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Structural insights into the catalytic
selectivity of glycosyltransferase
SgUGT94-289-3 towards mogrosides

Shengrong Cui 1,2,3, Shumeng Zhang 2,3, Ning Wang2, Xiaodong Su2,
Zuliang Luo 1 , Xiaojun Ma 1 & Mei Li 2

Mogrosides constitute a series of natural sweeteners extracted from Siraitia
grosvenorii fruits. These mogrosides are glucosylated to different degrees,
with mogroside V (M5) and siamenoside I (SIA) being two mogrosides with
high intensities of sweetness. SgUGT94-289-3 constitutes a uridine dipho-
sphate (UDP)-dependent glycosyltransferase (UGT) responsible for the bio-
synthesis of M5 and SIA, by continuously catalyzing glucosylation on
mogroside IIe (M2E) andon the subsequent intermediatemogrosideproducts.
However, the mechanism of its promiscuous substrate recognition and mul-
tiple catalytic modes remains unclear. Here, we report multiple complex
structures and the enzymatic characterization of the glycosyltransferase
SgUGT94-289-3. We show that SgUGT94-289-3 adopts a dual-pocket organi-
zation in its active site, which allows the two structurally distinct reactive ends
of mogrosides to be presented from different pockets to the active site for
glucosylation reaction, thus enabling both substrate promiscuity and catalytic
regioselectivity. We further identified a structural motif that is essential to
catalytic activity and regioselectivity, and generated SgUGT94-289-3 mutants
with greatly improved M5/SIA production from M2E in an in vitro one-
pot setup.

Mogrosides are a class of secondarymetabolites found primarily in the
fruit extract of Siraitia grosvenorii (Monk fruit or Luo Han Guo in
Chinese), known for their high sweetness and low calorie content1,2.
The Food and Drug Administration has approved S. grosvenorii fruit
extract as a sugar substitute for food, withmogroside V (M5) being the
major sweetness component3. Mogrosides comprise a family of tri-
terpenoid saponins that are composed of a mogrol aglycone attached
with multiple glucose groups4. These glucoses are linked to the
hydroxyl groups on C24 and C3 positions (hereby termed R1 and R2
end) distributed on two ends of the mogrol aglycone, yielding a set of
mogrosides with linear and branched sugar chains5 (Fig. 1a and Sup-
plementary Table 1). The sweetness intensity of different mogrosides

varies, and is determined by the number and more critically, the link-
age pattern of glucose groups attached2,6,7. M5 contains five glucose
groups and exhibits a relative sweetness intensity of approx. 400 times
compared to aqueous sucrose of the same concentration8,9. A four
glucose-containing mogroside isomer, siamenoside I (SIA), exhibits
the highest sweetness intensity of over 500-fold compared to that of
sucrose8,9.

The production ofM5 and SIA requires serial glucosylation events
onmogrol, catalyzed by a set of uridine diphosphate (UDP)-dependent
glycosyltransferases (UGTs). Recently, the precise steps involved in
biosynthesis of mogrosides were identified10 (Fig. 1b). The first two
steps of this pathway are catalyzed by SgUGT720-269-1, adding one
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glucose molecule each on aglycone at both R1 and R2 ends and
yielding M2E, a bitter-tasting intermediate10. We termed the two glu-
coses as R1-G1 and R2-G1. SgUGT94-289-3 is responsible for the high
sweetnessofmogrosides by catalyzing the latter steps, transferring the
glucose group from UDP-Glucose (UPG) to R1-G1 and R2-G1 of various
mogrosides, thus generating M5 and several intermediate products.
Previous reports showed that SgUGT94-289-3 catalyzes the transfer of
the terminal glucose of UPG (UPG-Glc) onto mogrosides in at least
three different modes10 (Fig. 1b). First, SgUGT94-289-3 catalyzes the
conversion ofM2E-to-M3 andM3E-to-SIA, adding theUPG-Glc on6-OH
of R1-G1 through β (1-6) glycosylation. The newly added glucose is

termed R1-G2(1-6) hereafter. The secondmode catalyzed by SgUGT94-
289-3 involves the conversion of M3-to-M4A and SIA-to-M5, installing
the UPG-Glc onto R2-G1 through β (1-6) linkage (the newly added
glucose is termedR2-G2(1-6)).Moreover, SgUGT94-289-3 catalyzes the
conversion of M3-to-SIA and M4A-to-M5, through β (1-2) linking of the
UPG-Glc onto R1-G1 (the newly added glucose is termed R1-G3(1-2))
provided that the 6-OH of R1-G1 is already occupied.

SgUGT94-289-3 recognizes at least five different sugar acceptor
substrates and adopts different catalytic modes, thus showing strong
promiscuity (Fig. 1b)10. Substrate promiscuity is commonly found
amongplantUGTs11. Recently, the substrate-bound structures of Stevia
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Fig. 1 | Structures of representativemogrosides. a Chemical structures of various
mogrosides. Glucose groups are colored blue for R1-G1 andR2-G1, red for R1-G2(1-6),
green for R2-G2(1-6), and yellow for R1- G3(1-2). The atoms of O1, O2 andO6 of these
glucose groups are labeled as 1, 2 and 6, respectively. b M5 biosynthesis pathway.
Glucose groups are shown as spheres and colored the same as in (a). Reactions
catalyzed by SgUGT94-289-3 are highlighted in the box. Reactions of β (1–6)

glucosylation at R1 end, R2 end and β (1–2) glucosylation at R1 end are indicated by
red, green and yellow arrows, respectively. The pathway fromM3E to SIA is a minor
pathway with low efficiency, thus the arrow is shown in 50% transparency. The
UGT(s) responsible for producing M3E from M2E was not identified, thus this pro-
cess is indicated by arrow with dashed line.
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rebaudiana UGT76G1 (SrUGT76G1) and Oryza sativa UGT91C1
(OsUGT91C1), two plant UGTs capable of adding glucose on two
reactive ends of their sugar acceptors (steviol glucosides), were
reported12,13, revealing that substrate promiscuity is a result of a large
substrate binding pocket within the enzyme and non-specific enzyme-
substrate interactions14. However, the steviol aglycone exhibits a
pseudo-two-fold symmetry, whereas mogrosides are characterized by
an asymmetric structure, with a longer and branched R1 end, as well as
a shorter and linear R2 end (Supplementary Fig. 1). As a result,
SgUGT94-289-3 may adopt a mechanism for promiscuous substrate
recognition different from those of SrUGT76G1 and OsUGT91C1.
Nevertheless, the structural basis of non-symmetric sugar acceptor
recognition and catalysis of UGTs remain unclear.

Industrial production of mogrosides currently relies exclusively
on extraction from mature S. grosvenorii fruits5,15,16. However, the low
abundance and impurity limit the application ofM5/SIA as sweeteners.
Recently, an improved production of mogrol aglycone has been
achieved using engineered biocatalysts17. Moreover, a recent study
reported designed glycosylation routes by which three kinds of
mogrosides (M5, M5A and M5X) were generated from the aglycone
mogrol utilizing three engineered UGTs (SgUGT74AC1, OsUGT91C1
and MS1, a homologous protein of SgUGT94-289-3), with a total con-
version rate of 99%18. Previous studies provided insights critical for
improving mogrosides production through synthetic biology
strategies4,17–20, however, efficient production of M5 and SIA, the
mogrosideswith high sweetness, remains challenging. SinceSgUGT94-
289-3 is responsible for most of the mogroside glucosylation steps for
M5 and SIA biosynthesis, it is essential to understand the molecular
mechanisms of sugar acceptor recognition and catalysis of SgUGT94-
289-3.

Here, we set out to investigate the mechanisms of sugar acceptor
recognition and catalysis of SgUGT94-289-3, and perform structure-
based engineering of SgUGT94-289-3, resulting in mutated enzymes
with greatly improved efficiency of M5/SIA production.

Results
Enzymatic characterization of SgUGT94-289-3
We expressed and purified the recombinant SgUGT94-289-3 protein
(Supplementary Fig. 2), and measured its products specificity
towards various sugar acceptors involved in M5 biosynthesis (M2E,
M3, M3E, M4A, SIA). Albeit adopting different catalytic modes, we
found that SgUGT94-289-3 largelymaintained the dominance of only
one specific product generated from each of the sugar acceptors,
except for M4A (Fig. 2a, b). More specifically, SgUGT94-289-3 cata-
lyzes the addition of R1-G2(1-6) (M2E-to-M3 and M3E-to-SIA conver-
sion) with a product specificity of nearly 90%. Similarly, the product
specificity of adding the R2-G2(1-6) (M3-to-M4A and SIA-to-M5 con-
version) is approximately 70%. However, when we usedM4A as sugar
acceptor, we found that no single product was dominant, with M5
production (adding the R1-G3(1-2)) constituting less than 30% of all
products. Moreover, our kinetic data (Supplementary Table 2)
showed that SgUGT94-289-3 failed to reach a steady state when using
M4A as sugar acceptor. These data suggested that the enzyme
exhibits lower activity and/or less specificity for β (1-2) glucosylation
than β (1-6) linkage. Furthermore, we also found that the enzyme
exhibits higher Kcat/Km on the R1 end substrates (M2E and M3E)
than on the R2 end substrates (M3 and SIA) (Supplementary Table 2),
indicating a higher catalytic efficiency at the R1 end. Together, our
results showed that while SgUGT94-289-3 exhibits promiscuous
mogroside recognition and catalytic modes, it displays β (1-6) glu-
cosylation preference and favors the R1 end than R2 end of mogro-
sides, thus exhibiting a relatively stringent regioselectivity on both
the reactive end and the linkage of glycosidic bond.

We further incubated purified SgUGT94-289-3 with M2E and UPG
to verify its ability of in vitro M5 synthesis in a one-pot cascade. We

measured the amounts of various mogrosides produced in a time
course of 720min, a time point at which steady-state was nearly
reached (Fig. 2c, d and Supplementary Fig. 3). We showed that during
the catalytic process, M2E was rapidly consumed after approx. 40min
reaction time,whereasM3 andM4Aemerged almost immediately after
the onset of the reaction. While M3 reached its maximal proportion in
approx. 20min before slowly decaying to undetectable levels, the
amount of M4A exhibited its maximum levels at approx. 100min. M5
appeared at approx. 60min and slowly accumulated to the end of our
measurements. Byproducts (other isomers that could not be identified
due to lacking of standard mogrosides) became the most abundant
type by approx. 180min. Together, our results clearly showed that
SgUGT94-289-3 catalyzes the sequential conversion from M2E to M3,
then M4A and finally M5 in an in vitro one-pot setup. However, the M5
production is less than 10% in our in vitro assay, which is presumably a
result of low β (1-2) glucosylation efficiency of SgUGT94-289-3 as
revealed by our enzymatic assay (Fig. 2b).

To reconstitute the reaction of M5 production from M3E10, we
incubated SgUGT94-289-3 with M3E and UPG. This resulted in
sequential production of SIA and M5 with much lower byproducts
accumulation (Supplementary Fig. 4). These results were consistent
with our enzymatic data showing that SgUGT94-289-3 exhibits strong
preference for β (1-6) linkage. However, the amount of M3E produced
in S. grosvenorii fruits is negligible, suggesting that this pathway plays
only a minor role in the in vivo biosynthesis of M5/SIA.

Overall structure of SgUGT94-289-3 and the bound UPG
To investigate the catalytic mechanisms of SgUGT94-289-3 and its
binding mode with the sugar acceptor/donor, we solved ten crystal
structures of SgUGT94-289-3 (Supplementary Tables 3, 4 and Sup-
plementary Figs. 5, 6), namely the apo form (apo), the sugar donor
UPG-bound (termed UPG) and UDP-bound forms (two structures
termed UDP-1 and UDP-2), and six acceptor-bound forms. Two of the
six acceptor-bound structures were obtained from wild type (WT)
SgUGT94-289-3 bound with either M3 (termed M3) or M3E (termed
M3E), while other structures were obtained using mutated SgUGT94-
289-3 proteins generated in the present study (describe later),
including V148G, G152S and V148W/G152S. These four structures were
termed according to the sugar acceptor and the protein type, as
SIAV148G, SIAV148W/G152S, M5V148G and M5G152A. All acceptor-bound
structures contained one mogroside molecule accommodated in a
same shallow groove on the surface of SgUGT94-289-3 (termed site 3).
Moreover, we found a second mogroside bound inside the protein
molecule in M3E, M3 and SIAV148G structures, but located at two dif-
ferent positions. While the apo, M3 and SIAV148G structures contain
only one SgUGT94-289-3, other seven structures possess two
SgUGT94-289-3 molecules in one asymmetric unit of the crystal
(Supplementary Table 3). Both protein and ligands are well super-
posed between two molecules in each of these seven structures
(Supplementary Fig. 7). Therefore, we only describe one molecule of
these structures in the following text.

Analysis of our structures showed that SgUGT94-289-3 adopts a
typical plant UGT fold21,22 (Fig. 3a), with its N- and C-terminal domain
(NTD and CTD) responsible for binding sugar acceptor and donor,
respectively23. The NTD consists of seven β-strands (Nβ1-Nβ7) sur-
rounded by ten α-helices (Nα1-Nα10), whereas the CTD contains six
β-strands and nine α-helices (Cβ1-6 and Cα1-9). All ten structures
exhibit almost identical overall folding, especially their CTDs, but adopt
slightly different conformations of the Nα6-Nα8 fragment (Fig. 3b). The
Nα8 helix in apo, UDP-1 and UPG structures tilts ~30 degree compared
with that in other structures. These conformational differences suggest
that the Nα6-Nα8 region in SgUGT94-289-3 is inherently mobile, which
may be related to its specific catalytic property.

In all nine complex structures, theUPG/UDPmolecules are closely
superimposed (Fig. 3b), and accommodated within the CTD (Fig. 3c).
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The UPG-Glc is hydrogen-bonded with E273, D374 and Q375, and is
located in proximity to conserved residues, H22 and D121, which cor-
respond to the catalytic dyad in other UGT family members24,25

(Fig. 3c). Mutating any of these five residues resulted in complete loss
of catalytic activity of SgUGT94-289-3 (Supplementary Fig. 8), high-
lighting their essential roles in binding the UPG molecule and/or cat-
alyzing the glucose transfer reaction26. Alignment of our UPG structure
with the previously reported structure of UPG-bound VvGT127 (PDB
code: 2C1Z) showed that UPG molecules in the two structures are
positioned at the same site, and adopt largely identical conformations
(Supplementary Fig. 9). However, the UPG-Glc in VvGT1 structure is
flipped perpendicularly to the UDP moiety, thus exposing the
anomeric carbon atom (C1), representing a productive conformation
of UPG. In contrast, in our structure, the UPG molecule adopts a
relaxed conformation with the UPG-Glc extending towards catalytic
center, thus shielding the catalytic C1 atom, suggesting a non-
productive state of the UPG molecule in our structure. This con-
formational difference is presumably caused by the absence of sugar
acceptor in our UPG structure, whereas a sugar acceptor (kaempferol)

is present in VvGT1 structure and may induce the specific conforma-
tion of UPG.

The pocket 2 for sugar acceptor binding in SgUGT94-289-3
Two of our six acceptor-bound structures, namely M3 and SIAV148G,
have the same acceptor binding mode, with one M3/SIA molecule
binding to site 3, and the other M3/SIA located in a pocket shaped by
Nα6-Nα8 region (Fig. 4a). The latterM3/SIA adopts a R2-in orientation,
with the R2 end penetrating deeply inside the pocket and approaching
to the catalytic center, thus we termed this site pocket 2. The M3 and
SIA molecules are perfectly superposed in the two structures, espe-
cially their R2 ends (Fig. 4b), which are identical in the two acceptor
molecules (Fig. 1a). Therefore, we only describe theM3 structure in the
following text.

Interestingly, the M3 structure aligned well with OsUGT91C1
structure (PDB code 7ES013 [https://doi.org/10.2210/pdb7es0/pdb]),
which also contains a sugar acceptor (Rebaudioside E, Reb E) bound in
the position corresponding to pocket 2 (Fig. 4c). The 6-OH of R2-G1 of
the M3 molecule in pocket 2 is hydrogen-bonded with H22, and is

Fig. 2 | Catalytic properties of SgUGT94-289-3 on mogrosides. a UPLC chro-
matographic curves of each single glucosylation step catalyzed by SgUGT94-289-3
towards different mogrosides, with the type of mogroside substrates and the
reaction time labeled in the right. The peak of target product of each reaction is
indicated by a black arrow. Mogrosides (peaks) containing the same number of
glucoses are shown with the same background color. b Histogram of conversion
efficiency of the target product using M2E, M3, M3E, M4A or SIA as substrates,
calculated from the curves in (a). c Dynamics of products converted in an in vitro

continuous glucosylation assay using M2E as the starting substrate. Time course:
720min. SIA is not included in the calculation due to its very low production (yield
of 2%).dHistogramof products’ conversion rate in different timepoints (0, 40, 300
and 720min), calculated from the curves in (c). Conversion rate of eachproduct (%)
is represented by the percentage of corresponding product in total products. Data
are presentedasmeanvalues ± SD (n = 3biological replicates). Thenegative control
group consisted of buffer without enzyme or substrates. Source data are provided
as a Source Data file.
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located at the sameposition as 2-OH (the reactive group) of glucose 1-R2
(the glucose at the catalytic site) of Reb E in OsUGT91C1 structure,
strongly indicating thatM3molecule in pocket 2 is in a productive state,
and is ready to be glucosylated through β (1-6) linkage to produceM4A.
Residues W17, H96 and E273 interact with other three hydroxyl groups
of theR2-G1ofM3molecule (Fig. 4d), suggesting that these residuesplay
an important role in orientating the sugar acceptor in pocket 2 and
determining the product specificity of SgUGT94-289-3. Moreover, the
R2-G1 group of M3molecule is sandwiched by L123 and V373 from both
sides, and residues L197 and F377 stabilize the mogrol scaffold through
hydrophobic interactions. V148, G152 and I156 onNα6 also participate in
the hydrophobic interaction with M3. These results strongly suggested
that pocket 2 of SgUGT94-289-3 is able to accommodate sugar accep-
tors in R2-in orientation, and thus facilitating the β (1-6) glucosylation of
their R2-G1 group.

The pocket 1 for sugar acceptor binding in SgUGT94-289-3
Next, we analyzed the sugar acceptor binding mode in our M3E
structure, and found that in addition to one M3E molecule at site 3,
another M3E occupies a pocket distinct from pocket 2, and formed by
Nα4 and Nα8. The latter M3Emolecule adopts a R1-in orientation, with
its R1 end pointing towards the catalytic center (Fig. 5a). We thus
named this binding site pocket 1. When we compared our M3E struc-
ture with other UGT structures, we found that the M3E molecule is
located at a position similar to the sugar acceptor in the
SrUGT76G1 structure (PDB code 6O8828) (Fig. 5b). However, the 6-OH
group ofM3Emolecule is a little distant from the catalytic residueH22.

The non-productive conformation of M3E in the structure is pre-
sumably due to a tris molecule in the catalytic site (Fig. 5c), which
might be a result of the high concentrations of tris buffer (0.1M) used
in the crystallization solution. A stably bound tris molecule in the
catalytic center was also observed in other UGT structures29,30, pre-
sumably because the hydroxyl groups of tris mimic those of the glu-
cose moiety, thereby stabilizing its binding31.

To verify the binding mode of M3E in SgUGT94-289-3, we per-
formed molecular dynamics (MD) simulation using a tris-free
SgUGT94-289-3 model, in which a UDP molecule was replaced with a
UPG. We found that the M3E molecule is stably bound within pocket 1
in the R1-in state, andmoving closer to the UPGmolecule at the end of
simulation. The 6-OH of R1-G1 moves 4.3Å towards the UPG-Glc and is
positioned within a hydrogen bond distance (3.5 Å) to the catalytic
residue H22 (Fig. 5d and Supplementary Fig. 10a–c). Moreover, we
found that upon the M3E approaching, the UPG-Glc flips and switches
to the active conformation, similar to that observed in VvGT1 structure
(PDB code 2C1Z27) (Supplementary Fig. 10b). These findings suggest
that the M3E molecule in the MD model represents its productive
conformation. Based on our structural and simulation data, we pro-
pose that several residues, including W17, H96, L123 and V373 are
presumably involved in the binding of the M3E molecule.

Although we failed to obtain the complex structures of SgUGT94-
289-3 bound with M2E or M4A, we were able to dock the two sugar
acceptors separately into the SgUGT94-289-3 structure and perform
MD simulation. We found that both sugar acceptors adopt R1-in
orientation and stably bind in pocket 1, similar toM3E (Supplementary
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Figs. 10d–i and 11). M2E exposes its 6-OH of R1-G1 closely to H22 and
UPG-Glc (Supplementary Fig. 10d–f), supporting our enzymatic result
that SgUGT94-289-3 prefers to catalyze the β (1-6) glucosylation of
M2E.Moreover, theUPGmolecule also adopts the active conformation
in our simulation, with the flipped UPG-Glc (Supplementary Fig. 10e).
For M4A, while its mogrol aglycone located in pocket 1, its R1-G2(1-6)
group extends towards pocket 2. This conformation enables the
exposure of the 2-OH (and other hydroxyl groups) of R1-G1 towards
H22 (Supplementary Fig. 10g–i). Together, our results indicated that
pocket 1 in SgUGT94-289-3 preferably binds sugar acceptors in R1-in
orientation, which is available for further glucosylation on the R1-
G1 group.

A dual-pocket mode for the catalysis of SgUGT94-289-3
Our M3E and M3 structures showed that although located in different
pockets, M3E and M3 molecules interact with SgUGT94-289-3 in
similar manners, namely through non-polar interactions surrounding
the scaffold region, and additional hydrogen bond interactions with

distinct reactive ends. We further superimposed the two structures
and found that R1-G1 of M3E and R2-G1 of M3 are located in the same
active site that is shaped byW17, H22, H96, L123 and V373 in SgUGT94-
289-3 (Fig. 6a). While both substrates in M3E and M3 structures share
similar residues for their stabilization, they also form distinct interac-
tions with the enzyme.

To verify the functional role of the dual-pocket organization in
catalysis, we analyzed the enzymatic activities of single-site mutations
targeting residues involved in binding M3E (pocket 1) and M3 (pocket
2). We found that these residues contribute differently to the catalytic
activity and specificity on various mogroside substrates, in agreement
with their specific locations on the enzyme (Fig. 6). Residue W17 is
closely located to the catalytic residues H22 and D121 (Fig. 6a), and its
bulky side chain may be critical for the stabilization and/or correct
orientation of sugar acceptors. In line with this structural observation,
we found thatW17Amutation abolishes the activity of SgUGT94-289-3
(Fig. 6b–e). Residues H96 and V373 are located proximal to the G1
group of both reactive ends (Fig. 6a), accordingly, both H96A and
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V373A mutant forms exhibited decreased activity on all substrates.
Moreover, H96A mutation greatly reduced the catalytic specificity on
R2-in substrates (M3 and SIA) (Fig. 6d, e), confirming our suggestion
thatH96 is critical in orientingR2-G1 ofM3/SIA forβ (1-6) glucosylation
(Fig. 4d). The L123A and L197G mutations reduced the catalytic effi-
ciency of SgUGT94-289-3 on R1-in (M2E and M3E) and R2-in (M3 and
SIA) substrates, respectively (Fig. 6b–e). These results are in line with
our structures showing that L123 lies in pocket 1 whereas L197 in
pocket 2.

In summary, our enzymatic assay of SgUGT94-289-3 mutants
confirmed our structural and simulation findings, demonstrating that
SgUGT94-289-3 utilizes a dual-pocket mode for mogroside binding
and catalysis. The enzymebinds sugar acceptorswith R1-in orientation
(M2E,M3E,M4A) in pocket 1, whereas those in R2-in state (M3 and SIA)
in pocket 2. The orientation-specific assignment of sugar acceptors in
different pockets may be determined by the asymmetric structure of

mogrosides and the different shapes of the twopockets.Our structural
analysis showed that the opening of pocket 1 is wider and that of
pocket 2 is narrower (Supplementary Fig. 12a), thus the branched and
bulkyR1mayenter thewider pocket 1, whereas the linearR2end is able
to enter the narrower pocket 2. Furthermore, sugar acceptors may
enter thewider pocket 1more easily, whichmay explain our enzymatic
results that SgUGT94-289-3 favors the R1 end of mogrosides during
catalysis (Fig. 2b).

The site 3 for sugar acceptor binding
Comparison of M3 and M3E structures also revealed conformational
changes occurred in the Nα6-Nα8 region (Supplementary Fig. 12b).
Nα8 is located more distally from Nα4 in the M3E structure, but away
from Nα6 in the M3 structure, thus creating space for substrate
binding in each pocket. These results confirmed our previous obser-
vation that the Nα6-Nα8 region is mobile, and highlighted the
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important role of this region in facilitating sugar acceptor binding and
directing.

Interestingly, in all acceptor-bound structures, we observed one
acceptor molecule bound at site 3, which is on the molecular surface
and located close to Nα8 (Supplementary Fig. 13a). These acceptor
molecules adopt an identical orientation and superimposed well, with
the R1 end pointing towards pocket 1 and R2 end approaching pocket
2. We therefore hypothesized that site 3 may promote the shuttling of
acceptors between pocket 1 and 2, thus facilitating the alternating
glucosylation of different ends of sugar acceptors. In addition,
mogrosides are non-polar chemicals with low solubility in aqueous
solution, thus they may prefer to attach to the mostly hydrophobic
groove on the protein surface. Site 3 may serve as a hub that recruits
substrate and exchanges more hydrophilic products with more
hydrophobic substrate. A similar case was found in the enzyme
Diphosphoinositol pentakisphosphate kinase 232, which possesses a
second substrate binding pocket at the protein surface adjacent to the
primary catalytic pocket, serving to capture the substrates from the
bulk phase. However, site 3 is distantly located from the catalytic
center (Supplementary Fig. 13a), and our enzymatic assay showed that
mutation of residues in site 3 has minor effect on the catalytic activity
of SgUGT94-289-3 (Supplementary Fig. 13b), suggesting that this site
might be an artifact not present under physiological conditions.

Continuous catalytic model of SgUGT94-289-3
Based on our structural and enzymatic analysis, we propose a model
that describes the continuous conversion fromM2E toM5 catalyzedby
SgUGT94-289-3, and explains the promiscuity and stringent regios-
electivity exhibited during SgUGT94-289-3’s catalysis on different
mogrosides (Supplementary Fig. 14). Initially, the sugar acceptor M2E

prefers to enter pocket 1 due to its wider opening, and adopts the R1-in
orientation, thus exposing the 6-OH of R1-G1. Simultaneously, UPG
binds to the active sitewhere it is poised to donate theUPG-Glc toM2E.
Through a series of potential conformational changes, M2E is gluco-
sylated at the 6-OH of R1-G1, yielding themajor productM3. Following
the consumption of M2E and the accumulation of M3, SgUGT94-289-3
utilizes M3 as its substrate. At that time, SgUGT94-289-3 presumably
exhibits a lower affinity for the R1 end of M3 because its sophorose
moiety may introduce growing steric hindrance to pocket 1, while
pocket 2 exhibits higher affinity for its R2 end. Thus SgUGT94-289-3
binds M3 with R2-in orientation in pocket 2, with the 6-OH of R2-G1
exposed to the catalytic site. The UPG-Glc is then transferred to R2-G1
of M3 through β (1-6) glycosidic bond formation, yielding M4A. M4A
subsequently enters pocket 1, positioning its R1-G1 group at the cata-
lytic site, and is converted intoM5, accompanied by various additional
byproducts.

Residue important for β (1-2) glucosylation activity
Although SgUGT94-289-3 is capable of conducting a continuous
glucosylation reaction on M2E to produce M5, the conversion is
inefficient due to the production of large quantities of unwanted
byproducts. To identify the potential sites that may be responsible
for increasing the regioselectivity and activity of SgUGT94-289-3, we
constructed a series of single mutations targeting the key structural
elements identified in our structures, especially theNα6-Nα8 region,
generating over 70 mutants (Fig. 7a). We then screened these
mutants in a continuous glucosylation assay for increased accumu-
lation of M4A production after 40min, and found that three
mutants, namely V148M, G152A and S185L, exhibited significantly
increased M4A production when compared to production by WT
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forms (Fig. 7b). Notably, all three mutated positions are located
within the Nα6-Nα8 region, with V148 and G152 on Nα6, and S185 on
Nα7. By extending the reaction time to 720min, the S185L mutant
was excluded from further analysis because of more accumulation

of byproduct and reduced M5 production (Supplementary
Fig. 15a, b).

We next generated three additional mutant forms targeting the
residue at position 148, namely V148G (no side chain), V148F and
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V148W (bulky side chain), and calculated the yield of all intermediate
products of the four 148-mutants at three intervals of time (40, 300
and 720min), using M2E as the sugar acceptor (Fig. 7c–e and Sup-
plementary Fig. 15c, d). We found that at longer reaction times (300
and 720min), V148G exhibited lower activity compared to WT
enzyme. In comparison, V148M and V148Fmutants exhibited greatly
increased M5 production (Fig. 7d), and higher catalytic efficiency
(Kcat/Km) of M4A-to-M5 conversion (Supplementary Table 2), with
V148F being more efficient. These results suggested that these two
mutants exhibit higher β (1-2) glucosylation activity. Structural
comparison of WT (M3 structure) and 148 mutants (SIVV148G,
M5V148G and SIAV148W/G152S structures) showed that these mutants
exhibit identical conformation as WT (Supplementary Fig. 16a), thus
the effect of V148 mutation on catalysis should be a result of the
change of side chains. Analysis of our structures showed that V148 is
located inside pocket 2, proximally to the catalytic site, thus muta-
tion of V148 to residues with larger side chain narrows down the
space of the active center at the side of pocket 2. Our MD simulation
models ofWT and V148Fmutant boundwithM4A suggested that the
R1-G2(1-6) group of M4A extends into pocket 2, which may facilitate
the exposure of the 2-OH group of R1-G1 to the catalytic residue H22
(Supplementary Fig. 16b). During the simulation, the 2-OH of R1-G1
in the V148Fmutant is positioned closer to the C1 of UPG than that in
WT (Supplementary Fig. 16c), presumably because the narrower
pocket 2 restricts the mobility of R1-G2(1-6) and thus helps to orient
the 2-OH of R1-G1 towards the catalytic residue. In comparison,
V148G mutation creates a larger space of the catalytic center, hence
reducing the conversion rate of M5 (Fig. 7d). Curiously, V148W
possesses the largest side chain, but does not exhibit increased
activity as V148F/V148M. Superposition of our M3 and SIAV148W/G152S

structures showed that the side chain of W148 overlaps with the M3
molecule in pocket 2 (Supplementary Fig. 16d, e). As a consequence,
slight conformational change of mogrosides and/or a rotamer
switch of W148 side chain may be necessary for mogroside sub-
strates to be fully accommodated in pocket 2. This might be one of
the reasons why V148W mutation did not promote the enzymatic
activity of SgUGT94-289-3. Together, our results indicated that a
moderately large residue at the position 148 increases β (1-2) glu-
cosylation activity and the regioselectivity on M4A.

Residue important for catalytic efficiency
Our enzyme kinetics analysis showed that the G152A mutant form
exhibits significantly higher catalytic activity compared to WT
(Supplementary Table 2), resulting in a greatly increasedM4A-to-M5
conversion (Fig. 7d), but also considerable amounts of unwanted
byproducts (Fig. 7e). These results indicated that the G152A muta-
tion greatly stimulated the enzymatic activity of SgUGT94-289-3,
but showed negligible effects on its catalytic specificity. Similar
results were also obtained from G152S and G152T mutants
(Fig. 7c–e). Our M5G152A and SIAV148W/G152S structures revealed that
mutation of G152 to residues with small side chain failed to result in
conformational changes compared to WT (Supplementary Fig. 16a).
G152 is positioned in pocket 2, similar to V148, but is located more
distant from the catalytic center than V148. Thus, replacing the
glycine at the position 152 with small side chain residues (A/S/T)may
affect the enzymatic activity, but not specificity of SgUGT94-289-3.
Intriguingly, compared toWT, G152A exhibited comparable catalytic
efficiency (1.33 and 2.42 times) on R1-in substrate (M2E and M3E),
but drastically higher efficiency (11.57 and 368.22 times) on R2-in
substrate (M3 and SIA) (Supplementary Table 2), suggesting that
enzyme activity was stimulated, particularly for R2 end reactions.
The underlying reason for this observation could not be explained
solely from structural data, and the mechanism requires further
investigation.

SgUGT94-289-3 mutants with highly efficient M5 production
We further generated double mutants (V148M/F/W together with
G152A) based on our above findings, hoping to combine the effects of
mutations at positions 148 and 152. As expected, the double mutants
exhibit greatly increased M5 yields in the continuous glucosylation
system as well as a decrease in accumulated byproducts (Fig. 7d, e).
Particularly, V148M/G152A mutant exhibited the highest M5 yields
(94%), while simultaneously we observed minimum amount of
unwanted byproducts (3%). Interestingly, we noticed that at the 300-
minutes time point, V148F and V148Wmutations increased the M3-to-
SIA conversion compared to WT. Similarly, double mutants V148F/
G152A and V148W/G152A exhibit increased SIA production, accom-
panied with decreased M3-to-M4A conversion (Fig. 7c, f). These
experimental data suggested that mutation of V148F/G152A and
V148W/G152A of SgUGT94-289-3 change its end-selectivity from R2
end to R1 end, and enhance the β (1-2) glucosylation activity on R1 end
of M3, thus producing higher amount of SIA. The increased M3-to-SIA
conversion is also presumably a result of the narrower catalytic center
at the side of pocket 2 in these mutant enzymes.

Together, our work presents a set of SgUGT94-289-3 derived
catalysts, such as V148F, V148M/G152A and V148W/G152A, with high
regioselectivity and catalytic efficiency on M5 and SIA production
(Fig. 7f). Using the primary mogroside M2E as sole input, our estab-
lished in vitro one-pot synthesis system with a single catalyst achieved
production of up to 94% M5 (V148M/G152A) and 43% SIA (V148W/
G152A), with minimal unwanted byproducts.

Discussion
UGTs constitute a large superfamily of enzymes and are usually able to
catalyze the glycosylation of multiple sugar acceptor substrates or of
the distinct reactive ends of one substrate33. The recognition and
properly binding of various sugar acceptors are the prerequisite of
catalysis of UGTs. Structures of two plant UGTs, SrUGT76G1 and
OsUGT91C1, in complex with their sugar acceptors have been
reported12,13,28,34, showing that both enzymes use one single pocket to
bind and catalyze glycoside substrates with two distinct orientations.
While the almost symmetric structure of steviol aglycone and non-
specific hydrophobic enzyme-substrate interaction allow the one-
pocket mode for SrUGT76G1 and OsUGT91C1, mogrol exhibit appar-
ent difference of the two reactive ends in both structure and size
(Supplementary Fig. 1). If SgUGT94-289-3 utilizes the one-pocket
mechanism, it may face a tradeoff between large pocket size to
match the larger reactive end and a reasonable pocket size to
maintain regioselectivity on the smaller reactive end. We showed
here that SgUGT94-289-3 adopts a hitherto unknown dual-pocket
organization, accommodating the two structurally distinct reactive
ends of mogrosides separately into the two pockets, thus achieving
a broader substrate spectrum while stringent regioselectivity. Inter-
estingly, the sugar acceptor binding pocket in SrUGT76G1 and
OsUGT91C1 structures correspond to pocket 1 and pocket 2 in
SgUGT94-289-3, respectively, implying that the dual-pocket organi-
zation of SgUGT94-289-3 is developed from theone-pocketmode, and
may ubiquitously exist in other UGTs. Many triterpenoid saponins
possess various glycosylation modifications and usually exhibit non-
symmetric structure11. Glycosylation on their different reactive ends
requires multiple UGTs acting synergistically35. However, the utiliza-
tion of multiple-enzyme pathways may lead to increased complexity,
making the industrial synthesis of target products less practical.
Developing one enzyme capable of catalyzing several reaction steps
and yielding the final product independently constitutes a promising
approach for directed synthesis of target products36. The dual-pocket
mode found in SgUGT94-289-3 could be applied to design and engi-
neer other UGTs that catalyze sugar acceptors with distinct/non-
symmetric reactive ends.
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Furthermore, our structure-based engineering of SgUGT94-289-3
revealed that mutation of V148 to residues with moderately large side
chains increases β (1-2) glucosylation activity on R1 end, whereas
mutation of G152 to residues with small side chains greatly enhances
the catalytic activity of SgUGT94-289-3 but has minor effects on
regioselectivity. Furthermore, double mutants V148M/G152A, V148F/
G152A andV148W/G152Aexhibit greatly improved efficiency ofM5 and
SIA production when compared to the WT form (Fig. 7f). Both posi-
tions (148 and 152) are located at Nα6, suggesting that this structural
motif may serve as a key element in both regioselectivity and catalytic
efficiency of SgUGT94-289-3. In conclusion, our work showed it is
possible to develop efficient biocatalysts for single-pot synthesis of
M5/SIA products, and should provide a reference for future engi-
neering of SgUGT94-289-3 and potentially other plant UGTs.

Methods
Molecular cloning
The gene encoding SgUGT94-289-3 was amplified from a cDNA library
of S. grosvenorii and cloned into pET28a (+) plasmid (Merck Millipore,
69864) using Gibson assembly method (Transgen), with both N-
and C-terminus linked with one hexa-His tag. Primer sequences
to subclone SgUGT94-289-3 to pET28a are as follows: Forward primer
5′- ACTGGTGGACAGCAAATGGGTCGCGGAATGGATGCTGCCCAACAA
G-3′ and reverse primer 5′- ATCTCAGTGGTGGTGGTGGTGGTGCT
CTATTTTAAGCAAGAGAGAAATTTCAGCGAC-3′. All the point muta-
tions were generated using Gibson assembly method. For the struc-
tural based manipulation of SgUGT94-289-3, a list of mutated
positions is provided in Supplementary Table 5. These residues were
mutated to alanine and/or other conserved residues among the
homologous UGTs from Cucurbitaceae.

Protein expression and purification
The recombinant plasmid was transformed into E. coli Rosetta (DE3)
competent cells. The transformed cells were cultured in Lysogeny
Broth medium containing 50 µg/ml kanamycin and shaken under 220
r.p.m. at 37 °C until the O.D.600 reaching around 0.8. The protein
expression was induced by adding 0.5mM IPTG in the culture which
was shaken under 180 r.p.m. at 18 °C for additional 20 h. The cells were
harvested by centrifugation at 6000 × g for 10min at 4 °C and resus-
pended in the Lysis Buffer (50mM Tris-HCl, pH 8.0, 500mM NaCl, 5%
glycerol and 10mM imidazole). The cells were then lysed by sonica-
tion, and centrifuged at 18,000× g for 40min at 4 °C. The supernatant
was loaded onto Ni-NTA column (GE Life Sciences) pre-equilibrated
with Lysis Buffer. The column was washed with 50 volumes of wash
buffer (50mM Tris 8.0, 500mM NaCl, 100mM Imidazole) and sub-
sequently eluted with elution buffer (50mM Tris 8.0, 500mM NaCl,
300mM Imidazole). The eluate was buffer-exchanged to buffer A
(20mM Tris-HCl pH 8.0, 0.1mM EDTA pH 8.0, 5mM β-ME) with a
30kD-cutoff centrifugal filter (Merck Millipore, C7719) and directly
loaded onto RESOURCE Q anion exchange chromatography column
(Cytiva). The column was equilibrated with buffer A and eluted with
linear gradient of buffer B (buffer A supplementedwith 500mMNaCl),
with the target protein eluted under the salt concentration of ~150mM.
Homogeneity of purified protein sample was confirmed by size
exclusion chromatography using Superdex 200 (Cytiva). The protein
sample was desalted and concentrated to 15mg/ml, and stored at
−80 °C for future use.

Crystallization
All the sugar acceptors used for soaking or co-crystallization with
SgUGT94-289-3 were dissolved in 50% DMSO, resulting in 80mM
stock solutions of M2E, M3, M3E, SIA and M5. UDP and UPG were
prepared as 40mM stock solution in water (Supplementary Table 1).
All the crystals were grown by the hanging-drop vapor diffusion
method at 16 °C. Crystals of apo SgUGT94-289-3 (used to solve apo

structure) were obtained from the reservoir solution containing 0.1M
Tris-HCl pH8.0, 35% (w/v) polyethylene glycol 3350, 0.2MNaCl and4%
(v/v) Polypropylene glycol P400. The crystals of SgUGT94-289-3 in
complex with UPG (used to solve UPG structure) were obtained by
soaking apo protein crystals overnight in the same reservoir solution
supplemented with 4mM UPG. The crystals of SgUGT94-289-3 in
complex with UDP were obtained by incubating protein with either
4mM UPG (for UDP-1 structure), or 4mM UPG and 8mM M2E (for
UDP-2 structure) for 30min, and crystallized under the same reservoir
condition of apo protein. Crystals used to solve M3E, M3 and SIAV148G

structures were obtained by incubating SgUGT94-289-3 proteins with
4mM UDP and 8mM of either M3E, M3 or SIA prior to crystallization.
Crystals for M3E structure was grown in reservoir solution containing
0.1M Tris-HCl pH 8.0, 35% (w/v) polyethylene glycol 3350, 0.2M NaCl
and4% (v/v) Polypropyleneglycol P400.Crystals forM3structurewere
grown using 0.2M sodium iodide and 20% (w/v) polyethylene glycol
3,350pH 7.0. Crystals for SIAV148G structure were obtained in reservoir
solution composed of 4% v/v TacsimateTM pH 7.0 and 12% w/v Poly-
ethylene glycol 3350. The crystals used for solving other acceptor-
bound complex structures were all obtained by incubating the pro-
teins with 4mMUDP and 8mMof corresponding sugar acceptor prior
to crystallization under the same reservoir conditions of the apo-
protein. Crystals were directly flash-frozen in liquid nitrogen without
additional cryoprotection. The use of UDP instead of UPG for incu-
bationwith the enzyme and variousmogrosides is to avoid proceeding
of the catalytic reaction during the long period time of crystallization,
thereby enabling the obtaining of the acceptor-bound complex of
SgUGT94-289-3.

Data collection and structure determination
The X-ray diffraction data sets were collected under cryogenic condi-
tions at 100K at beamline BL17U137, BL18U1, and BL19U138 of Shanghai
Synchrotron Radiation Facility at a wavelength of 0.97918 Å. Diffrac-
tion data were processed and scaled with XDS package39,40. The UDP-1
structure was solved by molecular replacement method using the
phaser software in PHENIX package41, and the structure of TcCGT1
(PDB code 6JTD42) was used as a search model. Other structures were
solved by phaser using the refined UDP-1 structure as an initial search
model. Structures were manually adjusted by Coot43, and refined by
Phenix. refine41. Ramachandran plot statistics based on an analysis of
each structure and a good quality model would be expected to have
over 95% in the most favored regions. A summary of data collection
and structure refinement statistics is provided in Supplementary
Table 3. All the figures of the structures were prepared by PyMOL44.

Docking and molecular dynamics simulation
The M3E structure was used to generate a tris-free SgUGT94-289-3
structural model, by manually removing tris and M3E molecules. The
V148F mutant model was generated throughmutagenesis in PyMOL44.
Missing residues in loop regions and mutated residue were refined by
Rosetta45. M2E, M3E and M4A molecules were separately docked in
SgUGT94-289-3 structural models (WT and V148F) using LeDock46.
LeDock is based on a combination of simulated annealing and evolu-
tionary optimization of the ligand pose (position and orientation) and
its rotatable bonds, using a physics/ knowledge hybrid scoring scheme
derived from prospective virtual screening campaigns. The hydrogen
atomswereadded to thesemolecules usingOpenbabel47. A root-mean-
square deviation (RMSD) value and the number of binding poses were
set to 1 and 1000, respectively. Models of SgUGT94-289-3 in complex
withM2E,M3E orM4Awith the lowest energy state were chosen as the
initial model for MD simulation analysis.

For MD simulation, the UDP molecule in each model was replaced
by UPG molecule. All MD simulations were performed by GROMACS
version 2019.648,49, using the Amber14SB_OL15 force field50. Ligand (UPG
and sugar acceptor) charges and atom types were assigned with the
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AM1-BCC model51 and the second-generation generalized AMBER force
field (GAFF2)52,53, respectively. The system was solvated with a transfer-
rable intermolecular potential with threepoints (TIP3P)54 explicit solvent
model in a cubic box with a 10Å buffer region and electrically neu-
tralized with sodium ions. The number of each type of molecules
involved in system are listed in Supplementary Table 6. Energy mini-
mization was performed with the steepest descent algorithm. Equili-
bration was performed with harmonic restraints (1000kJ/mol/nm2) on
heavy atoms with a stepdown equilibration. The 100ps NPT ensemble
was used and the timestep was 2 fs. Temperature and pressure regula-
tions were controlled by the V-rescale55 and Parrinello-Rahman56 meth-
ods, respectively. Short-range nonbonded interactions were calculated
with a cutoff of 1.0 nm, and long-range electrostatic interactions were
calculated with Particle-Mesh-Ewald57,58. Hydrogen bonds were con-
strained with the LINCS method59. The production simulations were
conducted for 130ns in the NPT ensemble. Each production MD simu-
lation had been considered as independent action and repeated at three
timeswith randomvelocity seed for generating initial speed. The related
indices to evaluate the equilibration of production MD runs, include
protein backbone RMSD, potential energy, temperature and pressure
variations from simulation system, shown in Supplementary Fig. 17. All
repeatedMDsimulations yielded similar results, and thedataofonly one
replicate was provided as a representative.

In vitro glucosylation assay and products preparation
In vitro glucosylation assay was performed in the reaction buffer
containing 50mM PBS, pH 6.5 and 5mM β-mercaptoethanol. Mogro-
sides (M2E,M3,M3E,M4A, SIA andM5)were dissolved in 50%DMSO to
a concentration of 10mM. UPG was dissolved in water to 80mM
concentration.

Following reaction setup, 0.5mM mogrosides, 8mM UPG and
10 µg purified enzymes were mixed into a reaction system of 100μl.
The reaction system was incubated at 45 °C for different time courses
and was terminated by adding 50μl of methanol into the system fol-
lowing 5min incubation at 95 °C. The reaction systemwas centrifuged
at 12,000 × g for 10min. The supernatant containing the glucosylated
products was collected, stored at 4 °C for further UPLC or UPLC-ESI-
QTOF-MS/MS analysis.

Ultra performance liquid chromatography analyses
Glucosylated products were analyzed on a Waters ACQUITY UPLC
I-Class system (Waters, Milford, MA, USA) with diode array detector
(Waters), using an ACQUITY UPLC BEH C18 column (2.1 × 100mm,
1.7 μm particle, Waters) with flow rate of 0.25ml/min and the
injection volume of 5 µl at 30 °C. The mobile phase is consisted of
0.1% formic acid in water (v/v, solvent A) and pure acetonitrile
(solvent B) with a gradient elution: 0–10min, 21–28% (solvent B).
The detection wavelength was 203 nm. The target products were
identified by comparing the elution time and Mass spectrometry
with those of mogroside standards (Chengdu Must Bio-Technology
Co., Ltd). The products were quantified by extra-standard method
of chromatographic peak area. Conversion rate was calculated
by dividing the quantity of certain products by that of total
products.

Mass spectrometric analysis
The qualitative analysis of the glycosylated products was conducted
using the Xevo G2-XS Q/TOF mass spectrometer (Waters) system in
the negative mode of the electrospray ionization (ESI) interface. The
desolvation gas flow rate was set to 600 L/h at 250 °C. The cone gas
was set to 50L/h and the source temperature was set at 100 °C. The
capillary and cone voltages were set at 2.5 kV and 40V, respectively.
MS/MS fragment information was obtained using a collision energy
ramp from 10 to 45 V. Mass spectrometry was performed in full scan

mode fromm/z 50 to 1500. Accuratemass and fragment ions were got
using MassLynx™ software (version 4.1, Waters). One set of samples
was analyzed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The atomic coordinates and crystallographic structure factors gener-
ated in this study have been deposited into the protein data bank
(PDB) database under accession codes: 8HJQ (apo), 8HJP (UDP-1), 8HJO
(UDP-2), 8HJN (UPG), 8J66 (M3), 8HJL (M3E), 8HJK (SIAV148G), 8HJH
(SIAV148W/G152S), 8HJG (M5V148G), 8HJF (M5G152A). The mass spectro-
metry data have been deposited into the Science Data Bank [https://
doi.org/10.57760/sciencedb.09947]. The molecular dynamics trajec-
tories and parameters files generated in this study are provided in
Supplementary Data 1. PDB codes of previously published structures
used in this study are 7ES0, 6O88, 6JTD and 2C1Z. Source data are
provided with this paper.
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