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ABSTRACT

Functional discovery and characterization of the target enzymes responsible for the biosynthesis pathway
coded for the genes is on-going and the unknown functional diversity of this class of enzymes has been
revealed by genome sequencing. Commonly, it is feasible in annotating of biosynthetic genes of prokaryote
due to the existence of gene clusters of secondary metabolites. However, in eukaryote the biosynthetic genes
are not compactly clustered as the way of prokaryote. Hence, it remains challenging to identify the
biosynthetic pathways of newly-discovered natural products in plants. Steviol glycosides are one class of
natural sweeteners found in high abundances in the herb Stevia rebaudiana. Here, we applied the
chemoproteomic strategy for the proteomic profiling of the biosynthetic enzymes of steviol glycosides in
Stevia rebaudiana. We not only identified a steviol-catalyzing UDP-glycosyltransferase (UGT) UGT73El
involved in steviol glycosides biosynthesis, but also built up a probe-based platform for the screening of
potential substrates of functional uncharacterized UGT rapidly. This approach would be a complementary
tool in mining novel synthetic parts for assembling of synthetic biological systems for the biosynthesis of

other complex natural products.

B INTRODUCTION

Steviol glycosides (SGs) are novel natural sweeteners isolated from the leaves of the Paraguayan perennial
herb Stevia rebaudiana (S. rebaudiana) Bertoni, which have been used as one kind of sugar-free and
noncariogenic food additive worldwide." In the past decades, most genes responsible for the biosynthesis of
SGs have been cloned and well characterized.” The biosynthesis of steviol glycosides starts from steviol.
Two main products, stevioside and rebaudioside A, were formed by a series of glycosylation reactions
catalyzed by four UGTs, including UGT85C2, UGT74G1, UGT91D2, and UGT76G1 (Supplementary
Figure S1).* In plants, by utilizing UDP-glucose (UDPG) as the sugar donor, UGTs transfer the glucose
moiety to a number of secondary metabolites. Actually, in the later stages of biosynthesis of numerous
natural products in plant, glycosylation is frequently happened for the modification.” In line with the
complexity and diversity of natural products in plants, a lot of UGTs have been found to be responsible for
the glycosylation of these metabolites.® Although recent development of next-generation sequencing
technique accelerated the discovery of UGTs involved in the biosynthesis of natural products, the actual
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biochemical activities of proteins are still unknown due to limited functional studies, especially for non-
model plants.”” Therefore, it is a challenging task to discover and assign biosynthesis genes in plant via
conventional functional genomics methods.

Recently, affinity-based protein profiling (AfBPP) has been widely used in the identification of
physiological and therapeutical targets of numerous bioactive small molecules in human proteome.'®"
Based on the specific interaction of enzyme (glucosyltransferases) and substrate (glucose receptor) during
bio-catalytic process, it is also rational to fish out the binding proteins, including proteins involved in
biosynthetic pathways of the SGs in their native proteomes through AfBPP. Here, we describe the
chemoproteomic profiling of biosynthetic UGTs of steviol glycosides in S. rebaudiana. A steviol-derived
photoaffinity probe containing both a terminal alkyne and an alkyl diazirine groups, ST-Dayne (Figure 1a)
was designed for the specific labeling and proteome-wide profiling of UGTs accounting for steviol
glycosides biosynthesis in S. rebuadiana. As well, this probe can be further utilized in gel-based screening of

additional substrates of specific binding UGTs, which provided a rapid screening tool for the

characterization of novel biological parts.

Bl RESULTS AND DISCUSSION

First, we designed an affinity-based probe bearing conventional biotin tag which was modified at the
carboxylic position of steviol (Figure la). Unfortunately, no binding sign was detected by pull-down
experiment with recombinant UGT85C2 (Supplementary Figure S2), a known UGT involved in SG
biosynthesis.” This result implied that the binding affinity of UGT with the sugar acceptor, steviol in our
case, was not tight enough for affinity-based enrichment in a simple pull-down experiments. In the past
decades, photoaffinity labeling has been developed as a powerful technique in covalent capturing of
reversible binding partners of small molecules.'® To this end, ST-Dayne was designed by coupling a
minimal-sized clickable, photoreactive linker to steviol to the same carboxyl group (Figure 1a).'”'® We
speculated that related UGTSs recognizing the steviol scaffold could be covalently captured by the activation
of diazirine moiety under UV light, followed by click conjugation to fluorophore or biotin tags for gel- and

mass spectrometry-based analysis, respectively (Figure 1b).
To evaluate the feasibility of this new probe, gel-based labeling experiments on UGT85C2 and UGT76Gl,
another known UGT responsible for SGs biosynthesis, were carried out. Recombinant UGTs were
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incubated with increasing concentrations of ST-Dayne, irradiated by UV light (365 nm) for 15 min on
ice. The samples were subjected to click reaction with TAMRA-N3, SDS-PAGE and in-gel fluorescence
scanning. As a result, both UGTs were nicely labeled by ST-Dayne and pretreatment of either UGT with
free steviol (10 uM, 50 uM, and 100 uM) reduced the labeling to variable degrees (Figure 1c). In addition,
10 uM of ST-Dayne provided robust fluorescent signals with as low as 2.0 uM (~ 0.1 pg pL™") of UGTs
after 20 min UV irradiation (Supplementary Figure S3). We also assessed the ability of ST-Dayne to label
overexpressed UGTs in Escherichia coli (E. coli) cell lysates. Clear fluorescent bands corresponding to
UGTs (~ 52 kDa) were labeled with 10 uM of ST-Dayne (Figure 1d). Taken together, ST-Dayne

specifically labels known steviol-catalyzing UGTs in vitro.

Having optimized probe concentration and UV-irradiation time using recombinant UGTs (10 uM of probe, 1
hour UV irradiation), we conducted the plant proteome labeling and enrichment studies. Native proteome of
S. rebaudiana was prepared by grinding the fresh leaves in potassium phosphate (KPi) as previously
described.” The extracted plant proteome was incubated with ST-Dayne (10 uM) either with excess
steviol (50 uM, 5 folds) as competitor or alone. After incubation, the proteomes were irradiated with
UV light, clicked to TAMRA-N3, and detected by in-gel fluorescence. Multiple protein bands, including
several dominant ~ 50 kDa protein bands were labeled (Figure 2a (lane 2), Supplementary Figure S4);
most of the labeled proteins were readily competed by excess steviol (lane 3). As shown in lane 1, UV
irradiation is necessary for the labeling of almost all detected proteins, indicating the non-covalent
binding property. Next, we performed large scale pull-down experiment to enrich and identify the binding
proteins of ST-Dayne. After probe incubation and UV crosslinking, the proteome samples were subjected to
Cu (I)-catalyzed click reaction in the presence of biotin-azide then enriched by incubation with streptavidin
column. Bound proteins in the column were subjected to in situ tryptic digestion and the digests were labeled
with respective TMT isobaric reagents, and followed by combining for analysis with mass spectrometry. To
have functional proteomic information, the public transcriptic data of S. rebaudiana from NCBI
(SRR1576548)*° was re-analyzed, generating 62,015 genes which were classified into four main categories
by biochemical pathway KEGG database (Figure 2b). In the 13,028 sequences grouped into carbohydrate
metabolism, 144 sequences were found to contain the common signature motif Plant secondary product
glycosyltransferase (PSPG) box. Among plant UGTs, PSPG box is highly-conserved and has been reported
to specifically interact with the UDP moiety of UDPG," indicating the 144 sequences were potential UGTs.

We also performed a global proteomic profiling upon Stevia leaves with the filter-aided sample preparation

4

ACS Paragon Plus Environment



Page 50of 17 ACS Chemical Biology

oNOYTULT D WN =

(FASP) protocol.?' The results showed 68 of the 144 sequences of UGTs were unambiguously identified
(Supplementary Figure S5), suggesting the high quality of proteomic database yielded from RNA-seq data.
Based on the generated Stevia proteomic database, 201 sequences were identified which were ranked in
corresponding volcano plots as a (log,) ratio of ST-Dayne to DMSO treatment against statistical
significance (-log;op-value). Proteins enriched by a factor > 1.3 with a p-value of 0.05 or below were
considered positive hits (Figure 2c). Evaluation of the data revealed seven sequences as positive UGT hits,
which finally was corresponding to 5 UGTs (Figure 2d). These UGTs contain two known UGTs involved in
SG biosynthesis, namely UGT85C2 (sequence 51051) and UGT76G1 (sequences 65695 and 65696), further
validating our approach. Moreover, two previously identified UGTs (UGT79A2, sequence 26485; UGT73EI,
sequences 32570 and 32578) with unknown functions as well as an unidentified UGT candidate (UGT76G3,
sequence 11768), were also significantly enriched as positive hits (Supplementary Table S2). To validate
these UGTs as specific steviol-binding proteins, recombinant UGT73E1 or UGT76G3 was individually
treated with ST-Dayne, irradiated by UV and followed by click reaction. As predicted, both UGTs were
successfully labeled by ST-Dayne in UV-dependent manner, and the labeling was competitively abolished
by excess steviol, indicating the specific interactions (Figure 2e). To further assess whether both UGTs are
targeted by steviol, we performed a thermal-shift assay and compared their thermal stability after steviol-
and DMSO-treatment. As detected by antibody of His-tag, both UGTs were obviously stabilized by 10 uM
steviol (Supplementary Figure S6). Validation of SrUGT79A2 was not performed due to its insoluble nature

during recombinant expression.

With the two soluble UGTs in hands, the glucosyltransferase activity of UGT73E1 and UGT76G3 were
evaluated in vitro. With steviol or steviol glycosides as substrates (all 1.0 mM), the reactions were
catalyzed by both UGTs (20 uM) in the presence of UDPG (1.0 mM) and MgCl, (3.0 mM) and
monitored by LC-MS. UGT73E1 appeared to catalyze the formation of 19-O-f glucopyranosol steviol
from steviol by addition of one molecule of glucose (Figure 3a). However, further comparison of the
product with authentic steviolmonoside, the enzymatic product of steviol catalyzed by UGT85C2,
revealed slight difference in retention time. Co-injection of the product with steviolmonoside showed
two different peaks were observed (Supplementary Figure S7). Comprehensive analysis of 1D and 2D-
NMR data (heteronuclear multiple bond correlation (HMBC) and heteronuclear singular quantum

correlation (HSQC)) established that the H-1" (6 5.41, 1H, d) well correlated with C-19 (0 176.81)
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(Supplementary Figure S8), which indicated that the glycosylation reaction occurred in the C-4 carboxyl
group of steviol. In addition, UGT73E1 was also found to catalyze the formation of rubusoside from
steviolmonoside, in which the same site was glycosylated (Figure 3b, Supplementary Figure S9). Based
on these results, we conclude that UGT73EI] is a steviol C-4 glucosyltransferase potentially involved in

the glycosylation of steviol in S. rebaudiana (Figure 3¢, Figure S10).

On the other hand, we did not detect any catalytic activity of UGT76G3 on all the above tested steviol
or steviol glycosides (data not shown) even it had similarity binding affinity comparing to UGT73E1
from the competitive assays (Figure 2¢). As non-specific binding is frequently observed in photoaffinity
labeling, we then evaluated the binding model through tandem mass analysis using photoactive probe,
ST-Dayne, combined with molecular modeling. Recombinant UGT76G3 was photo-labeled by ST-
Dayne, digested and analyzed by LC-MS/MS. The peptide '*'SMNDPYAK'”® was found to exhibit a
mass shift of 410.28 (ST-Dayne-N,) and MS2 spectrum of this peptide localized the labeling to Tyr196
(Figure 4a). To further understand the ligand binding mode and specificity of UGT76(G3 at atomic level,
we constructed its 3D structure using homology modeling. The homology model of UGT76G3 was
constructed in Modeller using multi-template method, based on the crystal structures of Medicago
truncatula UGT85H2 (PDB: 2PQ6) and anthocyanidin 3-O-glucosyltransferase (PDB: 3WC4).2%* A
UDP molecule was observed in both template crystal structures. Thus, we included a UDPG molecule in
an identical conformation in the corresponding position. The overall model of UGT76G3 comprises of
twenty a-helices and thirteen B-strands and the UDPG molecule, which is surrounded by several loops,
sits in the deep pocket of UGT76G3 (Supplementary Figure S11). From the molecular docking with
steviol as ligand, steviol was located between Tyr196 and the sugar ring of UDPG (Figure 4c).
However, the carboxylic group of steviol, which was far away from UDPG, rotated almost 90 degrees to
form a hydrogen bond with Tyr196. A methyl group connected to carboxylic group formed hydrophobic
interactions with UDPG, which prevented the carboxylic group of steviol to be catalyzed. This observed

modeling may explain why there was no detectable catalytic activity of UGT76G3 towards steviol.

Compared to other classes of biosynthetic enzymes, plant UGTs have been reported to be more
promiscuous and can act on various classes of substrates.”> Building on the results showing that steviol
was also located in the substrate pocket of UGT76G3, we tested whether ST-Dayne could be applied in

the screening of UGT76G3 substrates. Recombinant UGT76G3 proteins were incubated with a series of
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available natural products in our lab, including terpenes, xanthone and flavone, followed by addition of
ST-Dayne as a “reporter” of substrate pocket occupancy. UV-irradiation, Cu (I)-catalyzed click
reaction, then in-gel fluorescence scanning were performed same as above in triplicates and the
competition effect was measured by gel densitometry. As shown in Figure 4d, three out of 9 tested
compounds, namely isosteviol (lane 2), gibberellic acid 3 (lane 3), and apigenin (lane 6), were found to
diminish the probe labeling by more than 60%, as compared to positive control (DMSO, lane 1). The
glucosyltransferase activities of UGT76G3 towards these three compounds were further confirmed by
HR-ESI-MS (Figure 4e, Supplementary Figure S12), suggesting our probe did can serve as a
complementary tool for the rapid screening of UGT substrates. According to the result of molecular
docking, isosteviol was also located in an identical place with that of steviol. In contrast, the carboxylic
group of isosteviol formed hydrogen bonds with the glucose moiety of UDPG which implied a

promising catalytic activity by UGT76G3 (Figure 4b), in agreement with the biochemical results.

Comparing with model species, the public proteome database of a number of non-model plants is not
complete. In the present, we generated the protein sequence databases from public RNA-Seq data of
Stevia, which significantly increased the amount of peptide matching, and hence protein (UGTs in this
study) identification. Taking advantage of chemoproteomic strategy, the interactome of steviol in Stevia
has been profiled, which is much more straightforward and efficient by integrating conventional
classical methods which based on genome sequencing and bioinformatics analysis. In this study, the
affinity-based probe of steviol was capable of specifically labeling multiple biosynthesis-related UGTs
in different biological systems, including recombinant proteins, overexpressed E. coli cell lysates, and
Stevia plant proteome. By this approach we found that UGT73El, a Stevia UGT whose function
remains unknown, is capable of catalyze the glycosylation of C4-caboxyl group of steviol. On the other
hand, both activity- and affinity-based probes have been widely utilized in the rapid screening and
characterization of substrates, inhibitors, cofactors, and other small molecular ligands of enzyme:s.15’26’27
Although we cannot characterize the glycosyltransferase of UGT76G3 towards all the available SGs
tested, by using of competitive affinity-based labeling strategy, we discovered three substrates of
UGT76G3 which also expanded the library of available UGT biological parts. Looking forward, we

anticipate that our strategy can be expanded to profile and discovery the biosynthetic pathways of

secondary metabolites in other non-model medicinal plant species.
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B METHODS

Experimental methods are detailed in the Supporting Information.

B ASSOCIATED CONTENT

Supporting information

The Supporting information is available free of charge on the ACS Publications website at DOI:
10.1021/acschembio.xxx.

The synthetic method of biotin-steviol and ST-Dayne, biological experimental procedures, and

bioinformatics analysis (PDF).
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Figure legends

Figure 1. Strategy and workflow of AfBPP utilizing photoaffinity probe for steviol glycosides biosynthesis pathway
discovery in S. rebaudiana. (a) Structures of steviol, rebaudioside A, biotin-steviol and designed photoaffinity probe
(ST-Dayne). (b) Strategy and workflow of profiling of UGTs with photoaffinity probe. (c) Gel-based competitive
labeling of recombinant SrUGT85C2 and SrUGT76G1. (d) Gel-based competitive labeling of overexpressed

SrUGT85C2 and SrUGT76G1 in E. coli cell lysates.

Figure 2. Chemoproteomic profiling of S. rebaudiana proteome using photoaffinity probe. (a) Gel-based competitive
labeling of S. rebaudiana proteome. (b) Functional annotation and classification of unique putative transcripts from
public transcriptic data of S. rebaudiana on KEGG categories. (¢) Quantitative mass spectrometry-based ST-Dayne
profiling of S. rebaudiana proteome. (d) Veen diagram of enriched proteins. (¢) Competitive labeling of recombinant

SrUGT73E1 and SrUGT76G3.

Figure 3. Characterization of the glucosyltransferase activity of SFtUGT73E1 and redraft of biosynthesis pathway of
steviol glycosides. (a) HR-ESI-MS analysis of the product catalyzed by SrUGT73E1 during the in vitro assay. (i)
Authentic Steviol; (ii) Authentic 19-O-f glucopyranosol steviol; (iii) SFTUGT73E1 was used after treatment in 100 °C
water for 5 min as control; (iv) SFUGT73E1 reaction product. (b) HR-ESI-MS analysis of the product catalyzed by
SrUGT73E1 during the in vitro assay. (i) Authentic Steviolmonoside; (ii) Authentic Rubusoside; (iii) S"tUGT73E1 was
used after treatment in 100 °C water for 5 min as control; (iv) SFtUGT73EI reaction product. (c) Redrafted biosynthesis

pathway of steviol glycosides.

Figure 4. Molecular docking and competitive AfBPP-based substrate screening of SrUGT76G3. (a) MS based binding
site identification of SrUGT76G3. Molecular docking studies of (b) the binding of isosteviol in complex with
UGT76G3 (Yellow stick: substrate molecule isosteviol. Green stick: UDPG molecule) and (¢) The binding of steviol in
complex with UGT76G3 (Cyan stick: inhibitor molecule steviol. Green stick: UDPG molecule). (d) Competitive
labeling of SYrUGT76G3 by ST-Dayne for substrate screening. (e¢) Characterization of the glucosyltransferase activity
of SrtUGT76G3 by HR-ESI-MS analysis.
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