotopic purities of 98%, 95% and 98%,
respectively. UTP (> 99% purity) was bought from Carbosynth (Compton,UK). Bovine serum
albumin (> 98% purity) were bought from SigmaAldrich (Vienna, Austria). Deuterium oxide for
NMR measurements (99.96% 2H) was aquired from Euriso-Top (Saint-Aubin Cedex, France).
Strep-Tactin Sepharose and desthiobiotin were bought from IBA. All other chemicals were either
from SigmaAldrich or Roth and were of the highest purity available. S. cerevisiae hexokinase (25
U mg?), rabbit muscle phosphoglucomutase (2 100 U mg?) and S. cerevisiae inorganic

pyrophosphatase (= 500 U mg™?) were purchased from Sigma-Aldrich. Calf intestine alkaline
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phosphatase was from New England Biolabs (Ipswich, MA, USA). Gene BLLJ_1074 coding for UTP-
glucose-1-phosphate uridylyltransferase from Bifidobacterium longum subsp. longum JCM 1217
(UniProt:E8MIY8), cloned into a pET-30a vector using Ndel and Xhol restriction sites for
expression with a C-terminally fused Hise-tag, was kindly provided by Dr. Motomitsu Kitaoka
(National Agriculture and Food Research Organization, Japan). The complete gene was
sequenced hefore creating an expression strain by transformation of electrocompetent E. coli

BL21 Gold (DE3) cells.

Cloning, Expression and purification and expression

Construction of the E. coli BL21 Gold (DE3) strain expressing PcOGT (UGT88F2; GenBank:
FJ854496) and OsCGT (GenBank: FM179712) was described elsewhere 8, For expression of
glycosyltransferases the respective strain was grown at 37°C and 120 rpm in 1 L baffled shake
flasks in 250 mL LB-medium containing 50 pug mL* kanamycin until an optical density at 600 nm
of around 0.8 was reached. The temperature was then decreased to 18°C and expression was
induced by addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were harvested
after 18 h by 30 min centrifugation at 4°C, 5000 rpm, resuspended in ddH20 and frozen at -20°C
until cell lysis by sonication (10 s on, 20 s off, 6 min total on-time, 400 watt). The cell lysate was
cleared of debris (20,000 x g, 60 min), filtered through a 1.2 um filter and loaded onto 2 x 5 mL
StrepTrap-HP columns and purified according to the manufacturer’s instructions. Thereafter
enzyme containing fractions were pooled, concentrated using a centrifugation concentrator and
purified for a second time by anion exchange chromatography on a 5 mL HiTrapQ HP column
using a gradient from 0-1 M NaCl over 10 CV to remove residual nucleotides (Buffer A: 100 mM
Tris/HCl pH 7.5, Buffer B: 100 mM Tris/HCl pH 7.5, 1 M NacCl). Fractions containing the desired
glycosyltransferases were concentrated and buffer exchanged to 25 mM HEPES pH 7.5 using
Vivaspin-centrifugal concentrators (Sartorius Stedim, Vienna, Austria) with a molecular cut-off
weight of 30 kDa. Expression and purification of UGPase was previously reported in detaill®.

Enzyme purity was checked by SDS-polyacrylamide gel electrophoresis (PAGE) and protein
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concentrations were determined by BCA assay using BSA as standard. Enzyme stocks were stored
at -20°C. The specific protein activity for OsCGT and PcOGT was 2.2 U mg™* and 0.98 U mg?,

respectively.

Synthesis of UDP-glucose

The synthesis is shown schematically in Scheme 3. The method for enzymatic synthesis of UDP-
a-D glucose was adapted from literature [°l. The reaction mixture (10 mL) contained 15 mM
(isotope-labeled) monosaccharide , 45 mM uridine 5’-triphosphate (UTP), 5 mM MgClz, 3 uM a-
D-glucose 1,6-bisphosphate and 0.13%(w/v) bovine serum albumin (BSA) dissolved in 50 mM
Tris/HCl buffer (pH 7.5). 12 U mL* hexokinase , 6 U mL* phosphoglucomutase, 1.2 U mL* UTP-
glucose-1-phosphate uridylyltransferase (UGPase) and 1.2 U mL? inorganic pyrophosphatase
(PPase) were added and the reaction was incubated at 30 °C for 24 hrs. Prior to chromatographic
purification of UDP-glucose, enzymes were removed by ultrafiltration using Vivaspin-centrifugal
concentrators (Sartorius Stedim, Vienna, Austria) with a molecular cut-off weight of 10 kDa.
Purification of the produced nucleotide sugars was done using an AKTA FPLC liquid
chromatograph (GE Healthcare, Vienna, Austria) equipped with a 5 mL SuperQ 650M anion
exchange column and a 2 mL sample loop. A gradient over 100 ml at 4 ml min™* from 0 % B to
20% B (buffer A: 20 mM sodium acetate pH 4.3 and buffer B: 1 M sodium acetate pH 4.3) was
used for elution of bound compounds. Prior to each run, the column was regenerated flushing it
with at least three column volumes of buffer B and buffer A. UV absorption (A = 254 nm) was
used to detect the target compounds, which were collected. All product-containing fractions
were pooled and concentrated by freeze drying. Sodium acetate was removed from nucleotide
sugar preparations using AKTA FPLC with a 2 mL sample loop and a Superdex Peptide 10/300 GL
size exclusion column (GE Healthcare). Elution was performed with deionized water at a flow rate
of 1 mL min™. The target compound was detected by UV absorption (A = 254 nm). Residual H,O
was removed by lyophilization on a Christ Alpha 1-4 lyophilizer (B. Braun Biotech International,
Melsungen,Germany), after which the sugar nucleotide product was obtained as white powder.
Product identity was confirmed by NMR and product purity was confirmed to be about 98% (see

fig. 2).
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of UTP per molecule of UDP-glucose. This reaction scheme was used to prepare labeled UDP-glucose from labeled glucose derivates.
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Figure 2. NMR spectra of labeled UDP-glucose. Spectra of each UDP-glucose show incorporation of deuterium atoms. Shown are the
characteristic ranges corresponding to the Glucosyl ring. The high purity of product is confirmed by absent signals for position C1 and C6 caused
by deuteration. U: uridine, C1 — C6: position 1-6 in the glucose moiety
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KIE measurements by in-situ NMR

In a first attempt the formation of labeled an unlabeled product was observed by in-situ NMR.
The reaction was performed in 50 mM deuterated phosphate buffer pH 7.5 containing 0.5 mM
1H UDP-glucose, 0.5 mM 1D UDP-glucose, 1 mM Phloretin and 0.05 pM OsCGT. The respective
enzyme was purified as described above with the exception that the buffer was exchanged
towards 50 mM deuterated phosphate buffer pH 7.5 after pooling fractions. All components
were prepared as 10-fold stock solutions in 1-fold deuterated phosphate buffer. 60 pl of the stock
solutions for all components were mixed with 10 pl of protein solution and filled up with 1-fold
deuterated buffer to a final volume of 600 pl. In this way addition of non-deuterated solvent was
avoided. The reaction was started by addition of the enzyme and was than shimmed and locked
on the deuterium. Ty is defined by the first recorded spectrum approximately 10 minutes after
addition of enzyme. 1 dimensional proton in-situ measurements were recorded at 37°C on a
Varian 500 MHz spectrometer every 20 minutes for 15h. 1-H NMR spectra were measured at
499.98 MHz on a 5 mm indirect detection PFG-probe. The water signal was pre-saturated by a
shaped pulse, using a standard pre-saturation sequence: relaxation delay 2 s; 90° proton pulse;

spectral width 8 kHz; number of points 32 k.

Data was interpreted using Mestrenova 12.0. After automatic identification of solvent peaks,
artificial spectra were iterated to remove solvent signals. These reiterated spectra were used for
integration of signal peaks. The integration values were later used for calculation of conversions

and molar fractions of individual compounds.
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Removal of solvent signal
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Figure 3. NMR spectra from in-situ measurements. The depicted spectrum at 3h was corrected using Mnova to remove solvent peaks and
allow identification of hidden peaks.

Table 1. Chemical shifts of carbon attached protons. Compounds were identified in-situ, based on the given chemical shifts and integrated
peak areas were used for calculation of reaction progress.

Phloretin Nothofagin
c-1“ Anomeric carbon 4.72 ppm
c-3/C-5 Ring A 5.93 ppm 5.90 ppm
c-2‘/c-6* Ring B 7.10 ppm 7.12 ppm
c-3‘/c-5* Ring B 6.75 ppm 6.76 ppm

ubpP UDP-glucose
C-5 Base 7.94 ppm 7.92 ppm
c-1“ Anomeric carbon 5.53 ppm
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Figure 4. Time resolved in-situ NMR spectra. Formation of UDP and nothofagin was detected by their respective signals. Phloretin (6=7.10,
7.11) was converted into nothofagin (6=7.11, 7.12) under consumption of UDP-glucose (6=5.53/7.92,7.93) thereby releasing UDP (6=7.93,
7.94). The reaction was performed using 1 mM phloretin, 0.5 mM of 1D and unlabeled UDP-glucose in deuterated phosphate buffer at pH 7.5 in
presence of 0.05 ug/ml of OsCGT.

Proton signals of glucose 1’H and acceptor 3H were compared to signals of position 2’ and 3’ of
the acceptor to observe conversion of phloretin and calculate 1D/1H ratios. For overlapping
peaks a symmetrical splitting was assumed and the two non-overlapping signal areas were each

multiplied by two to calculate ratios.
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HPLC-based determination of phloretin-(glucosides) and UDP-

(glucose)
Phloretin, its glucosides and uridine-derivates (such as UMP, UDP and UDP-glucose) were

analyzed in a combined method using reversed-phase ion-pairing HPLC with tetra-n-
butylammonium bromide (TBAB) as ion pairing reagent. HPLC analysis was performed on a
reversed phase C18 column (Kinetex 5 um €18 100 A column 50 x 4.6 mm, Phenomenex) at 35°C.
20 mM potassium phosphate, pH 5.9 containing 40 mM TBAB were used as mobile phase A. It
was prepared by dissolving TBAB in a 5-fold diluted 100 mM potassium phosphate buffer (pH 5.9)
stock. Acetonitrile was used as mobile phase B. Separation was achieved using following method
at a constant flow rate of 2 mL min™: 10% B (1 min), 10-40% B (3.2 min), 40-90% B (0.01 min),
90% B (0.79 min), 90-10% B (0.01 min), 10% B (1.99 min). Uridine and phloretin derivatives were
monitored at 262 and 288 nm, respectively. UMP, UDP, UDP-glucose, phloretin, nothofagin and
phlorizin were used as authentic standards and concentrations were calculated from peak areas.
UMP, UDP, UDP-glucose, phloretin and phlorizin were purchased from Carbosynth, whereas

Nothofagin was synthesized in-house and purity confirmed by NMR.[20]

The detection limit for nucleotides was 0.5 uM 1% and allowed identification of residual UDP and
UDP-glucose in purified enzyme. Measuring conversions of acceptors with defined ratios of
labeled and unlabeled UDP-glucose made a nucleotide free preparation of the proteins essential.
To validate nucleotide free preparation of the glycosyltransferases 500 pl samples containing 2
mg mlt (~ 40uM) of enzyme were denatured by addition of 500 pl Methanol. Precipitated
protein was pelleted by centrifugation (20,000 x g, 60 min) and the remaining supernatant tested
for presence of nucleotides. This control guaranteed that less than 2.5 % of the purified protein

contained nucleotides.

Given a detection limit of 0.5 uM for nucleotides, | can assume that the error for the

determination of f is 0.05% as a total of 1 mM of UDP-glucose was used.

For phloretin derivates the detection limit is about 50 nM and the resulting error on the

determination of f derived from product measurements is about 10-fold lower and was

therefore used for the calculation of f used in the calculation of “(V /K).
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Determination of glycosyltransferase catalyzed conversions

The described HPLC assay applying ion pairing was used to quantify phloretin and its glucosides.
OsCGT and PcOGT reactions were performed in 200 pl scale. The reaction was performed in 50
mM 4-(2-hydroxyethyl)morpholine buffer pH 7.5 containing 0.5 mM labeled UDP-glucose, 0.5
mM unlabeled UDP-glucose, 2 mM Phloretin and 0.05 uM of the corresponding
glycosyltransferase and 5% DMSO. For each KIE calculation 10-15 samples were taken. Reactions
were started by addition of enzyme at 30°C without shaking. To stop the reaction samples of
typically 5 puL were mixed with 25 pl methanol and 20 pl ddH,0 and centrifuged for at least 15
min at 13,200 rpm to remove precipitated compounds. Before HPLC analysis samples were split
and one sample was used for TBAB based determination of conversion and the other

uncontaminated sample was stored at -20°C until analysis by for whole mass spectroscopy.

For OsCGT and PcOGT, phloretin glucosylation was performed with 1D and 6,6D UDP-glucose in
competition with unlabled UDP-glucose each, summing up to four experiments. Further each set-
up was tested for influence of Calf Intestinal Phosphatase (CIP) to validate if the presence of UDP
and possible back reaction of the product is influencing the determined KIE. For this purpose each
reaction was performed presence and in absence of CIP. To study the influence of UDP
degradation by phosphatase a final concentration of 1 U/ml calf intestinal phosphatase from

SigmaAldrich (Vienna, Austria) was added to the reactions.

Whole molecule mass based isotope enrichment measurements

High Resolution-ESI-MS measurements were performed on a Q-Exactive Hybrid Quadrupole-
Orbitrap MS with direct injection of samples by a Dionex Ultimate 3000 series UHPLC (Thermo
Fisher Sci., Erlangen, Germany) at 0.1 ml/min ddH,0 containing 0.1% formic acid. The HR-MS was
furnished with an electrospray ionization source (ESI) using nitrogen as nebulizer and drying gas.
Measurements were performed in negative mode, with a drying gas temperature of 350 °C, spray
voltage of 3.2 kV, and a resolution of 70000 unless otherwise stated. The observed mass range
was set to m/z 430-580 with subsequent recording of MS ions. For each injection a single raw file

was created.
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Data preparation using the Lipid Data Analyzer

Collected data was processed using the Lipid Data Analyzer(!!, In a first step the folder containing
the raw files and the quantitation list was loaded using the batch quantitation option. When
starting the processing the raw files are automatically converted and for each chromatogram an
excel file containing the fully automatic integrated results is created. These results however
assume a natural 3C abundance and are not properly deisotoped due to the labeled substrates
which do not match with the assumed abundance of natural isotopes as the *C and 2H isotopes
both lead to an increased mass of 1. Therefore the excel files have to be opened individually and
the lines containing the integration results have to be deleted. Afterwards each chromatogram
is opened manually and the settings from table 2 are applied. Afterwards the automatic batch
integration provides correct results as the borders are now set for the labeled substrates and the
automatic deisotoping will only remove the excess signals from the natural 3C abundance but
not the 2H counts. After this semi-manual treatment an excel file containing all signal counts for
each compound, which was assigned with the manual window settings, can be created when
loading the raw file containing folder into the statistical data analysis tool and exporting the

compound counts of interest.

Table 2. LDA settings for manual chromatogram integration and data processing. Each window was set manually in the LDA to define the
range of signal that had to be integrated.

Compound Retention time Mass Mass [-H form] Window width
1H-Nothofagin 0.05-0.9 min 436.1369471 435.12912 0.03 Da
1D-Nothofagin 0.05-0.9 min 437.1432239 436.13540 0.03 Da
6,6D-Nothofagin 0.05 - 0.9 min 438.1495006 437.14168 0.03 Da
1H-Phlorizin 0.05 - 0.9 min 436.1369471 435.12912 0.03 Da
1D-Phlorizin 0.05 - 0.9 min 437.1432239 436.13540 0.03 Da
1H-UDP-glucose 0.05 - 0.9 min 566.0550216 565.04720 0.03 Da
1D-UDP-glucose 0.05-0.9 min 567.0612983 566.05347 0.03 Da
6,6D-UDP-glucose 0.05 - 0.9 min 568.0706716 567.05975 0.03 Da
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Data interpretation and KIE calculation

After integrating data using the LDA, isotope ratios are calculated using excel and KIE's were
calculated using equation 7-13 [12 Bl R is given as 1 because labelled and unlabelled UDP-
glucose were mixed in an equimolar ratio and possible pipetting errors were not taken into
account.. Rp, Rs, Xy and X, however were obtained from total ion counts integrated hy the
LDA. For each fvalue a KIE was calculated using Rp for product based KIE and Rgfor substrate
based KIE. f values were obtained by HPLC-UV measurements as described earlier. So the
resulting error on the KIE includes uncertainties of the HPLC-UV based determination of f and
the integration data from the MS.AIl KIE's of a reaction were then averaged and the error is the

mean deviation from this average.
KIE correction for initial substrate ratio errors by fitting of R,

Both KIE’s calculated from Rp and Rg are depending on R, and its proper determination. To
improve the quality of KIE calculation we tried to compensate for non-equimolar initial mixing of
substrates, which would result in R that is not 1. To compensate this error the measurement of
R, is necessary but would also be dependent on the measurement quality and introduce new
errors. For this reason R, was treated as a variable in equation 7-13. For each time point of a
data series R, has to be identical as it is the initial ratio of the substrates. Assuming that the KIE
for each fvalue is the same, R, was solved by averaging the KIE for each fvalue and iterating R,
until the sum of deviations of KIE’s from all four reactions using either 1D or 6,6D UDP-glucose
became minimal. This is possible because each reaction of the two labeled substrates was set up
with the same mix of labeled and unlabeled substrate. The KIE was then recalculated using the

determined Ry.
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Correction of isotope dependent ionization

To eliminate the isotope dependent effect on measured isotope ratios, we determined the
discripency between measured and expected isotope ratios for each reaction. As the sum of
labeled substrate and labeled product has to be constant over the course of the reaction R is:
Ry = Repe = (1= fi) Rs+ fiRp (7-14)
Using these two assumptions the real Rp and Rg can be determined by correcting the measured
ratios. The functionof Ry = (1 — f;) R+ fiRpcanbedescribedas R, =a * f; + ¢, where a
is the slope of the trend line and c is the intersection with the y axis when plotting measured R;,;

against R .
For f; =0:

Ro= Ry (7-15)

For Rg follows:

RS measured

Rsrear = © (7-16)
And for f; = 1:
Ro= Rp (7-17)
For Rp follows:
Rp reqr = % (7-18)

Using the constants a and ¢ determined from trendlines for each reaction Rp and Rg were

corrected and KIE’s recalculated using fitted R, which were determined as described earlier.
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Determination of forward commitment to catalysis

To determine forward commitment to catalysis reactions were performed in 200 pl scale by
isotope trapping. The reaction was performed in 50 mM 4-(2-hydroxyethyl)morpholine buffer pH
7.5. 200 pM OsCGT were preincubated with 10 mM [1-2H] UDP-glucose at 30°C for 10 min
allowing formation of an equilibrium enzyme—substrate complex (ES). 180 ul chase solution
containing 3.3 mM unlabeled UDP-glucose, 5.5 mM phloretin and 5.5% DMSO were rapidly mixed
with the 20 pl of the ES solution to start the reaction. Samples were then taken as fast as possible
in approximatedly 0.9s time intervals. To stop the reaction samples of typically 5 uL were mixed
with 25 pl methanol and 20 pl ddH,0 and centrifuged for at least 15 min at 13,200 rpm to remove
precipitated compounds. Before HPLC analysis samples were split and one sample was used for
TBAB based determination of conversion and the other uncontaminated sample was stored at -
20°C until analysis by for whole mass spectroscopy. The turnover number was calculated from
the enzyme concentration and the product concentration, whereas the concentration of Enzyme-
Substrate complex was assumed to be identical to the enzyme concentration. The concentration
of labeled nothofagin was calculated from the absolute nothofagin concentration and the ratio

of labeled nothofagin determined by MS.

Assuming that the equilibration is much faster it is to be expected that no enrichment of labelt
product during the first turnovers occurs. We choose therefore to divide the concentration of
formed labeled [1D nothofagin] product by the concentration of Enzyme-Substrate complex [ES]

which can be assumed to be equal to the concentration of enzyme itself.

LV/K) = (k+c)/(1+¢) (7-19)
The ratio of labeled nothofagin produced to the initial concentration of ES complex was plotted
as a function of turnovers and extrapolated back to turnover 0. C; was calculated from the
intersection of trend line with the Y axis.!3l The distribution of enzyme-bound substrate

proceeding to form product before equilibrating with free substrate is expressed as Cy 14
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Results

KIE measurements by NMR

The first approach to measure the kinetic isotope effect on the transfer of a glucose moiety
through an inverting glycosyltransferase was performed by in-situ NMR. Initially the sensitivity of
this method was tested by studying the formation of nothofagin catalyzed by OsCGT from
unlabeled UDP-glucose. Phloretin and its derivates contain several protons which would be
possible candidates for probing. Ring A contains two protons at position C-3 and C-5 of which one
is lost during glycosylation. Ring B contains four proton of which two always share the same
chemical shift due to the symmetry of the ring, i.e. C-2’/C-6’ and C-3’/C-5’. In solution we
observed that protons C-2’'/C-6’ and C-3’/C-5’ in the B-ring showed a slight shift of 0.02 ppm
acceptor and glycosylated product. The proton signals for C-3 and C-5 are also identical in
phloretin. This symmetry is however broken by the glycosylation at position C-2 (phlorizin) or C-
3 (nothofagin) and the C-5 signal is shifted by 0.03 ppm (see table 1 and fig. 4).

Therefore we calculated conversion by comparing product signals of either C-5 or C-1"with the
C-2’/C-6’" and C-3’/C-5'signals as reference. Furthermore the decrease of UDP-glucose was
detected by the signal shift at the signal 6=7.92 for nucleotide base proton. We found that only
product detection via C-3 and referencing to C-2/C-6 allowed us to follow the reaction progress
in a reliable way (see figure 5). The product measurement through detection of the C-1" signal
had the highest error margin due to the fact that the anomeric carbon signal is buried under the
Water peak and cannot be determined with high precision. The reaction was stopped by addition
of methanol after recording the last proton spectrum and HPLC measurement confirmed the
achieved conversion of ~60% observed by NMR which was in accordance with end point
determination. Still this conversion was lower than the expected 100% conversion and was
achieved much slower than usual (15h instead of 4h). The phenomenon of decreased enzymatic
activity in strong magnetic fields was observed for other enzymes as well and is not fully
explained yet. For increased reliability of calculated KIE values higher conversions would be
beneficial for the determination of substrate dependent enrichments as explained earlier. For

this reason the aim would be to record data from no conversion to full conversion.
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Figure 5. In-situ NMR determinations of phloretin C-glycosylation by OsCGT. Compared are different reaction curves based on combinations
and product signals in Ring A and different reference signals in Ring-B. In addition the reaction progress was also calculated from the UDP-
glucose signal and UDP release. The reaction was performed using 1 mM phloretin, 0.5 mM of 1D and unlabeled UDP-glucose in deuterated
phosphate buffer at pH 7.5 in presence of 0.05 pg/ml of OsCGT.
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KIE measurements by HPLC-MS

As the implemented NMR based approach does not allow to determine isotopic enrichments we
decided to apply a HPLC-MS based method which was established in cooperation with the
Institute of Chemistry — Analytical Chemistry, University of Graz. The first tests to separate the
reaction compounds by reverse phase chromatography revealed that nucleotide derivates of
each injected sample adhere to the column and made discrimination of nucleotide origin
impossible. In this way a HPLC method is only able to separate phloretin and product, but makes
the measurement of UDP-glucose impossible. Only long wash steps of more than 100 CV with

water were able to elute UDP-glucose fully from C18 material.

In order to minimize cross contaminations, we switched towards a direct injection (DI) approach.
Quantification of ratios for UDP-glucose, nothofagin, phlorizin and their labeled derivates was
performed using the LipidDataAnalyzer tool developed by the Institute of Computational
Biotechnology, NAWI Graz, Graz University of Technology 1] which evaluates spectra integrity
and performs automated deisotoping. The tool was used as described in the methods section

and no specific adjustments to the program settings were performed.

Table 3 shows the initial KIE values that were obtained. The error on each KIE is quite large and
the KIE’s for substrate or product are not matching. From equation 4-13 it is obvious that R, has
besides Rg and Rp the greatest influence on the calculated values. It can be assumed that f is
obtained in a reasonable quality as it is directly accessible by HPLC-UV. For this reason we

implemented a method to correct Ry and compared the obtained KIE's.

Table 3. Calculated KIE based on whole molecule mass spectroscopy. Given are uncorrected KIE's that were each calculated from data obtained
for the enrichment in the substrate and in the formed product.

OsCGT PcOGT
- CIP +CIP -CIP + CIP
10 UDPG based 1.463 £0.318 1.517 £0.344 1.808 +0.928 1.569 +0.720
Product based 0.762£0.125 0.766 £0.117 0.579+£0.116 0.559 +£0.188
6.6D UDPG based 0.852 £ 0.100 0.859 £0.127 0.852+0.124 0.864 +£0.119
A

Product based 0.902 £ 0.090 0.912 £ 0.052 0.724 £ 0.053 0.731 £ 0.077
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KIE correction for initial substrate ratio errors by fitting of R,

The iteration of R, improved the consistency between product and substrate based KIE
calculation dramatically in case of the formation of the C-glycoside nothofagin. As shown in table
4 only a small differences in case of the reaction leading to the C-glycoside nothofagin were
observed. The KIE for 1D and 6,6D probes are almost identical and the addition of phosphatase
also had no effect on the KIE. Still we observed a difference between substrate and product based

determination which was greater than the average error.

The O-glycoside phlorizin forming reaction on the other hand showed still a large discrepancy

between substrate and product based KIE.

Table 4. Calculated KIE based on whole molecule mass spectroscopy. The given KIE's were each corrected by a fitted Ry, value in the calculation
and derived from data obtained for the enrichment in the substrate and in the formed product and.

0sCGT PcOGT
-cIp +CIP -cIp +CIP

- UDPG based 0.961:0057  0985:0.060  1.017£0.018  1.013+0.024

Product based 092740059  0.922:0076  0.695:0.077  0.689+0.118

cep  UDPG based 09860020  0986:0.034  0.976+0.014  0.968+0.020

Product based 0.837£0.112 0.849 £ 0.064 0.674 £ 0.058 0.675 +£0.089

As it is reported in literature the ionization itself can have an intrinsic isotope effect['* %I, To
investigate possible isotope dependent ionization effects R 4.5 was plotted against f (see figure
4). As we show the resulting enrichment in the product is not matching the initial R . The
significant increase of Rp towards the completed reaction indicates a better ionization of the
unlabeled product. The substrate on the other hand shows almost no isotope dependent
ionization. Furthermore it can be observed that the labeling at position C-1 in an O-glycoside has
the strongest effect whereas C-glycosides are affected almost identical by the heavier isotope in
position C-1 or C-6 of the glycoside. This is reasonable as the fragmentation of the product occurs
normally within the glycosidic ring system for the C-glycoside, whereas the fragmentation of
phlorizin would occur within the O-glycosidic bond. And is therefore possibly dependent on a

label in position 1.
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Figure 6. Determination of isotope dependent ionization. R ,..is plotted agains f and correction factors for Rp and Rsare calculated from the

resulting trend line.

Correction of isotope dependent ionization

As shown in 4 R is not equal to R, over the course of the reaction and a isotope dependent
ionization can be assumed. We corrected Rp and Rg as described in the method section and Rges
became almost identical to R, (see fig. 5) and constant over the course of the reaction. The
corrected Rp and Rg values were then used to recalculate the observed KIE and indicate clearly
that the correction improved the product based calculations especially for the O-glycoside (see

table 5). Still all KIE’s are close to 1, although the KIE observed for the OsCGT is slightly lower.

e < 1 TR 7 7

Figure 7. Determination of i pe dependent ionization. After correction of isotope dependent ionization the sum of labled product and

substrate match the expected amount which is defined by the initial R;,.
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Table 5. Calculated KIE based on whole molecule mass spectroscopy. The KIE are each calculated from data obtained for the enrichment in the
substrate and in the formed product and further corrected by a fitted R, value in the calculation, additionally isotope dependent ionization was

also corrected.

OsCGT PcOGT
-CIP +CIP -CIP +CIP
10 UDPG based 1.085 £ 0.057 1.087 £0.048 1.014 +0.016 1.020 +0.031
Product based 1.082 £0.034 1.078 £0.048 1.010 +0.025 1.014 +0.013
6.6D UDPG based 1.017 £ 0.041 1.052 £0.057 0.984 £0.015 0.908 £ 0.073
! Product based 1.000 +0.070 1.030 +0.041 0.959 + 0.067 0.923 +0.082

Forward commitment to catalysis

Because observed KIEs on Vmay/Km “(V /K) include contributions from all isotopically sensitive

steps preceding the irreversible step, i.e. the glucose transfer, we determined the forward

commitment by an ion trapping experiment.
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Figure 8. Determination of intrinsic KIEs and correction for forward commitment factor (C;). Measurement of C; by isotope trapping for the

glycosylation of phloretin by OsCGT. Insert shows intersection of ¢ trendline with y-axis
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As shown no significant enrichment of labelled product can be confirmed during the first
turnovers, which leads to the conclusion that Cyis close to 0 and the intrinsic KIE can therefore
be calculated by Equation 7-19 where “(V/K) and k the observed KIE which has to be corrected
by Cr. The correction lead to only minor changes in de determined KIE’s. After correcting for all
possible effects and eliminating these contributions, it can be shown that the KIE is close to 1 in

all cases

Table 6. Calculated KIE based on whole molecule mass spectroscopy. The KIE are each calculated from data obtained for the enrichment in the
substrate and in the formed product and further corrected by the measured C value.

OsCGT PcOGT
-CIP +CIP -CIp +CIP
10 UDPG based 1.087 +0.057 1.089 £0.048 1.014 +0.016 1.020 +0.031
Product based 1.084 +0.034 1.080 £0.048 1.010 +0.025 1.014+0.013
6.6D UDPG based 1.017 £ 0.041 1.053 £0.057 0.984 £0.015 0.906 £ 0.073

Product based 1.000 +0.070 1.031+£0.041 0.958 + 0.067 0.921 +0.082

As we show Rs/Ro shows an enrichment of the heavier isomer over the course of the reaction

whereas Rp/Ro is approaching asymptotically the value 1.

OsCGT PcOGT
-CIp +CIP -CIp +CIP

1D

6,6D

*Rs/Ro  *Rp/Rg

Figure 9. Fitted data for calculated KIEs. Each plot depicts the measured isotopic ratios for product (orange) and substrate (blue). Additionally
the fitted curve for the calculated KIEs are depicted.
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KIE values for OsCGT and PcOGT were independently calculated for UDP-glucose and nothofagin
or phlorizin, respectively, by fitting the data as described earlier [*6], As we can show the collected
data is not always matching with the predicted fit. While especially the reactions with [1-2H]
labeled UDP-glucose allow a good fitting, the data from remotely labeled 6,6D UDP-glucose
resulted in values which were not matching with expected behavior although the fitting still
allowed the calculation of KIE values. These values were close to 1 which could explain the
inversion of some plots when the KIE is lower than 1, which easily happens when the error on
the KIE is larger than the distance to 1 and values lower than 1 lead to an inversion of the
curvature as shown for PcOGT in presence of 6,6D UDP-glucose. Although a KIE can be calculated
for the products of 6,6D UDP-glucose and the correction of the isotopic ratio by R reiteration
and correction of isotope dependent ionization, we can show that the data is not matching with
a fit which is derived from the calculated KIE (see fig.9). We found that the values are almost
identical for OsCGT and PcOGT (see table 6). In comparison the remotely labeled 6,6D UDP-
glucose resulted in nearly identical enrichments as 1DUDP-glucose. In case of the PcOGT it seems

that the remote label at position 6 shows a negative isotope effect, which is unexpected.

Another possible effect negatively influencing the quality of KIE measurements on Vmax/Km are
reverse reactions from the product towards UDP-glucose. While nothofagin is not hydrolysable
by OsCGT, PcOGT is prone to catalyze the reverse reaction at low pH values. To remove these
adverse effects, alkaline phosphatase was added to control reactions to remove any released
UDP, which would be a possible partner for formation of UDP-glucose. As we found alkaline
phosphatase is neither increasing the reaction rate by shifting the equilibrium towards the
formation of product nor does it affect the observed KIE values for OsCGT or PcOGT beyond the
error margin of the method itself. We therefore assume that UDP under the described conditions
cannot cause a severe reverse reaction. The values for the intrinsic KIE accounting for the
determined Csvalue and the neglectable reverse reaction are given in table 6. In addition reverse

reaction rate was determined and reported elsewhere (7],

In total the data present a comprehensive outlook for the implementation of a mass

spectroscopy based determination of KIEs on glycosyltransferases.
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Discussion

In the herein presented work we concluded that NMR determination of a-secondary KIEs were
not possible to measure due to lacking capability to distinguish between labeled and unlabeled
reaction partners. Our approach was dependent on three signals of the formed product. (1)
Signals on the B ring for quantification of total abundance of the acceptor and product, (2) proton
signal at position C-5 for determination of conversion progress and (3) the proton signal at the
anomeric carbon C-1" to determine the ratio between labelled and unlabeled product. As shown
in figure 5 only signals (1) and (2) were reliable measured, which leaves us a method which can
measure the overall conversion but contains no information about isotopic enrichments of the
glucosyl moiety. This problem could possibly be solved by implementing an improved method
based on HSQC identification and deconvolution of the individual signal. This would allow to
measure to measure also the ration of isotopic labelling (18],

As a sensitive measurement of a kinetic isotope effect would have to make use of data obtained
for the anomeric proton, we decided to switch to a mass spectroscopy-based approach. We
found that the method provided data with a respective error margin that was low enough to
actually determine if both enzymes perform the reaction in a similar manner (see table 7). The
method using a direct injection approach is still not universally applicable due to the used
detection by Orbitrap which is prone to limited quantification reliability in presence of to many
ions. Nevertheless detection of product at the beginning of the reaction and detection of UDP-
glucose at the end of the reaction require the injection of large lon bundles with low abundance
of the respective analyte due to unfavorable ratios. A possible improvement would be a HPLC
based pre-separation which was not achieved due to cross-contaminations of residual
nucleosides. Another solution for further improvement would be the use of a triple quad MS due
to its better dynamic range. Also the preseparating C-trap of the Orbitrap could be used to enrich
the observed analyte for better quantification. Unfortunately this approach was undermined by
the capabilities of the used LDA-software package which is handling only single time resolved
scanning windows and was not handling data properly with two scanning windows for UDP-

glucose and glycosylated product each.
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