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A novel thymidine phosphorylase to synthesize (halogenated) 
anticancer and antiviral nucleoside drugs in continuous flow

Ana I. Benítez-Mateos,a Calvin Klein,a David Roura Padrosa,a and Francesca Paradisi a*

Four pharmaceutically relevant nucleoside analogues (5-fluoro-2’-deoxyuridine, 5-chloro-2’-deoxyuridine, 5-bromo-2’-
deoxyuridine, and 5-iodo-2’-deoxyuridine) have been synthesized by using a novel thymidine phosphorylase from H. 
elongata (HeTP). Following enzyme immobilization on microbeads, the biocatalyst was implemented as a packed-bed 
reactor for the continuous production of halogenated nucleosides, achieving up to 90% conversion at the 10 mM scale with 
30 min residence time. Taking the synthesis of Floxuridine (5-fluoro-2’-deoxyuridine) as study case, we obtained the highest 
space-time yield (5.5 g/L/h) reported to date. In addition, bioinformatic tools such as MD analysis and CapiPy have 
contributed to shine light on the catalytic performance of HeTP as well as its immobilization, respectively.

Introduction
Viral infections and cancer disorders are among the most 
concerning diseases of our society. Nucleoside analogues are 
classified as an important class of anticancer and antiviral drugs, 
with many examples already on the market.1 Specifically, 
halogenated derivatives have been proven to be very effective 
therapeutics due to their enhanced solubility and 
bioavailability.2 For instance, Floxuridine (5-fluoro-2’-
deoxyuridine) is effective against different types of cancer and 
it is also an active substance used in the manufacturing of 
vaccines against SARS-related coronaviruses.3–5

Since the 1950s, nucleoside analogues have been mainly 
synthesized by chemical strategies which generally require 
multi-step pathways, hazardous and extreme conditions, and 
large waste production.6 More recently, enzymatic synthesis 
has evolved as an attractive alternative to overcome those 
issues.7 Apart from an exquisite substrate selectivity, enzymes 
are biocompatible and biodegradable catalysts that can work at 
mild physiological conditions. Although enzymes still suffer 
from poor substrate solubility and low substrate loading, 
discovery of more robust enzymes together with state-of-the-
art technologies (i.e. enzyme immobilization, flow chemistry) 
bear a high potential towards more sustainable synthesis  of 
nucleoside drugs .7–9

Thymidine phosphorylases (TP) (EC 2.4.2.4) are part of the 
family II of nucleoside phosphorylases and catalyze the cleavage 
of the glycosidic bond of thymidine in presence of phosphate.  
TP are highly selective for 2’-deoxy pyrimidine nucleosides 
while they accept a broad variety of modifications at the C5 
position of the nucleobase.10 These catalytic properties make TP 
ideal biocatalysts for the two-step production of halogenated 
thymidine analogues in just one pot (Scheme 1).

Although the biocatalytic synthesis of nucleoside drugs has 
been thoroughly studied during the last decades with some 
industrial examples,11,12 new approaches  are still desired to 
develop scalable enzymatic syntheses.7 While the biocatalyst’s 
performance can be improved by protein engineering, enzyme 
discovery, or enzyme immobilization,13–15 flow chemistry is 
emerging as a very powerful tool to intensify the process 
reaction, minimize the waste and bring biocatalysis closer to 
industrial scale.16

Here we present a highly stable thymidine phosphorylase 
from Halomonas elongata (HeTP) as a robust and efficient 
candidate to synthesize 5-halogenated-2’-deoxyuridines. HeTP 
has been characterized in terms of activity and stability against 
temperature, pH, and presence of organic co-solvent which are 
often needed during the synthesis of nucleoside analogues. The 
HeTP biocatalyst was further improved by covalent 
immobilization on methacrylate microbeads which then 
allowed its integration into a packed-bed reactor (PBR) for the 
intensification of the process to synthesize nucleoside drugs 
under flow conditions. Flow biocatalysis technology as well as 
in silico analyses have been adopted in this work to boost the 
biocatalytic potential of HeTP. Finally, we have investigated the 
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substrate scope of HeTP towards other pyrimidine nucleoside 
drugs providing new insights into the active pocket of HeTP. 

X: F, Cl, Br, I
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Scheme 1. Two-step one-pot enzymatic reaction for the 
synthesis of halogenated pyrimidine nucleosides using 
thymidine as sugar donor.

Results and discussion

Characterization of TP from the halotolerant H. elongata (HeTP)
The efficiency and scale-up of synthetic processes are generally 
linked to high temperatures and presence of co-solvents to 
which enzymes are not naturally adapted. These conditions are 
certainly needed to enhance the poor water-solubility of 
nucleoside analogues. For this reason, we screened the genome 
of the halotolerant organism Halomonas elongata which we 
have extensively studied in our lab as a source of robust 
enzymes, with an inherited tolerance towards co-solvents.17–22 
HeTP was expressed in E. coli as a soluble enzyme. After 
optimization of the protein expression (Fig. S1), HeTP 
harbouring a (6x)His-tag in the C-terminal was purified by IMAC 
obtaining 25-35 mg of protein per L of culture media (Fig. S2). 

The activity of HeTP towards the phosphorolysis of 
thymidine reached 112.8 U/mg at 70ºC in 0.5 M phosphate 
buffer at pH 7.0 (Fig. S3). Interestingly, HeTP presented an 
increasing activity up to 0.5 M of phosphate, and still retained 
activity even at 0.9 M phosphate, which may be due to its origin 
from a halotolerant microorganism (Fig. S3B). To simplify the 
reaction set up, the temperature for the standard activity assay 
was set at 30ºC where HeTP maintains in any case 80% of the 
initial activity after 6 h (Fig. S4). Moreover, the enzyme can be 
stored at 4ºC or room temperature for 2 weeks while retaining 
most of the activity (Fig. S5). In terms of pH, HeTP was stable 
between pH 6.0 and 9.0 for 3 h (Fig. S6). In addition, HeTP 
retained 80% of the phosphorolysis activity when 10% of DMSO 
or MeOH was added to the reaction media (Fig. S7A). 
Interestingly, HeTP activity was mostly retained (at least 75%) 
after incubation in various organic co-solvents such 20% 
dimethyl sulfoxide (DMSO), 20% methanol (MeOH), 10% 
ethanol (EtOH), 20% dimethyl formamide (DMF), 10% 
acetonitrile (MeCN) (Fig. S7B). While the stability with 20% DMF 
and 20% MeCN is comparable to the E. coli TP, the stability with 
20% EtOH is clearly superior to other pyrimidine nucleoside 
phosphorylases which suffered total loss of activity.13,23 More 
comparative analysis could not be conducted due to the lack of 
previous results for other TPs.

HeTP activity towards different nucleosides
HeTP phosphorolysis towards thymidine, the natural substrate, 
reached the equilibrium with 62% conversion at 5 mM scale in 
2 h (Fig. S8). The enzyme presented a KM towards thymidine of 
320 μM with a Vmax of 73 U/mg (Fig. S9A). For the phosphate, a 
KM ~360 μM was estimated (Fig. S9B). These values are similar 
to the ones reported for the E. coli and human thymidine 
phosphorylases, while KM towards thymidine is significantly 
lower than the TP from M. hyorhinis  and T. thermophilus (473 
μM and ~2400 μM, respectively).15,24–26  

The substrate scope of HeTP towards other natural 
nucleosides was then probed. As an intrinsic characteristic of 
the thymidine phosphorylase family, HeTP did not accept purine 
nucleoside analogues (Table S1),10 and it converted only the 
pyrimidine nucleoside analogues containing a 2’-deoxyribose 
and the O4 in the nucleobase ring (thymidine or deoxyuridine) 
(Table S2). Noteworthy, HeTP did not show activity towards 4’-
amino nucleobase which are building blocks for other 
pharmaceutically relevant nucleosides.27 In an attempt to shift 
the activity towards this class of molecules, homology modelling 
and site-directed mutagenesis to favor the binding of the amino 
group was carried out (Fig. S10). Arg171 was identified as a 
hotspot as it acts as one of the electrostatic stabilizers during the 
catalysis. Arg171 was replaced by Gln171 and Glu171 which could 
potentially stabilize the 4-amino moiety, as predicted through 
docking, MD (molecular dynamics), and amino acid 
conservation analysis (Fig. S11-S13). As expected, the 
substitution R171E led to a loss of activity towards the natural 
substrate (thymidine),28 while R171Q showed 10% of activity 
towards thymidine compared to the wild-type (WT) HeTP. 
However, none of the variants showed activity towards any of 
the 4-amino substituted substrates tested despite trying 
different reaction conditions (Fig. S14, see ESI for more details). 

Biosynthesis of halogenated nucleoside analogues

WT HeTP was applied to the biosynthesis of four 5-substituted 
nucleoside analogues (5-fluoro-2’-deoxyuridine, 5-chloro-2’-
deoxyuridine, 5-bromo-2’-deoxyuridine, and 5-iodo-2’-
deoxyuridine) (Scheme 1). Using thymidine as the sugar donor, 
HeTP was employed to catalyze the one-pot single-enzyme 
phosphorolysis and transglycosylation of the halogenated 
nucleoside drugs (Fig. 1). In this first screening, before any 
optimization of the reaction conditions was carried out, up to 
50% of 
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Fig. 1. Monitoring the transglycosylation conversions to produce 
halogenated nucleoside analogues using free HeTP. The reaction 
mixture contained 10 mM of the halogenated nucleobase and 4 eq. of 
thymidine in 20 mM phosphate buffer at pH 7.5. The reactions were 
triggered with 2 units of free HeTP and incubated at 37ºC and shaking.

conversion with the four halogenated drugs was achieved in 24 
h. Similar conversions were previously achieved for the 
nucleoside analogues containing F and Br by using 5-fold the 
amount TP from E. coli, but adding half of the sugar donor 
(thymidine).13 

Immobilization of HeTP on commercial resins

To improve the efficiency and sustainability of the biocatalytic 
process, HeTP was immobilized on microparticles that allow the 
reuse of the biocatalyst as well as its integration into a continuous 
reactor. We began testing methacrylate (EP403/S and EP400/SS) and 
agarose microbeads functionalized either with epoxy and cobalt 
chelates (Ep/Co2+) or glyoxyl (Gx) groups which are commercial 
supports and enable the covalent irreversible immobilization of HeTP 
as observed by SDS-PAGE (Fig. 2 and Fig. S15).29 Although the 
immobilization yielded more than 85%, the recovered enzymatic 
activity was low (12-15%) compared to the free enzyme (Table 1). 
Hence, we decided to explore other supports for enzyme 
immobilization such as glass microparticles (EziG) and silica 
microbeads (Si2200). HeTP activity after irreversible immobilization 

on Si2200 decreased even more (5%). However, the HeTP 
immobilized on EziG yielded up to 3-fold higher recovered activity 
(38%) as the enzyme was reversibly bound to the support by metal 
coordination affinity which maintains the flexibility of the enzyme 
(Table 1). 

Analysis of HeTP using CapiPy,30 revealed that the C-terminal His-
tag is completely exposed and on the backside of the catalytic cleft, 
hence explaining the high recovered activity when immobilizing only 
through the (6x)-HisTag (Table 1 and Fig. S16A). On the other hand, 
HeTP has 14 solvent-accessible lysines per monomer scattered 
throughout the surface. Therefore, an irreversible and covalent 
multipoint attachment could reduce the necessary domain 
movement for the catalytic activity of HeTP and create a distortion 
of the protein structure leading to lower recovered activity. 
Moreover, in the open conformation of the enzyme, multiple lysines 
in the active site are also accessible and could abolish activity when 
directly involved in the immobilization (Fig. S16B). 

The reusability of the different immobilized HeTP preparations 
was then tested. We found that the immobilized HeTP on Gx-
EP403/S and Ep/Co-EP403/S retained more than 90% of the initial 
activity after 10 reaction cycles in batch, while the immobilized HeTP 
on EziG lost 30-50% of activity after only 5 reaction cycles (Fig. S17). 
Therefore, Gx-EP403/S was selected as support for the subsequent 
studies, considering the recovered activity of the enzyme, the low 
cost of the support, and the operational stability of the biocatalyst in 
batch. The protein loading on Gx-EP403/S was also optimized, with 3 
mg/g of HeTP resulting in the best preparation (Fig. S18).

Enzyme immobilization often enhances the enzyme stability 
under harsher conditions. Thus, the temperature and DMSO 
stability of the irreversibly immobilized HeTP was tested. After 
24 h of incubation at 30-45ºC, the immobilized HeTP retained 
more than 85% of the initial activity, while the free enzyme lost 
up to 50% (Fig. S19). The stability of HeTP in presence of 10-20% 
DMSO was also increased after enzyme immobilization as HeTP 
maintained full initial activity after 3 h (Fig. S20). Some of these 
results are comparable to the solvent stability of the immobilized TP 
from E. coli, but only DMF and MeCN were used in that work.13

Table 1. Immobilization parameters of the HeTP on different supports through various chemistries. The offered enzyme was 1 mg/g. Immobilization yield: 
(protein in solution - protein in the supernatant after immobilization)/protein in solution × 100. Recovered activity: specific activity of the free 
enzyme/specific activity of the immobilized enzyme ×100. Expressed activity: activity of the immobilized enzyme / g of support. 

Support code Reactive group
Enzyme-support 

binding
Matrix material

Immobilization 
yield (%)

Recovered activity 
(%)

Expressed activity 
(U/g)

Ep/Co2+-EP403/S Epoxy/Co2+ Methacrylate 100 19 11.9

Ep/Co2+-AG Epoxy/Co2+ Agarose 98 19 12.2

Ep/Co2+-Si2200 Epoxy/Co2+

NH

NH

NH

OH

O

Irreversible Silica 65 6 3.2

Gx- EP403/S Aldehyde Methacrylate 97 23 20.5
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Gx-EP400/SS Aldehyde Methacrylate 85 13 10.9

Gx-AG Aldehyde

OH

NH

NH

Irreversible
Agarose 87 18 11.2

EziG1 Fe3+ Hydrophilic glass 97 38 35.9

EziG2 Fe3+
Hydrophobic 

polymer
99 27 25.6

EziG3 Fe3+

O-

O-
Fe3+

Reversible Semi-hydrophilic 
polymer

98 26 25.0

Optimization of the synthesis of halogenated nucleoside 
analogues with immobilized HeTP 

The Gx-EP403/S immobilized HeTP was then applied for the 
synthesis Floxuridine (5-fluoro-2’-deoxyuridine) as a model 
reaction due to its relevance as antiviral, antibacterial and 
anticancer drug. The sugar donor concentration as well as the 
phosphate buffer were optimized for the transglycosylation. 10 
mM phosphate buffer and 10 eq. of sugar donor were selected 
as the best conditions to reach the maximum conversion (85%) 
while using the least of reagents (Fig. S21). Further attempts to 
improve the conversion by increasing the nucleobase 
concentration, the amount of biocatalyst, and the temperature 
were not successful, in agreement with previous studies on 
nucleoside phosphorolysis (Table S3).31 In contrast, the 
conversion was maintained when the nucleobase concentration 
was increased up to 20 mM with 10 eq. sugar donor (Table S3), 
as it could be expected from the law of mass action considering 
relative concentrations.32 To the best of our knowledge, this is 
the highest substrate concentration used for the enzymatic 
synthesis of Floxuridine reported to date.

With the optimized conditions, we also performed the 
biosynthesis of the other halogenated nucleoside analogues in 
batch mode. The transglycosylation conversion reached 70-80% 
for the Br, I, and Cl nucleoside analogues (Table 2). 

Flow biosynthesis of halogenated nucleoside drugs: Process 
intensification 

To increase the productivity of the biocatalytic system, the 
immobilized HeTP was implemented into a packed-bed reactor (PBR) 
for the continuous biosynthesis of halogenated nucleoside drugs. To 
do this, the nucleobase and the sugar donor were mixed with a T-
tube before entering the PBR. HPLC pumps were used to modulate 
the flow-rate with residence times (R.T.) from 15 to 45 min, reaching 
the equilibrium at 30 min of R.T. for the F, Br, and Cl nucleoside drugs 
(Table 3). To the best of our knowledge, this is the first time that a 
thymidine phosphorylase is implemented under flow conditions for 
the synthesis of halogenated nucleoside drugs. In fact, to date, only 
one study describes the biocatalysed flow synthesis of the F and I 
analogues but with a different enzyme (2’-deoxyribosyl transferase) 
immobilized on epoxy silica.33 

Table 2. Monitoring the biosynthesis of halogenated nucleoside 
analogues in batch by using the immobilized HeTP. Phosphorolysis of 
thymidine (%P) and transglycosylation of the nucleoside analogue (%T) 
are depicted. 20 mg of immobilized HeTP (3 mg/g) were added to 1 mL 
of reaction mixture (10 mM nucleobase and 100 mM sugar donor in 10 
mM phosphate buffer at pH 7.5) and incubated at 37ºC under shaking. 

2 h 24 h 120 h
Halogen in 
nucleobase

%P %T %P %T %P %T

F 5 33 17 84 18 85

Cl 4 28 14 76 15 79

Br 4 20 10 67 10 70

I 6 35 12 80 12 83

The scale of the flow biosynthesis of Floxuridine was increased to 
50 mM of the nucleobase while the sugar donor was maintained at 
100 mM. Unsurprisingly, the conversion decreased from 87% to 17% 
while the amount of the final product (8 mM) was maintained (Table 
S4). As the nucleobase concentrations used herein are unusually 
high, a level of inhibition by the nucleobase may be observed, 
resulting in a slower reaction rate.15,34 At 20 mM nucleobase with 10 
eq. of sugar donor, which is the maximum achievable in terms of 
water solubility with this set up, 85% conversion was again achieved 
but in this case the amount of product was 2-fold higher at 16.8 mM 
(Table S5). This system provided the highest space-time yield 
reported to date for the synthesis of Floxuridine (Table 4).13,33,35,36

In terms of the biocatalyst stability in flow, after 20 column 
volumes (10 h), more than 60% conversion was maintained (Fig. 
S22). These results show a significant improvement over the 
previously reported example in which just 35% conversion was 
retained after 10 h.33 Besides, we stored the PBR at 4ºC for 2 
months while not in use, preserving more than 90% of the 
enzymatic activity. 
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Table 3. Continuous flow biosynthesis of halogenated nucleoside 
analogues. Phosphorolysis of thymidine (%P) and transglycosylation of 
the nucleoside analogue (%T) are depicted. The PBR (volume: 2.16 mL) 
was filled with the immobilized HeTP (3 mg/g). 10 mM nucleobase and 
100 mM thymidine in 10 mM phosphate buffer at pH 7.5 were pumped 
to the PBR. The flow-rate was adjusted (48-144 μL/min) to achieve the 
different residence times depicted. The flow reactions were performed 
at 37ºC.

 
PBR: imm. HeTPHalogenated

nucleobase

Sugar donor

Halogenated
nucleoside analogue

 
Table 4. Scale-up flow biosynthesis of halogenated nucleoside 
analogues. The PBR (volume: 2.16 mL) was filled with the immobilized 
HeTP (3 mg/g). 10 eq. of sugar donor (thymidine) were used. R.T. 45 
min. Temperature: 37ºC.

Nucleobase 
(mM)

Conversion 
(%)

STY
(g/L/h)

Catalyst productivity
(mgroduct/mgenzyme/h)

10 87 ± 1 2.9 0.95

20 84 ± 2 5.5 1.84

Conclusions
We have expanded the toolbox of robust thymidine 
phosphorylases with the halotolerant HeTP. This is the first time 
that a thymidine phosphorylase has been implemented in a flow 
reactor. Moreover, we have pioneered the biosynthesis of 5-
chloro-2’-deoxyuridine by using isolated enzymes.35

This work also showcases the potential of two key 
technologies in biocatalysis: enzyme immobilization and flow 
chemistry. The immobilized HeTP has enhanced stability against 
high temperatures, co-solvents and long-term storage 
compared with its free counterpart. Enzyme immobilization 
also enabled the reuse of the biocatalyst for 10 cycles retaining 
the full enzymatic activity, which means a decrease in waste and 
process costs. Finally, continuous flow technology speeds up 
biosynthetic processes, while offering an automatized and 
controlled handling of the system. This has allowed the process 
intensification of Floxuridine reaching the highest STY and 
productivity results reported so far. Hence, our work is timely in 
progressing the biosynthetic strategies of such important 

molecules. Specifically with the relevance of Floxuridine as 
anticancer and building block in SARS-related vaccines. 

Experimental section
Materials
All chemical reagents were acquired from Sigma Aldrich 
(Gillingham, UK), Thermo Fisher (Loughborough, UK), Acros 
Organics (Reinach, Switzerland), or Fluorochem (Hadfield, UK) 
and used without further purification. Plain agarose (6BCL) was 
purchased from Agarose Bead Technologies (Madrid, Spain). 
The methacrylate supports were purchased from Resindion 
S.R.L (Milan, Italy). The EziGTM (glass microparticles) were kindly 
donated by EnginZyme.

HeTP expression and purification 
The gene deoA codifying for the HeTP (A.N. Q7CP66) was cloned 
into the pET28b plasmid (NcoI/XhoI) and transformed into E. 
coli BL21(DE3) star competent cells by heat-shock at 42ºC. Then, 
1 L flasks containing 300 mL of autoinduction medium (ZYM) 
with 50 μg/mL kanamycin were inoculated with a colony and 
incubated at 37ºC for 20 h. Protein expression in LB and TB 
media were also tested (Fig. S1). The resulting cells were 
harvested by centrifugation at 4500 rpm and resuspended in 50 
mM phosphate buffer, 300 mM NaCl and 30 mM imidazole at 
pH 7.0. The suspension was placed on ice and sonicated at 40 % 
amplitude for 8 min, with pulses of 5 sec ON, 10 sec OFF. After 
centrifugation at 12,300 g for 45 min, the supernatant was 
filtered with a 0.45 μm filter and HeTP was purified from the 
supernatant by a Ni-NTA column in the AKTA-pure. HeTP was 
eluted in 50 mM phosphate buffer, 300 mM NaCl and 300 mM 
imidazole at pH 8.0. The purified enzyme was dialyzed twice in 
100 mM phosphate buffer at pH 7.0. The protein expression and 
purification were analyzed by SDS-PAGE.

Determination of protein concentration
The protein concentration was estimated by measuring the 
absorbance at 280 nm in the EPOCH2 (nanodrop Tek3 plate) and 
using the predicted extinction coefficient 14,105 M x cm-1 and 
the molecular weight 47,736 Daltons obtained from 
https://web.expasy.org/protparam. Low protein 
concentrations (<1 mg/mL) were determined by Bradford assay 
by measuring the absorbance at 595 nm of a solution containing 
5 μL of protein sample with 250 μL of Bradford reagent. A 
standard curve was done with BSA.

Activity assay
A modified photometric assay previously reported was used to 
assess the activity of the soluble HeTP. Briefly, 990 μL of 1 mM 
thymidine and 0.5 M potassium phosphate at pH 7.0 were 
added to a 1 mL-cuvette and the reaction was triggered with 10 
μL of HeTP (0.25 mg/mL). The absorbance at 290 nm was 
recorded for 2 min at 30ºC. Alternatively, the activity was 

15 min 30 min 45 min
Halogen in 
nucleobase

%P %T %P %T %P %T

F 9 53 15 82 15 87

Cl 6 55 14 85 15 86

Br 9 63 14 84 15 88

I 7 55 11 74 13 83
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monitored in a 96-well plate by mixing 300 μL of substrate 
solution and 5 μL of HeTP (d= 0.75 cm). In the time frame of 
linear absorbance decrease, regression was performed to 
calculate the slope of the absorbance decrease per minute. One 
unit is defined as the amount of enzyme that will convert 1 µmol 
of thymidine to thymine per minute. The specific enzyme 
activity (U/mg) was calculated as reported by Krenitsky et al.,37 
based on the difference in millimolar extinction coefficients (ε) 
between thymidine and thymine which under the assay 
conditions equals 1. Specific activity was then calculated with 
equation 1:

(1)

    

(Renzyme -  Rblank ) x Vtotal x DF
ε x  Venzyme x d

cenzyme

Where: 
Renzyme = Slope of the reaction regression (min-1)
Rblank = Slope of the blank regression (min-1)
DF = Dilution factor of enzyme
ε = Difference in millimolar extinction coefficient between
thymidine and thymine (M-1 cm-1)
Venzyme = Volume of enzyme added (mL)
Vtotal = Total volume of the reaction (mL)
Cenzyme = Concentration of the added enzyme solution (mg/mL)
d = pathlength (cm)

Biotransformations in batch mode
Batch reactions with soluble enzyme (2 units) were incubated 
at 37ºC and under shaking for 24 h in 1 mL of reaction mix 
containing the sugar donor, the nucleobase, and phosphate 
buffer at pH 7.0 at the specified concentrations. Batch reactions 
with immobilized enzyme were triggered adding 50 mg of 3 
mg/g immobilized HeTP, unless otherwise specified. The 
reactions were monitored by HPLC. 
The conversion (%) was calculated from the HPLC analyses of 
the reaction mixtures following the equation 2:
(2)    

product area
product area +  substrate area

 x 100

The molar conversions (%) were also confirmed by using 
standard curves of the substrates and products (1 - 50 mM).

Activation of supports and enzyme immobilization
Ep-AG (agarose microbeads activated with epoxy groups): 
Epoxy-agarose was prepared as previously described.38 The 
addition of Co2+-chelates was carried out by incubating 1 g of 
epoxy-agarose with 2 mL of modification buffer (0.1 M sodium 
borate, 2 M iminodiacetic acid pH 8.0) for 2 h. After filtration 
and washing, the support was incubated with 5 mL of Metal 
Buffer (30 mg/mL of CoCl2). After filtration and washing, 5 mL of 
enzyme solution were added to the Ep/Co2+-AG and the 
suspension was incubated for 6 h under shaking at room 
temperature. The immobilized enzyme was washed with 3 mL 

of desorption buffer (50 mM EDTA, 0.5 M NaCl in 50 mM 
phosphate buffer, pH 7.2). Finally, the remaining epoxy groups 
were blocked by incubation with 4 mL of 3 M glycine pH 8.5 
overnight and afterwards the immobilized enzyme was washed 
with 100 mM phosphate buffer at pH 7.5 before its storage.
EP403/S (methacrylate microbeads activated with epoxy 
groups): EP403/S activated with epoxy groups was 
commercially available. The addition of Co2+-chelates and the 
enzyme immobilization were carried out as described in the 
previous section for Ep-AG.
Ep-Si2200 and Ep-Si250 (silica microbeads activated with epoxy 
groups): 1 gram of silica microbeads (Sipernat® 2200-PC and 
Sipernat® 250-PC) were washed and resuspended in 2 mL of 
H2O. Then, 0.5 mL of 25% of 3-Glycidyloxypropyl 
trimethoxysilane in acetone were added drop by drop to the 
previous suspension. The suspension was incubated overnight 
at 25ºC under shaking. After filtration and washing, the addition 
of Co2+-chelates and the enzyme immobilization were carried 
out as described in the previous section for Ep-AG.
Gx-AG (agarose microbeads activated with aldehyde groups): 
Epoxy-agarose was activated with glyoxyl groups following a 
modified version of a previous protocol.39 Briefly, 1 g of epoxy-
agarose was incubated with 10 mL of 100 mM H2SO4 overnight 
under orbital shaking. Then, the support was filtered and 
washed. The resulting glyceryl support was oxidized with 10 mL 
of 30 mM NaIO4 for 2 h under orbital shaking. After filtration 
and washing, 10 mL of enzyme solution in 100 mM sodium 
bicarbonate buffer at pH 10.0 were mixed with 1 g of AG-Gx and 
incubated under orbital shaking for 3 h at 4ºC. Then, the 
suspension was filtered and incubated with 10 mL of 1 mg/mL 
NaBH4 for 30 min at 4ºC to reduce the imine bonds. The 
immobilized enzyme was washed with 100 mM phosphate 
buffer at pH 7.5 before its storage.

Stability tests
HeTP was incubated in 1 mL of buffer. At different time points, 
100 μL of enzyme solution/suspension were withdrawn to 
measure the activity as described above.
Co-solvent stability: The enzyme solution/suspension was 
incubated at 25ºC for 72 h. 
Temperature stability: The enzyme solution/suspension was 
incubated at 30ºC, 37ºC or 45ºC for 72 h. 
pH stability: universal buffer was used (60 mM citric acid, 25 
mM sodium tetraborate, 50 mM potassium chloride, 50 mM 
TRIS, 50 mM potassium phosphate) where the pH was adjusted 
as required with 0.2 M NaOH.

Flow reactions 
Flow biotransformations were performed using a R2S/R4 
Vapourtec flow reactor equipped with a V3 pump and an 
Omnifit glass column (6.6 mm i.d. × 100 mm length) filled with 
the immobilized enzyme (2 g with 3 mg/g of protein loading) as 
a packed-bed reactor (PBR) of 2.4 mL. A first equilibration step 
was performed by running 10 mM phosphate buffer pH 7.0 at 
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0.4 mL/min for 10 min. Then, the solutions of substrates at 
different concentrations were mixed in a T-tube and pumped 
through the PBR containing the immobilized biocatalyst. The 
flow-rate was adapted depending on the desired residence time 
for each reaction (R.T. 15 min corresponds to 0.160 mL/min; 
R.T. 30 min corresponds to 0.080 mL/min; R.T. 45 min 
corresponds to 0.053 mL/min) unless otherwise specified. 
Samples were collected after each column volume and analyzed 
by HPLC.

HPLC analysis
The samples were prepared by mixing 100 μL of the reaction 
medium with 200 μL of MeCN and 200 μL of 0.2% HCl in H2O (or 
400 μL of MeOH). The samples were filtered with a 0.45 μm 
PTFE filter prior submission to HPLC (Dionex UltiMate 3000 
(Thermo Fisher, Loughborough, UK) equipped with a C18 
column 3.5 µm, 2.1 × 100 mm (Waters, Elstree, UK). 2 μL of 
sample were injected. For the phosphorolysis analysis, a 
gradient method 5:95 to 95:5 (H2O:MeCN containing 0.1% TFA) 
over 4 min with a flow rate of 0.8 mL/min at 45°C was employed. 
Thymidine (4 min) and thymine (3.1 min) were detected by UV 
at 265 nm. For the analysis of both phosphorolysis and 
transglycosylation, a gradient method 1:55 to 55:1 (H2O:MeOH) 
over 8 min was used. 5’-azacytosine (1.8 min), 5’-aza-2’-
deoxycitidine (2.9 min), were detected by UV at 250 nm. 
Thymidine (5.1 min), thymine (4.1 min), 5-fluorouracil (2.6 min), 
and 5-fluoro-2’-deoxyuridine (4.4 min) were detected by UV at 
265 nm. 5-chlororouracil (3.9 min), 5-chloro-2’-deoxyuridine 
(5.2 min), 5-bromorouracil (4.3 min), 5-bromo-2’-deoxyuridine 
(5.5 min), 5-iodouracil (5.1 min), and 5-iodo-2’-deoxyuridine (6 
min), cytosine (2 min), 2’-deoxycitidine (3.76 min) were 
detected by UV at 280 nm. 

Modelling and docking analysis
HeTP was modelled using SWISS-MODEL via the Expasy web 
server. Visualization of the active site pocket was performed by 
using the CASTp webserver. The resulting PDB file was then 
loaded into Chimera alongside the original HeTP model and 
colored for visualization.The model was used for the docking 
studies, performed with Autodock Vina.40 The substrates were 
manually build using the Build function in UCSF Chimera from 
their SMILES code.41 The results were analyzed and visualized in 
UCSF Chimera and PyMOL.42

MD analysis
To perform the molecular dynamics studies, the Enlighten2 
plugin for PyMOL  was used.43 Simulations were performed with 
the monomeric structure of HeTP and with mobility only on the 
residues at 12 Å surrounding the docked substrate. After 
minimization of the system, the MD simulation was performed 
for 1 ns. Results were analyzed using the built-in tools of UCSF 
Chimera. 
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