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Abstract 

Due to their powerful antioxidant, anti-inflammatory and anti-bacterial properties flavonoids,         

a large class of secondary plant metabolites, are considered as highly beneficial ingredients in 

functional food and pharmaceuticals. However, similar to various other natural products their 

bioavailability is restricted by poor water solubility which can be overcome by glycosylation. In 

order to maintain expedient bioactivities the attachment of sugars needs to be regio- and 

stereoselective. In contrast to alternative chemical and enzymatic approaches glycosylations by 

Leloir glycosyltransferases (GTs) can provide the required specificity. These enzymes use an 

activated sugar donor substrate, typically a NDP-glucose, for transfer of the glycosyl residue onto a 

specific position of an acceptor molecule. Unfortunately the need of costly activated sugar donors 

strongly limits their synthetic applicability. Therefore this thesis aimed to establish a generally 

applicable regeneration system for uridine 5'-diphosphate (UDP)-glucose, the most common sugar 

donor. Sucrose synthase (SuSy) catalyses the reversible transfer of glucose from sucrose to UDP 

and thereby enables in situ regeneration of UDP-glucose in GT-SuSy cascade reactions. As model 

reactions we mainly studied regioselective 2′-O- and 3′-C-glucosylation of the dihydrochalcone 

phloretin by PcOGT and OsCGT, respectively. The resulting O-glucoside phlorizin is the major 

phenolic compound in apple trees while the C-glucoside nothofagin is a prominent antioxidant 

from rooibos tea. Furthermore the selective synthesis of the 2′-O- (davidioside) and 4′-O-glucoside 

(confusoside) of davidigenin was achieved for the first time. By coupling glycosylations to      

UDP-glucose recycling by SuSy in one pot yield and rate enhancements were accomplished in 

addition to cost efficient sugar donor supply. Reaction engineering mainly focussed on the 

particularly desired synthesis of C-glucosidic nothofagin. C-glycosides are rare in nature and 

challenging to synthesise but due to their resistance to acidic and enzymatic hydrolysis particularly 

attractive pharmaceutical targets. Aside of sugar donor supply low solubility and substrate 

inhibition of acceptor molecules pose a major limitation in flavonoid glycosylation. Addition of 

DMSO as cosolvent and stepwise addition of phloretin in a fed-batch mode largely eased this 

constraint in nothofagin synthesis. Further improvement of phloretin solubility was achieved by 

substitution of DMSO with β-cyclodextrin which also abolished the frequently observed enzyme 

inactivation in presence of organic solvents. Therefore not only the need for substrate and enzyme 

feed became obsolete but also overall catalytic efficiency was largely increased. Finally nothofagin 

was also prepared from phlorizin in a novel O- to C-glucosidic bond rearrangement approach. 

Reversible O- and irreversible C-glucosylation were therefore coupled in one pot. Similar to the 

SuSy-GT coupled conversions also in this glycosyltransferase cascade reaction UDP-glucose was 

in situ formed from catalytic amounts of UDP. 
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Zusammenfassung 

Flavonoide sind eine bedeutende Gruppe sekundärer Pflanzenstoffe, die durch ihre stark 

antioxidativen, entzündungshemmenden und antibakteriellen Eigenschaften wesentliche 

Inhaltsstoffe von funktionellen Lebensmitteln und Arzneimitteln sind. Die häufig durch schlechte 

Wasserlöslichkeit eingeschränkte biologische Verfügbarkeit kann durch Glykosylierungen 

überwunden werden. Um die erwünschten Bioaktivitäten zu erreichen, müssen Glykosylierungen 

regio- und stereoselektiv erfolgen. Im Gegensatz zu chemischen und anderen enzymatischen 

Methoden kann dies durch Leloir-Glykosyltransferasen (GTs) erzielt werden. Für den Transfer von 

Zuckern an spezifische Positionen von Akzeptormolekülen benötigt man typischerweise durch 

Nukleosiddiphosphate aktivierte Zuckerdonoren. Die hohen Kosten dieser Donoren stellen jedoch 

eine starke Limitierung für synthetische Anwendungen dar. Ziel der Arbeit ist ein allgemein 

anwendbares Regenerationssystem für Uridin-5'-Diphosphat (UDP)-Glukose, den am weitesten 

verbreiteten Zuckerdonor, zu etablieren. Sucrose Synthase (SuSy) katalysiert den reversiblen 

Glukosetransfer von Sucrose auf UDP wodurch in situ Regenerierung von UDP-Glukose in       

GT-SuSy Kaskadenreaktionen ermöglicht wird. Als Modellreaktionen wurden hauptsächlich die 

regioselektive 2′-O- und 3′-C-Glukosylierung des Dihydrochalkons Phloretin durch PcOGT 

beziehungsweise OsCGT untersucht. Das dabei gebildete O-Glukosid Phlorizin ist die verbreitetste 

phenolische Verbindung in Apfelbäumen während das C-Glukosid  Nothofagin ein bedeutendes 

Antioxidans in Rooibos Tee ist. Zusätzlich wurden erstmalig das 2′-O- (Davidiosid) und               

4′-O-Glukosid (Confusosid) von Davidigenin selektiv synthetisiert. Durch Kopplung von 

Glykosylierungen mit SuSy zur UDP-Glukose Regenerierung konnten neben kosteneffizienter 

Zuckerdonor Bereitstellung auch signifikant erhöhte Ausbeuten und Umsetzungsraten erreicht 

werden. Das Hauptaugenmerk lag hierbei auf der Reaktionsoptimierung für die besonders gefragte 

Synthese des C-Glukosids Nothofagin. Durch ihre außergewöhnliche Hydrolysebeständigkeit 

besteht ein besonderes Interesse an C-glukosidischen Pharmazeutika. Jedoch sind diese 

Verbindungen in der Natur nicht weit verbreitet und auch schwer zu synthetisieren. Neben der 

Verfügbarkeit der Zuckerdonoren sind die geringe Löslichkeit und potentielle Substratinhibierung 

der Akzeptoren weitere Hürden in der enzymatischen Synthese von Flavonoid-Glykosiden. Durch 

Beimengung von DMSO in Kombination mit schrittweiser Zugabe von Phloretin konnten diese 

Limitierungen in der Synthese von Nothofagin größtenteils beseitigt werden. Durch Austausch von 

DMSO durch β-Cyclodextrin wurde eine weitere Verbesserung der Löslichkeit von Phloretin 

erreicht sowie die häufig auftretende Enzyminaktivierung durch organische Lösungsmittel 

eliminiert. In Folge dessen wurden nicht nur Substrat und Enzymzugabe während der Reaktion 

überflüssig, sondern auch die katalytische Effizienz konnte merklich gesteigert werden. 

Letztendlich wurde Nothofagin auch aus Phlorizin in einer neuartigen O- zu C-glukosidischen 

Umlagerung, durch Verknüpfung reversibler O- mit irreversibler C-Glykosylierung, synthetisiert. 

In dieser Kaskadenreaktion wurde wie in den SuSy-Reaktionen UDP-Glukose in situ aus 

katalytischen Mengen an UDP gebildet. 
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Abstract: Biocatalytic method for synthesis of  

the C-glucoside nothofagin was established by 

using β-cyclodextrin (β-CD), which enhanced the 

aqueous solubility of substrate phloretin. The 

phloretin/β-CD inclusion complex (1:1) was 

prepared by a freeze-drying method. The 

solubility of phloretin/β-CD complex at 30 
ο
C was 

41-fold greater than that of free phloretin. Using 

β-CD instead of organic cosolvent (DMSO), 

overall catalytic efficiency by single enzymes and 

the coupling enzyme cascade reactions for 

transformation of phloretin was increased. 

Conversion of phloretin/β-CD complex (50 mM 

phloretin) was performed without further feeding 

of phloretin and enzymes. High nothofagin 

concentrations (44 mM) and very good yield       

(≥ 98%) were obtained in aqueous solutions. 

Additionally, only 0.5 mM UDP were applied and 

UDP-glucose was therefore recycled 88 times 

(RCmax = 88). Furthermore, 66 mM nothofagin 

were obtained and RCmax was up to 132 when    

100 mM phloretin were applied. Nothofagin was 

obtained from preparative HPLC purification with 

very high purity (≥ 99%) and good yield (78%). 

This simplified approach provides an 

environmentally clean process for biocatalytic 

synthesis of glycosylated natural products. 

 

Keywords: carbohydrates; β-cyclodextrin; 

phloretin; C-glucoside; C-glycosyltransferase; 

sucrose synthase; UDP-glucose recycling  

Flavonoids are a large group of plant derived natural 

products possessing antioxidative,
[1]

 anticancer,
[2]

 

antitumor and antiviral properties.
[3]

 These 

bioactivities aroused interest for application of 

flavonoids as ingredients in functional food and 

pharmaceuticals. However, their bioavailability is 

often limited by very poor water solubility. A 

commonly used strategy to circumvent solubility 

imposed restrictions is to decrease flavonoid 

hydrophobicity by glycosylation.
[4] 

       Phloretin (Scheme 1A) is a prominent 

dihydrochalcone flavonoid in apple trees with 

potential applications in food and pharmaceutical 

products.
[5]   

Phloretin is mainly found as its 2′-O-β-

D-glucoside phlorizin (Scheme 1B) which has an 

improved water solubility. Furthermore the 3′-C-β-D-

glucoside nothofagin (Scheme 1C) is known as a 

prominent antioxidant in rooibos tea. C-glucosides 

are generally very attractive pharmaceutical targets 

because they are resistant to acidic and enzymatic 

hydrolysis.
[6]

 However C-glycosides are relatively 

rare in nature
[7]

 and their chemical synthesis is 

challenging. Therefore, the development of 

biocatalytic C-glycoside synthesis is highly desired.  

 

 

Scheme 1. Chemical structures of A) phloretin, B) 

phlorizin and C) nothofagin. 

1 
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We have previously developed a method for 

selective biocatalytic synthesis of nothofagin by a 

C-glycosyltransferase from rice (Oryza sativa; 

OsCGT). Phloretin glycosylation was coupled in 

one-pot to recycling of the sugar donor uridine 5'-

diphosphate (UDP)-glucose from sucrose using 

sucrose synthase from soybean (Glycine max; 

GmSuSy).
[8]

 Unfortunately the water solubility of 

phloretin is very low (< 0.5 mM) and an organic 

cosolvent (DMSO, 20% v/v) had to be added to 

achieve quantitative conversion of 5 mM phloretin. 

Further increase of phloretin concentrations in 

batch-conversions was again obviated by limited 

substrate solubility. Only by using 8 rounds of 

stepwise phloretin and enzyme feed we were able 

to boost nothofagin formation (44 mM). However, 

this fed-batch approach was inconvenient and time 

consuming (135 h). Since solubility improvements 

represent a main challenge for process intensification 

in natural product glycosylation reactions, the aim of 

the present study was to increase the phloretin 

solubility. For consequently improved enzymatic 

conversion conditions leading to reduced enzyme 

activity and stability had to be avoided. 

Enzymatic conversions
[9]

 and glycosylations
[10]

 

of poor water soluble compounds using cyclodextrins 

(CDs) as solubilizing agent have been reported. The 

ability of CDs in enzymatic oxidation of polynuclear 

aromatic hydrocarbons (PAHs) by lignin peroxidase 

was reported.
[11]

 CDs are cyclic oligosaccharides, 

consisting of a number of α-1,4-linked D-

glucopyranose units. The most common CDs are     

α-CD, β-CD (Scheme 2A) and γ-CD containing 6, 7 

and 8 glucose units, respectively. CDs are shaped like 

a truncated cone (Scheme 2B) as a consequence of 

the chair conformation of glucopyranose units. It 

contains a hydrophobic cavity that entraps a 

hydrophobic molecule to form a host-guest complex. 

Due to hydroxy groups orientated on the outer 

surface of CDs, the formed complex becomes soluble 

in water.
[12]

 The binding of a guest molecule within 

the host cyclodextrin is not permanent but rather 

dynamic. The complex formation, often a 1:1 

interaction, is usually described by equation 1        

(Kc = stability constant or binding constant), 

although higher order complexes are often seen.  

                           Kc 

guestfree +   CDfree                  guest/CDcomplex    (1) 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. A) Chemical structure of β-CD. B) 

Schematic drawing of CD truncated cone shape. 

 

Inclusion in CD is a convenient method to 

solve the solubility related limitations of poorly 

water soluble flavonoids. β-CD is most widely 

used due to its low cost, excellent complexing 

abilities, specific properties and higher productive 

rate.
[13] 

Complex formation studies of 

dihydrochalcones, and dihydrochalcone glucosides 

with β-CD have been reported.
[14]

 Characterization 

of the complexes revealed that the terminal phenol 

ring (aromatic ring B) of the dihydrochalcone was 

inserted into the hydrophobic cavity of β-CD. The 

interaction between β-CD and phlorizin was 

investigated in a detailed NMR study.
[15]

 The 

complex was hypothesized having the phenol ring 

and propanol group included in the β-CD from its 

entrance leaving the sugar unit outside the β-CD 

cavity. Two inclusion possibilities were suggested 

using either the large or the small rim as an 

entrance of the inclusion. Using phlorizin as a 

model structure, schematic drawing of inclusion 

complex of phloretin/β-CD and nothofagin/β-CD 

are shown in Scheme 3A. Herein, we present a 

system consisting of one-pot conversion of a 

phloretin inclusion complex with β-CD for 

synthesis of nothofagin. We coupled OsCGT with 

GmSuSy in the presence of catalytic amounts of 

UDP (Scheme 3B).  

To find optimal conversion conditions we first 

determined phloretin solubility at various 

conditions then examined their influence on 

enzyme activity and stability. We used β-CD for 

phloretin solubility enhancement. However, β-CD 

shows low water solubility (18.5 g L
-1

 at 25 °C).
[16]

 

This is limiting the investigation of forming 

inclusion complex. It has been reported that the use  

2 
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of cosolvents in the formation of CD inclusion 

complexes can improve the solubility of CD.
[16b]

 

Solubility measurements of β-CD were done in 

DMSO (0-50%) at 30 °C (Supporting Information, 

Methods). The results show that β-CD solubility 

increased at elevated DMSO concentration (Figure 

S1). While β-CD solubility was only slowly 

increasing from 0 % to 40% DMSO (25-44 mM)  

it almost doubled when DMSO was increased   

from 40% to 50%. Furthermore, solubility 

measurements were performed using various 

concentrations of DMSO (0-100%) in absence and 

presence of β-CD to identify maximum phloretin 

concentrations  applicable in  batch  conversions 

(Supporting Information, Methods). Phloretin 

solubility increased with increasing DMSO content 

up to ~1.5 M at 80% DMSO (Figure S2; triangle). 

In presence of excess amounts of β-CD the 

phloretin solubility was largely increased at 

conditions of rather low phloretin solubility          

(≤ 40% DMSO). At increased DMSO concentrations 

the already high concentration of dissolved 

phloretin could not be further boosted (Figure S2; 

circle). 

After determining phloretin solubility we 

examined enzymatic activities under these 

conditions. Assuming that high concentration       

of DMSO effect enzyme activities, the influence of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DMSO was tested in conversions of 5 mM 

phloretin (Supporting Information, Methods). 

Considering that previously reported conversion 

experiments were performed in 20% DMSO, we 

used it as a control condition for comparison of 

reactions at 30-90% DMSO. Besides single 

enzyme conversions using OsCGT also coupled 

OsCGT-SuSy cascade reactions were tested 

(Supporting Information, Methods). The results 

(Figure 1A) indicated that DMSO up to 50% 

caused only minor effects on OsCGT activity 

while 60% DMSO reduced the nothofagin 

production around 46%. The OsCGT activity was 

completely lost at 70% DMSO. GmSuSy displayed 

a lower cosolvent tolerance and activity in the 

coupling reaction was completely lost in the 

presence of 50% DMSO (Figure 1B). Furthermore, 

the initial rate in 30% DMSO was lower than in 

20% DMSO. We concluded that synthesis of 

nothofagin by a coupled OsCGT-GmSuSy reaction 

was limited to DMSO concentrations of 30% or 

lower which corresponds to a maximum phloretin 

concentration of 25 mM (see Figure S2, triangle). 

We considered using β-CD-DMSO mixtures for 

phloretin solubility enhancement and enzymatic 

conversion of phloretin. Due to the results of 

solubility measurements and enzymatic activity 

assay, we thus fixed the maximum concentration of 

DMSO to 20% for further experiments. 

3 

Scheme 3. A) Complex formation of phloretin with β-CD (1:1). B) Biocatalytic synthesis of nothofagin with UDP-

glucose regeneration process catalyzed by OsCGT and GmSuSy in the presence of catalytic amounts of UDP. 
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Complexation of flavonoid with β-CD has 

been reported. Quercetin forms a 1:1 molar ratio 

inclusion complex with β-CD.
[17] 

Hesperetin, 

hesperidin, naringenin and naringin also form 1:1 

complexes.
[18]

 So far there are no reports about 

solubility studies of phloretin with CDs. A phase 

solubility study according to Higuchi and 

Connors
[19]

 was made to analyze the phloretin/β-

CD complex formation (Supporting Information, 

Methods). The stability constant (Kc) from phase 

solubility studies is a useful index to estimate the 

binding strength of a guest-host complex and 

changes in the physicochemical properties of a 

guest in a CD-complex.
[19]

 A phase solubility 

diagram of phloretin in aqueous β-CD solution in 

HEPES buffer pH 7.5 at 30 °C is shown in Figure 

S3 (circle). It was obtained by plotting the changes 

in phloretin solubility as a function of β-CD 

concentration. The solubility of phloretin increased 

linearly, a feature of the AL-type complex,
[19]

 

Assuming the phloretin/β-CD complex is of 1:1 

binding mode (see Scheme 3A). The apparent Kc 

was calculated from the initial linear increase of 

the solubility curves using following equation:     

Kc = slope/ S0 × (1 - slope), where S0 is the intrinsic 

solubility of phloretin in HEPES buffer pH 7.5 

without β-CD and slope means the corresponding 

slope of the phase solubility diagram. The value of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Kc was found to be 1534 M
-1

 (Table S1). The Kc 

value for quercetin was 402 M
-1

.
[17c] 

 Therefore, the 

complexation ability of phloretin is greater than 

quercetin. The solubility of phloretin in HEPES 

buffer pH 7.5 at 30°C in the presence of 20 mM  β- 

CD was 8.5 mM and 21 times greater than that of 

free  phloretin  (Table 1).  We also performed   a 

phase solubility study in aqueous β-CD solution in 

the   presence of  20% DMSO  (Figure S3, triangle).  

DMSO increases aqueous solubility of phloretin 

(Table 1). It can therefore enhance the apparent S0 

(Table S1). The phloretin solubility in 20% DMSO 

was around 2-fold greater than without DMSO. 

Table 1. Phloretin solubility.
[a] 

Phloretin type Solubility  

[mM] 

Relative  

solubility 

Free phloretin 0.4 1 

Phloretin/β-CD 

    β-CD
[b]

   

    β-CD and DMSO
[c]

   

    inclusion complex
[d]

   

    physical mixture
[d]

   

 

8.5 

17.8 

16.4 

12.3 

 

21 

45 

41 

31 
[a]

 HEPES buffer pH 7.5 at 30 °C 
[b]

 20 mM β-CD  
[c]  

20 mM β-CD and 20% DMSO
 

[d]  
phloretin/β-CD solid powder (1:1 molar ratio) 

 

4 

 

Figure 1. Time course analyses of nothofagin production at 30 °C at various DMSO concentrations catalyzed by;   

A) 200 mU mL
-1 

OsCGT using 5 mM phloretin, 7.5 mM UDP-glucose and standard reaction mixture at pH 8.5 

(reactions were performed in 20% DMSO for 2 min, aliquoted to 30- 90% DMSO and incubated for 18 h. A control 

sample in 20% DMSO was measured at 18 h (red triangle); B) 200 mU mL 
-1 

OsCGT coupling with 200 mU mL
-1 

GmSuSy using 5 mM phloretin, 0.5 mM UDP and 300 mM sucrose in standard reaction mixtures at pH 7.5. 
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The reaction of OsCGT was monitored with 

an HPLC assay (Supporting Information, 

Methods). To determine the effect of β-CD on 

HPLC measurements we prepared mixtures of 

phloretin (0.2 mM) with β-CD (0-10 mM). We 

tested that applied β-CD concentrations did not 

affect peak area and retention time of phloretin in 

HPLC measurements (Table S2). The effect of     

β-CD on enzymatic synthesis of nothofagin was 

investigated. We observed that OsCGT activity 

was increased (18 %) when increasing β-CD 

concentration from 0 mM to 10 mM (Figure S4).  

Considering that solubility of phloretin with 

20 mM β-CD in the presence of 20 % DMSO was 

enhanced around 2-fold (see Table 1), we tested 

effect of DMSO and β-CD on the individual 

enzymatic activity and stability. Table 2 presents a 

summary of conditions and results. Using β-CD 

the GmSuSy activity was 4-fold higher than with 

DMSO. GmSuSy was inhibited by DMSO even 

when β-CD was mixed with DMSO. The 

remaining activity after 4 h of OsCGT and 

GmSuSy in the β-CD system was significantly 

higher than with DMSO system.  

Activities of OsCGT with and without 

coupling to GmSuSy were studied in 20 mM β-CD 

or 20 % DMSO. First, activities of OsCGT were 

measured at different phloretin concentrations in 

standard conditions at pH 8.5 (the pH optimum of 

OsCGT). With β-CD specific OsCGT activities 

were higher than with DMSO (Figure S5). 

Furthermore, substrate inhibition by phloretin was 

significantly decreased in presence of β-CD. This 

is tentatively explained by a reduced concentration  

Table 2. Enzyme activity and stability.
[a]

  

Solvent
 
 Specific activity [U mg

-1
] 

GmSuSy
[c]

    OsCGT
[d]

 

 Remaining [%]
[b] 

 GmSuSy OsCGT
 

Buffer 

β-CD 

DMSO 

β-CD/DMSO  

17.0 ± 0.6 

16.0 ± 0.7 

  4.2 ± 0.8 

  4.5 ± 0.9 

  - 
[e]

 

  3.8 ± 0.1 

  2.7 ± 0.1   

  3.0 ± 0.3   

 88       

 98 

 27 

 31
 

  - 
[e]

 

  83 

  57 

  60  
 

[a] 
Reaction conditions: 30 

°
C, 50 mM HEPES buffer pH     

    7.5, 50 mM KCl, 13 mM MgCl2, 0.13% BSA  and  20    

    mM CD or 20% DMSO. 
[b] 

Activity remaining after 4 h. 
[c] 

Conversions of 300 mM sucrose and 2 mM UDP. 
[d]

Conversions of 5 mM phloretin and 2 mM UDP-    

glucose. 
[e] 

Solubility limited.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The beneficial effect of β-CD on enzymatic 
conversions of phloretin catalyzed by OsCGT coupled 
with GmSuSy in a standard reaction mixture pH 7.5   
(0.5 mM UDP, 300 mM sucrose) at 30 °C using 20 mM 
β-CD or 20% DMSO; A) time course analysis of the 
conversions of 5 mM phloretin (100 mU mL

−1 
OsCGT, 

100  mU mL
−1 

GmSuSy); B) final conversions at 
different phloretin concentrations after 24 h (50 
mU mL

−1 
OsCGT, 50 mU mL

−1 
GmSuSy), showing 

reactions in DMSO are more limited than β-CD at high 
phloretin concentrations (≥ 5 mM) by substrate 
inhibition and solubility. 

 

of free phloretin due to formation of phloretin/β-

CD inclusion complex. Moreover, OsCGT 

activities at elevated temperature using β-CD were 

3-fold higher than in presence of DMSO (Figure 

S6). We then performed phloretin conversions with 

OsCGT coupled to GmSuSy. 5 mM phloretin 

(Figure 2A) were used for comparison of 

conversions in presence of β-CD and DMSO. The 

initial rate of nothofagin production with β-CD 

was higher than that in presence of DMSO and the 

conversion was completed after 6 h. When applied 

DMSO the conversion did not reach equilibrium at 

10 h. In Figure 2B, various concentrations of 

phloretin from 0.1 to 50.0 mM were applied and 

final nothofagin conversions were analyzed. They 

strongly decreased when DMSO was applied. 

Particularly at high phloretin concentrations 

synthesis of nothofagin was far more efficient in 

presence of β-CD.                                             

                                          5 

 

http://onlinelibrary.wiley.com/enhanced/doi/10.1002/adsc.201300251/#fig4
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Besides enzyme inactivation in presence of 

DMSO the reduced substrate inhibition in presence 

of β-CD is responsible for this effect. We thus 

performed nothofagin synthesis using phloretin/β-

CD inclusion complex without adding DMSO. 

However, the solubility of phloretin in the presence 

of 20 mM β-CD was 8.5 mM. The idea was to 

apply a solid powder of inclusion complex of 

phloretin with β-CD ( > 10 mM phloretin) to the 

conversion reactions. We therefore prepared solid 

inclusion complex of phloretin with β-CD at a 1:1 

molar ratio using a freeze-drying method. The 

phloretin concentration of the lyophilized solid 

powder was measured spectrophotometrically. The 

powder contained 27 mg of phloretin per 100 mg 

of complex. We also prepared solid powder of 

physical mixtures of phloretin and β-CD. The 

solubility measurements of solid powder of 

lyophilized phloretin/β-CD inclusion complex, 

physical mixtures and free phloretin were 

performed in water and HEPES buffer pH 7.5. 

Phloretin solubility in water was lower than in 

HEPES buffer pH 7.5 (Figure S7). Phloretin/β-CD 

inclusion complex exhibited higher solubility than 

the corresponding physical mixtures and free 

phloretin (see Table 1). 

Lyophilized solid inclusion complexes were 

used in batch conversions for nothofagin synthesis 

(Supporting Information, method). Optimization of 

the phloretin/β-CD concentration (5 to 200 mM 

phloretin) revealed that 50 mM phloretin were 

most  promising  for  efficient     high yielding batch 

 

 

 

conversions (Figure 3A). 44 mM nothofagin were 

obtained in aqueous solution (98.7 % nothofagin 

and only 1.3% phloretin; see Table S3). Most of 

the remaining unconverted phloretin was found as 

precipitate. Using 100 mM phloretin/β-CD 

enzymes had to be fed to finally obtain 66 mM 

nothofagin  (Figure S8). The higher  amount   of 

nothofagin in solution was accompanied with an 

increased loss of phloretin in the insoluble fraction 

and reduced enzymatic efficiency. When 200 mM 

of the phloretin complex with β-CD were applied 

the conversion was slow and only around 15 mM 

nothofagin were obtained (Figure S9). We noticed 

that the aqueous volume was limited when a lot of 

solid powder was applied. 

We concluded that optimal condition for 

conversion of phloretin forming complex with β-

CD at 1:1 molar ratio was 50 mM phloretin. Batch 

conversions using 50 mM phloretin for synthesis 

of nothofagin by OsCGT coupling with GmSuSy 

were performed. The time course of the reaction is 

depicted in Figure 3B. After biocatalytic synthesis, 

nothofagin was purified by HPLC (Supporting 

Information, Methods and Figure S10-S12). 

Nothofagin with high purity (≥ 99%) and good 

yield (78%) was obtained. High concentrations (44 

mM or 19.2 g L
-1

) of nothofagin were obtained 

from the conversion of 50 mM/β-CD inclusion 

complex (Table 3).
 
 Space-time yield (STY) was 

5.5-fold higher than in fed-batch conversion. The 

RCmax was also increased up to 88. Moreover,     

we  reached the highest RCmax number (132)  when 
6 

Figure 3. Batch conversions of phloretin/β-CD (lyophilized solid powder) to nothofagin aqueous solutions 

catalyzed by OsCGT coupling with GmSuSy using 0.5 mM UDP and 300 mM sucrose in standard conditions;        

A) final conversions of 50 to 100 mM phloretin after 18 h (10 U mL
-1 

 OsCGT and 2 U mL
-1 

GmSuSy); B) time 

course analysis for conversion of 50 mM phloretin (5 U mL
-1

 OsCGT and 1 U mL
-1

 GmSuSy. 
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Table 3. Nothofagin synthesis using β-CD in 

comparison to DMSO. 

Reaction condition β-CD 

[a]
 DMSO

[b]
 

Phloretin [mM] 

Phloretin feed [time] 

Enzyme feed [time] 

Cnothofagin
[c]

 [mM] 

Nothofagin
[d]

 [%] 

t [h] 

Space-time yield
[e]

 [g L
-1

 h
-1

] 

RCmax
[f] 

50 

0 

0 

44 

99 

18 

1.1 

88 

100 

0 

1 

66 

92 

36 

0.8 

132 

5 

0 

0 

5 

99 

6 

0.4 

5 

45 

8 

8 

44 

99 

135 

0.2 

44 
[a]

present work: lyophilized solid powder of phloretin/β-

CD inclusion complex, 300 mM sucrose, 0.5 mM 

UDP, 50 mM HEPES pH 7.5, 50 mM KCl, 13 mM 

MgCl2, 1.3% BSA.         
[b]

previous work: phloretin aqueus solution in 20% 

DMSO, 300 mM sucrose, 1 mM UDP, 50 mM HEPES 

pH 7.5, 50 mM KCl, 13 mM MgCl2, 0.13% (w/v) 

BSA. 
[c]

Final nothofagin concentration in aqueous solution. 
[d]

Based on final nothofagin and phloretin 

concentrations in aqueous solutions. 
[e]

Total amount of nothofagin in aqueous solution (g L
-1

) 

per total reaction time. 
[f]

Maximum number of UDP-glucose regeneration cycles 

(mM nothofagin produced per mM UDP added). 

  

enzymes were fed in the conversion reaction of 

100 mM phloretin/β-CD complex. The number of 

UDP-glucose regeneration cycles was 3-fold 

higher than a previous report. 

The results indicate that β-CD not only 

solubilizes the substrate but also enhances 

biocatalyst efficiency.
[20]   

There are reports of the 

use of CDs for bioconversions of poor water 

soluble compounds. Complexation with β-CD 

substantially enhanced the conversion lipophilic 

steroid drug in an aqueous fermentation system.
[21]

 

β-CD was used to enhance the solubility of 

flavonoid substrates. Enzymatic hydrolysis of 

icariin and naringin (~17 mM) by snailase has been 

reported.
[22]

  The higher bioconversion efficiency 

of substrate/β-CD complex was obtained when 

compared with bioconversion of free substrate. We 

described enzymatic process of glucosylation of 

phloretin/β-CD inclusion complex for the 

production of nothofagin. This is the first synthetic 

use of a C-glucosyltransferse for the conversion of 

flavonoid-like phloretin complex.  

In conclusion, we present a procedure using  

β-CD for solubility enhancement of the poorly 

water soluble substrate phloretin for enzymatic 

synthesis of nothofagin. Conversion of phloretin/β-

CD inclusion complex was achieved by coupling 

two enzymes in a one-pot cascade reaction. High 

nothofagin concentrations were obtained in batch 

conversions. Using phloretin/β-CD for nothofagin 

synthesis allows faster and more efficient 

conversions than by using phloretin in DMSO 

solution. The methodology describes a highly 

efficient and very convenient synthesis of 

flavonoid natural products.  

Experimental Section 

Conversions of phloretin/β-CD inclusion complex  

The inclusion complex of phloretin with β-CD 

was prepared at a molar ratio of 1:1 utilizing 

freeze-drying. Phloretin dissolved in ethanol was 

dispersed into β-CD aqueous solution. The 

suspension was stirred continuously at room 

temperature for 24 h and it was cooled to 4 °C. The 

obtained suspension was filtered through a 0.22 

µm membrane filter and the filtrate was 

lyophilized. Conversions of phloretin/β-CD 

inclusion complex by OsCGT coupling with 

GmSuSy were performed at 30
°
C in 2 mL tubes 

using a rotator wheel at 20 rpm. Reaction mixtures, 

unless otherwise indicated, contained 50 mM 

phloretin, 0.5 mM UDP, 300 mM sucrose, 50 mM 

HEPES buffer pH 7.5,  13 mM MgCl2,  50 mM 

KCl  and  1.3% BSA. Samples were aliquoted and 

solid particles were removed by centrifugation. 

The aqueous solutions were mixed with 

acetonitrile/DMSO (1:3) to stop the reactions. 

Precipitation proteins were removed by 

centrifugation. Phloretin and nothofagin in the 

supernatant were analysed using a reversed phase 

C18 HPLC-assay. Nothofagin was isolated and the 

purity was confirmed by HPLC. 

A detailed description of phloretin solubility 

study, preparation of the phloretin/β-CD inclusion 

complex, enzyme assays, effects of β-CD and 

DMSO on enzymatic synthesis of nothofagin, 

analytical methods and product isolation can be 

found in Supporting Information. 
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Methods 

 

1. Materials 

Unless otherwise indicated, all chemicals were obtained from Sigma-Aldrich (Vienna, Austria) in the 

highest purity available and were used without further purification. Phloretin (98%) was purchased from 

Carbosynth (Berkshire, UK). Strep-Tactin
®
 Sepharose

®
 and desthiobiotin were from IBA (Goettingen, 

Germany). BCA protein assay kit was from Thermo Scientific (Waltham, MA, US). Minisart
®
-RC4 0.45 

µm syringe membrane filter and cellulose acetate 0.22 µm membrane filter were from Sartorius Stedim 

Biotech GmbH (Goettingen, Germany).  

 

2. β-CD solubility in DMSO water mixtures 

β-CD solubility was tested in various DMSO concentrations from 0 to 50%. Excess amounts of    β-CD 

were transferred to 1.5 mL centrifuge tubes containing 1 mL double distilled water and shaken at 30 °C 

and 1000 rpm in a thermomixer (Eppendorf, Hamburg, Germany) for 4 h. The concentration of β-CD was 

measured by discoloration of phenolphthalein at 550 nm due to complexation with β-CD as described 

elsewhere.
[1] 

 

3. Phloretin solubility in aqueous solutions containing β-CD and DMSO  

Phase solubility study of phloretin with β-CD was performed according to the method of Higuchi and 

Connors.
[2]

 Excess amounts of phloretin were added to 1.5 mL centrifuge tubes containing       1 mL of β-

CD aqueous solutions (from 0 to 20 mM) in 50 mM HEPES buffer pH 7.5. The suspensions were shaken 

at 30
 °
C and 1000 rpm in a thermomixer for 24 h. After reaching equilibrium, samples were centrifuged at 

30
 °

C and 15000 rpm for 20 min. Supernatant was filtered through a Minisart
®
-RC4 0.45 μm syringe 

membrane filter. All procedures were conducted at 30
 °

C to avoid precipitation of phloretin. Suitable 

dilutions were spectrophotometrically analyzed at     288 nm using a micro-volume spectrophotometer 

(DeNovix DS-11, Wilmington, USA). The concentration of phloretin was quantified by interpolation of 

the corresponding standard curve.     A phase solubility study was also conducted using β-CD as 

described in the presence of 20% DMSO. All experiments were carried out in triplicates. Phloretin 

solubility was also measured in various DMSO concentrations from 0 to 100% in the absence and 

presence of excess amounts of  β-CD. Samples were diluted using 80% DMSO. Phloretin concentrations 

were analyzed by HPLC (Agilent 1200, Santa Clara, CA, USA). 
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4. Preparation of phloretin/β-CD solid powder 

The inclusion complex of phloretin with β-CD was prepared using a freeze drying method.
[3]  

Phloretin and 

β-CD with 1:1 molar ratio were accurately weighed separately. Phloretin (0.2057 g) was dissolved in 2 mL 

ethanol and was added drop wise to the solution of β-CD (0.8513 g) in 50 mL water. The suspension was 

stirred continuously at room temperature for 24 h and it was cooled to  4 °C for 12 h. The precipitates 

were then filtered through a 0.22 μm cellulose acetate membrane filter and dried in freeze dryer at -55 °C 

(Chaist Alpha1-4/Loc-1m, B. Braun Biotech International). The powder obtained was diluted 

appropriately in 80% DMSO and the phloretin concnetration was determined by HPLC. The lyophilized 

solid powder of phloretin/β-CD inclusion complex was stored at -20
 °
C. Physical mixtures of phloretin 

and β-CD were prepared by mixing phloretin and   β-CD at a molar ratio of 1:1. The mixtures were 

blended in a mortar for 30 min. To determine phloretin/β-CD solubility, excess amounts of solid powder 

of inclusion complex, physical mixtures and free phloretin were added to water or HEPES buffer pH 7.5. 

Phloretin concentrations were measured as described above.  

 

5. Enzyme production  

Escherichia coli BL21-Gold (DE3) expression strains for OsCGT (GenBank: FM179712)
[4,5]

 and 

GmSuSy (GenBank: AF030231)
[6]

 were described elsewhere in detail. Enzyme expression as       N-

terminal Strep-tag II fusion protein and enzyme purification by Strep-Tactin
®
 Sepharose

®
 affinity 

chromatography were also reported elsewhere in detail.
[6]

 Protein concentrations and purities were 

determined using the BCA method and SDS-PAGE, respectively. Aliquots of enzyme preparations were 

stored at -70
 °
C and thawed only once prior to their use. 

 

6. Enzymatic assays  

OsCGT activity 

OsCGT activity assay was performed in 1.5 mL tubes by using aqueous solutions of 5 mM phloretin with 

20 mM β-CD, 2 mM UDP-glucose, 50 mM HEPES buffer pH 7.5, 50 mM KCl,     13 mM MgCl2 and 

0.13 % BSA. All experiments were carried out in triplicates. Reactions were started with the addition of 

OsCGT and incubated in a thermomixer at 30
 °

C and 300 rpm. Samples were stopped by mixing an 

aliquot of 50 µL with 50 µL acetonitrile. At least four samples were taken during the linear initial rate to 

determine activities. Precipitated proteins were removed by centrifugation at 15000 rpm for 20 min. All 

quantifications of phloretin and nothofagin were carried out by HPLC. One unit of OsCGT was defined as 

the amount of enzyme producing 1 µmol nothofagin per min at 30
 °
C under above conditions. The specific 

activity of OsCGT was expressed as unit per milligram of purified protein. 
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GmSuSy activity 

GmSuSy activity was measured in 1.5 mL reaction tubes by using standard condition; 300 mM sucrose, 2 

mM UDP, 20 mM β-CD, 50 mM HEPES buffer pH 7.5, 50 mM KCl, 13 mM MgCl2 and 0.13 % BSA. 

All experiments were carried out in triplicates. Reactions were started with the addition of GmSuSy. 

Samples were incubated and further processed as described for the OsCGT activity assay. UDP and UDP-

glucose were determined based on HPLC-assay. One unit of GmSuSy was defined as the amount of 

enzyme producing 1 µmol UDP-glucose per min at 30
 °
C under above conditions. The GmSuSy specific 

activity was expressed as unit per milligram of purified protein. 

 

7. HPLC-based assays 

Determination of phloretin and nothofagin 

A HPLC-assay was used for determination of phloretin and nothofagin concentrations and it was also 

used for measurement of nothofagin production rates in OsCGT conversions as described elsewhere in 

detail.
[6]

 The measurement procedure was developed and performed on an Agilent 1200 HPLC equipped 

with a Chromolith
® 

Performance RP-18e column (100 x 4.6 mm). 5 µl of a suitable dilution of sample 

were applied on the column and it was thermostatically controlled at   35 °C. The separation was 

monitored by UV detection at 288 nm. Water and acetonitrile (each containing 0.1% formic acid) were 

used as solvent A and B, respectively. A 10 min long linear gradient from 10 to 40% B (1 mL min
-1

) was 

used for produce separation. It was followed by 0.05 min of a linear gradient from 40 to 100 % B (1.5 mL 

min
-1

) and 1.45 min of isocratic flow at 100% B (1.5 mL min
-1

) to wash off hydrophobic compounds. A 

0.05 min linear gradient from 100 to 10 % B (1.5 mL min
-1

) was applied to equilibrate the column.  

 

Determination of UDP and UDP-glucose 

Determination of UDP and UDP-glucose concentrations was done by HPLC. 5 µl of sample were applied 

on a Shimadzu HPLC, RID-10A (Columbi, Maryland, U.S.A) equipped with a Kinetex
TM

 C18 column (5 

μm, 100 Å, 50×4.6 mm) which was thermostatically controlled at 35
 °
C. Using      20 mM potassium 

phosphate buffer pH 5.9 with 40 mM tetrabutylammonium bromide as solvent A and acetonitrile as 

solvent B an isocratic flow (12.5% B, 2 mL min
-1

) was applied. Separation was monitored by UV 

detection at 262 nm.  
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8. Effect of β-CD on HPLC measurement 

All samples from enzymatic assays and conversion reactions were diluted before HPLC analysis and the 

concentrations of β-CD were less than 10 mM. The effect of β-CD on HPLC measurement (peak area and 

retention time) was determined. Phloretin complex with β-CD was obtained using 0.2 mM phloretin with 

0 to 10 mM β-CD. The samples were measured on an Agilent 1200 HPLC as described and double 

distilled water was injected two times before application of a new sample to wash the column. 

 

9. Effect of β-CD and DMSO on enzymatic synthesis of nothofagin 

OsCGT activity at different temperature 

Optimum temperature of nothofagin synthesis by OsCGT was determined at optimum pH (pH 8.5)
[6] 

in 

20% DMSO by measurement of linear initial rates at 10 °C to 70 °C. Reactions contained 1 mM 

phloretin, 2 mM UDP-glucose, 50 mM Tris-HCl buffer pH 8.5, 50 mM KCl, 13 mM MgCl2, 0.13 % BSA 

and 20% DMSO. OsCGT (20 mU mL
-1

)
 
was added for starting the reactions. Samples were aliquoted and 

measured by HPLC. To test the effect of β-CD and DMSO on OsCGT activity at high temperature, 

OsCGT assays were performed as described at 40, 45, 50 and 60°C by using 20 % DMSO or 10 mM β-CD. 

 

OsCGT activity at different β-CD and DMSO concentrations  

To test the effect of β-CD on OsCGT activity, reaction mixtures of 1 mM phloretin, 2 mM UDP-glucose, 

50 mM KCl, 13 mM MgCl2, 0.13 % BSA and 50 mM Tris-HCl pH 8.5 were prepared with different β-CD 

concentrations from 0 to 10 mM. OsCGT (100 mU mL
-1

) was added for starting the reactions. Samples 

were incubated at 30
°
C and 300 rpm. The initial rate measurement was performed as described. The effect 

of DMSO was also tested with different DMSO concentrations from 30 to 80% by using 5 mM phloretin 

and 5 mM UDP-glucose. Reactions were prepared in 20% DMSO. OsCGT (200 mU mL
-1
) was added to 

start the reaction. After 2 min samples were aliquoted to new tubes and conversion were monitored at final 

DMSO concentrations ranging from 30 to 80%. 

 

OsCGT activity at different phloretin concentrations  

The OsCGT inhibition by phloretin was determined using linear initial rate measurement at 30°C in standard 

conditions containing 20 mM β-CD or 20 % DMSO. Phloretin stock solutions were prepared in ethanol (1, 

10 and 100 mM) and aliquoted for preparation of final concentrations from 0.01 mM to 7.5 mM in 20 mM β-

CD and 0.01 mM to 10 mM in 20 % DMSO. Ethanol was evaporated at 37 °C. The standard reaction 

mixtures were added and the reactions were started by adding OsCGT.  
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Comparison of activity and stability  

To test the effect of β-CD and DMSO on individual enzyme activity and stability, initial rate 

measurements were performed. 500 µL standard enzyme assay conditions were prepared at pH 7.5 in the 

presence of 20 mM β-CD or 20 % DMSO or the mixtures of β-CD and DMSO (without UDP-glucose for 

OsCGT or without UDP for GmSuSy) using 10 U mL
-1

 of enzyme. Samples were aliquoted 225 µl for 

testing enzyme activity and 225 µl for testing enzyme stability. Aliquoted samples were incubated at 30 

°C for 15 min and 4 h for determination of enzyme activity and stability, respectively. The reactions were 

started by adding 25 µl UDP-glucose (2 mM) or UDP   (2 mM). OsCGT and GmSuSy activity assays 

were performed using described methods. All experiments were carried out in triplicates. 

 

Determination of OsCGT coupled with GmSuSy 

Unless otherwise mentioned, OsCGT coupled with GmSuSy for conversions of phloretin were performed 

using 20 mM β-CD or 20 % DMSO in the reaction mixtures of 0.5 mM UDP, 300 mM sucrose, 50 mM 

HEPES buffer pH 7.5, 50 mM KCl, 13 mM MgCl2, 0.13 % BSA. Enzymes were added to start (100 mU 

mL
-1 

OsCGT and 100 mU mL
-1 

GmSuSy) measuring time courses of conversions of 5 mM phloretin. 50 

mU mL
-1 

OsCGT and 50 mU mL
-1 

GmSuSy were used for conversions of 0.1 to 50 mM phloretin. The 

various phloretin concentrations were prepared from phloretin solution in ethanol which was removed in 

a thermomixer at 37°C. Phloretin was redissolved in aqueous solution of β-CD or DMSO at 30°C and 

1000 rpm.  

10. Conversion optimization of phloretin/β-CD inclusion complex 

In order to identify the optimal condition for batch conversions of phloretin/β-CD, various concentrations 

of phloretin (5 to 200 mM) forming inclusion complex with β-CD were tested. The conversion reactions 

were performed in standard reaction mixtures (0.5 mM UDP, 300 mM sucrose, 50 mM HEPES buffer pH 

7.5, 13 mM MgCl2, 50 mM KCl with 1.3% BSA) and reactions were started by adding OsCGT and 

GmSuSy. The samples of 5 to 25 mM phloretin/β-CD were incubated in a thermomixer at 30
 °
C and 300 

rpm while the samples of 50 to 200 mM phloretin/β-CD were incubated on a rotator wheel at 30
 °
C and 20 

rpm. Reactions were aliquoted and solid compounds were removed by centrifugation at 30
 °
C and 15000 

rpm for 20 min. The aqueous solutions were mixed with acetonitrile/DMSO (1:3) to stop the reaction. 

Precipitated proteins were removed by centrifugation (15000 rpm, 20 min). Phloretin and nothofagin 

concentrations were measured in suitable dilutions of the supernatant as described. Enzymes were fed and 

samples were measured until the reactions reached the equilibrium. 
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11. Batch conversions of phloretin/βCD inclusion complex 

Batch conversions of phloretin/β-CD inclusion complex by OsCGT (5 U mL
-1

) coupled with GmSuSy (1 

U mL
-1

) were performed at 30
°
C for 18 h using a rotator wheel (20 rpm). Reaction tubes (2 mL) contained 

1.5 mL standard reaction mixtures; 50 mM phloretin, 0.5 mM UDP, 300 mM sucrose, 50 mM HEPES 

buffer pH 7.5, 13 mM MgCl2, 50 mM KCl and 1.3% BSA. Samples of 5 µl were centrifuged. 1 µl of 

aqueous solutions was mixed with 39 µl of acetonitrile/DMSO (1:3). Samples were prepared and 

measured using HPLC-assay as described. 

 

12. Product isolation and identification 

Nothofagin was generated from the inclusion complex using batch conversions as described. The 

produced nothofagin was purified by preparative reversed phase C18 HPLC on an Agilent 1200 system 

equipped with a SphereClone 5 µm ODS (2) (250 x 10.0 mm) column. After conversions of 

phloretin/βCD inclusion complex, precipitated compounds were removed by centrifuge at 15000 rpm for 

30 min. Proteins were removed by centrifugal concentrators with a Molecular Weight Cut off of 10 kDa. 

250 µl of 44 mM nothofagin were applied on the column. Water and acetonitrile (0.1% formic acid each) 

were used as solvent A and solvent B, respectively. Separation of nothofagin was achieved by step 

gradients from 10% to 100% B and nothofagin was eluted at 20% B. Purity was confirmed by Agilent 

1200 HPLC equipped with a Chromolith
®
 Performance RP-18e column as described. Fractions containing 

pure nothofagin were combined. Nothofagin was finally isolated from aqueous solution by removal of 

acetonitrile and water under reduced pressure. After freeze drying, nothofagin was obtained as white 

powder. Purified product was previously identified as nothofagin by 
1
H and 

13
C NMR as described 

elsewhere in detail.
[7] 
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Results 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Effect of DMSO on β-CD solubility at 30 °C in water. The β-CD solubility increased at 

elevated DMSO concentration. It was slowly increasing from 0% to 40% DMSO (25 - 44 mM      β-CD). 

β-CD solubility in 50% DMSO was ~1.7-fold higher than 40% DMSO.  
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Figure S2. Solubility of phloretin at 30 °C using various DMSO concentrations in water in the absence 

and presence of excess amounts of β-CD. 
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Figure S3. Phase solubility diagram of phloretin with increasing concentration of β-CD in HEPES buffer 

pH 7.5 at 30 °C in the absence and presence of 20% DMSO. 
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Figure S4. Effect of β-CD on OsCGT activity showing the nothofagin production rate increase with 

increasing β-CD concentrations. 
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Figure S5. Effect of phloretin concentrations on OsCGT activity in 20 mM β-CD and 20% DMSO. Note: 

No specific activity data point at 10 mM phloretin-20 mM β-CD because of solubility limit. 
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Figure S6. The nothofagin production rate (rp) in OsCGT standard reaction using A) 20% DMSO at 

different temperature showing the optimum temperature at 40 °C and B) the comparison of       20 mM β-

CD with 20% DMSO at high temperature. 
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Figure S7. UV-VIS absorption spectra of free phloretin, phloretin/β-CD physical mixtures and 

phloretin/β-CD inclusion complex in A) water and B) HEPES buffer pH 7.5 showing an efficient of β-CD 

on phloretin solubility (inclusion complex  > physical mixtures > free phloretin).  
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Figure S8. Time course analysis of conversion of 100 mM phloretin inclusion complex with β-CD, 0.5 

mM UDP, 300 mM sucrose, 50 mM HEPES buffer pH 7.5, 13 mM MgCl2, 50 mM KCl and 1.3% BSA in 

the coupling reaction of OsCGT (5 U mL
-1

) and GmSuSy (1 U mL
-1

). Enzymes were fed (5 U mL
-1 

OsCGT/1
 
U mL

-1
 GmSuSy)

 
at 44 h and 60 h and UDP (1 mM) and sucrose (100 mM) were fed after 80 h. 

Nothofagin concentration in system was stable at 66 mM. 
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Figure S9. Time course analysis of the conversions of 100 mM and 200 mM of the phloretin inclusion 

complex with β-CD (0.5 mM UDP, 300 mM sucrose, 50 mM HEPES buffer pH 7.5,      13 mM MgCl2, 

50 mM KCl, 1.3% BSA, 5 U mL
-1 

OsCGT and 1
 
mU mL

-1
 GmSuSy). The conversion of 200 mM 

phloretin was slower than 100 mM and the reaction reached equilibrium within 4 h. Less than 15 mM of 

nothofagin were formed. 
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Figure S10. Conversion reaction of phloretin/β-CD inclusion complex (50 mM phloretin) (A) before 

adding 5 U mL
-1 

OsCGT and 1 U mL
-1

 GmSuSy and (B) after adding enzymes and incubating at 30 
°
C 

and 20 rpm for 18 h. 
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Figure S11. A) Aqueous solution containing 44 mM nothofagin for application on reversed phase C18 

column and B) nothofagin powder as obtained after purification and lyophilization.  
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Figure S12. HPLC chromatograms of A) aqueous solution of phloretin/β-CD inclusion complex (50 mM 

phloretin) conversion in a coupled reaction of OsCGT and GmSuSy (18 h) showing a large peak of 

nothofagin (6.5 min) and a small peak of phloretin (10.2 min). B) Aqueous solution after purification of 

nothofagin by reversed phase C18 HPLC.  
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Table S1. Stability constants of the phloretin complex with β-CD aqueous solution pH 7.5 at 30
 °
C in the 

absence and presence of 20% DMSO determined by phase solubility technique. 

 

 

 

 

[a]
Solubility constants Kc were calculated from the phase solubility graph (Figure 2) using the following 

equation:   

Kc  =             slope 

                     S0 (1- slope) 

 

where S0 is the intrinsic solubility of phloretin in HEPES buffer pH 7.5 without  β-CD and slope means 

the corresponding slope of the phase solubility diagrams.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S20 

 

 

 

DMSO 

(%)
 
 

 

S0  

[mM]   

 

Slope 

 

R
2
 

 

Kc
[a]

 

[M
-1

] 

 

0  
0.45 0.40±0.03 0.99 1534 

20 4.59 0.65±0.03 0.99   401 
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Table S2. HPLC peak areas and retention times of phloretin (0.2 mM) in presence of different β-CD 

concentrations. β-CD did not interfere with the determination of phloretin concentration. 

 

  

β-CD 

[mM] 

Retention time 

[min] 

Peak area 

[mAU] 

Phloretin
[a] 

[mM] 

 

0.00 

2.00 

4.00 

6.00 

8.00 

10.00 

 

6.4760 

6.4790 

6.4800 

6.4830 

6.4810 

6.4830 

 

353.4 

357.2 

365.9 

358.3 

359.5 

372.2 

 

0.1857 

0.1877 

0.1922 

0.1882 

0.1889 

0.1955 

[a] 
It was calculated from peak area and standard phloretin. 
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Table S3. Nothofagin synthesis using various phloretin concentrations (phloretin/β-CD inclusion 

complex) in the coupling reactions of OsCGT and GmSuSy. Samples were performed at 30 °C using 

thermomixer (5 to 25 mM phloretin) and rotator wheel (50 to 100 mM). 

 

         [a]
  nothofagin in aqueous solution compared to phloretin starting concentration 

        [b]
  nothofagin in aqueous solution compared to total amount of nothofagin plus phloretin 

 

 

 

 

 

 

 

S22 

 

 

 

Mixer Phloretin  

[mM] 

Nothofagin 

[mM] 

Conversion  

[%]
[a]

 

Nothofagin in  

aq. Sol.[%]
[b]

  

 

thermomixer 

 

5 4.6 91.0 98.6 

10 8.7 86.9 99.7 

25 20.2 80.7 99.2 

 

rotator wheel 

 

50 43.8 87.6 98.7 

60 48.2 80.3 97.4 

70 52.9 75.6 97.4 

80 57.4 71.8 97.2 

100 66.0 66.0 92.6 
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