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Introduction

Amino acid–sugar conjugates (Campo et al. 2007; Kumar 
and Ramesh 2007) are hybrid compounds that combine 
the structural characteristics of amino acids with features 
typically found in simple carbohydrates. These glyco-
sylated amino acids present amino-polyol carboxylic poly-
functionalized structures which can serve for the prepara-
tion of glyco- or peptidomimetics and glycopeptides (Di 
Fabio et al. 2001; Gruner et al. 2002; Rakosi et al. 2011; 
Risseeuw et al. 2007; Russo et al. 2016). In particular, the 
importance of glycopeptides as antiviral, antibiotics or anti-
tumour vaccines, explains the great attention paid to amino 
acid–sugar derivatives and to the synthetic strategies for the 
conjugation of natural or artificial amino acids to various 
carbohydrates.

To this scope, a useful synthetic procedure is the 
Amadori rearrangement (Gallas et al. 2012) that enables 
to obtain fructosyl-amino acids, i.e. the N-(1-deoxy-2-
d-fructosyl)-amino acids. These molecules which are 
formed from d-glucose and amino acids in foods are cru-
cial in conferring their characteristic flavour (Mottram 
1994). Fructosyl-amino acids can be obtained artificially 
by conversion of glycosylamines to fructosyl-amino 
acids under acidic conditions, and have useful chemical 
characteristics like the stability and the ability to form 
complexes with transition metal ions (Horikawa et al. 
2002).

Regarding their biomedical usefulness, in vitro fruc-
tosyl-amino acids provoke the inhibition of colony for-
mation of metastatic human cancer cells as found, e.g. in 
case of fructosyl-l-phenylalanine (FruPhe) by Glinsky 
et al. (1996). Moreover, fructosyl-l-histidine (FruHis), a 
fructosyl-amino acid found in tomato products, showed 
a significant protective effect against DNA oxidative 
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degradation, synergized with lycopene against the prolif-
eration of metastatic rat prostate cancer cells in vitro, and 
inhibited tumourigenesis in vivo (Mossine et al. 2008).

Apart the natural Amadori products, artificial fructosyl-
amino acids can be prepared by conjugating sugars with 
non-natural amino acids like the thiophenyl-substituted tri-
azolyl-thione l-alanine (L-TTA) of Saghyan et al. (2014).

This is a non-natural amino acid sharing structural fea-
tures with the amino acids present in FruHis and FruPhe, 
i.e. carrying an aromatic side chain, but it differs from 
His and Phe for its two-ring side chain. Our interest in 
this kind of substrates is justified by the biological rel-
evance of structures that bear heterocyclic rings or nucle-
obases connected to amino acid-containing moieties 
(Esposito et al. Esposito et al. 2015; Roviello et al. 2006, 
2007, 2010a, b, 2011a, b, 2016a, b; Teta et al. 2013).

In a recent study (Roviello et al. 2017) we have dem-
onstrated that L-TTA underwent the Amadori rearrange-
ment and, that, the corresponding artificial Amadori 
product (Fru-L-TTA, Fig. 1) was endowed with some 
biological properties already described in the literature 
for the natural fructosyl-amino acids, which are of great 
interest for developing new pharmacological treatments 
of cancer (Glinsky et al. 1996).

As a prosecution of this recent research, we wanted to 
investigate the effect due to the addition of a galactose 
residue to the Fru-L-TTA, on the anti-metastatic activity 
of the resulting derivative Lac-L-TTA, whose structure is 
represented in Fig. 1.

Materials and methods

Chemicals

d-Lactose and acetonitrile were from J.T.Baker. Sodium 
metabisulfite was purchased from Carlo Erba. Methanol, 
acetic acid and deuterated methanol were from Sigma-
Aldrich. TFA and acetonitrile for HPLC chromatography 
were purchased from Romil. The aromatic amino acid 
(L-TTA) used for the synthesis of Fru-L-TTA was prepared 
using the procedure of Saghyan et al. (2014).

Synthesis of (2S)‑3‑[4‑propyl‑3‑(2‑thienyl)‑ 
5‑thioxo‑1,2,4‑triazol‑1‑yl]‑2‑[[2,3,4‑trihydroxy‑5‑[3,4, 
5‑trihydroxy‑6‑(hydroxymethyl)tetrahydropyran‑2‑yl] 
oxy‑tetrahydropyran‑2‑yl]methylamino]propanoic acid  
(Lac‑l‑TTA)

Lac-l-TTA was synthesized under the same experimental 
conditions reported for the preparation of Fru-l-TTA (see 
Roviello et al. 2017) starting from 720 mg of d-lactose added 
to 0.6 mmol of the l-amino acid, 15 mg of sodium metabi-
sulfite, and 70 μL of glacial acetic, refluxing the mixture over 
6 h. After chromatography on silica gel the desired product 
was recovered in a 29% yield. TLC,  CH3CN:H2O = 80:20; 
Rf 0.3 (under the same conditions Rf of the less polar Fru-l-
TTA was 0.5). HRMS MALDI-TOF (Fig. 2a) m/z 637.1835 
(found), 637.1849 (expected for  [C24H36N4O12S2 + H]+); 
659.1616 (found), 659.1669 (expected for  [C24H36N4O12S2  

Fig. 1  Structural representation of compounds Lac-l-TTA (1) and Fru-l-TTA (2)
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+ Na]+). LC–ESI-MS (Fig. 2b; positive ions) m/z 637.27 
(found), 637.70 (expected for  [C24H36N4O12S2 + H]+); 659.37 
(found), 659.68 (expected for  [C24H36N4O12S2 + Na]+); 
(negative ions) m/z 635.30 (found), 635.68 (expected for 
 [C24H36N4O12S2 − H]−).

1H NMR δH (500 MHz,  CD3OD, δ, ppm,): 0.95 (3H, 
t, J = 7.0 Hz,  CH3); 1.79 (2H, m, N–CH2CH2CH3); 4.23 
(2H, t, J = 8.0 Hz, N–CH2CH2CH3); 3.44–4.36 (14H, m, 
sugar); 4.51–4.63 (3H, m, –CH2CHα); 7.24–7.74 (3H, m, 
thiophen).

Fig. 2  HRMS (a MALDI-TOF) and ESI-MS (b positive and negative ions) characterization of Lac-l-TTA
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Apparatus

1H NMR spectra were recorded (at 25 °C) on a Var-
ian 500 MHz spectrometer. Chemical shifts (δ) are given 
in parts per million (ppm), while proton chemical shifts 
were referenced to residual  CHD2OD (δ = 3.3 ppm, quin) 
signals.

We performed the column chromatography over silica 
gel (63–200 μm, Merck) and TLC analyses on precoated 
Kiesel gel 60F 254 plates (Merck); the compound was 
detected by UV visualization and with the aid of the fol-
lowing TLC stains: (1) p-anisaldehyde/H2SO4 (5% each) in 
90% ethanol (Sigma-Aldrich) solution followed by heating 
at 90 °C; (2) iodine.

Cell culture

Human prostate cancer cells (PC-3) were maintained in 
RPMI 1640 medium (Gibco) supplemented with 10% 
foetal bovine serum (Gibco), 1% l-glutamine (Lonza) at 
37 °C, in a 5%  CO2 humidified atmosphere and harvested 
at ~90% confluence.

Clonogenic assay

Inhibition of colony formation was determined by means 
of a clonogenic assay. More in detail, 350 cancer cells 

were seeded in six-well plates and incubated overnight to 
allow cell adhesion. Subsequently, culture medium was 
removed and cells were incubated over 14 days with dif-
ferent concentrations of lactose derivative in triplicate. 
After two weeks we determined the colony formation by 
crystal violet assay. In particular, the culture medium was 
removed and the cells were fixed with 10% formalin solu-
tion (Sigma-Aldrich) for 15 min at dark, and stained with 
0.1% v/w crystal violet (Sigma-Aldrich); after 30 min the 
cells were washed twice with double distilled water and 
let to dry. Colonies of diameter greater than 50 μm were 
counted. Cells incubated with medium alone were used as 
control.

Results and discussion

Synthesis of Lac‑L‑TTA

We prepared Lac-L-TTA by refluxing the aromatic amino 
acid L-TTA [described by Saghyan et al. (2014)] in metha-
nol in the presence of an excess of d-Lactose under acidic 
conditions. This corresponds to the procedure of the Ama-
dori reaction, whose mechanism we applied here for the 
first time to the thiophenyl-substituted triazolyl-thione 
l-alanine and the natural disaccharide as depicted in the 
following Scheme 1.

Scheme 1  Synthesis of Lac-L-TTA and interpretation of the mechanism
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After chromatographic purification, we analysed sam-
ples of Lac-L-TTA by mass spectrometry and NMR that 
confirmed the identity of the desired product.

The MS profile of Lac-L-TTA comprises not only the 
[M + H]+ peak (Fig. 2) but also that corresponding to the 
dominant [M + Na]+ at 659 m/z. A minor peak at 593 m/z 
(Fig. 2b) can be explained in terms of  CO2 loss, i.e. with 
the formation of the [M − CO2 + H]+ cation. In negative 
ion mode the ESI-MS analysis afforded the [M − H]− peak 
at 635 m/z, which, jointly with the HRMS [M + Na]+ and 
[M + H]+ peaks (Fig. 2a), confirmed the structure of the 
amino acid–sugar conjugate.

Interestingly, no conversion of this product of the Ama-
dori reaction to dione or ene dione derivatives (Estendorfer 
et al. 1990) was observed in our case, differently from our 
previous report on Fru-L-TTA (Roviello et al. 2017). We 
observed this difference probably because the hydroxyl on 
the C-4 is employed in the linkage with galactose, which 
prevents the initial dehydration required in the mechanism 
for the obtainment of the ene dione derivative (Roviello 
et al. 2017). The yield of this reaction (29%) was lower 
than that corresponding to the synthesis of Fru-L-TTA 
(49%). This can be due to the different polarities of the sug-
ars employed in the two cases, with the more polar lactose 
being less prone to undergo the Amadori rearrangement 
in the organic solvent used for the reaction. Moreover, the 
higher steric hindrance of lactose with respect to glucose is 
another aspect that should be considered in the interpreta-
tion of the different reactivities.

Biological study

Among the several types of human cancers, prostate cancer 
is one of the most common, and represents one of the major 
causes of tumour-associated deaths worldwide (Jemal et al. 
2011). There exist two main families of prostate cancers: 
one includes the prostatic adenocarcinoma, while the other 
group comprises small cell neuroendocrine carcinoma 
(SCNC). This latter is a highly aggressive malignancy able 
to provoke locally advanced malignancy or distant metas-
tases (Tai et al. 2011). PC-3 cells are carcinoma cell lines, 
which were isolated from bone metastases causing very 
aggressive types of prostate cancer (Tai et al. 2011).

Metastasis, i.e. the morphological stage of the general-
ization of a tumour through the body, represents a major 
cause of tumour-related death (Mehlen and Puisieux 2006). 
Thus, the development of novel compounds endowed with 
anti-metastatic activity is highly desirable and, in this 
regard, the colony formation assay is a very discriminating 
tool for the evaluation of novel candidates as anti-meta-
static drugs in vitro.

It is well established that natural Amadori products could 
interfere with the processes of carbohydrate-mediated 

intercellular recognition and adhesion, implied in the reduc-
tion of cell migration and colony formation, particularly in 
case of prostate cancer cells (Wang et al. 2009). Thus, we 
were interested in conducting in vitro assays to determine 
the potential also of artificial Amadori compounds, such as 
Lac-L-TTA, as anti-metastatic agents, also in comparison 
with the less polar Fru-L-TTA (Roviello et al. 2017).

More in detail, we performed our experiments with 
our amino acid–sugar conjugate on prostate cancer cells 
and found that, as shown in Fig. 3, Lac-L-TTA inhibited 
PC-3 colony formation of approximately 70% in 2 mM 
treated cells with respect to control. We also compared 
the above-reported effect of Lac-L-TTA with that shown 
by the less polar fructose-based derivative Fru-L-TTA, 
which showed an inhibition effect comparable only when 
cells were given a 4 mM concentration of this derivative 
(Fig. 3).

In other terms, we found that Lac-L-TTA showed an 
inhibitory effect on PC-3 colony formation higher than the 
fructose derivative, reducing significantly the colony num-
ber already at the lowest concentration employed in this 
assay. The mechanism at the basis of the greater activity 
of the more polar Lac-L-TTA with respect to Fru-L-TTA 
(Fig. 3) is an aspect that merits the due attention and our 
future efforts for its interpretation. In fact, it could be asso-
ciated with the different molecular polarities and/or to a 
differential biomolecular recognition possibility associated 
with the lactose-derived substrate.

Interestingly, by comparing our findings with the already 
reported data found for natural Amadori compounds (Glin-
sky et al. 1996), we can conclude that Lac-L-TTA inhibited 
the colony formation at a higher extent with respect to sev-
eral natural fructosyl-amino acids, and it was significantly 
more active than its corresponding fructose derivative 

Fig. 3  Dose-dependent inhibition of PC-3 colony formation by 
Lac-L-TTA in comparison with Fru-L-TTA: PC-3 cells were seeded 
in six-well plates and treated with different concentrations of com-
pounds (at 2 and 4 mM concentrations) over 2 weeks. Subsequently, 
crystal violet assay was performed and colonies greater than 50 μm 
were counted. Histogram of colony number: the values represent the 
means ± DS of triplicate data from three independent experiments
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already studied by us (Roviello et al. 2017). In fact, the 
addition of a galactose residue to the Fru-L-TTA molecule 
resulted in a ~twofold increase in the inhibitory activities of 
Lac-L-TTA, as determined in the clonogenic growth assay 
with PC-3 cell lines (Fig. 3). Still, these data seem to sug-
gest also the significance of β-galactoside-specific inter-
actions in mediating the inhibitory effect of our synthetic 
amino acid–sugar conjugate on colony formation by meta-
static cancer cells.

In future, we will evaluate novel structures belonging 
to the family of the amino acid–sugar conjugates, and 
some unmodified artificial amino acids, to obtain novel 
and effective candidates as anti-metastatic drugs.

Conclusion

As a prosecution of our recent work on anti-metastatic arti-
ficial Amadori compounds (Roviello et al. 2017), we have 
described a novel amino acid–sugar conjugate, denomi-
nated by us Lac-L-TTA, studied in analogy to Fru-L-TTA. 
We have found that the non-natural thiophenyl-substituted 
triazolyl-thione l-alanine undergoes the Amadori rear-
rangement also with the natural disaccharide, leading to a 
glycosylated amino acid structurally similar to the natural 
Amadori compounds but bearing a lactose moiety in place 
of the fructose ring. In consideration of the anti-metastatic 
potential of the Amadori products, we evaluated also for 
our novel compound Lac-L-TTA this biological property. 
In this respect, we documented a ~70% inhibition of col-
ony formation of PC-3 cell lines at a 2 mM concentration, 
which is an activity significantly higher (~twofold) than 
that previously reported not only for Fru-L-TTA, but also 
for several natural Amadori compounds. Nevertheless, we 
plan to perform novel structural modifications of the lac-
tosyl-amino acid, for example by substituting the lactose 
moiety by another sugar or by employing D-TTA instead 
of L-TTA, in view of an optimization of the anti-metastatic 
properties of this family of drugs, object of our future 
efforts in the development of new anticancer strategies.
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