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Abstract: 5′-Phosphorylation of nucleosides is a reaction as important in nature and in industry as it
is cumbersome to be performed. Whilst chemical phosphorylation relies on the use of harsh reagents,
solvents, and conditions, as well as on the need for protection–deprotection steps, biocatalysis can
be a tool to achieve one-step phosphorylation reactions, which are selective, protecting group-free,
and occurring under mild and sustainable conditions. In this work, the wild-type non-specific acid
phosphatase from Morganella morganii (PhoC-Mm) was expressed, purified, and used for the synthesis
of inosine 5′-monophosphate (IMP), an important food additive, by using pyrophosphate (PPi) as an
inexpensive phosphate donor in a fully aqueous medium at 30 ◦C. Via the fine-tuning of the reaction
set-up taking into account the type of buffer, amount of PPi, mode/time of PPi addition, and enzyme
and substrate concentration, PhoC-Mm could be used for catalyzing the phosphorylation of inosine (I)
to IMP in a good yield and high purity (62% yield). The catalysis of the hydrolytic reaction direction,
which is the primary function of phosphatases in nature, was here reversed to a certain extent by a
reaction engineering approach, without the need for protein engineering strategies.

Keywords: non-specific acid phosphatase (NSAP) from Morganella morganii; wild-type enzyme;
inosine 5′-monophosphate (IMP); enzymatic phosphorylation; transphosphorylation; fed-batch;
disodium pyrophosphate dibasic; sustainable synthesis; regioselectivity; reaction engineering

1. Introduction

Phosphate monoester motifs are widespread in nature and are present in molecules in-
volved in many biological pathways [1]. Among them, nucleotides represent a preeminent
class due to the central role they play in almost all cellular processes [2,3]. In addition, their
synthetic analogs (nucleotide analogs) are the fundamental agents of several anti-cancer
and anti-viral drugs as well as the water-soluble prodrugs of pharmacologically active
nucleosides [4,5]. Finally, some natural nucleotides such as inosine 5′-monophosphate
(IMP) and guanosine 5′-monophosphate (GMP) are used as flavor enhancers in savory food
manufacturing due to their ability to synergistically elicit the perception of umami taste
in combination with monosodium glutamate (MSG) [6,7]. For these reasons, considerable
efforts have been directed toward the selective synthesis of naturally occurring nucleotides
and their analogs [5,8].

The most straightforward way to prepare nucleoside 5′-monophosphates consists of the
introduction of a phosphate group at the 5′-hydroxyl position of their parent nucleosides
mainly by reaction with pentavalent phosphoryl donors such as phosphoryl chloride (POCl3)
in the presence of trialkyl phosphates as solvents. Such a process is quite laborious due to
the toxicity and moisture sensitivity of the reagents as well as the extensive formation of by-
products. In addition, the harsh reaction conditions generally fail to preserve most acid-labile
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moieties [9,10]. Owing to these disadvantages, different phosphate donors or alternative
strategies, i.e., formation of trivalent phosphite followed by oxidation [11–13], have been
developed to allow milder and more selective syntheses. These methods, however, are not
able to avoid drawbacks such as the need for multi-step sequences required by protecting
group chemistry together with poor selectivity and moderate/low yields. Thus, more
ecofriendly and sustainable routes to 5′-monophosphate nucleosides are highly desirable.

Biocatalytic procedures have emerged in the last few decades as viable alternatives
to conventional chemical routes, matching high selectivity and mild conditions as well
as generating less waste in agreement with “green chemistry” principles [14,15]. Among
enzymes from the nucleotide metabolism, deoxyribonucleoside kinases (dNKs, E.C. 2.7.1)
catalyze the selective and irreversible phosphorylation of nucleoside 5′-position using ATP
as a high-energy phosphate donor [16,17]. However, examples of dNK-based phosphoryla-
tion are limited to date due to the relatively low stability and high cost of ATP, as well as
the inhibitory effect of the accumulating ADP [18,19]. In order to allow the use of ATP in
catalytic amounts, several recycling systems have been developed to turn ADP into ATP,
thus making the process less expensive [20,21].

Alternatively, the formation of a new P-O bond can be catalyzed by phosphatases, a
class of enzymes that dephosphorylate in vivo a large set of phosphate esters, but that are
also able to perform the reverse reaction (transphosphorylation reaction) [16,22]. In particu-
lar, non-specific acid phosphatases (NSAPs), widely distributed among enteric bacteria,
exhibit optimal catalytic activity at acidic to neutral pH values and are characterized by a
very broad substrate specificity being active toward different and structurally unrelated
phosphoesters such as nucleotides and sugar phosphates [17,22,23].

In the late 1990s, an NSAP from Morganella morganii NCIMB10466 strain (PhoC-
Mm) possessing a regioselective phosphotransferase activity specific for the 5′-position of
nucleosides was described by Asano et al. who exploited it for the selective phosphorylation
of C-5′ of inosine (I) to produce IMP, using the food additive pyrophosphate (PPi, E450 as
sodium salt) as the phosphate donor [24,25].

Kinetic data indicate that the key step in the NSAP-catalyzed reaction is the formation
of a phosphate–enzyme intermediate (E-P), which undergoes either nucleophilic attack by
a substrate hydroxyl group to form the phosphorylated product (transphosphorylation) or
hydrolysis, releasing inorganic phosphate (Pi) in the reaction medium. In addition, due to
the reversibility of the phosphate transfer, a progressive dephosphorylation of the formed
phosphate ester may occur (Scheme 1) [17,26].
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Scheme 1. Mechanism of NSAP-catalyzed transphosphorylations and hydrolysis.

Thus, in the case of the PhoC-Mm-mediated phosphorylation of inosine (I) to ino-
sine 5′-monophosphate (IMP) in the presence of PPi, a maximum 41% conversion was
observed due to the high hydrolytic activity of the wild-type catalyst toward the synthe-
sized IMP [25]. In order to reduce the dephosphorylating activity and to increase the
efficiency of the transphosphorylation reaction, a mutated acid phosphatase was identified
(I171T-G92D PhoC-Mm) with more advantageous kinetic parameters responsible for the
improved productivity (Km inosine = 117 mM vs. 42.6 mM for wild-type and mutant enzyme,
respectively) [27].

Later, a number of acid phosphatases from enteric bacteria with regioselective PPi-
nucleoside phosphotransferase activity were isolated, cloned, and used for the synthesis of
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IMP [28,29]. For all the investigated bacteria, the IMP productivities were inferior to those of
the enzyme from M. morganii (PhoC-Mm) even in the case of mutant acid phosphatases [30].

However, some reaction details for this industrially relevant enzymatic phospho-
rylation are still lacking and the influence of the reaction parameters upon nucleotide
production has never been deeply investigated. It is worth noting that, not unlike conven-
tional chemical routes, enzymatic strategies are hampered by many potential bottlenecks
and need fine-tuning as well. Therefore, applying the approach of reaction engineering, e.g.,
investigating multiple reactions at varied parameters, can help overcome these difficulties
and additional benefits such as the shift of unfavorable equilibria can be obtained. In-
deed, reaction engineering has long provided an effective tool for bioprocess development,
resulting in cost-effective and scalable methodologies [31].

In this study, the fed-batch phosphorylation of inosine to IMP using the wild-type
Phoc-Mm as the biocatalyst and disodium pyrophosphate (PPi) as the phosphate source
was investigated. The reaction conditions were optimized with respect to the type of buffer,
amount of phosphate donor and mode/time of its addition, substrate concentration, and
amount of added biocatalyst. Up to a 66% conversion and 62% of isolated yield of IMP was
obtained. To the best of our knowledge, this represents the best result so far observed with
a wild-type non-specific acid phosphatase.

2. Materials and Methods
2.1. Reagents and Equipment

All solvents and reagents were purchased from Merck (Milano, Italy) and were used
without further purification.

Freeze-drying was performed using a Telstar LyoQuest (Azbil Telstar, Barcelona, Spain)
freeze-dryer.

The expression vector pET28a(+) containing the PhoC-Mm gene was kindly provided
by Prof. Kurt Faber (University of Graz, Graz, Austria). The protein was purified by fast
protein liquid chromatography (FPLC) using a GE ÄKTA Purifier (Cytiva, Global Life
Sciences Solutions, Marlborough, MA, USA) 100 FPLC System w/UPC-900 (HisTrap™
High Performance 1 mL pre-packed columns (Cytiva, Global Life Sciences Solutions,
Marlborough, MA, USA)).

Analytical HPLC was performed using a JASCO LC-4000 chromatographer equipped
with a UV-4070 UV–Vis detector (JASCO Applied Sciences, Halifax, NS, Canada). Experi-
mental conditions were as follows: column, Jupiter 4 µM Proteo 90 Å (25 mm × 4.6 mm)
(Danaher Corporation, Washington, DC, USA); wavelength, λ 254 nm; injection volume,
20 µL; flow rate, 1.00 mL/min; solvents, A = 0.1% TFA in water and B = ACN/0.1% TFA in
water 80:20; gradient, 0–5.00 min: 95% A, 5.01–15.00: from 95% to 60% A, 15.01–15.05: from
60% to 95% A, 15.06–20.00: from 95% A.

Semi-preparative HPLC was performed using a Dionex Ultimate 3000 chromatogra-
pher equipped with a Dionex RS Variable Wavelenght detector (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Experimental conditions were as follows: column, Atlantis Prep
T3 OBDTM 5 µm (19 mm× 100 mm) (Waters Corporation, Milford, MA, USA); wavelength,
λ 254 nm; injection volume, 1 mL; flow rate, 10 mL/min; solvents, A = 0.1% TFA in water
and B = ACN/0.1% TFA in water 80:20; gradient, 0–5.00 min: 100% A, 5.01–12.50: from
100% to 85% A, 12.01–15.00: from 85% to 0% A, 15.01–15.05: from 0% to 100% A.

1H, 13C, and 31P NMR spectra were recorded at 400, 100, and 161 MHz, respectively,
on a Bruker AVANCE 400 spectrometer equipped with a TOPSPIN 3.7 software package
(Bruker, Karlsruhe, Germany) at 300 K. D2O (Merck) was used as solvent. 1H and 13C
chemical shifts (δ) are given in parts per million (ppm) and referenced to the solvent signals
(δH 4.79 ppm from tetramethylsilane (TMS) for D2O); 31P chemical shifts (δ) are referred
to 85% H3PO4 as external standard (δP 0.00 ppm). Coupling constants (J) are reported in
Hertz (Hz).
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2.2. Expression and Purification of Recombinant PhoC-Mm

PhoC-Mm was expressed and purified following a slightly modified protocol [26].
Firstly, an overnight pre-culture was carried out in lysogeny broth medium (LB)

(20 mL) containing kanamycin (50 µg/mL) at 37 ◦C and 180 rpm. Subsequently, a prepar-
ative culture was carried out in LB medium (1 L), and the cells were grown in a shaking
incubator (180 rpm) at 37 ◦C to an optical density at 600 nm (OD600) of 0.4–0.6. When the
culture reached the desired OD, the flasks were transferred to 16 ◦C for 20 min, then the ex-
pression was induced by 0.2 mM IPTG (isopropyl β-D-1-thiogalactopyranoside), followed
by shaking at 16 ◦C and 180 rpm overnight. The cells were harvested by centrifugation
at 5000 rpm and 4 ◦C for 20 min. The wet cells (12 g) were resuspended in His-tag lysis
buffer (50 mM Na-Pi pH 7.5 containing 300 mM NaCl and 10 mM imidazole; 24 mL) and
were sonicated for 10 min. The disrupted cells were pelleted at 70,000 rpm and 4 ◦C for
45 min. The supernatant was purified using a Ni-NTA column at 4 ◦C by following the
protocol of the manufacturer. The fractions containing the desired enzyme were identified
by SDS-PAGE analysis, then combined, dialyzed against 20 mM NaOAc buffer pH 5.0, and
finally concentrated. The concentration of the purified enzyme was measured by using the
Bradford assay [32] and its activity was tested according to the standard spectrophotometric
p-NPP assay [26].

2.3. PhoC-Mm Activity Assay

The standard activity assay (0.5 mL) was performed in 100 mM maleate buffer (pH 6.5)
containing p-NPP (10 mM final concentration) and an appropriate amount of enzyme. The
reaction was incubated at 34 ◦C and 70 rpm for 1 min. Afterwards, the reaction was quenched
by the addition of 1 M NaOH (0.5 mL) and the absorbance of 4-nitrophenol (p-NP) was
recorded at 405 nm (ε = 18,500 M−1cm−1). One unit of phosphatase activity (U) corresponds
to the amount of p-NP (micromoles) released per minute under assay conditions.

2.4. Phosphorylation of Inosine Catalyzed by Phoc-Mm (Analytical Scale)

PhoC-Mm was added to a mixture of inosine (I) and PPi in 100 mM NaOAc buffer
(pH 5.0, 500 µL). The resulting reaction was stirred at 30 ◦C. Concentrations and additions
were set according to Tables 1–4 (see Figure 1 for the time course referred to Table 4). In
the case of entries 4–7 (Table 2), the initial reaction was split into different portions after a
proper amount of time for parallel screening. Aliquots (20 µL) were withdrawn at defined
endpoints, diluted with 100 mM NaOAc buffer (pH 5.0, 180 µL), quenched with 1 M NaOH
(20 µL), and analyzed by HPLC. Residual I and formed IMP percentages were calculated as
follows: I (%) = ([I]/[I + IMP]) × 100 and IMP (%) = ([I]/[I + IMP]) × 100.

Table 1. Optimization of reaction parameters for the phosphorylation of I to IMP with 10 µg/mL
PhoC-Mm: effect of the buffer type.

Entry 1 Assessed
Variable I (mM) PPi (mM) Buffer Time (h) 2 IMP (%) 3

1 reference
reaction 40 250

NaOAc
100 mM
pH 5.0

6 31

2 buffer 40 250 MES 100
mM pH 5.5 24 29

3 buffer 40 250
Sodium

citrate 100
mM pH 5.0

6 14

1 See Supplementary Materials (Paragraph S3.1) for graphs; 2 time was selected according to the highest conversion
value; 3 the amount of inosine 5′-monophosphate (IMP), evaluated by HPLC, was calculated according to the
following equation: IMP (%) = ([IMP]/[I + IMP]) × 100.
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Table 2. Optimization of reaction parameters for the phosphorylation of I to IMP with 10 µg/mL
PhoC-Mm: effect of the PPi concentration and mode of addition.

Entry 1 Assessed
Variable I (mM) PPi

(mM) Buffer Time (h) 2 IMP (%) 3

1 reference
reaction 40 250 NaOAc 100 mM pH 5.0 6 31

4 [PPi] 40 200 NaOAc 100 mM pH 5.0 6 21
5 [PPi] 40 400 NaOAc 100 mM pH 5.0 6 19

6 fed-batch PPi
addition 4 40 250 NaOAc 100 mM pH 5.0 6 9

7 fed-batch PPi
addition 5 40 500 NaOAc 100 mM pH 5.0 8 34

8 fed-batch PPi
addition 6 80 750 NaOAc 100 mM pH 5.0 9 44

1 See Supplementary Materials (Paragraph S3.1) for graphs; 2 time was selected according to the highest conversion
value; 3 the amount of inosine 5′-monophosphate (IMP), evaluated by HPLC, was calculated according to the
following equation: IMP (%) = ([IMP]/[I + IMP]) × 100; 4 PPi was added progressively (41.7 mM/h for a total of 6
additions); 5 250 mM PPi was added at t0 and 6 h; 6 the following additions of PPi were made: (i) 250 mM at t0; (ii)
125 mM at 3, 6, 24, and 27 h.

Table 3. Optimization of reaction parameters for the phosphorylation of I to IMP with 10 µg/mL
PhoC-Mm: effect of inosine concentration.

Entry 1 Assessed
Variable I (mM) PPi

(mM) Buffer Time (h) 2 IMP (%) 3

1 reference
reaction 40 250 NaOAc 100 mM pH 5.0 6 31

9 [I] 4 100 250 NaOAc 100 mM pH 5.0 6 22
10 [I] 5 200 250 NaOAc 100 mM pH 5.0 6 18
11 [I] 6 100 250 NaOAc 100 mM pH 5.0 6 29
12 [I] 80 250 NaOAc 100 mM pH 5.0 6 26

1 See Supplementary Materials (Paragraph S3.1) for graphs; 2 time was selected according to the highest conversion
value; 3 the amount of inosine 5′-monophosphate (IMP), evaluated by HPLC, was calculated according to the
following equation: IMP (%) = ([IMP]/[I + IMP]) × 100; 4 I was completely solubilized after 1 h; 5 the reaction
was carried out as a suspension; 6 I was directly solubilized in the buffer and not added as a solid.

Table 4. Time course of IMP synthesis from inosine (I).

Entry 1 Assessed Variable(s) PhoC-Mm (µg/mL
(Addition Time))

PPi (mM
(Addition Time)) Time (h) 2 IMP (%) 3

1 reference reaction 10 (t0) 250 (t0) 6 31
2 [Phoc-Mm] 20 (t0) 250 (t0) 4 40
3 [Phoc-Mm] 30 (t0) 250 (t0) 2 41

4 multiple additions of
Phoc-Mm and PPi 10 (t0), 10 (6 h) 250 (t0) 8 37

5 multiple additions of
Phoc-Mm and PPi 10 (t0), 10 (6 h) 250 (t0), 250 (6 h) 10 44

6 multiple additions of
Phoc-Mm and PPi 20 (t0), 20 (4 h) 250 (t0) 4 37

7 multiple additions of
Phoc-Mm and PPi 20 (t0), 20 (4 h) 250 (t0); 250 (4 h) 24 49

1 See Figure 1 and Supplementary Materials (Paragraph S3.2) for graphs; 2 time was selected according to the
highest conversion value; 3 the amount of inosine 5′-monophosphate (IMP), evaluated by HPLC, was calculated
according to the following equation: IMP (%) = ([IMP]/[I + IMP]) × 100.
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Figure 1. Conversions of I into IMP with different additions of PhoC-Mm and PPi. (a) 10, 20, and
30 µg/mL PhoC-Mm at t0 (Table 4, Entries 1, 2, and 3); (b) 10 µg/mL PhoC-Mm at t0, then 10 µg/mL
PhoC-Mm at 6 h, with or without 250 mM PPi (Table 4, Entries 1, 4 and 5); (c) 20 µg/mL PhoC-Mm at
t0, then 20 µg/mL PhoC-Mm at 4 h, with or without 250 mM PPi (Table 4, Entries 1, 6 and 7).

2.5. Phosphorylation of Inosine Catalyzed by Phoc-Mm (Semi-Preparative Scale)

PhoC-Mm (10 or 20 µg/mL) was added to a mixture of inosine (I, 215 mg, 0.8 mmol,
80 mM) and PPi (555 mg, 2.50 mmol, 250 mM) in 100 mM NaOAc buffer (pH 5.0, 10 mL).
The resulting reaction was stirred at 30 ◦C and consecutive additions of PhoC-Mm (10
or 20 µg/mL) and PPi (555 mg, 2.50 mmol, 250 mM) were made according to Figure 2.
Withdrawals (20 µL) were made at appropriate times, diluted with 100 mM NaOAc buffer
(pH 5.0, 180 µL), quenched with 1 M NaOH (20 µL), and analyzed by HPLC.
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tion of 10 µg/mL PhoC-Mm and 250 mM PPi at t0, 6 h, and 24 h; (b) addition of 20 µg/mL PhoC-Mm
and 250 mM PPi at t0, 4 h, and 24 h.

After 48 h, the mixture was diluted with 100 mM NaOAc buffer (pH 5.0, 90 mL),
quenched with 1 M NaOH (10 mL), freeze-dried, and the resulting crude was purified by
semi-preparative HPLC to obtain IMP as a white powder (162 mg, 0.47 mmol, 58% yield for
Figure 2a and 173 mg, 0.50 mmol, 62% yield for Figure 2b). Products were characterized by
1H, 13C, and 31P NMR and MS spectroscopy (see Supplementary Materials, Paragraph S2).

3. Results and Discussion

PhoC-Mm was expressed in the heterologous host E. coli BL21(DE3) and subsequently
purified to homogeneity by using His-tag affinity techniques (see Supplementary Materials,
Figure S1) in high yield (76 mg/L) [26].

As a first approach, the prepared enzyme was used for the synthesis of inosine 5′-
monophosphate (IMP) in experimental conditions similar to those previously described by
Asano et al. [24,25], i.e., 10 µg/mL of wild-type Phoc-Mm and 40 mM inosine (I) in 100 mM
NaOAc buffer (pH 5.0) at 30 ◦C. Upon monitoring the reaction progress by HPLC, a 31%
conversion of I to IMP after 6 h (Scheme 2) was observed.
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Interestingly, unlike the results reported by Asano et al. [24,25], such a value remained
unchanged after 24 h (see Supplementary Materials, Table S1). This result, indicative of
an optimal balance between the phosphorylating and hydrolytic activity toward inosine
and IMP, respectively, could be attributed to the reported inhibitory action of inorganic
phosphate [33], accumulating at a rate fast enough to prevent the hydrolysis reaction to
occur after 6 h in the selected conditions.

Starting from this result and keeping the enzyme amount constant, we proceeded to
optimize the reaction conditions by varying the type of buffer and amount of pyrophosphate
(PPi) together with the mode/time of its addition and inosine concentration (Tables 1–3
and Supplementary Materials, Paragraph S3.1).

The data of Table 1 indicate that the substitution of NaOAc buffer with either MES
(2-(N-morpholino)ethanesulfonic acid) or sodium citrate at the same concentrations and
similar pH did not yield better results with respect to the reference reaction (Table 1, Entries
2 and 3 vs. 1), as well as lowering the concentration of PPi to 200 mM or increasing it to
400 mM (Table 2, Entries 4 and 5).

As for the mode/time of phosphate donor addition to the reaction mixture, a fed-batch
approach was adopted. Using from 250 to 750 mM PPi in 3–30 h intervals (Table 2, Entries
6–8), a significant increase in the conversion up to 44% was observed (vs. 41% reported
by Asano [25]) only when the highest final concentration of PPi (750 mM) was used by
portionwise additions, in the presence of 80 mM of I.

The evidence that the improved conversion was related to the mode of addition/
concentration of PPi was inferred by investigating the influence of the concentration of I
(Table 3, Entries 9–12). The effects of the increasing inosine concentration up to 200 mM
were proved to be unsuccessful in most cases, with the worst results obtained when
a suspension was formed at 200 mM inosine (Table 3, Entry 10). These results can be
attributed to the scarce solubility of the substrate, which could be completely dissolved in
the reaction medium up to 100 mM at 30 ◦C.

With these results in hand, we moved to investigate the influence of single or multiple
additions of increasing amounts of PhoC-Mm and/or PPi (Table 4), keeping all the remain-
ing parameters constant (80 mM substrate concentration, 100 mM NaOAc (pH 5.0) buffer,
30 ◦C)

A comparison between the extent of phosphorylations with 10, 20, and 30 µg/mL
PhoC-Mm at 250 mM PPi (Entries 1, 2, and 3 and Figure 1a) indicates that an increase in the
enzyme amount results in the increase in the conversion of I into IMP (from 31 to 40%).

However, a 30 µg/mL PhoC-Mm concentration rapidly led to a decline in conversion
over time, with the phosphorylated product IMP being completely hydrolyzed after only
6 h, according to the reported kinetic parameters of the wild-type enzyme (Km inosine = 122
vs. Km IMP = 0.59 mM; vmax inosine = 16.24 vs. Km IMP = 76.95 µmol/mg PhoC/min) [25].

Conversely, the reaction catalyzed by 20 µg/mL PhoC-Mm reached a higher conversion
value of IMP (40%) more rapidly (4 h) with respect to the reference reaction, despite a slight
decrease to 36 and 34% after 6 and 24 h, respectively.

Then, a series of experiments with successive additions of enzyme and/or PPi were car-
ried out (Entries 4–7), resulting in a significant improvement in IMP formation (Figure 1b,c.
Among them, the best result was achieved in the case of Entry 7 (20 µg/mL PhoC-Mm at t0
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and 4 h, together with two concomitant additions of 250 mM PPi), in which the highest
conversion value was obtained (49%). Moreover, the formed IMP was found to be stable
within 24 h (see Figure 1c). The unsatisfactory results obtained with a single addition of PPi
(Entry 6, 37% conversion after 4 h followed by a rapid decline) may be justified by taking
into account the ratio between the biocatalyst amount and the pyrophosphate ion available
in the reaction medium. Indeed, in the absence of fresh PPi as an alternative substrate after
4 h, PhoC-Mm would turn to processing IMP, thereby accelerating the hydrolysis reaction
before being inhibited by phosphate.

Driven by this positive outcome, we scaled up the phosphorylation by applying this
approach based on multiple additions of enzyme and PPi to a semi-preparative scale. Thus,
80 mM of I, dissolved in 10 mL NaOAc buffer, was converted into IMP by feeding the
reaction with three fixed amounts of PhoC-Mm (10 or 20 µg/mL) and PPi (250 mM) at
different times (t0, 4 or 6 h, 24 h), as shown in Figure 2a,b.

As a result, the conversion values of inosine into IMP rose up to 62 and 66% by adding
10 or 20 µg/mL PhoC-Mm, respectively. It is worth noting that IMP was preserved from
the hydrolytic activity of PhoC-Mm and proved to be remarkably stable within 48 h in the
selected conditions. Using these optimized reaction set-ups, starting from 215 mg of inosine,
162 mg and 173 mg of pure IMP were obtained after purification by semi-preparative HPLC,
corresponding to a 58 and 62% isolated yield, respectively.

In conclusion, phosphorylation of alcohols represents a key reaction both in biol-
ogy and in organic synthesis due to the important role that phosphorylated molecules
play in living systems and in various industrial sectors (food, pharmaceutical, cosmetic,
agrochemical). In particular, purine 5′-nucleoside monophosphates, such as IMP and
GMP, are of significant economic interest because they are widely used as food additives
(flavor enhancers, E 631 and E 627, respectively) [6,7]. Chemical phosphorylation of nucle-
osides requires harsh reaction conditions, the use of toxic reagents and petroleum-based
organic solvents, and the need for protection–deprotection steps, resulting frequently in
poor/moderate yields associated with high energy consumption and waste disposal issues.
An enzymatic approach, based on the use of phosphatases, appears to be a good alterna-
tive to introduce a phosphate group into nucleosides, overcoming the above-mentioned
drawbacks and offering a much more viable and green route [17].

In this paper, the phosphotransferase activity of the wild-type phosphatase from
M. morganii (PhoC-Mm) has been successfully exploited through the combined use of
an inexpensive phosphate donor (pyrophosphate) and a reaction engineering approach.
Such a strategy allowed the phosphorylation of inosine (I) into IMP with a conversion
and isolated yield higher than those previously reported for the same biotransformation
without any protein engineering or prior modification of the phosphate donor.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app14146227/s1, Paragraph S1: expression and purification of PhoC-Mm;
Figure S1: 12% SDS-PAGE analysis of cell extracts from E. coli BL21 cells expressing the recombinant
protein; Paragraph S2: NMR and MS spectra of inosine 5′-monophosphate (IMP); Paragraph S3: conver-
sion curves for the phosphorylation of inosine (I) to inosine 5′-monophosphate (IMP); Paragraph S3.1:
Phosphorylations on analytical scale (500 µL); Paragraph S3.2: phosphorylations on semi-preparative
scale (10 mL); Paragraph S4: analytical and semi-preparative chromatograms; Table S1: Parameters
optimization of the phosphorylation of I to IMP with 10 µg/mL PhoC-Mm.
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