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ABSTRACT: N-Acetylgalactosamine (GalNAc) a-O-linked Tn antigen mimics
to L-threonine (Thr) (Tn antigen) and several mimics of HO OH O?lH A
this Tn antigen have been synthesized to explore the impact of 0 X=C - - Acid
- . L . HO HO 9/ "X
the underlying amino acid in the presentation mode of the
] . ;i AcHN _
carbohydrate moiety. The structural changes introduced in the X _Aming X=0 NHAc
Tn antigen mimics involve the replacement of the natural Acid
underlying Thr by non-natural amino acids while maintaining 48) chair 18) chair

the a-O-glycosidic linkage of GalNAc or the substitution of
this bond by a-C-glycosidic linkages. We also synthesized two
bicyclic, conformationally restricted Tn antigen mimics. All of these compounds were subjected to a thorough conformational
analysis in solution using NMR data, quantum mechanical (QM) calculations, and molecular dynamics simulations.
Interestingly, in C-glycosides, the 'C, chair conformation of the pyranose ring was predicted to be stable by QM calculations
and experimentally supported by nuclear Overhauser effect cross-peaks and coupling constants observed in the NMR

experiments.

B INTRODUCTION

The Tn antigen is a specific human tumor-associated
carbohydrate antigen (TACA) formed by N-acetylgalactos-
amine (GalNAc) a-O-linked to either serine (Ser) or
threonine (Thr) residues.” Although it is quite small and has
a simple structure, the Tn antigen has been attracting a great
interest because it has been correlated with many types of
tumors,” ™3 including breast carcinoma, where it is highly
expressed,” and it has also been associated to metastatic
behavior and tumor expansion.”'® In general, the Tn antigen
can be found in mucins,"*™'® which are the most abundant
glycoproteins in mucus, playing a key role in several biological
processes,”f19 such as tissue inflammation, immune response,
or intercellular recognition. In tumor cells, mucins usually
present low glycosylation and abnormal sugar chain extensions
as a result of the malfunctioning of some glycosyltransferases.”
This fact results in an exposure of antigens on the surface of
cancer cells.”*”** Consequently, the immune system recog-
nizes these antigens and can trigger an immune response.
Different monoclonal antibodies are able to recognize these
exposed antigens, binding specifically to cancer cells.

Thus, TACAs and particularly the Tn antigen are considered
promising targets for the development of cancer immunother-
apy (carbohydrate-based vaccines).'*™'***7** Several groups
have reported the synthesis and immunological evaluation of
cancer therapeutic vaccines, but,' 4>~ unfortunately, most of
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the carbohydrate-based vaccines have failed in clinical trials,
probably due to immunotolerance or resistance to carbohy-
drate antibody efficacy.”® Consequently, there is a great deal of
interest in synthesizing non-natural Tn antigen analogues,
which would be more resistant to degradation. The synthesis
and biological evaluation of analogues of natural carbohydrates
and glycopeptides™*~*® can contribute to understanding
different biochemical processes and provide new candidates
for biological targets. We have reported several examples of
non-natural Tn antigen mimics*’ ™ comprising minor
structural modifications, some of them being able to imitate
the conformational preferences of the natural antigens in
solution, enhancing the binding affinity to anti-MUCI
antibodies. Herein, we continue exploring this strategy and
report new variants in which the underlying amino acid of the
Tn antigen (1) has been altered and in some cases covalently
linked to the carbohydrate to fix the native conformation of the
glycosidic linkage.”*>° The explored modifications include the
substitution of Thr by a-methylserine (mimic 2)****" or
isoserine (mimic 3),”” two compounds already prepared by us
but whose conformational analysis has not been accomplished
yet. Additionally, we synthesize and analyze in this work novel
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Tn antigen mimics (4, 5, and 6). A cyclic carbamate
connecting the N-acetyl moiety of GalNAc and the amino
group of Thr was introduced in mimic 4. Other changes
include connecting GalNAc to the Ca of Ser, forming a C-
glycoside derivative (mimic $), and incorporating a cyclic urea
to generate a bicyclic C-glycoside derivative (mimic 6, Figure

1).
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Figure 1. Structures of the natural Tn antigen (1) and different non-
natural mimics (2—6) studied in this work.

B RESULTS AND DISCUSSION

Synthesis. Initially, we synthesized the Tn antigen mimics
2 and 3 through our recently reported strategy involving the
ring-opening of chiral cyclic sulfamidates with carbohydrate
C1—O-nucleophiles.’” Thus, starting from effectively accessible
(S)-a-methylserine and commercially available (S)-isoserine,
enantiopure cyclic sulfamidates 8 and 9 were efficiently
prepared as chiral building blocks for the synthesis of
GalNAc-O-glycosylated amino acids (S)-a-methylserine and
(S)-isoserine, respectively. The nucleophilic ring-opening
reactions of these cyclic sulfamidates 8 and 9 with tri-O-

acetyl-a-p-N-acetylgalactosamine (7)°” using sodium hydride
as a base in dimethylformamide were highly chemo-, regio-,
and stereoselective and they provided good yields of protected
glycosyl-amino-acids 10 and 11, respectively, which were
hydrolyzed to obtain the required Tn antigen mimics 2 and 3
(Scheme 1).

The synthesis of glycoside 4 started with the Koenigs—Knorr
glycosylation of N-Fmoc-threonine tert-butyl ester’® 13 with
tri-O-acetyl-protected 2-(azido)galactopyranosyl chloride de-
rivative®” 12 in the presence of silver salts as promotors, giving
a mixture of the a- and f-anomers, which could be purified by
column chromatography to obtain a-anomer™ 14 in a 30%
yield (Scheme 2). The azido group of glycoside 14 was
transformed into the amino group using Zn in an acidic
medium (AcOH and HCI) to obtain compound 15 in a good
yield. This compound was treated with bromoacetic acid to
generate the corresponding amide 16 using N,N’-diisopro-
pylcarbodiimide as a coupling reagent and N,N-diisopropyle-
thylamine as a base in a mixture of tetrahydrofuran (THF)/
H,O at 0 °C for 1 h. The treatment of compound 16 with 1,8-
diazabicyclo[5.4.0]undec-7-ene as a non-nucleophilic base in
methylene chloride at 0 °C gave the bicyclic compound 17 in a
moderate yield. The proposed mechanism involves the
abstraction of hydrogen of Fmoc, indicated in blue in Scheme
2, to give 9-methylene-9H-fluorene followed by the intra-
molecular nucleophilic attack of the generated carbamate to
the a-bromoacetamide group of the glycosyl moiety. The
bromine atom acts as a leaving group to give the corresponding
cyclic carbamate 17. Once purified by column chromatog-
raphy, the tert-butyl ester group was hydrolyzed with
trifluoroacetic acid to obtain derivative 18, which was
deacetylated by treatment with sodium methoxide in
methanol®' to give bicyclic glycoside 4 (Scheme 2).

Considering our previous experience in the field of C-
glycosides,””*® we anticipated the synthesis of two C-
glycosides as new Tn antigen mimics. The starting materials
for the synthesis of serine C-glycoside § were the 2-nitro-tri-O-
benzyl-p-galactal 19, obtained followin§ the methodology
described by Schmidt and coworkers,"*®" and the serine-
derived N,O-bicyclic acetals 20a—c synthesized using our

Scheme 1. Synthesis of Tn Antigen Mimics Featuring (S)-a@-Methylserine (2) or (S)-Isoserine (3)“
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“The key step involves the ring-opening reaction of chiral cyclic sulfamidates 8 and 9 with the carbohydrate C1—O-nucleophile 7, followed by

hydrolysis of the ring-opened intermediates 10 and 11.

18143

DOI: 10.1021/acsomega.8b02576
ACS Omega 2018, 3, 18142-18152


http://dx.doi.org/10.1021/acsomega.8b02576

ACS Omega

Scheme 2. Synthesis of the Tn Antigen Mimic 4
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Scheme 3. Synthesis of the Tn Antigen Mimic 5 Using a Michael Addition as a Key Step
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reported methodology®® from commercially available (S)—N- obtained among the eight possible ones. The next step was a
Boc-serine methyl ester. selective reduction of the nitro group of compounds 2la—c
The first step involved a double diastereoselective Michael- and subsequent acetylation of the amines formed. Compounds
type addition of the enolates of bicyclic serine equivalents 21la—c were treated with Zn and a saturated aqueous solution
20a—c to the nitrogalactal derivative 19. THF was used as a of CuSO, in THF—AcOH—Ac,0 (3:2:1) at room temperature
solvent, the temperature was set to —78 °C, and lithium for 4 h.57%° The corresponding N-acetamides 22a—c were
bis(trimethylsilyl)amide (LHMDS) was used as a base, obtained in moderate yields (Scheme 3). Compound 22b was
obtaining moderate yields of the corresponding Michael then reacted with an aqueous 4 M HCl solution in THF at 40
adducts 21a—c, respectively, as previously reported.”> Notably, °C for 16 h to afford the corresponding aminoalcohol
in all cases, a unique diastereoisomer 21a, 21b, or 21c was hydrochloride, which was directly subjected to hydrogenolysis,
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Scheme 4. Synthesis of the Conformationally Restricted Tn Antigen Mimic 6
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Figure 2. Spatial disposition of Hy, H,, and H,, protons in “C; and 'C, chair and twist-boat conformations for compounds $ (a) and 6 (b).
According to the coupling constants and the NOESY spectra in H,0/D,0 (9:1) at 25 °C, in which the most relevant cross-peaks for structural
characterization are highlighted, the 'C, chair conformation should be predominant in solution for compounds 5 and 6.

using Pd—C as a catalyst in methanol (MeOH) at room

temperature for 16 h. Three drops of concentrated HCI were
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Figure 3. Lowest energy structures for the *C; (left), twist-boat (middle), and “C, (right) conformations for compounds 5 (top) and 6 (bottom)
calculated with PCM(H,0)/M06-2X/6-31+G(d,p). Free energies at 298 K (AG,qg) are given in kcal mol™" and relative populations (p) derived
from AG,og are shown in parentheses. Torsional strain is represented through the dihedral angles highlighted in three different colors (red, orange,
and magenta) at the Newman projections from C 3s to C 4s (carbohydrate, highlighted in green) and from C 2s to C 1s (aglycone, highlighted in
blue). Dihedral angles close to +60° correspond to more staggered conformations. Hydrogen bonds are represented with doted red lines. Distances

are given in angstrom.

required to achieve complete deprotection. Purification by
reversed-phase high-performance liquid chromatography (RP-
HPLC) afforded C-glyco-amino-acid § (Scheme 3).

The conformationally restricted bicyclic C-glycoside 6 was
synthesized from Michael adducts 21b and 21c (Scheme 4).
Treatment of compounds 21b and 21c¢ with Zn dust in THF—
HCI—AcOH at 0 °C for 1 h reduced their nitro groups into the
corresponding amines, which immediately reacted with the
oxazolidinone forming bicyclic ureas 23b—c. Spontaneous
carbonyl recovery led to the formation of a pendant
methylketone group with concomitant methanol loss. Acidic
hydrolysis using an aqueous 6 M HCI solution under reflux for
16 h led to complete deprotection. Purification by RP-HPLC
afforded the amino-restricted C-glycoside 6 in moderate yield
(40%) as a new conformationally restricted Tn antigen mimic
(Scheme 4).

Conformational Study. The conformational analysis of
the Tn antigen 1 and its mimics (2—6) in aqueous solution
was then performed by NMR and molecular modeling. While
in compounds 1—4 the a-O-GalNAc unit displays the typical
*C, chair conformation,”’ in a-C-glycosides $ and 6, the
absence of the anomeric effect may promote the coexistence of
both “C; and 'C, chairs and the twist-boat.”'~”* In agreement
with this notion, the signals of Hj, proton observed at 3.86
ppm in the 'H NMR spectrum of compound § correspond to a
degenerated doublet of doublets that collapses in a pseudo-

triplet with two similar small coupling constants of an average
value of 3.6 Hz, which is indicative of an equatorial position of
this proton and suggesting the prevalence of the 'C, chair
conformation for this compound (Figure 2a). Regarding the
small 3]25‘15, with an experimental value of 1.5 Hz, the *C, chair
conformation can be discarded because in this case, this
coupling constant should take values close to 6 Hz. However,
with these experimental data, we cannot exclude the
occurrence of the twist-boat conformation in solution.
Fortunately, although the signals corresponding to H,, and
H;, protons are collapsed with other protons, we could extract
their coupling constants from the spectra. The value of 5.9 Hz
for 3,5, agrees with the existence of the 'C, chair
conformation and is incompatible with both the *C, chair
and twist-boat conformations. Next, we studied the coupling
constants 3]5&68_1,,05 and 3]5S,5S_PmR, which give relevant
information on the rotamer distribution around the C 5s—C
6s bond. According to their values (2.2 and 10.4 Hz,
respectively), we deduced the prevalence of gauche—trans
conformation for the hydroxymethyl group. Moreover, with
the help of 2D nuclear Overhauser enhancement spectroscopy
(NOESY) spectra, Hg, o5 and Hg, ,or Were correctly
assigned. Therefore, the medium-size nuclear Overhauser
effect (NOE) cross-peaks observed between the anomeric
Hj, and Hg, ,or protons also corroborate the presence of the
'C, chair in solution (Figure 2a). This NOE is not compatible
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Figure 4. Ensembles derived from the 0.5 ys MD simulations for compound 1 and Tn antigen mimics 2—6. The root-mean-square deviation (A)
values for heavy atom superimposition, together with the main values for the most relevant torsional angles are also indicated. The distribution of y'

is shown at the bottom of each derivative.

with the existence of a *C, chair or a twist-boat conformer in
solution. A similar deduction can be applied to C-glycoside 6
(Figure 2b). To conclude the conformational analysis in
solution, we accomplished a '"H NMR experiment at different
temperatures for compound 6. Under these conditions, the
absence of changes in the signals and in the coupling constant
agrees with the existence of a unique conformer in water”*
(Figure S30).

Quantum mechanical (QM) conformational analyses were
performed for all compounds, and the lowest energy structures
for the 'C, and “C, chair and boat conformations in
compounds § and 6 were calculated with PCM(H,0)/MO06-
2X/6-31+G(d,p). In line with the experimental NMR data, the
free energies obtained indicated that the 'C, chair
conformation is the most stable arrangement for the
carbohydrate moiety of Tn antigen mimics § and 6 (Figure
3 and Supporting Information). In the same way, in the case of

the hydroxymethyl group conformation of the saccharide
fragment, the gauche—trans arrangement shows prevalence
over the trans—gauche or gauche—gauche dispositions in all
studied compounds. These data are in agreement with previous
published works.”*”® Exceptionally, in bicyclic system 6, we
observed that the gauche—gauche is isoenergetic with gauche—
trans disposition. Additionally, to corroborate our conforma-
tional deductions from the NMR data, we calculated the key
coupling constants (Figure 2, see ] values in bold) using the
dihedral angles obtained from the optimized geometries for the
lowest energy conformers and the Karplus-like equations
implemented in the MestRe] software,”” matching very well
with the 'C, chair conformation.

It is well known that the *C, chair conformation is the most
stable for O-glycosides with a pyranose structure and is
determined mainly by the anomeric and exo-anomeric
effects.”' =" This fact occurs in Tn mimics 1—4 as we can

18147 DOI: 10.1021/acsomega.8b02576
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Figure S. Rotamer distribution around the C Ss—C 6s bond derived from 0.5 s MD simulations for Tn mimics § (a) and 6 (b). The values of the
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see in the structures obtained from molecular dynamics (MD)
simulations (see below, Figure 4). However, these electronic
effects do not exist when the oxygen is replaced by a carbon
atom at the glycosidic linkage in derivatives 5 and 6 (C-
glycosides).

The greater stability of the 'C, chair conformations in both
a-C-glycosides § and 6 with respect to the “C; chair and twist-
boat conformations can be attributed to a number of additive
contributions. First, the lack of anomeric effects due to the
absence of a-O-glycosidic bonds at the anomeric carbon C 1s
precludes the normal stabilization of the “C, chair because of
donor—acceptor interactions from the O 5s endocyclic oxygen
lone pairs (f1pengo) to the antibonding orbital of the C 1s—OR
bond (6%,_0eo) (endo-anomeric effect) and from the OR
exocyclic oxygen lone pairs (npey,) to the antibonding orbital
of the C 1s—O Ss bond (6% _gendo) (exo-anomeric
effect).”’ ™" Second, accumulation of torsional strain at the
carbohydrate moiety in the twist-boats and at the aglycone
region in the *C, chairs (Figure 3, see highlighted dihedral
angles) destabilizes these arrangements with respect to the 'C,
conformations, which avoid such torsional strain by placing
substituents at C 1s and C 2s in relaxed equatorial and axial
dispositions, respectively. On the contrary, the presence of
bulky carboxylate groups at Ca of the aglycone distorts the C
1s—Ca bond from axial to pseudoaxial disposition in the *C,
chairs,”® thus increasing torsional strain, particularly in the
bicyclic compound 6. As a result, this compound adopts a
much more stable cis-decalin-like arrangement which over-
comes the 1,3-diaxial strain arising from placing the C 3s—
hydroxy and C Ss—hydroxymethyl groups in mutually axial
positions. Finally, the aglycone Ca—carboxylate groups
establish strong hydrogen bond networks in the 'C, chair
conformations of both compounds § and 6, which contribute
to largely stabilize this unusual arrangement with respect to the
*C, chair and twist-boat conformations.

Next, 0.5 us MD simulations in explicit water were
performed on compounds 1—6. The most stable 'C, chair
conformation was used in the starting structures of compounds
S and 6. The conformational ensembles obtained for
derivatives are shown in Figure 4, and the normalized
frequencies of the most relevant dihedral angles for
compounds 1—6 are depicted in Figure S31. The good
agreement between the experimental and theoretical [y, 14
coupling constants obtained for compound 1 (2.0 and 2.4 Hz,
respectively) validate the MD simulations on this natural
derivative.”* ¢ Additionally, average °Jyy values extracted
from this MD simulations for compounds 5 and 6 are in
agreement with experimental *J;;_; values extracted from
NMR experiments in D,0 and with theoretical *J;_j; values

for the quantum mechanics-calculated minimum energy
structures of the 'C, conformations (Tables S1 and S2).
According to the MD simulations, the ¢ torsional angle
displays values close to 80° in compounds 1—4, in good
accordance with the exo-anomeric effect.”'~”®> While in
compound 1, the glycosidic linkage shows the typical
“eclipsed” conformation, in derivatives 2 and 3, the staggered
conformation is mainly populated. As previously reported by
us,”” the glycosidic linkage of compound 2 was flexible when
the underlying amino acid was presented as a diamide.
However, the zwitterion form favors a rigid side chain, with a
main value for (') close to —60°. In compound 4, although
the global structure is rigid, two similarly populated con-
formers were found for both y and 4! torsional angles. On the
other hand and in good agreement with the QM calculations
commented above, § and 6 display a rigid C-glycosidic linkage.
We also analyzed the conformational preferences of the
hydroxymethyl group of the sugar moiety. In compounds 1
and 2, featuring a *C; chair conformation, a mixture of the
gauche—trans (60%) and trans—gauche (26%) is observed, as
deduced experimentally from the values of “Js4 pros and
*Jss6s_pror (4.7 and 7.5 Hz, respectively). This result agrees with
previous studies performed on galactose derivatives.”” On the
contrary, in Tn mimics 5 and 6, which display the 'C, chair
disposition, the gauche—trans rotamer is mainly populated
(87%). This experimental outcome is reproduced by the MD
simulations (Figure 5) and agrees with the experimental values
of the coupling constants (Tables S1 and S2).

Our MD simulations indicate that the intramolecular
hydrogen bonds for compounds 1—6 are irrelevant for their
3D disposition, with populations in all cases <20%. This result
agrees with the radial distribution functions calculated for all
derivatives (Figure $32).%° Finally, to delimit the role of water
in the conformational preferences of these derivatives, we
performed the analysis of the first hydration shell. Interestingly,
NH;* promotes the existence of bridging water molecules
between the carbohydrate and amino acid moieties not only in
the Tn bearing a threonine residue (Tn—Thr)>" but also in
derivatives 2 and 3 (Figure 6). This feature can contribute to
rigidify these derivatives in water. A similar localized water
density is found between the NH groups of derivative 4,
mimicking the conformational behavior of the Tn—Thr
antigen.

Altogether, these data indicate that mimics 1—6 are rather
stiff, displaying a main conformation in solution.

B CONCLUSIONS

Several mimics of the Tn antigen have been synthesized by
replacing the natural underlying threonine by the non-natural
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4 5 6

Figure 6. Averaged first hydration shell derived from 0.5 ps MD
simulations for compounds 1—5. The arrows show the localized water
pockets found in compounds 1—4 between the amino acid and
carbohydrate moieties.

amino acids isoserine and a-methylserine, either maintaining
the a-O-glycosidic linkage with the GalNAc moiety or
replacing this bond by a-C-glycosidic linkages. Additionally,
on the basis of our preliminary conformational studies on the
Tn antigen,”*® in which we demonstrated the rigidity of the
glycosidic bond and the water-mediated connection between
the carbohydrate and amino acid moieties, we synthesized two
bicyclic Tn antigen mimics. The conformational analysis using
NMR, QM, and MD of all of the studied compounds suggests
that in C-glycoside derivatives, the pyranose ring adopts a 'C,
chair conformation. In future works, we will evaluate the
binding affinity of these Tn mimics toward different targets of
biological interest.

B EXPERIMENTAL SECTION

Reagent and General Procedures. We have included in
the Supporting Information a section to describe thoroughly
the commercial reagents used, the synthetic protocols
followed, and the apparatus used to characterize the
compounds. Moreover, the synthesis of all compounds is
described in the Supporting Information.

NMR Experiments. NMR protocols and equipment used
to carry out the NMR experiments ('H and *C NMR, COSY,
HSQC, and NOESY) are detailed in the Supporting
Information.

MD Simulations. The calculations were performed using
the AMBER 16 package®' implemented with GAFF2* force
field. More details are shown in the Supporting Information.

Quantum Mechanics. Full geometry optimizations were
performed using Gaussian 16*° with the MO06-2X hybrid
functional®* and 6-31+G(d,p) basis set. Bulk solvent effects in
water were considered implicitly using the IEF-PCM polar-
izable continuum model.”” Different conformations were
considered for all structures. More information is detailed in
the Supporting Information.
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