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ABSTRACT: The transglycosylation abilities of β-galactosidases 
were investigated using hyperpolarized [U-13C,U-2H]glucose as ac-
ceptor and o-nitrophenyl β-galactopyranoside as donor. Several 
products were readily observable, and at least in the case when O3 
acted as acceptor, the enzymes showed a clear selectivity towards 
the β-anomer of glucose. Additionally, it was possible to determine 
the relative hydrolysis rates of the formed transglycosylation prod-
ucts, providing information of the selectivity as well. Using this 
method, the transglycosylation abilities of the enzymes could be 
studied at a very high temporal resolution as well as with high sen-
sitivity, and due to the relative ease of the setup, this method could 
be more generally applied to investigate glycosidases. 

Introduction 
Improving enzymatic production of oligosaccharides is a prom-

ising path towards greener and cheaper production of a wide array 
of carbohydrate products1–3. Glycosidases are a class of enzymes 
that primarily hydrolyze carbohydrates. After breaking the glyco-
sidic linkage, a water molecule will act as a nucleophile, but not 
only water can act as acceptor, and new glycosidic linkages can be 
formed if a carbohydrate is present at the active site in place of wa-
ter4. β-galactosidases (EC 3.2.1.23) of glycoside hydrolase family 
2 (GH2) are a promising tool to produce galactooligosaccharides, 
which can have a wide array of applications including prebiotics. 
As such, the increased understanding of the transglycosylation abil-
ities of this class of enzymes is an important step towards improv-
ing the quality and production of galactooligosaccharides. 

Traditionally, NMR spectroscopy is used to study enzyme mech-
anisms in real time by analyzing reactions at equilibrium or for 
competition studies5,6. However, due to the limited sensitivity of 
NMR, sparsely populated or short lived species are difficult to ob-
serve in real time experiments, and often products need to be pro-
duced in larger scale than what is possible in NMR tubes and puri-
fied to be analyzed using signal averaging and longer acquisition 
times7,8. Using dissolution dynamic nuclear polarization (dDNP), it 
is possible to increase the signal to noise ratio (SNR) of single scan 
NMR spectroscopy by up to four orders of magnitude9. Utilizing 
this method, the mechanisms and capabilities of chemical10–12 as 
well as enzymatic13–15 reactions can be investigated with high sen-
sitivity and temporal resolution. Recent advanced in ultrafast NMR 
have improved the potential for monitoring reactions16,17, but lacks 
the sensitivity gained by hyperpolarization. When coupled with 
dDNP, ultrafast NMR shows great promise for analyzing complex 

mixtures, for example for metabolic studies where the temporal in-
formation is not required18. 

Previously, the E. coli lacZ β-galactosidase was investigated us-
ing dDNP NMR with hyperpolarized o-nitrophenyl [1-13C;1-
2H]galactopyranoside as substrate for the enzyme14. Using galac-
tose as transglycosylation acceptor for the reaction, several previ-
ously undescribed transglycosylation products were observed, and 
they were determined to be better substrates than the expected 1,6-
linked product. In particular the β,β-1,1 linked non-reducing galac-
todisaccharide produced by the enzyme was a much better substrate 
than the other transglycosylation products formed during the reac-
tion, explaining its transient nature and why it might be very diffi-
cult to observe using other methods.  

In this study, we expanded the method to be more generally ap-
plicable using commercially available [U-13C;U-2H]glucose as ac-
ceptor for the reaction. This is an established hyperpolarization 
probe for dDNP NMR studies varying from metal catalyzed reac-
tions11 to living cells19,20 as well as in dDNP MRI studies21. 

[U-13C;U-2H]glucose would show the aglycon side of the glyco-
sidic linkage formed in the transglycosylation process, and does not 
require substrate synthesis using expensive isotopically labelled 
starting materials. The E. coli lacZ β-galactosidase was used as 
model enzyme, as it is well described in literature and is often used 
as model enzyme22. The GH2 enzymes have retaining double dis-
placement mechanisms, and their natural substrate is likely lactose, 
but o-nitrophenyl β-D-galactopyranoside (onp-Galp) is often used 
as model substrate22. Additionally, the commercially available β-
galactosidase mixture Lactozyme 2600L, which primarily contains 
β-galactosidases from Kluyveromyces lactis and Kluyveromyces 
fragilis, was also used, as it is known to make a more varied array 
of transglycosylation products7. 

Experimental 
[U-13C,U-2H]glucose (Sigma Aldrich) was prepared for polari-

zation by dissolving it in a 1:1 mixture of glycerol/water (2 M glu-
cose concentration). Subsequently, AH111501 trityl radical and 
gadoteridol was added, in amounts corresponding to concentrations 
of 20 mM and 17 mM, respectively. 35-50 µL of this mixture was 
polarized for at least 90 min in a HyperSense (Oxford Instruments) 
operating at 3.35 T and <1.4 K with a 94 GHz microwave source. 
Dissolution was carried out using 5.0 mL of 180 oC pH 7.4 phos-
phate buffer (50 mM), mixed with onp-Galp (36 mM final concen-
tration) and 0.5 µL of the resulting mixture was transferred to the 
NMR tube containing the enzyme (50 U, Sigma Aldrich), which 
was already placed in the magnet. NMR acquisition was performed 
at 9.4 T (DirectDrive console, Agilent, 100.5 MHz for 13C) at 310 



 

K, and was started immediately after transfer. 30o flip angles every 
two seconds were used, and 50000 points obtained. In the first scan, 
an approximate SNR increase of 28500-32500 was observed, cor-
responding to approximately 23-26% polarization (figure S1). The 
data was acquired using VnmrJ 4.2 (Agilent) and was processed 
using TopSpin 4.0 (Bruker) and Matlab R2018b (MathWorks). The 
hydrolysis rates of the transglycosylation products were determined 
by fitting them to the decline in integrals for the corresponding sig-
nals, similar to how hydrolysis rates have been determined for the 
enzyme previously14, with the polarization loss due to T1 relaxation 
and usage by flip angle pulsing being constrained within 10% of 
the corresponding signals from the free glucose, which was meas-
ured after no other signals remained. The experiment without en-
zyme nor donor was carried out in a similar fashion, albeit without 
mixing the dissolved hyperpolarized [U-13C,U-2H]glucose with do-
nor and with no enzyme being present in the NMR tube. 

The thermal NMR experiments were carried out by heating a 
sample containing 100 mM glucose and 35 mM onp-Galp in 90% 
of pH 7.4 phosphate buffer (50 mM) and 10% of D2O to 310 K in 
the magnet. After the sample was stable, 20 µL of Lactozyme 
2600L diluted 20 times in the phosphate buffer (2.6 U) was added, 
and the sample was quickly reshimmed and acquisition started ap-
proximately 2 min after the addition of enzyme. The HSQC data 
were acquired using standard Bruker pulse sequences, and the 
HSQC series had a repetition time of 8 min and each spectrum was 
recorded using 8 scans, 32 F1 increments with an F1 spectral width 
of 38 ppm and the transmitter offset set to 72 ppm. The data was 
obtained on a Bruker Avance III (799.90 MHz for 1H and 201.15 
MHz for 13C) equipped with a 5 mm TCI 1H/(13C, 15N) cryoprobe. 
The data was acquired using TopSpin 3.5 (Bruker) and was pro-
cessed using TopSpin 4.0 (Bruker). 

Results and discussion 
Using hyperpolarized [U-13C;U-2H]glucose, polarized to ap-

proximately 25% after dissolution and transfer, as acceptor and 
onp-Galp as donor, high formation of 6-substituted glucose (6-Glc, 
allolactose, labelled A in figure 2 and scheme 1) was observed, 
which is the expected product22,23, and another two signals not orig-
inating from the free glucose arose, see figure 1 and 2. Based on 
chemical shift (table S1), they were assigned as arising from 4-sub-
stituted glucose (4-Glc, lactose, labelled B in figure 2 and scheme 
1) and 3-substituted β-glucose (3-β-Glc, labelled C in figure 2 and 
scheme 1). Curiously, there did not seem to be any direct formation 
of 3-substituted α-glucose, although very small amounts are ob-
served over time due to mutarotation. Whether this is also the case 
for the 4-position or 6-position is difficult to determine using NMR, 
as those positions have very similar chemical shift in their α- and 
β-configurations. According to literature, the transglycosylation 
abilities of the enzyme is described as being capable of producing 
allolactose using glucose as acceptor3,22–24. This was also the major 
product, as shown in table 1. It should be noted that the 6-position 
has a shorter T1 relaxation time constant of approximately 10 s at 
9.4 T compared to the remaining positions at around 12 s, due to it 
having two deuterons contributing to the relaxation20. Conse-
quently, the integrals used in table 1 have been corrected according 
to the observed T1 of the corresponding carbon, and are only based 
on initial spectra where the onp-Galp concentration is still much 
higher than the formed transglycosylation products. Compared to 
using galactose as an acceptor14, there was no apparent signal cor-
responding to a 1-linked non-reducing glucose, which would be ex-
pected to have an anomeric signal around 100 ppm for the β-
anomer and around 101 ppm for the α-anomer8,14,25. It is possible 
that it is very sparsely populated and overlaps with one of the sig-
nals arising from a glucofuranoside. To better visualize the 

transglycosylation products, the sums of spectra 3-10 is shown in 
figure 2, and the reaction is schematized in scheme 1. 

 

Figure 1. Top spectrum: Hyperpolarized [U-13C;U-2H]glucose with 
no enzyme nor donor. Bottom 10 spectra: First 20 seconds of hy-
perpolarized [U-13C;U-2H]glucose mixed with onp-Galp and lacZ 
β-galactosidase, starting from the bottom. Each spectrum is la-
belled with the time in seconds after injection that it was acquired. 
The signal labelled as A corresponds to the 6 position in 6-substi-
tuted glucose, B to the 4 position in 4-substituted glucose and C to 
the 3 position in 3-substituted β-glucose. 



 

 

Figure 2. Sums of spectra 3-10 (4-18 seconds after transfer to NMR 
tube) zoomed to the areas containing transglycosylation products. 
Top: Hyperpolarized [U-13C;U-2H]glucose with no enzyme nor do-
nor. Middle spectrum: Hyperpolarized [U-13C;U-2H]glucose mixed 
with onp-Galp and Lactozyme 2600L. Bottom spectrum: Hyperpo-
larized [U-13C;U-2H]glucose mixed with onp-Galp and lacZ β-ga-
lactosidase. The signal labelled as A corresponds to the 6 position 
in 6-substituted glucose, B to the 4 position in 4-substituted glucose 
and C to the 3 position in 3-substituted β-glucose. 

Table 1. Relative transglycosylation product formation us-
ing glucose as acceptor and onp-Galp as donor. 

Enzyme \ substitution 6-Glc 4-Glc 3-β-Glc 

LacZ β-galactosidase 95% 1% 4% 

Lactozyme 2600L 61% 17% 22% 

Scheme 1. Overview of the enzymatic reaction using onp-Galp as substrate and [U-13C;U-1H]glucose (shown in red) as transglycosylation 
acceptor. In the schematic, the glucose is shown without isotopic labels for simplicity. A is allolactose, B is lactose and C is β-Galp-1,3-β-
Glcp. 
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To investigate the apparent lack of 3-substituted α-glucose, the 
enzyme mixture Lactozyme 2600L, which is a reported to make 
1,3-linked transglycosylation products7, was also used, see figure 
2, 3 and S3. As expected, the signal corresponding to the 3-position 
in 3-substituted β-glucose increased quite a lot compared to when 
using the lacZ enzyme, as seen in figure 2 and figure 3. Similarly, 
the peak corresponding to the 4-position in 4-substituted glucose 
also increased in intensity, while the peak corresponding to the 6-
position in 6-substituted glucose decreased by comparison. These 
results are collected in table 1, where the relative formation of each 
product corrected for differences in T1 relaxation is shown. Once 

again, the lack of 3-substituted α-glucose was observed, which 
would suggest that the enzymes prefer using β-glucose over α-glu-
cose as acceptor, at least when the 3-position (O3) acts as the ac-
ceptor. A similar observation have previously been made for lacZ 
when using O6 as acceptor at 0 oC, where β-glucose was also found 
to be preferred26. This would suggest that perhaps it is more com-
mon than previously described that glycosidases will distinguish 
between anomeric configurations of the acceptors during transgly-
cosylation. Anomeric preference has also been observed when us-
ing allolactose and lactose as substrate for the enzyme, in which it 
was observed that the α-anomer of the substrates was hydrolyzed 



 

up to two times more rapidly, as the release of α-glucose was faster 
than of β-glucose26,27. Perhaps this apparent higher hydrolysis rate 
of the α-allolactose was because the released α-glucose is less 
likely to act as acceptor for transglycosylation, thus more α-glucose 
would be released compared to β-glucose. The biological im-
portance of the anomeric preference is unclear.  

 

Figure 3. Top spectrum: Hyperpolarized [U-13C;U-2H]glucose with 
no enzyme nor donor. Bottom 10 spectra: First 20 s of hyperpolar-
ized [U-13C;U-2H]glucose mixed with onp-Galp and Lactozyme 
2600L, starting from the bottom. Each spectrum is labelled with the 
time in seconds after injection that it was acquired. The signal la-
belled as A corresponds to the 6 position in 6-substituted glucose, 
B to the 4 position in 4-substituted glucose and C to the 3 position 
in 3-substituted β-glucose. 

Neither the lacZ β-galactosidase nor the Lactozyme 2600L en-
zyme mixture produced any detectable amounts of 1- or 2-substi-
tuted glucose. By fitting the hydrolysis rates and polarization relax-
ation to the integrals of the signals corresponding to each of the 
three transglycosylation products, shown in figure 4, it was found 
that allolactose was the preferred substrate for Lactozyme 2600L, 
having a hydrolysis rate approximately 40% and 60% faster than 
those of 3- and 4-substituted glucose, respectively. For lacZ β-ga-
lactosidase it was more difficult to determine, but it would seem 
that the 1,6- and 1,4-linked products had similar hydrolysis rates, 
which was slightly faster than that of the 1,3-linked product. Ac-
cording to literature,  forlacZ β-galactosidase allolactose should be 
as good a substrate as lactose27, which agrees well with the ob-
served rates. For both enzymes, the total amount of transglycosyl-
ation product formed using hyperpolarized glucose as acceptor cor-
responded to approximately 5% of the added glucose. 

 

Figure 4. Integrals of the three transglycosylation products by Lac-
tozyme 2600L with fits for the decline of the integrals. 

Additionally, the lack of formation of the 3-substituted α-glu-
cose was further investigated using traditional NMR spectroscopy, 
but due to spectral overlap it was not possible to distinguish the 1H 
NMR signals arising from transglycosylation products from the 
starting materials. To overcome this difficulty, heteronuclear single 
quantum coherence (HSQC) spectroscopy was utilized, and by us-
ing a narrow spectral width in the 13C dimension accompanied with 
few increments and a low number of scans, it was possible to obtain 
a spectrum of the reaction mixture before the equilibrium of muta-
rotation had been reached using Lactozyme 2600L with natural 
abundance glucose as acceptor and onp-Galp as donor. At the time 
of the first HSQC (average of 2-10 min after addition of enzyme), 
the ratio between 3-substituted β- and α-glucose was approxi-
mately 8:2, whereas at equilibrium it is 58:42, shown in figure S2. 
These results supported the observation made using dDNP NMR, 
that O3 of β-glucose is a superior substrate to O3 of α-glucose. 
However, due to the low temporal resolution of 8 min compared to 
the 2 s in the dDNP NMR experiment, the formation rates are 
harder to determine as mutarotation has a much larger impact on 
this time scale. 

Conclusion 
Using dDNP NMR to investigate the transglycosylation abilities 

of these β-galactosidases clearly showed the possible transglyco-
sylation products when using glucose as acceptor as well as relative 
ratios between them. Furthermore, when using O3 of glucose as 
acceptor for transglycosylation, the enzymes preferred the β- over 
α-glucose as at least 25 times more β-glucose acted as acceptor, 
despite there being a 6:4 ratio between the free glucopyranoses. 
Additionally, despite the lacZ β-galactosidase being described as 
capable of forming allolactose22–24, it was found to also being ca-
pable of forming lactose and β-Galp-1,3-β-Glcp. And lastly, it was 
possible to determine the relative formation ratios between the 
three products, as well as the hydrolysis rates for the Lactozyme 
2600L enzyme mixture, where it was found that allolactose was the 
preferred substrate, as well as for the lacZ β-galactosidase, where 
the allolactose and lactose had similar hydrolysis rates. As all the 
materials used here were commercially available, any glycosidase 
where the transglycosylation onto glucose is of interest could be 



 

investigated using this method. Finally, considering the difficulty 
of observing the β-anomeric preference when using O3 as donor 
with traditional 1H NMR, even when optimizing for it, this also 
further highlights the potential of dDNP NMR for reaction moni-
toring. 
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