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ABSTRACT
Direct coupling between polyhydroxylated pyrrolidinyl β-amino phosphonates and uridine monophosphate (UMP) yields poly-

hydroxylated pyrrolidinyl analogs of sugar nucleotides suitable inhibitors of N-acetyl-galactosyltransferases. β-Amino phospho-

nates have been synthesized in an enantiomerically pure form through the nucleophilic addition of a phosphonate to

polyhydroxylated cyclic nitrones. The reaction has been studied in detail and excellent diastereoselectivities are obtained in agree-

ment with a stereochemical model well supported by density functional theory calculations. Binding of the nucleotide analogs

with N-acetylgalactosyltransferases GalNAc-T2, GalNAc-T14, and GalNAc-T16 has been studied both experimentally and com-

putationally through molecular dynamics simulations. Saturation transfer difference nuclear magnetic resonance experiments

and measurement of Kd values have been used to validate the binding model at the active site. These studies provide important

information of the role of the pyrophosphate and pyrrolidinyl moieties on the observed affinity.

1 | Introduction

Mucins are glycoproteins expressed on the epithelia that provide
protective barrier against toxins and pathogens [1]. Their glyco-
slation plays a crucial role in several biological processes [2] and
they are involved in pathophysiological functions such as inflam-
mation [3] and cancer [4]. The glycosylation of mucins is directly
involved in situations as different as vision [5] and the gastroin-
testinal barrier against infections [6]. Mucin O-glycosylation is
initiated by a large family of redundant UDP GalNAc:polypeptide
α-N-acetylgalactosaminyltransferases (ppGalNAcTs) [7] classi-
fied as GT25 that target different proteins and are differentially
expressed in cells and organs [8]. These enzymes are retaining

glycosyl transferases dependent upon UDP-GalNAc, manganese,
and proteins containing mucin-like domains [9, 10] and have
been shown to be important in eukaryotic development [11],
vascular biology [12], humoral immunity [13], energy homeo-
stasis [14], lipid metabolism [15], and tumoral processes [16].
Modifications of the activity of enzymes responsible for the
key glycosylation step, ppGalNAcTs, constitute a well-established
molecular target against several disorders [17] including
Alzheimer’s disease [16], colon [18], renal [19] and laryngeal ade-
nocarcinomas [20], gastric carcinogenesis [21], and chronic lung
diseases in which an overexpression of these enzymes has been
described, leading to dehydrated mucus [22].

Dedicated to the memory of Prof. Alessandro Dondoni.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2026 The Author(s). ChemBioChem published by Wiley-VCH GmbH.

ChemBioChem, 2026; 27:e202500955 1 of 14
https://doi.org/10.1002/cbic.202500955

ChemBioChem

RESEARCH ARTICLE

https://orcid.org/0000-0002-2202-3460
mailto:pmerino@unizar.es
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/cbic.202500955
https://doi.org/10.1002/cbic.202500955
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcbic.202500955&domain=pdf&date_stamp=2026-04-13


Consequently, specific and potent inhibitors of ppGalNAcTs are
excellent tools to explore the biological role of mucin glycosyla-
tion [23]. Among the several glycosyltransferase inhibitors
reported in the last years [24], only few of them [25] have been
directed against α-N-acetylgalactosaminyltransferases [26]. In
this context, we explored analogs 1a lacking β-phosphate as
ligands of GalNAc-T2 [27] and compounds 2 as bisubstrate inhib-
itors (Figure 1) [28]. In a parallel approach, we also identified
compounds 1b as suitable ligands for O-GlcNAc transferase [29],
corroborating that a protected polyhydroxylated pyrrolidine ring
enhanced the affinity in the active site [30]. In this article, we
report an efficient synthetic approach to sugar-UDP analogs 3
from cyclic nitrones using β-amino phosphonic acids 4 as key
intermediates. The affinity between ppGalNAcTs and analogs
3 has also been studied experimentally (binding studies and sat-
uration transfer difference nuclear magnetic resonance (STD-
NMR)) and computationally (docking and molecular dynamic
(MD) simulations).

2 | Results and Discussion

Few approaches have been reported for the synthesis of pyrroli-
dinyl β-amino phosphonic acids. Compounds unsubstituted at
the pyrrolidine ring can be easily prepared from proline [31–35].
On the other hand, the synthesis of derivatives substituted at the
pyrrolidine ring has been less studied. In particular, specific

polyhydroxylated pyrrolidinyl β-amino phosphonic acids have
been synthesized from a cyclic imine [36], a nitrone [37], and
amino sugars [38]. Based on our previous experience on nucleo-
philic additions to polyhydroxylated acyclic [39] and cyclic nitro-
nes [40, 41], we envisioned nitrones 6 as suitable substrates for
the addition of methylphosphonates 7, a reaction that had been
described in only one particular case [37]. Consequently, we
started our study with a survey of nucleophilic additions of meth-
ylphosphonates to cyclic nitrones as a general synthetic approach
for the synthesis of β-amino phosphonic acids.

2.1 | Synthesis of β-amino Phosphonates

Nitrones 6a–c were prepared as reported [41]. Phosphonates
7a–d were selected as nucleophiles; we considered different sub-
stitutions (methyl, ethyl, benzyl, allyl) to check the required
deprotection of the phosphonate functionality for the further
coupling with uridine monophosphate (UMP) 5. While phospho-
nates 7a, b are commercially available, compounds 7c [42] and
7d [43] were prepared as described. One equivalent of butyl-
lithium was used for generating the phosphonate anion and
the reaction was carried out in anhydrous tetrahydrofuran
(THF) at –80°C in a similar way to that reported for other nucle-
ophilic additions of organolithium compounds to nitrones
[41, 44–46]. (Scheme 1). The reaction was completed in hours
(see Table 1) and hydroxylamines 8–10 were obtained in good

FIGURE 1 | Glycosyltransferase inhibitors and retrosynthetic analysis.
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isolated yields. Whereas hydroxylamines obtained from 6a were
obtained as an only diastereomer, those derived from nitrones 6b
and 6c showed a moderate trans selectivity with respect to the
α-substituent (Scheme 1, Table 1). Nitrone 6c required longer
reaction times probably due to a higher steric hindrance. The ste-
reochemistry of the addition of organolithium reagents and
Grignard reagents can be controlled in the case of acyclic nitro-
nes (which exhibit a Z configuration), as we have extensively
demonstrated in the past [39]. In cyclic nitrones, which are more

reactive due to their E configuration and have a clearly more
accessible diastereoface, such stereocontrol is not evident
because these systems are practically planar, unlike their acyclic
counterparts. Nevertheless, in 2010 we reported that some degree
of stereocontrol in the addition of Grignard reagents to cyclic
nitrones was possible [41]. By adjusting the temperature and
using specific Lewis acids, certain conformational changes in
the starting complexes, showing similar barriers to those of
the reaction itself, forced the reaction to proceed preferentially
through the apparently more hindered face. With this back-
ground, we conducted several experiments by adding reagent
7a to nitrones 6 in the presence of Lewis acids such as BF3 or
Et2AlCl at various temperatures. In all cases, these attempts were
unsuccessful, and when the reaction was carried out at –80°C,
the results were very similar to those obtained under the previ-
ously described conditions. At higher temperatures, the yields
dropped drastically. This is very likely due to the much higher
reactivity of the organolithium derivative (which already reacts
at –80°C), whereas the Grignard reagent does not react (or reacts
only very slowly) below –50°C which probably allows enough
time for conformational equilibria to be established.

The relative 2,3-trans configuration of the major adduct was
unequivocally determined by NMR (NOESY experiments; see
Supplementary Information (SI)). That configuration is in agree-
ment with a steric course of the reaction, in which the nucleophile
enters by the less hindered face with respect to the α-substituent. In
the case of nitrones 6b and 6c, the presence of substituents on both
faces contributes to the lower diastereoselectivity observed.

SCHEME 1 | Phosphonylation of cyclic nitrones (see Table 1).

TABLE 1 | Phosphonylation of cyclic nitrones (see Scheme 1).

Entry 6 7 T, °C t, h 8–10 Yield, %a d.r.b

1 6a 7a −80 2 8a 95 >95:5

2 6a 7b −80 1 8b 97 >95:5

3 6a 7c −80 1 8c 95 >95:5

4 6a 7d −80 3 8d 96 >95:5

5 6b 7a −80 2 9a 96 70:30

6 6b 7b −80 2 9b 89 70:30

7 6b 7c −80 2 9c 96 75:25

8 6b 7d −80 3 9d 92 75:25

9 6c 7c −80 4 10c 96 75:25

10 6c 7d −80 12 10d 97 78:22
aAfter isolation by column chromatography.
bDetermined by 1H-RMN from the crude product.
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Nevertheless, the major product is obtained through attack on the
face opposite to the substituent adjacent to the reactive center.

2.2 | Computational Density Functional Theory
Studies

We carried out density functional theory (DFT) calculations at
wb97xd/def2svp//wb97/def2tzvp/SMD= THF level of theory
and also checked the b3lyp-3dbj functional using Grimme’s
empirical correction (see SI). The phosphonylation reaction of
nitrones 6a–c with the lithium derivative EP (obtained from
7a) was carried out, using in the case of nitrones 6b,c the analogs
bearing a methyl group instead of a benzyl group. Since the ben-
zyl group can orient itself in such a way that the two hydrogens of
the methylene group point toward the area of greater steric hin-
drance, thus exerting an effect very similar to that of a methyl
group, this substitution is considered a valid model that avoids
excessively high conformational variability in the transition
structures. In the reaction of nitrones N1–3 with EP, the forma-
tion of an encounter pair EPa–c was observed, corresponding to
the coordination of the nitrone oxygen atom with the metal, from
which the addition could occur on two diastereotopic faces, Re
and Si, with respect to the nitrone carbon (Scheme 2).

The chelate formed by the oxygen atoms bonded to phosphorus
and nitrogen determines the geometry of the addition, which has
practically no conformational variability beyond what the five-
membered ring can provide, and this is limited, as the ring par-
ticipates in the addition and contains a double bond. In the case
of nitrone N1, the two diastereofaces are clearly differentiated by
the presence of the cyclic acetal on one of them, which makes
addition through this face much less favorable. The 5.2 kcal/mol
difference between the two possible transition structures

perfectly reflects the experimental result, in which only the
adduct arising from attack on the less hindered face (the Si face)
is observed.

By contrast, in the case of nitrones N2 and N3, the presence of
substituents on both faces results in a much lower diastereose-
lectivity, although a certain directing effect of the group adja-
cent to the reactive center can still be observed. This is
reflected in the small energy differences between the two pos-
sible transition structures, which, in the case of nitrone N2, dis-
appear when the wb97xd functional is used. For nitrone N3, a
similar situation is observed, since the calculated differences are
below 1 kcal/mol. On the basis of these results, it can be con-
cluded that the calculations correctly predict the trend of the
additions, clearly distinguishing between nitrone N1 and nitro-
nes N2 and N3. Because the energy differences for the latter fall
within the experimental error [47], only the formation of mix-
tures of diastereomers can be predicted, as is indeed observed
experimentally. Figure 2 shows the optimized geometries of the
transition-state structures for each nitrone and their relative
energy values. The activation energies, both from the corre-
sponding encounter complex and from the reactants them-
selves, correlate well with the observed reactivity, falling in
the range between 6 and 8 kcal/mol (see SI).

2.3 | Synthesis of Nucleotide Analogs

The corresponding free β-aminophosphonic acids 4 are necessary
to carry out the coupling with UMP. Several possibilities are avail-
able from the different hydroxylamines prepared having different
alkoxy groups at the phosphorous atoms. After several attempts of
deprotecting hydroxylamines 8–10, the methyl (a series) and ethyl
(b series) derivatives were discarded due to the low overall yield

SCHEME 2 | DFT calculations of the addition of N1-3 to compound 7a. Lithium is considered tetrahedral and discrete solvent molecules (THF) are

added at convenience. DFT = Density functional theory.
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obtained during the deprotection procedures. On the other hand,
the catalytic hydrogenation of benzyl derivatives (c series) using
palladium on carbon, and in the presence of hydrochloric acid
in the case of compound 8c, leads to the corresponding totally
unprotected phosphonic acids 4a–c (Scheme 3).

The reduction of allyl derivatives (d series) yields pyrrolidines
11a–c in excellent yields. Further deprotection of the allyl group
was attempted with dimedone in the presence of Pd(PPh3)4
[48, 49], and although the allyl group was removed the product
was contaminated with dimedone. The deprotection of the allyl
group was carried out with potassium hexachloroplatinate (IV);
however, the reaction required stoichiometric amounts of metal
complex, resulting in the contamination of the product by plati-
num. Finally, the deprotection with a catalytic amount of palladium
dichloride in a mixture of dichloromethane/methanol as a solvent
[50] yields partially protected (in the pyrrolidine ring) β-phosphonic
acids 4d-f (Scheme 3). The obtained phosphonic acids were isolated
and utilized without further purification. Hydrogenation of these
derivatives as described above yielded 4a–c.

UMP was alternatively activated with morpholine and imidazole
to yield the corresponding intermediates 13 and 14, respectively.
Coupling reaction between β-aminophosphonic acids 4a–f as
bis(triethylammonium) salts and UMP activated as imidazolate
[51, 52] 14 (which showed the best results) produces the nucleo-
tide analogs 3a–f (Scheme 4). Purification of compounds 3a–c
proved very complicated due to the presence of UMP dimer
formed during the coupling, which required longer times that
in the case of totally unprotected compounds. Only by using

buffer of ammonium formate at pH= 4, the dimer could be sep-
arated by high-performance liquid chromatography (HPLC), but
under those conditions, compounds 3a, b were obtained partially
hydrolyzed and could not be characterized.

2.4 | Binding Studies

Compounds 3a,d–f were subjected to enzyme-binding studies to
human GalNAc-T2 using microscale thermophoresis and com-
pared with UDP. Prior to the binding experiments, the enzyme
was labeled with reactive dyes using N-hydroxysuccinimide–ester
chemistry, which reacts efficiently with the primary amines of pro-
teins to form highly stable dye–protein conjugates. All experiments
were conducted in binding buffer (50mM HEPES pH 7.5) using a
constant concentration of the enzyme (5 nM) and serial dilutions of
each ligand (for details, see SI). Dissociation constants (Kd) were
calculated using MO affinity analysis (Table 2).

The high value observed for compounds 3a and 3d suggests the
necessity of aromatic rings in the ligand. Only compound 3e
showed a higher affinity than UDP (4.68 μM vs 61.94 μM). As
expected, this value was higher than those observed for other pyr-
rolidinyl derivatives previously reported [29] in which the
β-phosphate had been replaced by an alkyl chain. In this case,
since the nucleotide is the same, the comparison with UDP
points out the enhanced affinity due to the pyrrolidinyl moiety
as an additional anchorage point. The observed Kd value for 3e
suggests the presence of a hydrophobic pocket close to the active
site in which the aromatic rings might accommodate. The

FIGURE 2 | Optimized (wb97xd/def2svp/smd=THF) geometries of the transition structures corresponding to the addition of EP (obtained from 7a)

to nitrones N1 (TSa), N2(TSb) N3 (TSc) through the two different diastereofaces. Relative energies are given in kcal/mol. Values in parentheses

correspond to the wb97xd/def2tzvp/smd=THF level of theory. Values in square brackets correspond to the b3lyp-gd3bj/def2tzvp/smd=THF.

Explicit THF molecules are introduced to complete lithium tetrahedral coordination.

ChemBioChem, 2026 5 of 14
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observed difference with compound 3f, with a dissociation con-
stant ten times higher than 3e, might be due to the presence of
the third aromatic ring. However, this cannot be definitive due to
the different stereochemical disposition of the benzyloxy groups
at positions 3 and 4 of the pyrrolidine ring.

2.5 | Saturation Transfer Difference Nuclear
Magnetic Resonance Studies

To shed some light about the recognition of 3e by GalNAC-T2,
we carried out STD-NMR experiments. STD-NMR spectroscopy
[53, 54] has been demonstrated to be of great utility in evaluating

ligand–protein binding affinities [55, 56] even in living cells
[57, 58], and, particularly, with carbohydrates [59]. STD-NMR
allows the identification of binding epitopes [60, 61], which
reflect the distances between ligand protons and protons of bind-
ing site residues. More recently, imaging STD-NMR allows the
detection of nonspecific binders by monitoring any variation
in the binding epitope [62, 63]. STD-NMR experiments were
carried out on 3e and 3f, for the purpose of comparison. UDP
was selected as a reference. To obtain the epitope mappings
of the selected ligands, UDP, 3e and 3f were incubated with
GalNAc-T2 at pH 7.4 and the STD-NMR spectra were acquired
at 25°C. Due to the low affinity, the experiments were carried out
with a 1:50 enzyme/ligand ratio, which yielded STD spectra with
the best quality. Analysis of the STD intensities allowed mapping
of the epitopes of UMP and compounds 3d and 3e (Figure 3).

For compound 3f, the STD spectrum showed signals correspond-
ing to the phenyl groups and the nucleotide (H1 0 and H6). In the
case of compound 3e, the same signals are observed but with
higher intensity indicating a greater binding. In addition, a weak
interaction can also be observed for H5. We also carried out a
competence experiment between 3e and UDP. When an excess
of UDP was added to a mixture of 3e and GalNAc-T2, the new
STD-NMR spectrum showed slightly diminished signals for 3e
and new signals corresponding to UDP confirm the competition
of UDP and 3e by the active site. These results suggest the pres-
ence of a hydrophobic pocket near the catalytic site, more spe-
cifically in the vicinity of the carbohydrate-binding region

2.6 | Docking and Molecular Dynamics Studies

We were also prompted to carry out computational studies to pro-
vide a 3D perspective of the GalNAc-T2/ligand complexes, account-
ing for the improved affinity observed for 3e and to extend these
studies to GalNAc-T14 [64] and GalNAc-T16 [65], which are
known to perform related biological functions and also play an
important role in the O-glycosylation of mucins [66]. GalNAc-
T14 and GalNAc-T16, together with GalNAc-T2, form the phylo-
genetic subgroup Ib and share 53% and 49% sequence identity,
respectively.

All GalNAc-Ts possess both a lectin domain and a catalytic
domain (except for GalNAc-T20, which lacks the lectin domain),
connected by a linker sequence that varies among isoforms
and determines the two possible relative orientations of these
domains [67]. These two different orientations, which are respon-
sible for long-range prior glycosylation in alternative directions,
are not always functional across all isoforms. Whereas GalNAc-
T2 has been well characterized including extensive X-ray crystal-
lography of both active and inactive conformations [68], no
structural data are available for GalNAc-T14 or GalNAc-T16.
Therefore, we employed deep learning-based methods [69] based
on Alphafold 3 to obtain the corresponding structures (Figure 4).
Notably, while GalNAc-T14 adopted the same relative orienta-
tion as GalNAc-T2, the T16 isoform exhibited a different orien-
tation, even though the lectin and catalytic domains were
individually superimposable. This result was not incompatible
with the observed glycosylation patterns, and since our study
focuses solely on interactions within the catalytic domain, MD
simulations with compound 3e were performed using the struc-
tures as obtained from Protenix.

SCHEME 3 | Phosphonylation of cyclic nitrones (see Table 1).

Preparation of pyrrolidinyl phosphonic acids. Reagents and conditions.

(i) Zn, AcOH (aq) (series d, R2 = allyl). (ii) PdCl2, 2:3 Cl2H2/MeOH

(iii) H2, Pd–C; HC (10%) in MeOH (series c, R2 = Bn).
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Docking calculations of compound 3e into GalNAc-T2 were ini-
tially performed using Glide [70, 71]. On the basis of the crystal
structure of the active form of GalNAc-T2 (PDB ID: 4D0Z), we
observed that the key interactions with the diphosphate moiety
are preserved, including the hydrogen bonds with residues R362
and W331 (see the SI for details). Since no crystal structures are
available for T14 or T16, an AI-based approach (Protenix) [69],
recently developed for protein–ligand complex prediction, was
applied instead of conventional docking. For comparison, the
GalNAc-T2–3e complex was also predicted using this methodol-
ogy, yielding results essentially identical to those obtained with
Glide. The resulting complexes of T2, T14, and T16 with 3e were
subsequently used as starting structures for MD simulations to
evaluate the stability of the protein–ligand interactions over time.
Accordingly, we run 500 ns MD simulations in explicit water on
the three complexes: GalNAc-T2 and 3e; GalNAc-T16 and 3e,
and GalNAc-T16 and 3e. The data revealed that the complex with
GalNAc-T16 displayed larger changes with RMSD 7.18±2.3 Å as
compared with the complexes with GalNAc-T2 (RMSD

3.69±0.51 Å) and GalNAc-T14 (RMSD 1.52±0.20 Å). The results
of the MD simulations clearly show that the interactions with 3e
are almost entirely hydrophobic in nature.

In the active site of GalNAc-T2, residues Asp224 (catalytic base),
Ser225, His226, and His359, considered essential for the catalysis,
coordinate the metal and they are part of the conserved DxHmotif
typical of GTs from the GT27 family [72]. Residues Gly332, Arg208,
Glu334, and Gly308 are responsible of specificity by forming

SCHEME 4 | Preparation of nucleotide analogs. (For 3a–f see Chart 1). Reagents and solvents. (i) morpholine, dicyclohexylcarbodiimide, tert-buta-

nol/water. (ii) imidazole, dithiopyridine, triethylphosphine, triethylamine, N, N-dimethylformamide. (iii) magnesium chloride, anhydrous N, N-dime-

thylformamide, 4a–f.

TABLE 2 | Dissociation constants of compounds 3a,d–e against

GalNAc-T2.

Entry Ligand Kd

1 UDP 61.94 ± 26.5 μM

2 3a 981.51 ± 609 μM

3 3d 2.74 ± 1.83 mM

4 3e 4.68 ± 2.1 μM

5 3f 494.34 ± 224.06 μM

FIGURE 3 | Epitope mapping of compounds 3e and 3f.
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H-bonds; Arg362, Lys331, and Lys363 stabilize the pyrophosphate
group and facilitate nucleotide binding and Val279, Phe280,
Tyr367, and Phe377 form a secondary GalNAc-binding site [68].
Preliminary experiments with derivatives in which the pyrrolidine
ring was substituted by an aromatic ring demonstrated that aro-
matic residues can accommodate in that binding pocket. These
studies also revealed an additional hydrophobic pocket defined
by Ile253, Trp282, Leu310, His359, and Ph361 [73]. Both hydropho-
bic pockets are conserved in GalNAc-T3, T4, T14, and T16 (main
residues are shown in Figure 4).

Compound 3e occupies the same position as UDP-GalNAc
(Figure 5a); in fact, the nucleotide moiety is almost perfectly super-
imposable in both cases, which is consistent with the results
obtained by STD-NMR. By contrast, the pyrophosphate group
slightly deviates from the orientation observed in UDP-GalNAc,
forming the only hydrogen bond that persists for more than
50% of the simulation. In contrast, the hydrophobic interactions
of the aromatic rings of compound 3e within the two previously
described pockets are maintained throughout 100% of the simula-
tion (Figure 5b,c), thus demonstrating the type of interactions that
keep compound 3e bound to GalNAc-T12.

In the case of GalNAc-T12 and T14, a very similar situation is
found since both hydrophobic pockets are essentially conserved
(see SI).

3 | Conclusions

In conclusion, we have developed an efficient and general syn-
thetic strategy for the preparation of pyrrolidinyl-modified nucle-
otide analogs in which the sugar moiety of natural Leloir donors
is replaced by a polyhydroxylated pyrrolidine scaffold. The key
step relies on the highly diastereoselective nucleophilic addition
of organophosphonates to cyclic nitrones, a process that is well
supported by detailed DFT calculations and provides access to
enantiomerically pure β-aminophosphonic acid intermediates.
Subsequent deprotection and coupling with activated UMP
afforded a series of novel nucleotide analogs that could be eval-
uated as ligands of GalNAc transferases. Experimental binding
studies revealed that among the synthesized compounds, deriva-
tive 3e exhibits a remarkably high affinity for GalNAc-T2, with a
dissociation constant of 4.68 μM, which is almost one order of

FIGURE 4 | X-ray structure (PDB ID: 4D0Z) of GalNAc-T2 and predicted (Alphafold 3) structures of GalNAc-T14 and GalNAc-T16. Lectin domain is

showed in cyan; catalytic domain is showed in green; and peptide linker is showed in red. For GalNAc-T2 manganese is shown as a sphere in violet and

UDP-GalNAc is shown in gray. PDB = Protein Data Bank.

(a) (b) (c)

FIGURE 5 | (a) Overlay of UDP-GalNAc (cyan) coordinated to Mn+2 ion (PDB ID: 4D0Z) and compound 3e (gray) in the complex with GalNAc-T2.

(b,c) Detail of the two pockets (colored in orange and magenta) observed in the catalytic site and interactions with 3e (gray). The corresponding surfaces

are showed in (c). In all cases, the same orientation is shown. PDB = Protein Data Bank.
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magnitude lower than that of the natural substrate UDP. This
result demonstrates that the introduction of the pyrrolidinyl
moiety can significantly enhance ligand–enzyme recognition.
The comparison with previously reported analogs in which
the β-phosphate was replaced by an aliphatic chain clearly indi-
cates that the β-phosphate group plays a crucial and nonreplace-
able role in stabilizing binding at the active site. Nevertheless, the
pyrrolidinyl ring provides an additional anchoring element, giv-
ing rise to a synergistic effect between the β-phosphate and the
nitrogen-containing scaffold, which is ultimately responsible for
the enhanced affinity observed for 3e. STD-NMR experiments
further validated the binding mode of compound 3e, revealing
that both the nucleotide fragment and the aromatic substituents
of the pyrrolidine unit participate directly in the interaction
with GalNAc-T2. Competition experiments with UDP confirmed
that 3e binds at the catalytic site. These results provided direct
experimental evidence for the relevance of hydrophobic contacts
in addition to the canonical phosphate-driven electrostatic
interactions.

MD simulations offered a detailed 3D picture of the molecular rec-
ognition process and fully rationalized the experimental data.
Compound 3e adopts essentially the same orientation as UDP-
GalNAc within the catalytic pocket, with a nearly perfect super-
position of the nucleotide moieties. While the pyrophosphate
group shows a slight deviation from the natural substrate and
forms only a limited number of persistent hydrogen bonds, the
aromatic substituents of the pyrrolidinyl scaffold engage in strong
and long-lived hydrophobic interactions within two conserved
hydrophobic pockets of the enzyme. These interactions are main-
tained throughout the full simulation time and are also preserved
in the closely related isoforms GalNAc-T14 and GalNAc-T16,
highlighting the potential of this scaffold for the development
of broad-spectrum GalNAc-T inhibitors. Altogether, this work
demonstrates that polyhydroxylated pyrrolidinyl nucleotide ana-
logs represent a valuable and versatile platform for the design
of glycosyltransferase inhibitors. The combined synthetic, spectro-
scopic, and computational approach has allowed us to dissect the
respective roles of the nucleotide, the β-phosphate, and the pyrro-
lidinyl unit in enzyme recognition. Ongoing efforts are currently
directed toward (i) the identification of nonpolar substituents
capable of partially replacing the β-phosphate while preserving
key interactions, and (ii) the development of alternative sugar
mimetics that may further improve affinity and selectivity toward
GalNAc transferases. These advances are expected to contribute to
the rational design of new chemical probes and potential thera-
peutic leads targeting mucin-type O-glycosylation.

4 | Experimental Section

4.1 | General Methods

Analytical grade solvents and commercially available reagents
were used without further purification. Anhydrous solvents were
purified and dried with activated molecular sieves prior to use.
For reactions carried out under inert conditions, the argon was
previously dried through a column of P2O5 and a column of KOH
and CaCl2. All the glassware was dried for 12 h prior to use in an
oven at 140°C and allowed to cool under humidified atmosphere.
For the removal of solvents under reduces pressure Büchi R-210
rotary evaporators were used. NMR: 1H NMR, 13C NMR, and

31P NMR were acquired at 25°C on Bruker Avance 400MHz
or AVANCE II 300MHz instruments in the stated solvent.
Chemical shifts (δ) are reported in ppm relative to residual sol-
vent signals and coupling constants (J) in hertz (Hz). NMR
assignments were using standard 2D experiments. NMR assign-
ments were made using the following general pattern.

HPLC: Analytical: Column Atlantis dc18 5 μm, 4.6 × 100mm.
Semipreparative: (Column Atlantis dc18 OBD 5 μm, 19 ×
100mm) was carried out in a waters 515 pump with PDA detec-
tion. HRMS: High-resolution mass spectra (HRMS) were
recorded on a QToF spectrometer equipped with an ESI (electro-
spray ionization) source (microTOF-Q, Bruker Daltonik) using
sodium formate as external reference.

4.2 | General Procedure for the Preparation of
((1-Hydroxypyrrolidin-2-Yl) Methyl)phosphonates
(8a–d, 9a–d, 10c,d)

To a well-stirred solution of the corresponding phosphonate
(1.28 mmol) in anhydrous THF (3mL) cooled to −78°C, under
an argon atmosphere, n-BuLi (1.28 mmol) was added dropwise.
After 10 min, a solution of the corresponding nitrone (0.64 mmol)
in anhydrous THF (2mL) was added dropwise. The reaction was
monitored by TLC and kept at −78°C until disappearance of the
nitrone. When the reaction is finished, saturated NH4Cl solution
(5 mL) was added. Then, the reaction was warm to room temper-
ature and extracted with DCM (3x10 mL). The combined organic
layers were dried with MgSO4, filtrated, and then the solvent was
removed under reduced pressure. The crude was purified by flash
chromatography (gradient Hexane/EtOAc 80:20 to EtOAc).

4.3 | General Procedure to Obtain ((pyrrolidin-2-Yl)
methyl)phosphonates (11a–c)

To a well-stirred solution of the corresponding N-hydroxypyrro-
lidine (1.50 mmol) in 5 mL of a mixture of H2O/AcOH (1:1), Zn
(3 mmol) was added. The mixture was vigorously stirred for 5 h at
room temperature. When reaction is finished, it was diluted with
water, basified with solid NaHCO3 to pH= 9 and extracted
with DCM (3 × 50mL). The combined organic layers were dried
with anhydrous MgSO4 and concentrated under reduced pressure.

4.4 | General Procedure to Obtain ((pyrrolidin-2-Yl)
methyl)phosphonic Acids (4a–c)

A stirred solution of the corresponding phosphonate (8–10c)
(0.60mmol) in MeOH (4mL) was treated with Pd/C (10mol%)
and stirred at room temperature for 3 days under an hydrogen
atmosphere (25mbar). When reaction is finished, controlling by
NMR, it was filtered through a Celite pad and methanol was
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remove under reduced pressure to give the corresponding phos-
phonic acid (4a–c) which were used without further purification.

4.5 | General Procedure to Obtained ((pyrrolidin-
2-Yl)methyl)phosphonic Acids (4d–f )

To a stirred solution of the corresponding pyrrolidinyl phosphonate
(11a–c) (1.40mmol) in DCM/MeOH (2:3), PdCl2 (0.7mmol) was
added. The reaction was stirred at room temperature 18hr under
argon atmosphere. When the reaction is finished, it was filtered
through Celite and washed with MeOH. After that, the solution
was stirred 2 hr with scavengers (Quadra Pure TU), to eliminate
possible remains of palladium. The resulting mixture was filtrated
and the solvent evaporated under reduced pressure to afford the
corresponding phosphonic acids as crude product.

4.6 | General Procedure to Obtain Compounds
3a–f

The corresponding ((pyrrolidin-2-yl)methyl)phosphonic acids
(4a–f ) as triethylammonium salt (0.20 mmol) and MgCl2
(0.40 mmol) were vigorously stirred in dry DMF (1.5 mL) until
clear solution was obtained. To this mixture was then added a
solution of 14 (0.26 mmol) in anhydrous DMF (1.5 mL) under
argon. This reaction mixture was stirred for several days at
room temperature, and the reaction progress was monitored
by 31P-NMR. The reaction was quenched by the addition of
water (10 mL, HPLC grade). The solvents were removed under
pressure and the crude was purified using semipreparative
HPLC.

4.7 | Computational Methods

4.7.1 | Density Functional Theory Calculations

All the calculations were performed using the Gaussian16 program
[74]. Computations were done using wb97xd [75] functional in
conjunction with standard basis sets def2SVP and def2TZVP
[76, 77]. Geometry full optimizations were made at wb97xd/
def2SVP level. Single-point calculations using def2TZVP basis
set were carried out over optimized geometries to obtain the energy
values. Solvent effects (THF) were considered using the SMD
model [78]. The thermal and entropic contributions to the free
energies were also obtained from the vibrational frequency calcu-
lations, using the unscaled frequencies. Correction to free energy
was made by substracing Strans contribution and considering a 1M
concentration [79]. Structural representations were generated
using CYLView [80]. (For more information, see SI.)

4.7.2 | Protein Models

UDP-GalNAc and the active conformation of the flexible loop were
taken from PDB ID: 4D0T. Ternary complex of GalNAc-T2 with a
peptide and UDP-5SGalNAc was taken from PDB ID: 4D0Z.
Inactive forms have been taken from PDB IDs: 5AJN, 5AJO and
5AJP. The amino acid sequences of the proteins GalNAc-T14
(UniProt ID: Q96FL9) and GalNAc-T16 (UniProt ID: Q8N428)
were modeled. Software Protenix [69] based on AlphaFold [81]
(ref. https://doi.org/10.1038/s41586-024-07487-w) was used to pro-
duce 3D models of GALNT14 and GALNT16 in complex with

Mn2+ and UDP-GalNAc. Per-residue pLDDT (predicted Local
Distance Difference Test) score, measure of confidence in the local
structure (https://doi.org/10.1093/bioinformatics/btt473) was used
to estimate the reliability of the predicted models. Both GALNT14
and GALNT16 complexes showed pLDDT values of 85% and 86%,
respectively, which lie near the highest confidence category (>90%)
and assure the integrity of following calculations using these
models.

The sequence was submitted in FASTA format, and five refinement
cycles with energy minimization were applied to optimize the pre-
dicted structures. The above-mentioned experimentally determined
structures from the Protein Data Bank (PDB) were used as refer-
ences for structural comparison. Structural alignment between
Protenix-generated models and the PDB structures was carried
out using TM-align and PyMOL, calculating RMSD and TM-score
to assess structural similarity. The stereochemical quality of the
models was evaluated using MolProbity and Ramachandran plot
statistics. Additionally, secondary structure elements, conserved
residues, and active site features were compared across the pre-
dicted and experimental structures using UCSF.

4.7.3 | Molecular Docking

Water molecules, sulfate ions, N-acetylglucosamine, and ligands
were removed from the model. In a second model, UDP-GalNAc
was conserved. The protein was preprocessed by assigning bond
orders, adding hydrogens, creating disulfide bonds and adding
cap termini. The orientations of the hydroxyl groups from the
Ser, Thr, and Tyr, the sulfhydryl protons of Cys, and methyl pro-
tons of Met were optimized. The positions of the hydrogen atoms
on the histidine, asparagine, and glutamine residues were ass-
igned to ensure the correct ionization states using Epik. Then,
the protein was optimized with OPLS2005e force field [82].
We applied this procedure to all the protein models.
Compounds were docked into the binding sites using Glide with
the enzyme treated rigidly [71]. Grid was prepared with a box size
of 25 × 25 × 25 Å, centered on the corresponding binding site,
using OPLS2005 force field. Conformational preparation of
ligands started from the corresponding chair of the piperidine
ring with the long chain at the nitrogen atom in an equatorial
orientation. Glide was run on XP mode (Extra Precision), using
as input the structures restraining nitrogen inversion and confor-
mations to keep the chair orientation. The Glide score and the
Prime energy of the poses were used to rank the final set of pro-
tein−ligand poses for each couple ligand-binding site.

4.7.4 | Molecular Dynamics Simulations

MD simulations were carried out with AMBER20 suite of pro-
grams [83]. Parameters for ligands 1–3 were generated with
the antechamber module using the general Amber force field
(GAFF2) [84], with partial charges calculated using AM1-BCC
method. The ff14 SB force field [85] was employed to properly
model the protein. The protein, together with the corresponding
ligand, was neutralized and immersed in a water box with a 12 Å
buffer of TIP3P [86] water molecules. A two-stage geometry opti-
mization approach was carried out. i) Minimization of only the
positions of solvent molecules was executed by 500 cycles of
steepest descent minimization, followed by 500 cycles of conju-
gate gradient minimization, and (ii) unrestrained minimization
of all the atoms in the simulation cell was executed by 2500 cycles
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of steepest descent minimization, followed by 2500 cycles of con-
jugate gradient minimization. After system optimization, run-
ning of MD simulations was started on the systems by
gradually heating each system in the NVT ensemble from 0 to
300 K for 100 ps using a Langevin thermostat with a coupling
coefficient of 1.0/ps. Harmonic restraints of 10 kcal·mol-1 were
applied to the solute, and the Langevin temperature coupling
scheme [87] was used to control and equalize the temperature.
The time step was kept at 2 fs during the heating stages, allowing
potential inhomogeneities to self-adjust. Water molecules are
treated with the SHAKE algorithm, such that the angle between
the hydrogen atoms is kept fixed. Long-range electrostatic effects
are modeled using the particle-mesh-Ewald method [88]. Then,
100 ps of density equilibration with a force constant of
2.0 kcal/mol·Å2 on the complex was performed by releasing all
the restraints. Finally, production trajectories were then run for
1 microsecond under the same simulation conditions. Pymol 2.01

was used for structural alignments and visualizations. During all
MD simulations, replicated 3–5 times to ensure feasibility.
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Additional supporting Information can be found online in the Supporting
Information section. The authors have cited additional references within
the SI [86−88]. Supporting Fig. S1: STD NMR (trace blue) of compound
3d. Shadowed squares indicates the epitope corresponding to the atoms of
the same color. Supporting Fig. S2: STD-NMR (trace blue) of compound
3e. Shadowed squares indicate the epitope corresponding to the atoms of
the same color. Supporting Fig. S3: Nitrones N1-3. Supporting Fig. S4:
Affinity studies for UDP and compound 3ewith GalNAc-T2. Supporting
Fig. S4: Encounter pairs EPa–c. Supporting Fig. S5: (a) Map of inter-
actions of 3e with GalNAc-T2 in the catalytic domain according to dock-
ing made with Glide [11–12] in Maestro as implemented in Schrodinger.
[13] (b) Interactions of 3e in the catalytic site of GalNAc-T2. Supporting
Fig. S6: Overlapping of the structures of GalNAc’s T2 (from X-ray crys-
tallography; PDB ID: 4D0Z), T14 an T16 (both predicted with Protenix).
The catalytic domains of the three enzymes are superimposable, whereas
the lectin domain of T16 has a different orientation of T2 and T14. The
peptide linker is colored red in all cases. The lectin domain is given in
dark green for GalNAc-T2, marine for GalNAc-T12, and magenta for
GalNAc-T16, and the catalytic domain is given in green for GalNAc-
T2, cyan for GalNAc-T12, and tint for GalNAc-T16. Supporting Fig.
S7: Predicted (Protenix) [14] structures for complexes between 3e and
GalNAc-T2 (a), GalNAc-T14 (b), and GalNAc-T16 (c). These structures
have been employed as starting points for the MD simulations. The pep-
tide linker is colored red in all cases. The lectin domain is given in dark
green for GalNAc-T2, marine for GalNAc-T12, and magenta for GalNAc-
T16, and the catalytic domain is given in green for GalNAc-T2, cyan for
GalNAc-T12, and tint for GalNAc-T16. Supporting Fig. S8: RMSD for
GalNAc-T2 (left), T14 (middle), and T16 (right). Supporting Table
S1: Calculated (b3lyp-gd3bj/def2tzvp/smd=THF//b3lyp-gd3bj/def2svp/
smd=THF) absolute (hartree) and relative (kcal/mol) free energies for
reagents, encounter pairs and transition structures corresponding to
the addition of the lithium anion of 7a to nitrone N1. Supporting
Table S2: Calculated (b3lyp-gd3bj/def2tzvp/smd=THF//b3lyp-gd3bj/
def2svp/smd=THF) absolute (hartree) and relative (kcal/mol) free ener-
gies for reagents, encounter pairs and transition structures corresponding
to the addition of the lithium anion of 7a to nitrone N2. Supporting
Table S3: Calculated (b3lyp-gd3bj/def2tzvp/smd=THF//b3lyp-gd3bj/
def2svp/smd=THF) absolute (hartree) and relative (kcal/mol) free ener-
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to the addition of the lithium anion of 7a to nitrone N3. Supporting
Table S4: Calculated (wb97xd/def2tzvp/smd=THF//wb97xd/def2svp/
smd=THF) absolute (hartree) and relative (kcal/mol) free energies for
reagents, encounter pairs and transition structures corresponding to
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smd=THF) absolute (hartree) and relative (kcal/mol) free energies for
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smd=THF) absolute (hartree) and relative (kcal/mol) free energies for
reagents, encounter pairs and transition structures corresponding to
the addition of the lithium anion of 7a to nitrone N3. Supporting
Table S7: Conservation of hydrophobic pockets in GalNAc-T2, T14,
and T16.
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