
UC Davis
UC Davis Previously Published Works

Title
Functional characterization and reclassification of an enzyme previously proposed to be a 
limonoid UDP‐glucosyltransferase

Permalink
https://escholarship.org/uc/item/9gh8d2k5

Journal
Journal of the Science of Food and Agriculture, 100(13)

ISSN
0022-5142

Authors
Cui, Youtian
Allmon, Steven D
Siegel, Justin B

Publication Date
2020-10-01

DOI
10.1002/jsfa.10547
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9gh8d2k5
https://escholarship.org
http://www.cdlib.org/


Functional characterization and reclassification of an enzyme 
previously proposed to be a limonoid UDP-glucosyltransferase

Youtian Cui1, Steven D. Allmon2, Justin B. Siegel1,3,*

1Department of Chemistry, University of California Davis, One Shields Avenue, Davis, California 
95616, United States

2The Coca-Cola Company, Innovation Center @ Apopka, 2651 Orange Ave, Apopka, Florida 
32703, United States

3Department Biochemistry & Molecular Medicine and the Genome Center, University of California 
Davis, One Shields Avenue, Davis, California 95616, United States

Abstract

Background: A major problem in the orange industry is “delayed” bitterness, which is caused 

by limonin, a bitter compound developing from its non-bitter precursor limonoate A-ring lactone 

(LARL) during and after extraction of orange juice. The glucosidation of LARL by limonoid 

UDP-glucosyltransferase (LGT) to form non-bitter glycosyl-limonin during orange maturation has 

been demonstrated as a natural way to debitter by preventing the formation of limonin.

Result: Here, the debittering potential of heterogeneously expressed glucosyltransferase, 

maltose-binding protein (MBP) fused to cuGT from Citrus unishiu Marc (MBP-cuGT), which was 

previously regarded as LGT, was evaluated. An LC-MS method was established to determine the 

concentration of limonin and its derivatives. The protocols to obtain its potential substrates, LARL 

and limonoate (limonin with both A and D ring open), were also developed. Surprisingly, MBP-

cuGT did not exhibit any detectable effect on limonin degradation when Navel orange juice was 

used as the substrate; MBP-cuGT was unable to biotransform either LARL or limonoate as 

purified substrates. However, it was found that MBP-cuGT displayed a broad activity spectrum 

towards flavonoids, confirming the enzyme produced was active under the conditions evaluated in 
vitro.

Conclusion: Our results based on LC-MS demonstrated that cuGT functionality was incorrectly 

identified. Its active substrates, including various flavonoids but not limonoids, highlights the need 

for further efforts to identify the enzyme responsible for LGT activity to develop biotechnology-

based approaches for producing orange juice from varietals that traditionally have a delayed 

bitterness.
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1. Introduction

Citrus juice is an important component in our daily diet and is associated with many health 

benefits by supplementing the necessary nutrients and bioactive phytochemicals, particularly 

polyphenols.1 However, the citrus juice industry deals with bitterness mainly caused by 

compounds such as bitter limonoids, bitter flavonoids, and some sour organic acids.2, 3 

Among them, limonin, an intensely bitter tetracyclic triterpenoid dilactone (Figure 1), was 

commonly noted as the main contributor. 4–7 It has been found that 6 ppm of limonin in 

juice is the threshold, with greater concentrations of limonin reducing the acceptance of 

products by customers.8 When product has greater concentrations of limonin, the producers 

have to apply extra steps to remove limonin or blend the juice with more sugar, which in 

turn affects the taste and reduces its beneficial effects. Therefore, technologies to prevent 

delayed bitterness could have a significant commercial impact on the citrus industry.

Limonin and its chemically related, highly oxygenated tetracyclic triterpenoids can be 

categorized as limonoids.9 Progress has been made to deepen the understanding of citrus 

limonoids, including the biosynthetic pathways in plants and the corresponding enzymes 

catalyzing these biotransformations.10 It has shown that limonin derives from the non-bitter 

precursor, limonoate A-ring lactone (LARL), catalyzed by limonoate D-ring lactone 

hydrolase at a physiologically acidic pH.11 Such reaction is reversible and can be accelerated 

by strong acids or bases without the enzyme’s involvement. LARL can also accept the 

glucose transferred from UDP-glucose to produce non-bitter limonin 17-β-D-

glucopyranoside (glycosyl-limonin) catalyzed by a limonoid glycosyltransferase (LGT).12 

Such naturally occurring biosynthetic pathways offer an alternative method to degrade 

limonin by enzymatic reactions (Figure 1).

Recently, debittering orange juice in vitro using enzymes has gained attention due to its 

advantage of environmental sustainability and maintenance of bioactive limonoids. For 

example, a protein with LGT activity was reported to be purified from pummelo albedo 

tissue and utilized for debittering experiments on citrus juice.13 A protein with LGT activity 

was also purified from the albedo tissues of Navel orange (Citrus sinensis) cultivars.14 Yet, 

despite the acknowledgement of the physiological function of LGT, the primary sequences 

of LGTs from pummelo and Navel orange are still unknown. To date, a single study on 

cuGT from Citrus unishiu Marc. (Uniprot ID Q9MB73) is the only report that directly 

demonstrates a specific protein sequence having LGT function.15 However, follow-up 

studies confirming the protein sequence identified are limited. In fact, one recent study 

explored the activity of a related annotated GT enzyme from Citrus paradisi (cpGT, 

previously referred to as PGT8, Uniprot ID B2YGX8) with >98% sequence identity to 

cuGT.16 cpGT was only able to be solubly produced in a eukaryotic system. Furthermore, 

the homolog was not observed to have any LGT activity. With only a single study directly 

observing LGT activity from a defined glycosyl-transferase family,15 and a second report of 

a close homolog not being able to reproduce the original observation,16 it is critical to 

independently evaluate the sequence–function relationship of the previously reported cuGT 

being used to define annotations across the entire LGT family.
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Therefore, we aimed to further characterize the cuGT from Citrus unishiu and its ability to 

catalyze limonoids from Navel orange juice, purified LARL, and limonoate (limonin with 

both A and D rings open) under various conditions. Consistent with previous findings, cuGT 

can be solubly expressed and purified as a fusion protein of MBP in E. coli.15 Nevertheless, 

no activity was observed using HPLC-MS even though the recombinant GT was 

demonstrated to be functional because it was observed to have both activity and specificity 

in its ability to accept specific compounds from a panel of flavonoids as aglycon. As 

previous efforts only utilized indirect methods and impure substrates to characterize activity, 

the efforts here using a direct measurement of function indicate that cuGT has been 

incorrectly labeled and that the protein sequence family for the LGT function observed in 

citrus albedo and seeds has yet to be identified.

2. Materials and Methods

2.1 Bacterial strains, plasmids, and chemical reagents

The bacterial strain used for cloning was Escherichia coli DH5α, the pET29 (+b) plasmids 

containing the protein encoding genes were expressed in E. coli BLR (DE3). All genes were 

purchased from Twist Biosciences as synthetic genes optimized for E. coli codon usage. The 

sequences of genes encoding cuGT and cuGT fused with MBP and GST in the present work 

are listed in Table S1.

All chemical reagents used were analytical grade. Limonin was purchased from ChromaDex 

and glucosyl-limonin was purchased from LKT Laboratories, Inc. Limonin was prepared in 

acetonitrile (ACN) at 100 ppm as stock and limonin glucoside was dissolved in MiliQ water 

at 10 mM. The stocks were stored at −20 °C. The flavonoids, salicylic acid, and sinapic acid 

were purchased from Sigma Aldrich.

2.2 Protein expression and purification

E. coli was first grown overnight as the starter culture at 37 °C in Terrific Broth medium (1% 

tryptone, 0.5% yeast extract, 0.5% NaCl,) supplemented with Kanamycin (50 µg/mL final 

concentration) and MgSO4 (1 mM final concentration). The culture for protein expression 

was diluted by ~ 50-fold to 500 mL from the starter culture. The cultures were then grown 

until OD600 to ~0.6 at 37 °C, and IPTG was supplemented to final concentration of 0.5 mM 

for induction at 16 °C for 24 h. At the end of induction, cells were centrifuged (4,700 x g., 4 

°C, 10 min), supernatant was removed, cells were resuspended in 40 mL lysis buffer (50 mM 

HEPES, pH 7.0, 300 mM NaCl, 10% glycerol, 1 mM MgSO4, 15 mM imidazole, 1 mM 

TCEP), and sonicated for 2 min at 4 °C. Lysed cells were centrifuged at 4,700 x g at 4 °C for 

30 min to remove cell debris. Supernatant was loaded on a gravity flow column with 1 mL 

of cobalt slurry (Thermo Fisher Scientific, CAT# PI-90091), which was pre-balanced with 

30 mL of wash buffer (50 mM HEPES, pH 7.0, 300 mM NaCl, 10% glycerol, 1 mM 

MgSO4, 15 mM Imidazole, 1 mM TCEP). The cobalt resin was then washed three times 

with 10 mL wash buffer; proteins were eluted with 0.6 mL of elution buffer (50 mM 

HEPES, pH 7.0, 300 mM NaCl, 10% glycerol, 1 mM MgSO4, 1 mM TCEP, 200 mM 

imidazole). Protein samples were immediately buffer exchanged with spin concentrators 

(Satorius, CAT# VS0112) into storage buffer (50 mM HEPES, pH 7.0, 300 mM NaCl, 10% 
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glycerol, 1 mM MgSO4, 1 mM TCEP) and stored at 4 °C until activity characterization. 

Protein concentrations were determined using a Synergy H1 spectrophotometer (Biotek) by 

measuring absorbance at 280 nm using their calculated extinction coefficients with the 

ExPASy ProtParam. The protein samples were further analyzed by 12% SDS-PAGE gel.

2.3 Detection and quantification of limonin, limonoid glucoside, and flavonoid glucosides 
by liquid chromatography mass spectrometry (LC-MS)

Reverse-phase high-performance liquid chromatography and mass spectroscopy (LC-MS) 

for analysis were carried out using Agilent 1260 series instruments with Poroshell 120 EC-

C18 (Agilent, 4.6 × 50 mm, 2.7 μm) column. Mass spectroscopy was carried out using an 

Agilent 6120 single quadrupole spectrometer with electrospray ionization (ESI) in either 

positive-ion mode or negative-ion mode. The gas temperature was 350 °C, drying flow was 

13.0 L/min, and capillary voltage was 4300 V. Each sample was analyzed in triplicate.

For limonin quantification, the mobile phase consisted of the following gradient: 70% H2O 

with 0.1% formic acid as mobile phase A and 30% ACN with 0.1% formic acid as mobile 

phase B for 8 mins; 10% mobile phase A and 90% mobile phase B from 8 to 19 min; mobile 

phase A was decreased to 70% with 30% mobile phase B until 25 min. Podophyllotoxin, the 

internal standard, was prepared in pure ACN with 125 ppm concentration as stock and was 

diluted 100 times for the reaction mixture. The HPLC flow rate was 0.8 mL/min and the 

injection volume was 3 μL. The parameter of the mass spectrum was adjusted to positive 

SIM mode with m/z detector set as 471.2 (limonin) and 397.2 (podophyllotoxin).

For glucosyl-limonin quantification and detection, the HPLC protocol was similar to the 

protocol used for limonin, except for the composition of mobile phases, in which 0.01% 

formic acid was contained as additive. MS in ESI- used the SIM mode to detect m/z 649.2 

for glucosyl-limonin.

For the quantification of flavonoid glucosides and related chemicals, the same HPLC 

protocol as limonin detection was performed, except the λ of UV/Vis detector was set to λ= 

350 nm for apigenin and genistein, λ=210 nm for salicylic acid and sinapic acid, and λ= 

270 nm for the rest of the flavonoids. Scan ESI+ mode employed an m/z of 100 to 800 to 

confirm flavonoid glucosides and the m/z corresponding to product peaks was used to match 

the theoretical value to verify the product.

2.4 Preparation of LARL and limonoate

The purification of LARL was performed by solid-phase extraction (SPE), in which the 

cartridge with ODS-5 packing (Whatman 6803-0507, 500 mg, 6 mL volume) was used. The 

SPE cartridge was first washed with two cartridge volumes of ACN, followed by five 

cartridge volumes of milli-Q water to balance the cartridge. Ten milliliters of freshly 

squeezed Navel orange juice, which was centrifuged for 10 min at ~4,000 x g to get rid of 

the leftover albedo, peel, and oil, was loaded into the cartridge. The cartridge was then 

washed with five cartridge volumes of pure milli-Q water to remove the residual orange 

juice attached to the cartridge. To elute the LARL, 2 mL of Tris buffer at pH 7.0 with 20% 

ACN was injected into the cartridge and the eluted sample was collected in a Falcon tube.
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LARL was quantified by monitoring the developed limonin. Purified LARL was acidified by 

concentrated sulfuric acid to accelerate the development. The protocol for limonin 

quantification was executed after the 1-hour acid treatment.

Limonin was transformed to limonoate by treatment with a sodium hydroxide solution at pH 

10 for 2 hours. Subsequently, direct infusion mass spectrometry using the negative ion 

detection mode at a range of 300–800 m/z was used to verify the production of limonoate.

2.5 LGT Activity Assay

Reaction mixtures were composed of x µL aglycone (dependent on the concentration of 

stock solution, final concentration was 0.5 mM) either in an aqueous solution or DMSO, 1 

µL UDP-glucose (final concentration 1 mM), 10 µL of purified GT (~ 1 mg/mL), 50 μM 

MnCl2 , and (100 - x) µL reaction buffer (pH 7.0 / pH 5.5 Tris buffer or pH 4.0 acetate 

buffer). The reaction was incubated at 37 °C for 24 hours and quenched by 100 µL of ACN. 

If LARL and limonoate were substrates, the reaction was treated with strong sulfuric acid 

(pH 2.0) for 1 hour before reaction quenching to convert the unused substrate into limonin. 

All the reaction mixtures were then subject to LC-MS for further quantification. Each 

reaction sample was repeated three times. The P-value representing significance in the 

pairwise comparison of activity levels between reaction samples and control samples was 

determined using a paired t-test.

2.6 Sequence analysis and homology modeling

Sequences of cuGT and cpGT were pairwise aligned using MUSCLE.17 InterProScan was 

used to predict the existence of Plant Secondary Product Glucosyltransferase (PSPG) 

consensus sequence. In order to identify templates to be used for homology modeling, 

sequences of cuGT and cpGT were searched using HMMER against the PDB database.18 

The sequences greater than 25% similarity were used for sequence alignment with targets. 

To increase the sampling efficiency of the model, cuGT and cpGT sequences were trimmed 

by removing the C-terminus (position 471–511 in protein sequence) portion of the sequence 

that did not match any template. Three hundred models were generated using the RosettaCM 

protocol,19 and the single lowest energy model for each sequence was selected and checked 

visually to avoid possible mismatches.

3. Results and Discussion

3.1 Expression, purification, and functional characterization of cuGT

In order to explore the possibility of debittering orange juice by recombinant enzymes, a 

gene that has been reported to encode limonoid glucosyltransferase from C. unishiu (Uniprot 

ID Q9MB73; cuGT)15 was synthesized and expressed in E. coli. However, no soluble 

expression was observed, consistent with the report of the annotated cpGT.16 Indeed, the 

expression of plant glycosyltransferase genes in bacteria, especially in E. coli, has been 

reported in published literature,20 but very few studies have shown the expression of LGT 

cloned from citrus plants. While the isolated protein was not solubly produced, it is well 

established that co-expression tags can result in the production of soluble protein.21 

Therefore, we explored the use of two common co-expression tags, glutathione S-transferase 
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(GST) and maltose-binding protein (MBP), by creating synthetic genes that encoded these 

tags as fusion proteins on the N-terminus of cuGT. The GST tag was originally reported to 

enable soluble expression of cuGT in E. coli.15 The MBP tag is commonly used in plant 

glycosyltransferase production and characterization with the purpose of increasing solubility 

in a bacterial expression system.22, 23 For example, the flavonoid 7-O-glycosyltransferase 

CsUGT75L12 identified in Camellia sinensis was heterogeneously expressed in E. coli fused 

with MBP while maintaining its flavonoid glycosylation activity.23 Our results showed that 

MBP fusion enabled cuGT to be readily expressed and purified using standard recombinant 

protein production techniques; however, no expression of cuGT was observed from the GST 

fusion construct using the same conditions (Figure. 2A, Figure S1). The isolated MBP fused 

protein has the predicted molecular weight (103 kDa), and it showed a clear band on SDS-

PAGE.

To quantitatively characterize the MBP-cuGT activity, we developed a method to quantify 

the differential production of limonin before and after the treatment of LARL solutions with 

MBP-cuGT. This indirect method was required as there are no readily available isolated 

standards of purified LARL. Briefly, this method measures the difference between the 

concentration of limonin before and after acidifying, in which any LARL present in the 

solution spontaneously converts to limonin under acidic conditions. Any increase in limonin 

observed after acidification is assumed to result from the cyclization of LARL. If LARL is 

converted to glucosyl-limonin, then the cyclization cannot occur and no difference in 

limonin after acidification would be observed. To measure the level of limonin, a modified 

electrospray ionization liquid chromatography-mass spectrometry (ESI LC-MS) protocol 

was adopted.24 The concentration of limonin was calibrated by the ratio of its ion intensity 

to podophyllotoxin. The limit of detection for limonin was < 0.5 ppm and the R2 of the 

standard curve was 0.99 (Figure S2 of Supporting Information).

Initially we evaluated if Navel orange juice mixed with MBP-cuGT and 1 mM UDP-glucose 

would result in a decrease of LARL in the juice. A range of pH and temperatures were 

evaluated, from which LARL and limonin concentrations were measured. We did not 

observe any conditions in which the incubation of juice with MBP-cuGT was able to 

significantly decrease limonin, as indicated by the P-value (P > 0.1) of the pairwise 

comparison of limonin and LARL levels. This indicated that MBP-cuGT might not have 

sufficient activity to be utilized directly for debittering Navel orange juice.

3.2 Preparation of LARL and limonoate

While no LGT activity was observed with the recombinantly produced MBP-cuGT fusion 

protein under a variety of pHs and temperatures, it is possible that the interference from 

orange juice, including metals, salts, and other metabolites or proteins present, may inhibit 

LGT activity.

Therefore, we developed a method to isolate LARL in order to characterize potential LGT 

activity on the purified substrate in a simplified environment. LARL is naturally occurring in 

orange juice and can be generated enzymatically from limonin by limonin hydrolase in 

orange seeds. Previously described methods for the in vitro enzymatic generation of LARL 

depends on the purified limonin hydrolase from orange seeds.25 However, the tedious 
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purification procedures of limonin hydrolase and the complicated follow-up purification of 

product make isolation of LARL difficult. In addition, the heterologous expression of 

limonin hydrolase and direct treatment of limonin is not possible as there is no 

experimentally verified gene sequence of limonin hydrolase available. Therefore, we 

developed an SPE protocol to obtain LARL from citrus juice and control the quality of 

resultant LARL by selected ion mode mass spectrometry. Following the same method as that 

used for the determination of LARL in orange juice, acidic conditions facilitated the 

conversion from LARL into limonin, which enabled us to indirectly evaluate the 

concentration of LARL. As shown in Figure 3A, >20 ppm LARL was purified in the eluted 

sample from the column, while <0.5 ppm of limonin contamination (less than 4%) was 

observed.

In addition to evaluating MBP-cuGT activity on LARL, we wanted to explore if there was 

activity on limonoate (limonin with both the A- and D- rings are hydrolyzed). This was 

critical as previous cuGT activity was evaluated on a product mixture of hydrolyzed 

limonoate and not directly on LARL.13, 15 To generate limonoate, we incubated limonin at 

pH 10 with subsequent direct infusion into the ESI- MS with single-quadrupole mode 

monitoring from 200–800 m/z. The peak at m/z 487.2 corresponding to LARL can be easily 

observed after 5 mins, indicating the fast conversion from limonin to a limonin species with 

either the A- or D-ring hydrolyzed. Over time, a peak at m/z 505.2 was also observed, which 

would correspond to the expected mass of limonoate. The peak at m/z 487.2 eventually 

disappeared while the peaks at m/z 469.1 (limonin) and 505.2 (limonoate) were dominant 

after 2 hours at pH 10.0 (Figure 3C). The excess of limonin was then removed by 

centrifugation due to the water insolubility of limonin.

3.3 No significant activities were observed with LARL and limonoate as substrates

The LARL and limonoate prepared by the above protocols could serve as the substrates for 

the LGT enzyme assay. The treatment of LARL with LGT for 24 h at 37 °C resulted in no 

significant decrease of converted limonin compared to the control (Figure 3. B). There was 

no activity observed for MBP-cuGT on the naturally isolated LARL. To exclude the 

possibility that glycosyl-limonin was not stable under the acidic condition in which LARL 

was converted into limonin, we evaluated the pH stability of glycosyl-limonin at pH 2.0. 

When 60.0 ppm of glycosyl-limonin was exposed to pH 2.0 for 1 hour, 59.8 ppm of 

glycosyl-limonin remained, suggesting that glycosyl-limonin was stable under acidic 

conditions (Figure. S3).

Previous reports of LGT enzymes utilized a synthetic form of limonoids that contained a 

mixture of limonoate and monolactone. Therefore, we used our similarly prepared synthetic 

limonoate to evaluate LGT activity. Similar to the result observed for LARL, no significant 

change was observed in limonin developed from the limonoate with and without MBP-cuGT 

and UDP-glucose incubation (Figure. 3D).

While this is not consistent with the data reported in the cuGT characterization effort, it is 

consistent with the lack of activity observed for cpGT, which had 98.8% sequence similarity 

to cuGT.16 We aligned and analyzed sequences to determine whether the sequences of cpGT 

and cuGT likely account for the inactivity towards limonoids. InterProScan was used to 
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predict the existence of a consensus sequence of Plant Secondary Product 

Glucosyltransferase (PSPG) at the C-terminus of both proteins.26 The PSPG motif 

represents the nucleotide diphosphate sugar binding site and determines the substrate scope 

and specificity.27 Nevertheless, both proteins share an identical PSPG motif, with a total of 

only six amino acid substitutions observed between the protein sequences (Supplementary 

information S4).

In order to further evaluate the potential influence of these substitutions on the protein 

structure and function, three dimensional molecular models were generated for cuGT and 

cpGT using RosettaCM.19 The models generated used templates with 25–35% identity and 

50–63% similarity with coverage across 91% of the sequence. Based on previous studies 

evaluating the accuracy of molecular modeling tools for enzymes, these are expected to be 

high quality and topologically accurate models.19, 28 The root-mean-square deviation 

(RMSD) of the cpGT and cuGT structures is approximately 0.8 Å, indicating the predicted 

similarity of overall structures and substrate binding sites (Supplementary information S5A). 

Most importantly, the substitutions are predicted to occur at least 15 Å away from the active 

site pocket (Supplementary information S5B). While the residues distal to the active site 

have been reported effect activity,29 these mutations generally modulate activity less than 

10-fold and are not the differentiating factor between activity observed and not observed for 

an enzyme. Given the overall high sequence and structural similarity, coupled with their 

predicted active sites being 100% conserved, we expect that these two enzymes are 

functionally equivalent.

3.4 Functional characterization of LGT

The lack of LGT activity with Navel orange juice, LARL, and limonoate indicated that 

either MBP-cuGT was previously incorrectly identified as LGT, or that the MBP-cuGT 

protein we produced was inactive. Therefore, it was critical to evaluate whether MBP-cuGT 

had any glycosyl transferase activity to rule out the possibility of the produced protein being 

inactive. Based on the sequence, cuGT is in the GT1 glycosyltransferase family, one of the 

ubiquitous glycosyltransferase families controlling the widespread modification of 

secondary metabolites in plants. Many previously characterized plant GT1 

glycosyltransferases present substrate promiscuity towards flavonoids and are able to 

biotransform flavonoid aglycones to glycosides in various positions30–32. We hypothesized 

that an active MBP-cuGT enzyme would have some level of promiscuity and catalyze the 

glycosylation of flavonoids. To evaluate this hypothesis, MBP-cuGT was screened for 

enzyme activity with 12 substrates as acceptors, including 10 flavonoids with different 

hydroxyl group locations and heteroatoms (N-) and two structurally similar compounds 

(Figure 4A). The substrate library was designed to give a high-level understanding of 

substrate regio-selectivity and specificity for these enzymes. However, a broader and more 

comprehensive panel of substrates will be needed to fully understand the scope of molecules 

these enzymes can work on, providing potential insights into their natural function.

In the screen, 10 out of the 12 chemicals were shown to be the active substrates for MBP-

cuGT, which was verified by the HPLC-MS (Figure. 4A, Supplementary information Figure 

S6-S15). The MBP-cuGT could function on two atom types: nitrogen (e.g., 6-aminoflavone) 
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and oxygen (e.g., 6-hydroxyflavone). For flavonoids with one nucleophilic atom available, 

for example, 7-hydroxyflavone, its product peak appeared before the substrate (Figure 4B) 

and the glycosylated product, flavonoid-7-O-glycoside, was verified by mass spectrometry.

For substrates with two nucleophilic groups available, two different reaction patterns were 

observed. When MBP-cuGT was reacted with apigenin, two positions were glycosylated, 

resulting in the formation of a mixture of glucosides (Figure 4C). Based on the observed 

mass of the peaks, these include both monoglucosides and diglucosides. In contrast, when 

genistein was evaluated as a substrate, glycosylation only occurred at one site and a single 

peak with a mass corresponding to a single glucosylation event was observed 

(Supplementary information Figure. S6). Because the only difference between the two 

chemicals was the position where the six-membered heterocyclic C-ring was substituted by 

phenol ring B, MBP-cuGT clearly demonstrates some degree of substrate specificity. Given 

these results, we can conclude that the MBP-cuGT is active but does not catalyze the 

glucosylation of LARL or limonoate, and therefore is incorrectly identified as a LGT.

Our results also highlight that it is still a challenge to predict substrate specificity and 

recognition mode of GTs by phylogenetic analyses. The sequence identity of cuGT with 

gallate 1-beta-glycosyltransferase from Quercus robur33 and cinnamate beta-D-

glucosyltransferase from Fragaria ananasa34 are 72% and 66.5%, respectively. These 

homologs have been observed to utilize substrates with a carboxylic acid functional group. 

Therefore, it was unexpected that MBP-cuGT was inactive on both salicylic acid and sinapic 

acid. It is presently unclear what determines MBP-cuGT substrate preference and future 

studies will investigate selectivity on hydroxyl and amino group. Considering the size and 

potential function of MBP, future experiments will be conducted on how it affects kinetic 

and catalytic properties. In addition, the closely related cpGT was not reported to 

glycosylate flavonoids. We speculate that the difference in activity was due to the assay 

time. In the cpGT study, a very short reaction time of five minutes was used, which is 

generally only useful for highly active enzymes functioning on their native substrate. When 

screening for promiscuous or low-level enzyme activities, a multi-hour time frame is more 

commonly used, such as the 24-hour assay used in this study.35, 36

4. Conclusion

In this study, we developed the protocol to obtain limonin derivates and the corresponding 

LC-MS method for activity characterization, which were used to explore the activity of 

MBP-cuGT on limonin and its derivates, LARL and limonoate. We observed that the MBP 

cuGT previously annotated as a limonoid UDP-glucosyltransferase is not able to utilize 

limonoids as substrates. Instead, MBP-cuGT is able to catalyze glycosylation of various 

flavonoids, indicating that it displays promiscuity and its function has been incorrectly 

identified. Our research highlights the need for further efforts to identify the enzyme 

responsible for LGT activity in order to develop biotechnology-based approaches for 

producing orange juice from varietals that traditionally have a delayed bitterness.
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ESI electrospray ionization

UDP uridine diphosphate

SPE solid-phase extraction
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Figure 1. 
Biosynthetic pathway of limonin and its related enzymatic reaction. LARL, the precursor of 

limonin, could be catalyzed by LGT to form non-bitter glucosyl-limonin, which serves as 

the naturally debittering approach.

Cui et al. Page 13

J Sci Food Agric. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Expression and purification of cuGT with MBP tag (MBP-cuGT), and evaluation of its 

activity towards Navel orange juices. (A) LGT with co-expression of MBP tag at N-terminus 

was solubly expressed in E. coli and purified by IMAC as shown by 12 % SDS-PAGE gel 

(B) The quantification of limonin by reverse phase HPLC ESI+ LC-MS spectrum. Selected 

ion mode (SIM) in ESI+ at m/z 471.2 corresponding to [M + H]+ of limonin was executed 

and various concentrations of limonin were sampled to test the sensitivity and accuracy of 

this method. The standard curve of limonin was drawn by the ion intensity calibrated with 

internal standard Podophyllotoxin at m/z 397.2 (Figure S2 of Supporting Information). (C) 

LGT activity assay with Navel orange juice as substrate in different conditions. Purified 
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MBP-cuGT was blended with 1mM UDP-glucose and diluted Navel orange juice in which 

the pH was adjusted to 4.0, 5.5 and 7.0 and temperature held at either 20 °C and 37 °C for 

24 hours. Half of the sample was directly analyzed for limonin concentration, and the 

second half acidified and after a 24 h incubation was evaluated for limonin. The increase in 

limonin observed in acidified samples was assumed to be a result of the cyclization of LARL 

into limonin. No significant decrease in levels of limonin and LARL was observed between 

MBP-cuGT-treated and control orange juice, as indicated by p-value > 0.1 calculated by the 

t-test. Error bars indicate the standard deviation of the triplicate samples
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Figure 3. 
Preparation of LARL and limonoate as substrates and corresponding MBP-cuGT activity 

assays. (A) LARL could be purified by SPE (See materials and methods) and converted into 

limonin sequentially by strong acid, enabling its quantification by the same HPLC-MS 

method for limonin. Purified LARL only contained a small amount of residual limonin as 

contamination (< 5%). (B) HPLC-MS trace of purified LARL treated with 1mM UDP-

glucose and MBP-cuGT (1 mg/mL) and the LARL control. No decrease in the observed 

limonin after incubation 37 °C, 24 hours with UDP-glucose and MBP-cuGT is observed, 

indicating that no LGT activity was observed. (C) Preparation of limonoate by strong base 

treatment. Because limononate does not occur naturally in citrus juice, limonoate (506.5 Da) 

can be synthesized by incubating limonin (470.5 Da) under basic conditions for an extended 

period of time. (D) HPLC-MS trace of limonin converted from limonoate by strong acid, 

which is used to quantify concentrations of limonoate. Limonoate (>10 ppm) was mixed 

with UDP-glucose (1 mM) and MBP-cuGT (1 mg/mL) under the assay condition 37 °C for 
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24 hours in tris buffer. As observed, no significant change in the level of limonoate is 

observed after incubation with MBP-cuGT, indicating the lack of LGT enzymatic activity.
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Figure 4. 
Activity profile of MBP-cuGT towards flavonoids and related chemicals. The substrates 

were mixed with MBP-cuGT (1 mg/mL) and UDP-glucose (1 mM) at 37 °C for 24 hours. 

The qualitative activity was obtained by comparing the spectrums between the reaction 

samples and the corresponding controls without enzyme added. (A) The flavonoids accepted 

by LGT were enclosed by the red box while not active substrates were in the blue box. (B) 

HPLC spectrum of biotransformation of 7-hydroxyflavone by MBP-cuGT as representative 

of active flavonoid substrates. The product of flavone-7-o-glucoside was then verified by 
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MS. (C) HPLC spectrum of biotransformation of apigenin by MBP-cuGT. Apigenin 

possessing three hydroxyl functional groups and two of them were glycosylated, resulting in 

two different products.
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