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ABSTRACT: Sialin is a lysosomal sialic acid transporter defective in Salla disease, a rare inherited 

leukodystrophy. It also enables metabolic incorporation of exogenous sialic acids, leading to 

autoantibodies against N-glycolylneuraminic acid in humans. Here we identified a novel class of 

human sialin ligands by virtual screening and structure-activity relationship studies. The ligand 

scaffold is characterized by an amino acid backbone with a free carboxylate, an N-linked aromatic 

or heteroaromatic substituent and a hydrophobic side chain. The most potent compound, 45 

(LSP12-3129), inhibited N-acetylneuraminic acid 1 (Neu5Ac) transport in a non-competitive 

manner with IC50 ≈ 2.5 µM, a value 400-fold lower than the KM for Neu5Ac. In vitro and molecular 

docking studies attributed the non-competitive character to selective inhibitor binding to the 

Neu5Ac site in cytosol-facing conformation. Moreover, compound 45 rescued the trafficking 

defect of the pathogenic mutant (R39C) causing Salla disease. This new class of cell-permeant 

inhibitors provide tools to investigate the physiological roles of sialin and to help develop 

pharmacological chaperones for Salla disease.
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Introduction

SLC17 transporters, a subgroup from the major facilitator superfamily (MFS) of secondary 

active transporters, are involved in the excretion of urate and other organic anions in the kidney, 

the uptake of anionic neurotransmitters (glutamate, ATP) into synaptic vesicles, and the export of 

sialic acids and acidic hexoses from lysosomes for reuse in metabolism.1–7 The latter function is 

ensured by sialin, a H+/sialic acid symporter encoded by the SLC17A5 gene.5–7 Owing to its H+ 

coupling and the steep pH gradient (~ 2.5 units) across the lysosomal membrane, sialin actively 

exports sialic acids from the lysosomal lumen, thus contributing with de novo biosynthesis to their 

cytosolic availability. This in turn impacts the sialylation of cell surface glycoconjugates and their 

role in cell-cell, cell-extracellular matrix and cell-pathogen interactions. Sialin has also been 

implicated in the uptake of nitrate at the plasma membrane8 and the uptake of aspartate, glutamate 

and N-acetyl-aspartyl-glutamate into synaptic vesicles.9,10

In addition to its role in recycling endogenous sialic acids, lysosomal export by sialin enables 

the metabolic incorporation of exogenous sialic acids internalized by fluid phase endocytosis,11 

thus circumventing the absence of sialic acid transporter at the plasma membrane. This endocytic 

route impacts human health by incorporating dietary-derived N-glycolylneuraminic acid (Neu5Gc) 

into glycoconjugates. Owing to a mutation in the cytidine monophosphate-Neu5Ac hydroxylase 

(CMAH) gene, humans do not synthesize this sialic acid which is abundant in other species.12 

Neu5Gc is thus incorporated into human cell glycans, inducing the production of anti-Neu5GC 

autoantibodies associated with chronic inflammation, cancer and atherosclerosis.13,14 This 

endocytic route is also exploited in glycoengineering approaches to alter cell surface glycans with 

synthetic sialic acid derivatives and thereby: modulate immune responses; inhibit pathogen 

binding; target toxins to tumors; or track cells in vivo after transplantation.15,16 
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The essential role of sialin in sialic acid homeostasis is also highlighted by its inactivation in 

two autosomal recessive genetic diseases, Salla disease and Infantile free Sialic acid Storage 

Disease (ISSD).5,17,18  Both diseases are associated with defective lysosomal export of sialic 

acids,6,7,19 leading to their accumulation in diverse tissues and their excretion in urine. However, 

they strongly differ in clinical course and severity. While ISSD affects multiple organs from birth, 

causing death within a few months or years, Salla disease selectively affects the white matter of 

the brain in a progressive manner.17,20,21 Salla patients show hypotonia, ataxia, nystagmus and 

delayed motor development during the first year. Psychomotor milestones, including speech, 

progressively worsens during infancy and childhood, leading to severe motor and cognitive deficits 

in adulthood. Magnetic resonance imaging shows nonspecific brain hypomyelination with a 

thinning of the corpus callosum.22 Current treatment is supportive.

The pathophysiology of Salla disease remains poorly understood. Sialin-defective mice studies 

have shown that brain hypomyelination results from defective maturation of oligodendrocytes23,24. 

However, the link between this defect and defective lysosomal sialic acid export, or other transport 

activities of sialin9 (but see ref.25), is unclear. Decreased downregulation of the polysialylated 

Neural Cell Adhesion Molecule (PSA-NCAM), which could delay oligodendrocyte/axon contacts, 

may be involved.23 However, this decrease is limited, indicating that other mechanisms, such as 

impaired ganglioside metabolism,26 should contribute to the myelination defect. 

On the other hand, genotype-phenotype relationship studies have shown a clear correlation 

between the level of Neu5Ac transport and the clinical severity induced by SLC17A5 mutations. 

Salla disease is almost exclusively associated with one missense mutation, R39C, in homozygous 

or compound-heterozygous state which partially impairs lysosomal targeting of sialin6,27 and 

which decreases its transport activity to ~20% of wild-type level6,7 whereas ISSD-associated 
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mutations abolish either the expression or the transport activity of sialin.6,7,18 The association of 

Salla disease with residual sialic acid transport has been confirmed in a rare case of patient with a 

homozygous K136E mutation,28 which also partially preserves sialic acid transport and lysosomal 

localization.6,7 The trafficking defect may result from destabilization of the R39C and K136E 

mutants, and their retention by the protein quality control system. This feature along with the 

residual transport activity and the overwhelming predominance of the R39C mutation suggest 

pharmacological chaperone therapy as a promising option to treat Salla disease. 

In contrast with other SLC17 transporters such as VGLUT29–31 and VNUT32 proteins, we lack 

pharmacological tools to study the cellular and physiological roles of sialin or to help rescue the 

R39C mutant causing Salla disease. In a previous study,33 we characterized the interaction of 

human sialin with synthetic sialic acids and identified one compound with IC50 ≈ 40 µM, a value 

25-fold lower than the KM for Neu5Ac. We also built a cytosol-facing homology model of human 

sialin based on a distantly homologous MFS crystallographic structure, the glycerol-3-phosphate 

transporter (GlpT) from E. coli.34 After validating the sialic acid-binding site of this model by site-

directed mutagenesis, virtual screening against the ZINC database and Neu5Ac transport studies 

led us to identify the artificial tripeptide FR139317 as a new sialin ligand unrelated to sialic acids.33 

In this study, we disclose other virtual hits from this screen and identify a novel scaffold of sialin 

ligand well suited for chemical modifications. After optimization, the new ligands obtained inhibit 

sialin with a µM affinity in a non-competitive manner and one of them could partially rescue the 

trafficking defect of the pathogenic R39C mutant. 
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Results

Screening and Scaffold Selection. Our previous virtual screening of a GlpT-based homology 

model of human sialin against a subset of the ZINC database35 (~12,000 compounds) identified 

the endothelin-A receptor antagonist FR139317 2 and eight other molecules33 (Figure 1A) as 

candidate sialin ligands. Transport studies confirmed 2 as a competitive inhibitor of N-

acetylneuraminic acid 1 (Neu5Ac) transport by human sialin with a Ki of 20 µM, a value ~50-fold 

lower than the KM for Neu5Ac.33 We thus tested the other compounds using the same transport 

assay, which is based on a sorting mutant (L22G/L23G) redirected to the plasma membrane.6 In 

this approach, the poorly tractable lysosomal export is replaced by a whole-cell [3H]Neu5Ac 

uptake in acidic extracellular buffer to mimic the lysosomal lumen and facilitate transport 

measurements (Figure 1B). This technique provides higher signal-to-noise ratios than lysosomal 

assays, with highly similar Neu5Ac transport properties.6 

Among the novel virtual hits, four compounds inhibited Neu5Ac uptake and three of them, 

Fmoc-Lys(Cbz)-OH 3, Fmoc-D-Phe(pCH2NHBoc)-OH 4 and calcein 5 were more efficient 

inhibitors than Neu5Ac (Figure 1C). Interestingly, 3 and 4 are both amino acid derivatives with 

common features: the  amine is protected by the same hydrophobic carbamate, 

(Fluoren-9-yl)methoxycarbonyl (Fmoc); the carboxylic acid is free; and a 4 to 6-carbon side chain 

bears a distal amine protected by a benzyloxycarbonyl (Cbz) or tert-butoxycarbonyl (Boc) group. 

A
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Figure 1. Identification of novel sialin inhibitors (A) Structures (2 to 10) of the best hits from a 

previous virtual screening.33 (B) Whole-cell assay of human sialin. Mutation of its lysosomal 

sorting motif redirects sialin to the plasma membrane to facilitate transport measurements. (C) 

Human sialin was assayed for [3H]Neu5Ac uptake at pH 5.0 in the absence (control) or presence 

of these compounds (means ± SEM of 2 to 4 independent experiments). 

These similarities suggested a novel scaffold recognized by sialin. To test this hypothesis, we 

evaluated a series of 14 N-Fmoc amino acids 1124 in our transport assay (see structures in 

Supplementary Information, pp. S3-S4). N-Fmoc amino acids 11, 12, 16, 22 and 24 were prepared 

according to classical method (see Supporting information), whereas compounds 1315, 1721 

and 23 were commercially available. Interestingly, 10 out of 14 compounds inhibited Neu5Ac 

uptake with an efficiency greater than, or similar to, compounds 3 and 4 (Figure 2), thus confirming 

the existence of a novel scaffold characterized by an N-Fmoc group, a free carboxylate, and a 

hydrophobic side chain. The lower activity of compounds 22-24 may result from the presence of 

a bulkier side chain (compare Fmoc-Lys(Fmoc)-OH 24 with 3) or from a constrained ring structure 

of the side chain in Fmoc-Pro-OH 23. All tested amino acids, except Fmoc-DL-Leu-OH 12, 

belonged to the L-series. Comparison of the racemic 12 and L- 13 forms of Fmoc-Leu-OH suggests 

that the  carbon configuration is not critical to bind sialin (Figure 2). 

To characterize further this sialin ligand scaffold, we examined the influence of the proximal 

amine substitution. The 9-fluorenylmethoxycarbonyl group of compound 3 was thus replaced by 

a coumarinyl; quinolinyl; xanthenyl; or anthracenyl group linked to the  amine by an amide or 

carbamate bond. In another set of compounds, we examined the influence of substituents attached 

to the side chain. For this purpose, we first introduced a 4-methylcarbonylcoumarin instead of Cbz 
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9

in compound 3 and then selected compound 16 among those with a good activity to alter the side 

chain because the sulfanyl group allows alkylation with substituted coumarins in a metabolically 

stable manner (resistance to cytosolic and lysosomal hydrolases). The synthesis and biological 

activity of the resulting compounds are described in the next sections. 

Figure 2. N-Fmoc amino acids (30 µM) were tested for inhibition of human sialin as in Figure 1. 

The dotted lines correspond to the inhibition by compounds 3 and 4.

Chemistry. All 7-hydroxy 4-substituted coumarins were synthetized via Pechmann 

condensation in good yields using either Brønsted acid with resorcinol or Lewis acid with an 

aminophenol derivative (Scheme 1). Compounds 2528 were prepared according to conventional 

methods with slight improvements36–38 (see Supporting information). 

Using chlorotriisopropoxytitanium (IV)39 was more efficient than zinc (II) chloride40 for the 

synthesis of 7-(dialkylamino)coumarins 29 and 30. The xanthenyl derivative 32 was obtained 
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10

according to a known procedure41 as the 3-(3,6-dihydroxy-9H-xanthen-9-ylidene)propionic acid 

tautomer, unambiguously shown by NMR in aprotic solvent (DMSO). 

Regioselective protection of the 7-hydroxy-4-hydroxymethyl-coumarin 27 with methoxymethyl 

chloride before introducing the 9H-fluoren-9-yl methyl carbonate in the benzylic position and 

deprotection of the 7-hydroxyl led to 35.

Scheme 1. Synthesis of functionalized coumarinsa

OHHO O OHO

Cl O OMeO

Cl

O OHO

OH

OHHO O OHO

Cl

Cl Cl

R= Me
R= Et

OHN O ON

CO2H

R

R

R
R

N OH

CO2H

N O O OHHO
OHO OH

CO2H

25
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28

31 32

29: R= Me
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O OMOMO

OH
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O OHO
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3533 34

27

(i)

(ii)

(iii)

(iv) (v)

(v) (vi)

(vii) (viii) (ix)

aReagents and conditions: (i) Ethyl-4-chloroacetoacetate, 70% aq H2SO4, 0 °C, 1.5 h, 97%; (ii) 
K2CO3, acetone, Me2SO4, RT, overnight, 94%; (iii) H2O, reflux, 48 h, 69%; (iv) Ethyl-4-
chloroacetoacetate, CH3SO3H RT, 4 h, 97%; (v) (a) ClTi(OiPr)3, dimethyl 3-oxoglutarate, toluene, 
reflux, overnight; (b) NaOH, MeOH, RT, overnight, 3566% (two steps); (vi) Succinic anhydride, 
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11

70% aq H2SO4, 140 °C, 4 h, 92%; (vii) MOM-Cl, DIEA, CH2Cl2, 0 °C, 45 min, 71%; (viii) Fmoc-
Cl, pyridine, RT, 2 h, 34%; (ix) TFA, CH2Cl2, 0 °C then RT, 1.5 h, 83%. 

Amide bond formation between the amine of a lysine-OMe derivative and acids 29-32 as well 

as commercially available 7-hydroxy-4-carboxymethyl-coumarin and 4-carboxyquinolin-2-one 

were carried out42 (Scheme 2). Attempts to condense previously activated 7-hydroxy-4-

carboxymethyl coumarin as an acid chloride or HOBt ester in presence of EDC with Lys (Cbz)-

OMe failed. In contrast, amide bond formation occurred in presence of HBTU, HOBt via uronium 

salt activation43,44 with this 4-carboxymethyl-coumarin or with xanthene 32, leading after 

saponification of the methyl ester to 36 and 40 in poor yields (19% and 8%, respectively). The 

condensation of 29, 30, 4-carboxyquinolin-2-one and 31 with Lys(Cbz)-OMe performed in the 

presence of HBTU in CH2Cl2 also led to the expected products, generally in better yields 

(1250%)45. In contrast, under these conditions, the coupling of 29 to the distal amine of lysine 43 

was poorly efficient (5%, not optimized). The carbamate analog 44 of 36 was obtained from 27 

with carbonyl diimidazole activation.

Scheme 2. Synthesis of N-acyl and N-carbamate diprotected lysinea
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CDI, DMF, DIEA, RT then 80 °C, 1.5 h, 21%; (b) aq LiOH, THF, RT, 2 h 21% (two steps).
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13

Alkylation of Fmoc-Cys-OH by coumarins 25, 26 and 28 proceeded at room temperature 

overnight in presence of an excess of base to give compounds 4547 around 30% yields (Scheme 

3).

Scheme 3. Synthesis of S-alkyl cysteinea

O OR2O

Cl

FmocHN CO2H
S

O OR2O

+
R1

R1 45: R1 = R2 = H
46: R1 = H, R2 = Me
47: R1 = Cl, R2 = H

(i)

25: R1 = R2 = H
26: R1 = H, R2 = Me
28: R1 = Cl, R2 = H

Fmoc-Cys-OH
16

aReagents and conditions: (i) from 25 and 28; DIEA, THF, RT, 16 h, 35% and 32% respectively; 
from 26: Et3N, DMF, RT, 16 h, 28%.

Structure-Activity Analysis of the Heterocycle-Substituted Amino Acids. Compounds 

3542, and 44 (see structures in Supplementary Information, pp. S3-S4) were tested in our whole-

cell assay of sialin at 30 µM (Figure 3) as for the Fmoc-amino acids 1124. When 9-

fluorenylmethyl carbonate is directly linked to the coumarin 27, the resulting compound 35 does 

not significantly inhibit sialin, showing that removal of the amino acid backbone and the free 

carboxylate abolishes binding. Replacing the 9-fluorenylmethyl carbamate linked to the  amine 

in 3 by diverse heterocycles in compounds 3641 reduced activity, ranging from a moderate loss 

with the bulky coumarin derivative 41 to virtually no inhibition with the quinolinyl compound 39. 

No significant difference was observed among coumarinyl derivatives 3638 bearing different 
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substituents at the 7-position (hydroxy, dimethyl or diethylamino). Of note, when the amide bond 

of 36 was converted into a more flexible carbamate bond in 42, the affinity for sialin increased to 

a level similar to that of compound 3.

The influence of substituting the side chain was tested in compounds 4447. Replacing the 

benzyloxycarbonyl group present in 3 by a substituted coumarin in 44 did not significantly alter 

activity. In contrast, the Fmoc-Cys(substituted coumarin)-OH 4547 had better activities than the 

cysteine analog Fmoc-Cys(pMeOBzl)-OH 20 (Figure 3, red dotted line) or the lysine analog 3 

(brown line), showing the length of the side-chain is not critical for recognition.

 

Figure 3. Screening of heterocycle-substituted amino acids. Compounds (30 µM) were tested for 

inhibition of human sialin as in Figure 1. Each derivative is colored according to, and compared 

with (dotted lines), its reference compound, 3 (brown) or 20 (red). 
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The most active compounds 11, 13, 4547 inhibited Neu5Ac uptake by sialin in a concentration-

dependent manner (Figure 4), in agreement with a specific interaction. Fmoc-Cys[Coum-7-

OH]-OH 45 (LSP12-3129) was the most potent inhibitor with an IC50 of 2.4 ± 0.7 µM (n = 3), a 

value ~400-fold lower than the KM for Neu5Ac.33 To assess its selectivity, compound 45 was tested 

on two other H+-driven lysosomal transporters, LYAAT1 and cystinosin, measured in whole-cell 

assays similar to that of sialin.46,47 Interestingly, it had no effect on LYAAT1 and partially inhibited 

cystinosin (43.7 ± 9.1% inhibition, n = 3) at a concentration (30 µM) that fully inhibits sialin 

(Figure 4C, D).
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Figure 4. Dose-response relationship and selectivity of selected compounds. (A) Inhibition of 

human sialin. Means ± SEM of 2-3 independent experiments. (B) Representative sialin inhibition 

curves for compounds 13 (blue) and 45 (green) (triplicate measurements). (C, D) Effect of 13 and 

45 on two other H+-driven transporters, LYAAT1 and cystinosin. (C) Representative experiments 

(triplicate measurements). (D) Means ± SEM of 3 independent experiments where the 3 

transporters were assayed in parallel.

Compounds 45 and 13 (Fmoc-Leu-OH) are non-competitive inhibitors. We next studied 

how 45 and, for comparison, 13 (Fmoc-Leu-OH) interact with human sialin. Fmoc-Leu-OH was 
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chosen because it efficiently inhibits Neu5Ac uptake (Figure 4B; IC50 = 23.3 ± 3.5 µM, n = 4) and 

is commercially available as a radiolabeled compound. Of note, Fmoc-Leu-OH had limited effects 

on LYAAT1 and cystinosin at a concentration (100 µM) that fully inhibit sialin (Figure 4C, D). 

We first asked whether these compounds are substrates (translocated ligands) or blockers (not 

translocated) of the lysosomal transporter. When sialin-expressing cells (EGFP-Sialin L22G/L23G 

construct) and mock cells (EGFP) were incubated with [3H]Neu5Ac or [3H]Fmoc-Leu-OH at 

similar saturation levels (IC50/10, corresponding to 100  and 2 µM, respectively), no sialin-

dependent [3H]Fmoc-Leu-OH uptake could be detected in acidic medium, in contrast with the 

strong [3H]Neu5Ac uptake signal (Figure S1). Fmoc-Leu-OH thus acts as a blocker of sialin rather 

than a translocated substrate.

To extend these experiments to 45, we developed another whole-cell assay where sialin activity 

is detected by the co-transport of H+. We co-expressed the ratiometric fluorescent pH probe E2GFP 

48 with a mRFP-tagged human sialin L22G/L23G construct in HEK293 cells to detect the cytosolic 

acidification associated with the uptake of sialin substrates. Neu5Ac (10 mM) applied at pH 5.5 

induced a significant E2GFP fluorescence response consistent with the expected acidification. In 

contrast, a saturating concentration (30 µM) of 45 did not induce any detectable acidification 

(Figure S2). Therefore, neither Fmoc-Leu-OH nor 45 are significantly translocated by human 

sialin, implying they both act as blockers.

We next determined the inhibition mode of these compounds and studied the saturation kinetics 

of [3H]Neu5Ac uptake at varying inhibitor concentrations. Unexpectedly, despite the ‘active site’ 

focus of our initial virtual screening, both Fmoc-Leu-OH and 45 acted as non-competitive rather 

than competitive inhibitors since they decreased the Vmax of uptake while leaving the KM for 

Neu5Ac essentially unchanged (see representative experiments in Figure 5A and 5B). At 10 µM, 
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Fmoc-Leu-OH decreased Vmax by 56 ± 5% (n = 5 independent experiments) with KM values of 1.6 

± 0.3 and 1.3 ± 0.2 mM in the absence and presence of inhibitor, respectively. Similarly, 45 (3 

µM) decreased Vmax by 31 ± 8% (n = 3), with KM values of 1.4 ± 0.5 and 1.7 ± 0.5 mM in the 

absence and presence of inhibitor. Mean Ki values of 10.2 ± 3.0 µM (n = 3) and 7.8 ± 1.8 µM (n 

= 4) were obtained for Fmoc-Leu-OH and 45, respectively.

Potential mechanism for the non-competitive inhibition. Conceivably, the non-competitive 

inhibition by Fmoc-Leu-OH and 45 could reflect a decrease in the H+ electrochemical gradient 

driving Nue5Ac uptake by sialin. However, the lack of effect of 45 on LYAAT1 and the moderate 

inhibition of cystinosin by Fmoc-Leu-OH (Figure 4C, D) ruled out this possibility. As our virtual 

screening was conducted on a cytosol-facing model of sialin,33 we reasoned that the lack of 

competition between Neu5Ac, on one hand, and 45 or Fmoc-Leu-OH, on the other hand, might 

result from a selective blockade of sialin in cytosol-facing state. Like any secondary active 

transporter,49,50 sialin should operate through alternating-access structural transitions which expose 

the substrate binding site to either the luminal (extracellular in our assay) or the cytosolic side of 

the membrane.51 If an inhibitor binds to the Neu5Ac-binding site of the outward-facing 

conformation (Figure 5C, inhibitor 1), the inhibitor and Neu5Ac should exclude each other and an 

excess of Neu5Ac should displace the inhibitor binding equilibrium, and rescue inhibition. In 

contrast, if the inhibitor permeates the cell membrane (for instance, by diffusing across the lipid 

bilayer) and binds to the inward-facing state, the competition between Neu5Ac (on the 

extracellular side) and the inhibitor (on the cytosolic side) should be biased toward inhibitor 

binding (Figure 5C, inhibitor 2) because structural transitions are much slower than binding 

equilibriums: when the cytosolic inhibitor dissociates, the protein in apo, inward-facing state will 
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rebind another inhibitor molecule before it can switch to the apo, outward-facing state. 

Extracellular Neu5Ac thus cannot displace the inhibitor binding equilibrium in this case, resulting 

in non-competitive inhibition. The non-competitive inhibition of sialin by Fmoc-Leu-OH and 45 

may thus result from their selective, or preferential, binding to the cytosol-facing state. It may be 

noted that Fmoc-Leu-OH does enter cells in a sialin-independent manner (Figure S1), enabling its 

action on the cytosolic side of the transporter.
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Figure 5. Inhibition mode of Fmoc-Leu-OH and 45. (A, B) Representative Eadie-Hofstee graphs 

(left) of [3H]Neu5Ac uptake saturation kinetics in presence or absence of Fmoc-Leu-OH 13 and 

45 (means ± SEM of triplicate measurements). The reciprocal maximal velocity is plotted against 

inhibitor concentration (right graphs) to determine inhibition constants. (C) Potential mechanism 

accounting for the non-competitive inhibition by aromatic N-substituted amino acids (inhibitor 2). 
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Black arrows depict the Neu5Ac transport cycle in our assay. Red arrows depict two inhibition 

mechanisms.

We used two approaches to test this model. First, we examined how fast sialin recover its 

transport activity upon washing of N-substituted amino acid inhibitors. If these inhibitors act on 

the extracellular side, washing should quickly restore Neu5Ac transport. On the contrary, if they 

predominantly act on the cytosolic side, recovery should be rate-limited by the cellular efflux of 

cytosolic inhibitors. Cells expressing sialin at the plasma membrane were thus preincubated with 

Neu5Ac or N-substituted amino acids at pH 5.0, washed at neutral pH and tested for [3H]Neu5Ac 

uptake at pH 5.0 in the absence of inhibitor. For comparison, another set of cells was inhibited 

during [3H]Neu5Ac uptake, as done previously. When this protocol was applied to Neu5Ac 1, the 

neutral wash fully restored [3H]Neu5Ac transport to a level (130%) above that of the uninhibited 

control, probably reflecting the trans-stimulation of sialin by the cytosolic pool of Neu5Ac 

accumulated during the pre-incubation step (see ref.52 for a similar trans-stimulation in lysosomal 

membrane vesicles). In contrast, when sialin was pre-inhibited by Fmoc-Leu-OH or 45, only 

partial recovery was achieved after a 15-min wash (55% and 49% persisting inhibition, 

respectively) (Figure 6), in agreement with our hypothesis of an action on the cytosolic, rather than 

the extracellular, side of the transporter. Of note, when this experiment was repeated with 

FR139317 2, which inhibits sialin in a competitive manner33, the 15-min wash fully restored 

[3H]Neu5Ac transport without trans-stimulation (Figure S3). The competitive vs. noncompetitive 

nature of sialin inhibitors thus correlates with the rate of Neu5Ac transport recovery upon washing, 

in agreement with an action on distinct sides of the membrane. The lower lipophilicity of 
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FR139317 (logP = 2.29 in protonated state) as compared to Fmoc-Leu-OH and 45 (logP = 4.1 and 

3.91, respectively) is also consistent with this model.

 

 

Figure 6. Persistence of 13- and 45-induced inhibition upon washing. HEK293 cells expressing 

sialin at the plasma membrane were pre-incubated or not with Neu5Ac 1 (5 mM), Fmoc-Leu-OH 

13 (120 µM) or 45 (12 µM) for 15 min at pH 5. After 15- or 30-min wash at pH 7 at room 

temperature, [3H]Neu5Ac uptake was measured and compared to the signals obtained in absence 

or presence of competitors at the same concentrations (means ± SEM of 4 independent 

experiments). t-test relative to control: **= p<0.01; *** = p<0.001; **** = p<0.0001; NS, ≥0.05).
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Secondly, we examined the docking of 45 to a novel 3D homology model of human sialin based 

on a closer template. Very recently, two crystal structures of E. coli H+/D-galactonate symporter 

(DgoT) in outward-facing occluded and inward-facing open conformations have been 

determined51. DgoT is a closer homologue of human sialin (25.5% sequence identity and 45.0% 

similarity over 420 amino acids; BlastP alignment) than E. coli GlpT (21.0% identity and 37.9 

similarity over 309 amino acids). Moreover, the DgoT structures have a higher resolution and a 

better global model quality estimation than the GlpT structure34,51. Accordingly, we built two new 

sialin homology models based on the inward-facing open (6E9N) and outward-facing occluded 

(6E9O) conformations of DgoT and performed docking experiments with flexible side-chains 

located at the potential binding site, using GOLD software53 as implemented in Discovery Studio 

2019.

45 could not be docked to the outward-facing occluded sialin model because the binding site 

was too small to accommodate the inhibitor. In contrast, 45 was well accommodated in the binding 

site of the inward-facing model (Figure 7A), providing a putative structural explanation for the 

non-competitive inhibition by this compound. The selected pose was further submitted to a 20-ns 

molecular dynamics simulation in a membrane environment to optimize the 3D structure. 
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Figure 7. Docking of 45 to a DgoT-based homology model of human sialin. (A) Side view of the 

inward-facing homology model with the docked inhibitor (in green). (B, C) Residues involved 

(purple in B) and nature of their interaction with 45 shown in a 2D-depiction.

The interaction of 45 with the inward-facing sialin model is depicted in Figure 7B, C. The 

carboxylic group of sialic acids and sialin inhibitors, a feature shared with all substrates of SLC17 

transporters, is bound to a conserved arginine (R57 in sialin) and two tyrosine (Y119 and Y306). 

Similar interactions of D-galactonate with this conserved arginine (R47) and two other tyrosine 

(Y44, Y79) are essential for substrate recognition and selectivity in DgoT.51 
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Two hydrophobic moieties of 45 are expected to block the alternating-access transition of the 

transporter: a Fmoc group on the amino function of the cysteine core and a coumarinyl group on 

the side chain of that amino acid. On one side, the 9H-fluorene part of the Fmoc group makes 

hydrophobic interactions with F179, P180, L426 and several van der Waals contacts with I124, 

H183, G427 and N430. The carbonyl of the Fmoc group establishes a hydrogen bond with Q123. 

On the other side of the ligand, the coumarinyl group forms hydrogen bonds with S407, a  

stacking with Y203 and van der Waals contacts with L199 and Y301. In between, F179 contacts 

the sulfur atom and the carboxylate (Figure 7B, C). In MFS transporters, helical discontinuities in 

specific TMs act as molecular hinges for the rotation of the N and C domains during alternating-

access transitions49. In DgoT, TM4 has a kink at P135 (P180 in sialin) and TM10 is continuous in 

the outward-facing conformation whereas TM4 is continuous and TM10 has a kink in the inward-

facing conformation51. The tight interactions of 45 with residues close to these kinks (Y179, P180 

in TM4; S407 in TM10) in the sialin model should block alternating-access movements, providing 

an explanation for its inhibition of Neu5Ac transport.

Compound 45 partially rescues the sialin R39C mutant. The R39C mutation causing Salla 

disease induces a trafficking defect of sialin6,27 possibly due to its destabilization and its 

recognition by chaperones of the protein quality control system. We reasoned that 45 binding to 

the cytosolic side of sialin might stabilize nascent R39C polypeptides in the endoplasmic reticulum 

and rescue their delivery to lysosomes. 

45 (12 µM) efficiently inhibited the residual transport activity of sialin R39C in our whole-cell 

assay (Figure S4), showing 45 binding is not impaired by the pathogenic mutation. We thus 

transiently expressed wild-type (WT) or R39C human sialin fused to EGFP (with an intact sorting 
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motif) in HeLa cells in the absence or presence of 45 (70 µM) and examined their intracellular 

distribution by fluorescence microscopy. As this distribution varies across cells in a given 

condition (Figure 8A), sialin was compared to a lysosomal marker (LAMP1) and the dual staining 

in individual cells was classified into three categories: lysosomal (≥70% overlap between sialin 

and LAMP1 puncta); non-lysosomal (≤30% overlap); and mixed. In agreement with earlier 

studies, the lysosomal category predominated in untreated cells expressing WT sialin (83%) 

whereas this category dropped to 11% for the R39C mutant with a predominance of the mixed 

(55%) and non-lysosomal (34%) categories. However, when sialin R39C was expressed in the 

presence of 45 (72 µM), the lysosomal category increased to 32% at the expense of the non-

lysosomal category (15%) while this treatment did not alter the distribution of WT sialin (Figure 

8B). Similar results were observed when sialin was expressed by lipofection instead of 

electroporation (Figure S4). 45 thus partially rescues the trafficking defect of the R39C mutant. 

To confirm this effect, we repeated these experiments and quantitated the colocalization between 

EGFP-sialin and LAMP1 using scatter plots and Pearson’s correlation coefficient analysis of the 

fluorescence intensities. This analysis showed a much lower level of sialin R39C/LAMP1 

colocalization relative to the wild-type. When sialin R39C-expressing cells were treated with a 

high dose (300 µM) of 45, colocalization was rescued to a level close to that of the wild-type 

(Figure 8C).

Next, we tested whether this increased delivery of sialin R39C to lysosomes could decrease sialic 

acid storage in patient cells. We used Salla fibroblasts from a compound-heterozygote patient 

(R39C and L336W+frameshift alleles) because these cells accumulate sialic acid to higher levels 

than homozygous R39C cells.54 Compound-heterozygote Salla fibroblasts and control fibroblasts 

were thus treated, or not, with 45 (30 to 170 µM) for 2 days and their level of free sialic acid was 
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assayed by mass spectrometry. Salla fibroblasts cultured in standard medium accumulated free 

sialic acid ~8-fold as compared to control fibroblasts. The 45 treatment did not reduce, but instead 

slightly increased, this accumulation (Figure 8C), probably reflecting an inhibition of sialin R39C 

by 45 at the lysosomal membrane. To circumvent this effect, we used a pulse-chase protocol in 

which the drug was applied for 2 days to correct the trafficking defect followed by a 6-hr chase in 

drug-free medium to remove lysosomal inhibition. However, this treatment did not reverse sialic 

acid storage (data not shown). 
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Figure 8. Effect of compound 45 on the R39C mutant. (A, B) Wild-type or R39C human sialin 

tagged with EGFP was transiently expressed in HeLa cells by electroporation in the presence or 

absence of 45 (70 µM). After two days, cells were fixed and analyzed under fluorescence 
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microscopy using LAMP1 immunostaining (red) to detect late endosomes and lysosomes. Sialin 

localization was categorized as illustrated in (A) in a blind manner. The graph (B) synthesizes the 

outcome of 3 independent experiments (162 to 184 cells per condition; 2 test: ***, p<0.001; ****, 

p<0.0001). (C) In independent experiments, colocalization was quantitated using scatter plots of 

the sialin and LAMP1 pixel intensities. The graphs show the distribution of Pearson’s correlation 

coefficient across 20 to 25 cells per condition in a representative example of three independent 

experiments (Kruskal-Wallis one-way ANOVA with post hoc Dunn’s test: **, p<0.01;***, 

p<0.001). (D) Skin fibroblasts from a healthy subject (WT) and a compound heterozygote 

(p.Arg39Cys/Leu336Trpfs) Salla patient were cultured for 2 days with or without 45 (170 µM) 

and assayed for free sialic acid level by micro-LC/ESI MRM-MS3 (means ± SEM of 4 independent 

experiments; t-test: * = p<0.05; ** = p<0.01).

DISCUSSION

In this study, we exploited our previous virtual screening of human sialin33 and report chemical 

substitutions of validated virtual hits. This led to the identification of a novel ligand scaffold 

unrelated to sugar substrates, which is characterized by an amino acid backbone, a free 

carboxylate, an N-linked aromatic or heteroaromatic substituent and a hydrophobic side chain. 

Two ligands with this scaffold, Fmoc-Leu-OH 13 and 45, were characterized in more detail. 

They inhibited Neu5Ac transport with IC50 of 23 and 2.4 µM, respectively, as compared to an IC50 

of ~1 mM for Neu5Ac. Neither compound was translocated by sialin (Figures S1 and S2) and, 

somewhat surprisingly, both inhibited Neu5Ac transport in a non-competitive, rather than a 

competitive, manner (Figure 5), notwithstanding the substrate-binding pocket focus of our virtual 
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screening.33 In contrast, another sialin inhibitor identified in this screen, the endothelin-A receptor 

antagonist FR139317, inhibited Neu5Ac transport in a competitive manner.33 

This apparent paradox could be explained in a model where the new compounds permeate 

biological membranes and bind to sialin in cytosol-facing (inward-facing) rather than lumen-facing 

(outward-facing) conformation. The protonation of the carboxylate group at pH 5.0 and the high 

partition coefficient of these compounds facilitate their passive diffusion into the cells in our assay 

of sialin transport activity. As structural transition equilibriums are slower than ligand binding 

equilibriums, this mechanism should trap sialin in an inward-facing state (Figure 5C) and prevent 

extracellular Neu5Ac binding to the lumen-facing state, thus decreasing the transport capacity. A 

similar non-competitive inhibition of a transporter by ligands of the substrate pocket has been 

reported for the interaction between the glucose transporter GLUT1 and cytochalasin B or 

forskolin.55 An analogous mechanism also occurs in enzymes undergoing a conformational change 

when inhibitors selectively bind the product-favoring conformation.56 Selective, or predominant, 

binding of Fmoc-Leu-OH and 45 to an inward-facing state of sialin may thus account for their 

non-competitive inhibition.

We provide two pieces of evidence in support of this hypothesis. First, inhibition of sialin by 

Fmoc-Leu-OH and 45 in our whole-cell assay persisted after a 15-min wash (Figure 6), in 

agreement with an action in the cytosolic rather than the extracellular compartment. Second, we 

built a more accurate inward-facing homology model of human sialin based on the recent 

crystallographic structures of the H+/D-galactonate symporter DgoT51. Molecular docking of 45 to 

this model showed that it binds well to the substrate pocket of the inward-facing state, in agreement 

with our model. However, other potential mechanisms for the non-competitive inhibition such as 
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the existence of another 45-binding site cannot be excluded. Further studies are needed to 

distinguish between these possibilities. 

The best docked pose of 45 showed several interesting features, including an interaction of its 

carboxylate group with a conserved arginine in TM1 (R57 in human sialin) that is required for D-

galactonate binding in DgoT51. 45 may thus share common interactions with the anionic substrates 

of sialin. Another notable feature is the interaction of 45 with residues in TM4 and TM10 that act 

as hinge regions for alternating-access structural transitions in DgoT51. 45 binding to human sialin 

should thus impair its structural transitions, explaining why this compound blocks Neu5Ac 

transport. 

The identification of 45 as cell-permeant ligand of the ‘active’ site (sialic acid pocket) of sialin 

prompted us to test whether it might act as a pharmacological chaperone proof-of-principle for the 

treatment of Salla disease. Pharmacological chaperones are selective ligands that bind to, and 

stabilize, misfolded mutant proteins to rescue their retention by the protein quality control 

system.57,58 This approach is a promising option for Salla disease as this condition is almost 

exclusively caused by a single mutation, R39C,18 which partially preserves the lysosomal targeting 

and the transport activity of sialin.6,7 We thus applied 45 to sialin R39C-transfected cells and to 

Salla patient fibroblasts to test its potential benefits. Interestingly, this treatment partially rescued 

the trafficking defect of sialin R39C. However, it did not rescue sialic acid storage in patient 

fibroblasts, presumably because the rescue of the trafficking defect remained insufficient and/or 

this effect was masked by the inhibition of sialin R39C at the lysosomal membrane. The slight 

increase of sialic acid storage upon 45 treatment supports the latter hypothesis. In this respect, the 
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lack of competition between Neu5Ac accumulated in the lumen of patient lysosomes and 45 

binding at the cytosolic face of sialin would be a disadvantage for therapeutic applications. 

In summary, our study identifies a new class of cell-permeant inhibitors with a micromolar 

affinity for sialin, providing valuable tools to study the diverse transport activities of sialin and 

their physiological roles. These tools may also help mechanistic and structural studies of sialin. 

They may also be used to prevent Neu5Gc incorporation into therapeutic glycoproteins produced 

by cell culture. In the case of Salla disease, however, further studies are needed to explore the 

potential of pharmacological chaperone therapy.
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EXPERIMENTAL SECTION

General Chemistry Information. All the amino acids belong to the L-series unless specified 

otherwise. Amino acid derivatives are designated according to the three-letter code and the 

recommendations from the IUPAC-IUB Commission on Biochemical Nomenclature. 

Fmoc-Lys(Cbz)-OH 3, Fmoc-Leu-OH 13, Fmoc-Asp(tBu)-OH 14, Fmoc-Cys(tBu)-OH 15, 

Fmoc-Tyr(tBu)-OH 17, Fmoc-Phe-OH 18, Fmoc-Ile-OH 19, Fmoc-Cys(pMeOBzl)-OH 20, 

Fmoc-Thr(tBu)-OH 21 and Fmoc-Pro-OH 23 were purchased from Novabiochem and used for 

biological test. Glu(OMe)-OH, DL-Leu-OH, Fmoc-Cys(Trt)-OH, Cys(Bzl)-OH, Fmoc-Lys(Boc)-

OH, and HCl.Lys(Cbz)-OMe were purchased from Novabiochem and functionalized. The other 

reagents were purchased from Aldrich or Acros. Prior to use, tetrahydrofuran (THF) was distilled 

from sodium-benzophenone and dichloromethane (CH2Cl2) from CaH2. All reactions were carried 

out under argon atmosphere, and were monitored by thinlayer chromatography with Merck 60F-

254 precoated silica (0.2 mm) on glass. Flash chromatography was performed with Merck 

Kieselgel 60 (200–500 mm); the solvent systems were given v/v. 1HNMR (500 MHz) and 13C 

NMR (126 MHz) spectra were recorded on a Bruker AVANCEII-500 spectrometer. Chemical 

shifts (δ) are reported in ppm. Multiplicity was given using the following abbreviations: s 

(singulet), brs (broad singulet), d (doublet), dd (doublet of doublets), t (triplet), q (quadruplet), m 

(multiplet). During acquisition, the spectral window covers a proton chemical shift range from ‒1 

to +12 ppm or from ‒5 to +20 ppm. 13C chemical attributions were assigned using 1H-decoupled 

spectra. For clarity, in some case, Greek letters are used as locants for NMR attribution of the side 

chain of the amino acid while the heterocycle moiety is numbered according to the IUPAC 

Nomenclature. Melting points were determined with a Büchi 530 apparatus and are uncorrected. 

Mass spectra (MS) were recorded on a Thermo Finnigan LCD Advantage spectrometer and HRMS 
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on an Exactive (Thermo Scientific) spectrometer with positive (ESI+) or negative (ESI) 

electrospray ionization. HPLC analyses were carried out on a Prominence Shimadzu instrument, 

with a LC20A pump, C18 column (250 mm × 4.6 mm, 5 μm), flow: 1 mL/min, eluted peaks were 

detected by a PDA detector (SPD-M20A), and retention times are reported in minutes. The dead 

volume is about 200 µL. Products were eluted with method A-1, using solvent A (KH2PO4 buffer 

50 mM, pH 5.5) and solvent B (CH3CN): 0% B for 10 min, linear increase from 0 to 50% B 

between 10 and 25 min or with method A-2, using solvent A (KH2PO4 buffer 50 mM, pH 5.5) and 

solvent B (CH3CN): 0% B for 5 min, linear increase from 0 to 50% B between 5 and 20 min. 

HPLC-MS analyses were performed on a Surveyor HPLC system coupled to a LCQ Advantage 

Thermo Finnigan LCQ Advantage Instrument. HPLC was equipped with a Gemini C18 column 

(100 mm × 2.1 mm, 3 μm), flow: 220 µL/min. The dead volume was about 800 µL. Products were 

eluted with method B, using solvent A (H2O/0.1% HCO2H) and solvent B (MeOH): 40% B for 1 

min, linear increase from 40 to 100% B between 1 and 9 min, 100% B from 10 to 13 min, and with 

method C, using solvent A (H2O/0.1% HCO2H) and solvent B (CH3CN/0.1% HCO2H): 40% B for 

1 min, linear increase from 40 to 100% B between 1 and 6 min, 100% B from 7 to 13 min. Purity 

of the tested compounds was established by analytical HPLC-MS and HPLC and was at least 95%. 

Spectroscopic (1H and 13C NMR, MS) and/or analytical data were obtained using 

chromatographically homogeneous samples. The photophysical properties of the final compounds 

were obtained by different measurements on the Greiner and Nonchuk 96-well plates using a Tecan 

spectrofluorometer (Safire). These measurements were carried out in solution in ethanol at 25 °C.

Syntheses. General Procedure A for the Synthesis of Compounds 29, 30 and 31. A 0.5 M 

solution of ClTi(OiPr)3 (1.5 eq) in dry toluene was added to aminophenol (1 eq) and β-cetoester 

(1 eq) derivatives. The reaction mixture was refluxed overnight, then cooled to room temperature 
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and diluted with CH2Cl2 (7.5 mL/mmol). The whole solution was poured into H2O (10 mL/mmol) 

and stirred for few min. The aqueous layer was extracted twice with CH2Cl2 (2×30 mL/mmol). 

The combined organic layers were dried (Na2SO4) and the solvent was removed under vacuum. 

The crude product was purified or used directly to another reaction as mentioned in each case. 

General Procedure B for the Synthesis of Compounds 3739, 41 and 44. Heteroaromatic 

derivative (1 eq), amino acid derivative (11.2 eq) and HBTU (1.11.2 eq), were suspended in 

CH2Cl2 (0.1 M), then DIEA (4-6 eq) was added dropwise at 0 °C and the reaction mixture was 

stirred for 2 h at room temperature. The solution was diluted with CH2Cl2 (50 mL/mmol) and 

washed three times with aqueous HCl solution (0.1 M, 20 mL/mmol). Aqueous layers were 

extracted twice with CH2Cl2 (50 mL/mmol), then the organic layers were pooled, dried (Na2SO4), 

filtered and evaporated. The mixture was treated with aqueous LiOH solution (0.5 M, 1.2 eq)/THF 

(1/1) and stirred for 2 h at room temperature. The solution was evaporated and diluted with H2O, 

then acidified to pH 2 with HCl (1 M). The precipitate was filtered and, when necessary, purified 

by column chromatography on silica gel (CH2Cl2/MeOH/AcOH: 95/5/0.1 to 85/15/1). 

4-Carboxymethyl-7-dimethylamino-coumarin (29). The General Procedure A was followed 

using ClTi(OiPr)3 (1.791 mL, 7.5 mmol) in toluene (12 mL), 3-dimethylaminophenol (0.685 g, 

5 mmol) and dimethyl 3-oxoglutarate (1.791 mL, 5 mmol). The crude product was dissolved in 

MeOH (12.5 mL) and in aqueous NaOH solution (1 M, 12.5 mL) and stirred overnight at room 

temperature. The solution was acidified to pH 5 with aqueous HCl solution (2 M) and the resulting 

precipitate was recovered by filtration, washed with HCl (0.1 M) and dried under vacuum. 

Compound 29 (0.487 g) was obtained as a green-yellow powder in 40% yield. 1H NMR (500 MHz, 

(CD3)2SO): δ 7.47 (d, J = 9.0 Hz, 1H, H-5), 6.72 (dd, J = 9.0 Hz, J = 2.5 Hz, 1H, H-6), 6.56 (d, J 

= 2.5 Hz, 1H, H-8), 6.05 (s, 1H, H-3), 3.77 (s, 2H, CH2), 3.01 (s, 6H, CH3); 13C NMR (126 MHz, 

Page 35 of 68

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



36

(CD3)2SO): δ 170.7 (CO2H), 160.6 (C=O), 155.4 (Cq-O), 152.8 (Cq-Ar), 150.2 (Cq-N), 126.0, 

109.6, 109.1 (CH-Ar), 108.0 (Cq-Ar), 97.5 (CH-Ar), 40.1 (2×NCH3), 37.2 (CH2); MS: (ESI+), m/z 

(%): [M + H]+ = 248.3 (100%); [2M + Na]+ = 517.0 (80%);  373 nm,  443 nm,  λmax
abs = λmax

em =

(max) = 23300 M-1cm-1, Ф = 0.677.

4-Carboxymethyl-7-diethylamino-coumarin (30). The General Procedure A was followed using 

ClTi(OiPr)3 (3.582 mL, 15 mmol) in toluene (25 mL), 3-diethylaminophenol (1.652 g, 10 mmol) 

and dimethyl 3-oxoglutarate (1.470 mL, 10 mmol). The crude product was dissolved in MeOH (25 

mL) and in aqueous NaOH solution (1 M, 25 mL), then stirred overnight at room temperature. The 

solution was acidified to pH 5 with aqueous HCl solution (2 M) and the resulting precipitate was 

recovered by filtration, washed with HCl (0.1 M) and dried under vacuum. Compound 30 (0.947 

g) was obtained as a green powder in 35% yield. 1H NMR (500 MHz, (CD3)2SO): δ 7.44 (d, J = 

9.0 Hz, 1H, H-5), 6.69 (dd, J = 9.0 Hz, J = 2.5 Hz, 1H, H-6), 6.51 (d, J = 2.5 Hz, 1H, H-8), 5.99 

(s, 1H, H-3), 3.75 (s, 2H, CH2CO2H), 3.41 (q, J = 7.0 Hz, 4H, NCH2), 1.11 (t, J = 7.0 Hz, 6H, 

CH3); 13C NMR (126 MHz, (CD3)2SO): δ 170.7 (CO2H), 160.7 (C=O), 155.8 (Cq-O), 150.4 (Cq-

Ar), 150.1 (Cq-N), 126.3, 109.1, 108.7 (CH-Ar), 107.6 (Cq-Ar), 96.8 (CH-Ar), 44.0 (2×NCH2), 

37.2 (CH2CO2H), 12.3 (2×CH3); MS: (ESI+), m/z (%): [M + H]+ = 276.3 (100%); [2M + Na]+ = 

573.0 (85%); [2M + H]+ = 550.9 (70%). 

2-(11-Oxo-2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-f]pyrido[3,2,1-ij]quinolin-9-yl)acetic 

acid (31) (31). From ClTi(OiPr)3 (2.262 mL, 6.75 mmol) in toluene (9 mL), 8-hydroxyjulodin 

(0.851 g, 4.5 mmol) and dimethyl 3-oxoglutarate (681 µL, 4.5 mmol), compound 31 as methyl 

ester was obtained, according to General Procedure A and used without further purification in the 

next step. 1H NMR (500 MHz, CDCl3): δ 6.99 (s, 1H, H-8), 5.98 (s, 1H, H-10), 3.70 (s, 3H, CH3), 

3.61 (s, 2H, CH2CO2CH3), 3.26 (q, J = 6.0 Hz, 4H, CH2-N), 2.89 (t, J = 6.5 Hz, 2H, CH2-Ph), 2.79 
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(t, J = 6.5 Hz, 2H, CH2-Ph), 1.98 (m, 4H, CH2-CH2-CH2). Methyl ester 31 as was then dissolved 

in MeOH (15 mL) and aqueous NaOH solution (1 M, 15 mL) and the mixture was stirred overnight 

at room temperature. The pH was adjusted to 2 with aqueous HCl solution (1 M) and the resulting 

precipitate was recovered by filtration and washed with aqueous HCl solution (0.1 M, 30 mL). 

Compound 31 (0.890 g) was obtained as a yellow powder in 66% yield. Mp 186–187 °C; 1H NMR 

(500 MHz, (CD3)2SO): δ 12.67 (brs, 1H, CO2H), 7.05 (s, 1H, H-8), 5.94 (s, 1H, H-10), 3.71 (s, 

2H, CH2CO2H), 3.24 (m, 4H, CH2-N), 2.71 (m, 4H, CH2-Ph), 1.88 (m, 4H, CH2-CH2-CH2); 13C 

NMR (126 MHz, (CD3)2SO): δ 170.8 (CO2H), 160.7 (C=O), 150.7, 150.1, 145.5 (Cq-Ar), 122.0 

(CH-Ar), 117.7 (Cq-Ar), 108.3 (CH-Ar), 107.4, 105.6 (Cq-Ar), 49.2, 48.6 (CH2-N), 37.2 

(CH2CO2H), 27.0, 20.9, 20.0, 19.9 (CH2); MS: (ESI+), m/z (%): [M + H]+ = 300.1 (80%); [2M + 

Na]+ = 621.1 (100%).

3-(3,6-Dihydroxy-xanthen-9-ylidene)propanoic acid (32). A stirred mixture of succinic 

anhydride (2.50 g, 25 mmol, 0.5 eq) and resorcinol (2.75 g, 25 mmol, 1 eq) in aqueous H2SO4 

solution (70%, 30 mL) was heated to 140 °C for 4 h. The reaction mixture was then cooled to room 

temperature and poured into H2O (500 mL). The stirred solution was alkalinized to pH 12 with 

aqueous NaOH solution (50%), while the temperature was kept at 0 °C. Acetic acid was added to 

the solution until pH 4, and the resulting brown precipitate was filtered. The filtrate was washed 

with H2O (3×25 mL), acetone (15 mL), and dried under reduced pressure to give pure compound 

32 (3.28 g) as an orange solid in 92% yield from resorcinol. 1H NMR (500 MHz, (CD3)2SO): δ 

7.51 (d, 1H, J = 8.5 Hz, H-Ar), 7.41 (d, 1H, J = 8.5 Hz, H-Ar), 6.656.47 (m, 4H, H-Ar), 5.87 (t, 

1H, J = 7.0 Hz, C=CH), 3.31 (d, 2H, J = 7.0 Hz, CH2-CH); 13C NMR (126 MHz, (CD3)2SO): δ 

173.5 (CO2H), 158.2, 157.9 (Cq-OH), 153.0, 151.3 (Cq-Ar), 128.6 (CH-Ar), 125.7 (Cq-Ar), 124.3, 

116.1 (CH-Ar), 114.0, 113.1 (Cq-Ar), 112.0 (CH-Ar), 110.8 (=CH), 102.6, 102.3 (CH-Ar), 36.3 
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(CH2); MS: (ESI+), m/z (%): [M + H]+ = 285.1 (100%);  455 nm,  516 nm,  (max) λmax
abs = λmax

em =

= 5140 M-1cm-1, Ф = 0.243. 

4-Hydroxymethyl-7-methoxymethoxy-coumarin (33). Compound 27 (0.576 g, 3 mmol, 1 eq) was 

suspended in CH2Cl2 at 0 °C. DIEA (272 µL, 3.6 mmol, 1.2 eq) and MOM-Cl (627 µL, 3.6 mmol, 

1.2 eq) were added dropwise, and the solution was stirred for 45 min at 0 °C. After evaporation 

under reduced pressure, H2O (10 mL) was added to the residue and the resulting precipitate was 

recovered by filtration and dried under vacuum. Compound 33 (0.511 g) was obtained as a white 

solid in 71% yield. 1H NMR (500 MHz, (CD3)2SO): δ 7.63 (d, J = 8.5 Hz, 1H, H-5), 7.04 (d, J = 

2.5 Hz, 1H, H-8), 7.00 (dd, J = 8.5 Hz, J = 2.5 Hz, 1H, H-6), 6.32 (s, 1H, H-3), 5.30 (s, 2H, 

OCH2O), 4.72 (s, 2H, CH2OH), 3.39 (s, 3H, CH3); 13C NMR (126 MHz, (CD3)2SO): δ 160.3 

(C=O), 159.4 (Cq-7), 156.4 (Cq-4), 154.4 (Cq-8a), 125.4 (CH-5), 113.1 (CH-6), 111.5 (Cq-4a), 

103.2, 103.1 (CH-3, CH-8), 93.9 (OCH2O), 59.0 (CH2OH), 58.9 (CH3); MS: (ESI+), m/z (%): [M + 

H]+ = 237.1 (100%).

7-(Methoxymethoxy)-4-(Fmoc-oxymethyl)-coumarin (34). Fmoc-Cl (0.206 g, 0.8 mmol, 1.2 eq) 

was added by portion over 30 min to a solution of compound 33 (0.160 g, 0.68 mmol, 1eq) in dry 

pyridine (3 mL). After stirring 2 h at room temperature, the reaction mixture was diluted with 

EtOAc (20 mL) and washed with brine (3×20 mL). The organic layer was dried, filtered and 

evaporated under vacuum. The residue was purified by silica-gel column chromatography 

(cyclohexane/EtOAc: 9/1 to 7/3). Compound 34 (0.108 g) was obtained as a white powder in 34% 

yield. 1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 7.5 Hz, 2H, H-Ar), 7.59 (d, J = 7.5 Hz, 2H, H-

Ar), 7.40 (m, 3H, H-Ar), 7.31 (t, J = 6.5 Hz, 2H, H-Ar), 7.03 (d, J = 2.5 Hz, 1H, H-8), 6.97 (dd, J 

= 9.0 Hz, J = 2.5 Hz, 1H, H-6) 6.38 (t, J = 1.5 Hz, 1H, H-3), 5.29 (d, J = 1.5 Hz, 2H, CH2‒Coum), 

5.22 (s, 2H, OCH2O), 4.48 (d, J = 7.0 Hz, 2H, CH2CH), 4.26 (t, J = 7.0 Hz, 1H, CH2CH), 3.47 (s, 
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3H, CH3); 13C NMR (126 MHz, CDCl3): δ 160.7, 160.6 (C=O, Cq-O), 155.5 (OCO2), 154.7 

(Cq-OMOM), 148.4 (Cq-Ar), 143.2, 141.5 (2×Cq-Ar), 128.2, 127.4, 125.3 (2×CH-Ar), 124.6 

(CH-Ar), 120.3 (2×CH-Ar), 113.8 (CH-Ar), 111.5 (Cq-Ar), 111.1, 104.5 (CH-Ar), 94.6 (OCH2O), 

70.7 (CH2CH), 64.7 (CH2‒Coum), 56.6 (CH3), 46.9 (OCH2CH); MS: (ESI+), m/z (%): [M + H]+ 

= 459.3 (100%). 

7-Hydroxy-4-(Fmoc-oxymethyl)-coumarin (35). Compound 34 (0.090 g, 0.2 mmol) was 

supended in CH2Cl2 (1.5 mL) at 0 °C and TFA (1.5 mL) was added. The solution was stirred 1.5 

h at room temperature. After evaporation of the solvents, the residue was purified by silica gel 

column chromatography (cyclohexane/EtOAc: 9/1 to 7/3). Compound 35 (0.069 g) was obtained 

as a white powder in 83% yield. 1H NMR (500 MHz, (CD3)2SO): δ 10.63 (s, 1H, OH), 7.89 (d, J 

= 7.5 Hz, 2H, H-Ar), 7.66 (d, J = 7.5 Hz, 2H, H-Ar), 7.51 (d, J = 8.5 Hz, 1H, H-5), 7.41 (t, J = 7.5 

Hz, 2H, H-Ar), 7.32 (t, J = 7.5 Hz, 2H, H-Ar), 6.81 (dd, J = 8.5 Hz, J = 2.5 Hz, 1H, H-6), 6.75 (d, 

J = 2.5 Hz, 1H, H-8), 6.08 (s, 1H, H-3), 5.33 (s, 2H, CH2‒Coum), 4.61 (d, J = 6.0 Hz, 2H, 

OCH2CH), 4.34 (t, J = 6.0 Hz, 1H, OCH2CH); 13C NMR (126 MHz, (CD3)2SO): δ 161.4, 159.9, 

155.0 (Cq-O), 153.9 (OCO2), 149.7 (Cq-Ar), 143.2 (2×Cq-Ar), 140.8 (2×Cq-Ar), 127.7, 127.1 

(2×CH-Ar), 125.9 (CH-Ar), 124.8, 120.2 (2×CH-Ar), 113.0 (CH-Ar), 108.9 (Cq-4a), 108.4 (CH-

3), 102.4 (CH-8), 69.2 (OCH2CH), 64.6 (CH2‒Coum), 46.3 (OCH2CH); HPLCMS (Method B): 

tR = 14.1 min; MS: (ESI+), m/z (%): [M + H]+ = 415.1 (100%); [2M + Na]+ = 850.9 (60%); HRMS 

(ESI) calcd for [C25H18O6  H] : 413.1030; found: 413.1040;   324 nm,  399 nm, λmax
abs = λmax

em =

 (max) = 4760 M-1cm-1, Ф = 0.243.

N6-((Benzyloxy)carbonyl-N2-(2-(7-hydroxy-2-oxo-2H-chromen-4-yl)acetyl)-L-lysine (36). 

7-Hydroxy-4-carboxymethyl-coumarin (0.220 g, 1 mmol, 1 eq), HBTU (0.417 g, 1.1 mmol, 

1.1 eq) and HOBt (0.148 g, 1.1 mmol, 1.1 eq) were diluted in anhydrous DMF (3 mL). DIEA 
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(380 µL, 2.2 mmol, 2.2 eq) was added dropwise and the resulting solution was stirred few min, 

then a solution of HCl.Lys(Cbz)-OMe (0.331 g, 1 mmol, 1 eq) in DMF (1 mL) was added. The 

reaction mixture was stirred overnight at room temperature and DMF was evaporated. The residue 

was diluted in EtOAc (50 mL), washed with brine (3×40 mL), dried (Na2SO4), filtered and 

evaporated. The ester compound was diluted with THF (4 mL) and a solution of aqueous LiOH 

(0.5 M, 4 mL) and stirred 2 h at room temperature. After evaporation THF, pH was adjusted to 2 

with aqueous HCl solution (1 M) and extracted with EtOAc (2×40 mL). Organic layers were dried 

(Na2SO4), filtered and evaporated. The residue was purified by column chromatography on silica 

gel (CH2Cl2/MeOH/AcOH: 85/15/1). Compound 36 (0.090 g) was obtained as a white powder in 

19% yield. Mp 78–79 °C; 1H NMR (500 MHz, CD3OD): δ 7.47 (d, J = 8.5 Hz, 1H, H-Ar), 7.17 

(m, 5H, H-Ph), 6.64 (d, J = 8.5 Hz, 1H, H-Ar), 6.54 (s, 1H, H-Ar), 6.06 (s, 1H, H-Ar), 4.89 (s, 2H, 

CH2-Ph), 4.19 (m, 1H, H-), 3.60 (s, 2H, CH2―Coum), 2.93 (m, J = 6.5 Hz, 2H, H-), 1.70, 1.56 

(2m, 2H, H-), 1.341.25 (m, 4H, H-, H-); 13C NMR (126 MHz, CD3OD): δ 175.2 (CO2H), 

170.8 (CONH) 163.1, 163.0, 158.9 (CO-Coum), 156.8 (NHCO2), 152.6, 138.7 (Cq-Ar), 129.7 

(2×CH-Ar), 129.1 (CH-Ar), 128.9 (2×CH-Ar), 127.9, 114.4 (CH-Ar), 113.2 (CH-Ar, Cq-Ar), 

103.8 (CH-Ar), 67.3 (OCH2-Ph), 66.9 (CH2―Coum), 54.0 (C-), 41.6 (C-), 32.2 (C-), 30.6 (C-

), 24.3 (C-); HPLC (Method A-2): tR = 13.2 min; HPLCMS (Method B): tR = 11.8 min; MS: 

(ESI+), m/z (%): [M + H]+ = 483.1 (100%), [M  CO2 + H]+ = 439.4 (20%); MS: (ESI), m/z (%): 

[M  H] = 481.3 (100%), [M  C7H8O  H] = 373.2 (50%); HRMS (ESI) calcd for [C25H26N2O8 

 H] : 481.1616; found: 481.1619;  324 nm,  399 nm,  (max) = 9880 M-1cm-1, λmax
abs = λmax

em =

Ф = 0.0904. 

N6-((Benzyloxy)carbonyl-N2-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)acetyl)-L-lysine 

(37). From 7-dimethylamino-4-carboxymethyl-coumarin 29 (0.125 g, 0.5 mmol, 1 eq), 
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HCl.Lys(Cbz)-OMe (0.165 g, 0.6 mmol, 1.1 eq), HBTU (0.220 g, 0.6 mmol, 1.1 eq) and DIEA 

(346 µL, 2.0 mmol, 4 eq), compound 37 (0.128 g) was obtained by filtration, as a yellow powder 

in 50% yield, according to General Procedure B. 1H NMR (500 MHz, (CD3)2SO): δ 8.55 (d, J = 

7.0 Hz, 1H, NH), 7.56 (d, J = 9.0 Hz, 1H, H-5), 7.30 (m, 6H, H-Ph, NH), 6.66 (d, J = 9.0 Hz, 1H, 

H-6), 6.54 (s, 1H, H-8), 6.04 (s, 1H, H-3), 5.00 (s, 2H, CH2-Ph), 4.16 (m, 1H, H-), 3.67 (s, 2H, 

CH2‒Coum), 3.00 (m, 8H, H-, CH3), 1.71, 1.61 (2m, 2H, H-), 1.39-1.30 (m, 4H, H-, H-); 13C 

NMR (126 MHz, (CD3)2SO): δ 173.4 (CO2H), 168.0 (CONH) 160.7, 156.0 (CO-Coum), 155.3 

(NHCO2), 152.8 (Cq-Ar), 151.3 (Cq-N(Me)2), 137.7 (Cq-Ar), 128.3 (2×CH-Ar), 127.7 

(3×CH-Ar), 126.0 (CH-Ar), 109.3 (CH-Ar), 108.9 (CH-Ar), 108.2 (Cq-Ar), 97.5 (CH-Ar), 65.1 

(OCH2-Ph), 52.00 (C-), 40.1 (C-, 2xNCH3), 38.4 (CH2‒Coum), 30.6 (C-), 29.0 (C-), 22.7 

(C-); HPLC (Method A-2): tR = 14.4 min; HPLCMS (Method B): tR = 13.7 min; MS: (ESI+), 

m/z (%): [M + H]+ = 510.1 (100%), [M  CO2 + H]+ = 466.3 (20%); MS: (ESI), m/z (%): [M  

H] = 508.3 (100%): HRMS (ESI) calcd for [C27H31N3O7  H] : 508.2089; found: 508.2089; λmax
abs

 373 nm,  448 nm, Ф = 0.714,  (max) = 16800 M-1cm-1. = λmax
em =

N6-((Benzyloxy)carbonyl-N2-(2-(7-(diethylamino)-2-oxo-2H-chromen-4-yl)acetyl)-L-lysine 

(38). From 7-diethylamino-4-carboxymethyl-coumarin 30 (0.275 g, 1.0 mmol, 1 eq), 

HCl.Lys(Cbz)-OMe (0.360 g, 1.2 mmol, 1.2 eq), HBTU (0.440 g, 1.2 mmol, 1.2 eq) and DIEA 

(865 µL, 5.0 mmol, 5 eq), compound 38 (0.128 g) was obtained by filtration, as a yellow powder 

in 19% yield, according to General Procedure B. 1H NMR (500 MHz, (CD3)2SO): δ 8.54 (d, J = 

7.5 Hz, 1H, NH), 7.52 (d, J = 9.0 Hz, 1H, H-5), 7.30 (m, 6H, H-Ph, NH), 6.66 (dd, J = 9.0 Hz, J = 

2.5 Hz, 1H, H-6), 6.54 (d, J = 2.5 Hz, 1H, H-8), 5.99 (s, 1H, H-3), 5.00 (s, 2H, CH2-Ph), 4.15 (m, 

1H, H 3.65 (s, 2H, CH2‒Coum), 3.41 (q, J = 7.0 Hz, 4H, N(CH2CH3)2), 2.96 (m, 2H, H-), 

1.72, 1.60 (2m, 2H, H-), 1.45-1.26 (m, 4H, H-, H-), 1.10 (t, J = 7.0 Hz, 6H, N(CH2CH3)2); 
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13C NMR (126 MHz, (CD3)2SO): δ 173.4 (CO2H), 168.0 (CONH), 160.7, 156.0 (CO-Coum), 

155.7 (NHCO2), 151.2 (Cq-Ar), 150.3 (Cq-N(Me)2), 137.3 (Cq-Ar), 128.3 (2×CH-Ar), 127.7 

(3×CH-Ar), 126.3 (CH-Ar), 108.8 (CH-Ar), 108.5 (CH-Ar), 107.7 (Cq-Ar), 96.8 (CH-Ar), 65.1 

(OCH2-Ph), 52.0 (C-), 44.0 (2xNCH2CH3), 40.1 (C-), 38.4 (CH2Coum), 30.6 (C-), 29.0 (C-

), 22.7 (C- 12.3 (2xNCH2CH3); HPLC (Method A-2): tR = 15.9 min; HPLCMS (Method B): 

tR = 14.7 min; MS: (ESI+), m/z (%): [M + H]+ = 538.1 (100%), [2M + H]+ = 1074.9 (90%), [M  

CO2 + H]+ = 494.4 (20%); HRMS (ESI) calcd for [C29H35N3O7  H] : 536.2402; found: 

536.2402;  379 nm,  446 nm,  (max) = 18600 M-1cm-1, Ф = 0.749. λmax
abs = λmax

em =

N6-((Benzyloxy)carbonyl-N2-(2-oxo-1,2-dihydroquinoline-4-carbonyl)-L-lysine (39). From 

4-carboxy-quinolin-2-one (0.189 g, 1.0 mmol, 1 eq), HCl.Lys(Cbz)-OMe (0.364 g, 1.1 mmol, 1.1 

eq), HBTU (0.420 g, 1.1 mmol, 1.1 eq) and DIEA (692 µL, 4 mmol, 4 eq), compound 39 (0.168 

g) was obtained, after purification by column chromatography on silica gel 

(CH2Cl2/MeOH/AcOH: 85/15/1), as a white powder in 43% yield, according to General 

Procedure B. Mp 214–215 °C; 1H NMR (500 MHz, (CD3)2SO): δ 11.94 (brs, 1H, CO2H), 8.51 (d, 

J = 7.5 Hz, 1H, H-Ar), 7.80 (d, J = 8.5 Hz, 1H, NH), 7.50 (t, J = 7.5 Hz, 1H, H-Ar), 7.357.21 (m, 

7H, H-Ar, H-Ph), 7.17 (t, J = 7.5 Hz, 1H, H-Ar), 6.53 (s, 1H, H-Ar), 4.98 (s, 2H, CH2-Ph), 4.27 

(m, 1H, H-), 2.99 (m, 2H, H-), 1.85, 1.64 (2m, 2H, H-), 1.461.34 (m, 4H, H-, H-); 13C 

NMR (126 MHz, (CD3)2SO): δ 173.0 (CO2H), 165.3 (CONH-Ar), 161.4 (CO-Ar) 156.0 (NHCO2), 

146.6 (Cq-Ar), 139.2 (Cq-Ar), 137.3 (Cq-Ar), 130.6 (CH-Ar), 128.3 (2×CH-Ar), 127.6 (3×CH-

Ar), 126.2 (Cq-Ar), 121.9 (CH-Ar), 119.5 (CH-Ar), 116.4 (CH-Ar), 115.5 (CH-Ar), 65.1 

(OCH2-Ph), 53.6 (C-), 40.2 (C-), 31.1 (C-), 29.2 (C-), 23.0 (C-); HPLC (Method A-2): tR = 

12.8 min; HPLCMS (Method B): tR = 11.8 min; MS: (ESI+), m/z (%): [M + H]+ = 452.3 (100%), 

[M  CO2 + H]+ = 408.3 (20%); MS: (ESI), m/z (%): [M ‒ H] = 450.6 (20%); [2M ‒ H] = 902.0 
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(100%); HRMS (ESI) calcd for [C24H25N3O6 ‒ H] : 450.1670; found: 450.1669;  332 nm, λmax
abs =

 434 nm,  (max) = 16700 M-1cm-1, Ф = 0.0101. λmax
em =

N6-((Benzyloxy)carbonyl-N2-(3-(3,6-dihydroxy-9H-xanthen-9-ylidene)propanoyl)-L-lysine 

(40). From compound 32 (0.384 g, 1.0 mmol, 1 eq), HBTU (0.417 g, 1.1 mmol, 1.1 eq) and HOBt 

(0.148 g, 1.1 mmol, 1.1 eq) were diluted with anhydrous DMF (3 mL). DIEA (380 µL, 2.2 mmol, 

2.2 eq) was added dropwise and this solution was stirred for few min, then a solution of 

HCl.Lys(Cbz)-OMe (0.331 g, 1.0 mmol, 1 eq) in DMF (1 mL) was added. The solution was stirred 

overnight at room temperature then, the solvent was evaporated, and the residue was diluted in 

EtOAc (50 mL). The organic layer was washed with brine (3×40 mL), dried (Na2SO4), filtered and 

evaporated. The mixture was diluted with a solution of aqueous LiOH (0.5 M)/THF (40 mL, 1/1) 

and stirred 2 h at room temperature. After evaporation of THF, the pH was adjusted to 2 with 

aqueous HCl solution (1 M) and extracted with EtOAc (2×40 mL). Organic layer was dried 

(Na2SO4), filtered and evaporated. The residue was purified by column chromatography on silica 

gel (CH2Cl2/MeOH/AcOH: 85/15/1). Compound 40 (0.045 g) was obtained as a red powder in 8% 

yield. Mp 106–107 °C; 1H NMR (126 MHz, (CD3)2SO): δ 7.51 (d, J = 8.5 Hz, 1H, H-Ar), 7.41 (d, 

J = 8.5 Hz, 1H, H-Ar), 7.15 (m, 5H, H-Ph), 6.596.45 (m, 4H, H-Ar), 5.78 (t, J = 7.0 Hz, 1H, 

C=CH), 4.69 (s, 2H, CH2-Ph), 4.25 (m, 1H, H-), 3.31 (d, J = 7.0 Hz, 2H, CH2-CH), 2.88 (m, 2H, 

H-), 1.70, 1.55 (m, 2H, H-), 1.291.18 (m, 4H, H-, H-); 13C NMR (126 MHz, (CD3)2SO): δ 

172.9 (CO2H), 164.8 (CONH), 158.2, 157.9 (Cq-3, Cq-6), 156.0 (NHCO), 153.0 (Cq-Ar), 151.3 

(Cq-Ar), 138.7 (Cq-Ar), 128.3 (CH-Ar), 128.1 (2xCH-Ar), 127.2 (3xCH-Ar), 125.7 (Cq-Ar), 

123.3, 115.7 (CH-Ar), 114.0, 113.1 (Cq-Ar), 112.0 (CH-Ar), 110.8 (=CH), 103.0 (CH-Ar), 102.4 

(CH-Ar), 66.1 (OCH2Ph), 52.6 (C-, 40.6 (C-), 36.3 (CH2CO), 31.0 (C-), 29.1 (C-), 22.6 

(C-); HPLC (Method A-2): tR = 13.7 min and 15.1 min; HPLCMS (Method B): tR = 12.1 min 
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and 12.9 min (2 tautomers); MS: (ESI+), m/z (%): [M + H]+ = 547.2 (100%); MS: (ESI), m/z (%): 

[M ‒ H] = 545.3 (100%), [M  C7H7O  H] = 438.2 (30%); HRMS (ESI) calcd for 

[C30H30N2O8 ‒ H] : 545.1929; found: 545.1956;  455 nm,  516 nm,  (max) = λmax
abs = λmax

em =

5140 M-1cm-1, Ф = 0.243. 

N6-((Benzyloxy)carbonyl-N2-(2-(11-oxo-2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-

f]pyrido[3,2,1-ij]quinolin-9-yl))acetyl)-L-lysine (41). From compound 31 (0.150 g, 0.50 mmol, 1 

eq), HCl.Lys(Cbz)-OMe (0.182 g, 0.55 mmol, 1.1 eq), HBTU (0.209 g, 0.55 mmol, 1.1 eq) and 

DIEA (346 µL, 2.0 mmol, 4 eq), compound 41 (0.033 g) was obtained by filtration, as a yellow 

powder in 12% yield, according to General Procedure B. 1H NMR (500 MHz, CD3OD): δ 7.40 

(m, 5H, H-Ph) 7.15 (s, 1H, H-8), 6.01 (s, 1H, H-10), 5.06 (s, 2H, CH2-Ph), 4.40 (m, 1H, H-), 3.72 

(s, 2H, CH2‒Coum), 3.27 (m, 4H, CH2N), 2.842.71 (m, 6H, 2×CH2-Ar, H-), 1.98-1.91 (m, 5H, 

2 × CH2-CH2-CH2, H-), 1.75 (m, 1H, H-), 1.621.41 (m, 4H, H-, H-); 13C NMR (126 MHz, 

CD3OD): δ 175.6 (CO2H), 171.6 (CONH), 165.3, 161.4 (CO-Coum), 159.1 (NHCO2), 152.7, 

152.3, 147.7 (Cq-Ar), 138.3 (Cq-Ar), 129.6 (2×CH-Ar), 129.1(CH-Ar), 128.8 (3×CH-Ar), 123.3 

(CH-Ar), 118.7 (Cq-Ar), 109.2 (CH-Ar), 108.8 (Cq-Ar), 67.5 (OCH2-Ph), 51.0 (C-, 50.5, 50.4 

(CH2-N), 41.5 (CH2Coum), 40.1 (C-), 32.0 (C-), 30.8 (C-), 28.8 (CH2), 24.1 (C-), 22.5, 21.6, 

21.4 (CH2); HPLC (Method A-2): tR = 17.0 min; HPLCMS (Method B): tR = 15.0 min; MS: 

(ESI), m/z (%): [M ‒ H] = 560.5 (100%), [M  C7H8O  H] = 452.4 (30%); HRMS: (ESI) 

calcd for [C31H35N3O7 ‒ H]: 560.2402; found: 560.2424;  395 nm,  487 nm,  λmax
abs = λmax

em =

(max) = 8870 M-1cm-1, Ф = 0.736. 

N6-((Benzyloxy)carbonyl-N2-(((7-hydroxy-2-oxo-2H-chromen-4-yl)methoxy)carbonyl)-L-lysine 

(42). 7-Hydroxy-4-hydroxy methyl-coumarin 27 (0.150 g, 0.78 mmol, 1eq) and CDI (0.156 g, 0.93 

mmol, 1.2 eq) was added in dry DMF (2 mL) and the solution was stirred for 3 h at room 
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temperature leading to a white precipitate. HCl.Lys(Cbz)-OMe. (0.307 g, 0.93 mmol, 1.2 eq) and 

DIEA (215 µL, 1.25 mmol, 1.6 eq) were added in solution and heated to 80 °C for 1.5 h. After 

cooling to room temperature, the pH was adjusted to 3 with aqueous HCl (1 M) and solution was 

extracted with EtOAc (2×30 mL). Organic layer was washed with H2O (2×20 mL), dried 

(Na2SO4), filtered and evaporated. After purification by column chromatography on silica gel 

(EtOAc), the ester compound was diluted with a solution of aqueous LiOH (0.5 M)/THF (3 mL, 

1/1) and stirred at room temperature for 2 h. THF was removed under vacuum and the pH was 

adjusted to 2 with aqueous HCl solution (1 M), then extracted with EtOAc (2×15 mL). Organic 

layers were dried (Na2SO4), filtered and evaporated. The residue was purified by column 

chromatography on silica gel (CH2Cl2/MeOH/AcOH: 85/15/1). Compound 42 (0.080 g) was 

obtained as a white gum in 21% yield. Mp 72–73 °C; 1H NMR (500 MHz, CD3OD): δ 7.44 (d, J 

= 9.0 Hz, 1H, H-5), 7.28 (m, 5H, H-Ph), 6.76 (dd, J = 8.5 Hz, J = 2.5 Hz, 1H, H-6), 6.68 (d, J = 

2.5 Hz, 1H, H-8), 6.24 (s, 1H, H-3), 5.25 (s, 2H, CH2-Ph), 5.02 (s, 2H, CH2‒Coum), 4.18 (m, 1H, 

H-), 3.11 (t, J = 6.5 Hz, 2H, H-), 1.87,1.72 (2m, 2H, H-), 1.541.42 (m, 4H, H-, H-); 

13C NMR (126 MHz, CD3OD): δ 175.3 (CO2H), 163.5, 163.0, 158.9 (Cq-O) 157.7 (Cq-Ar), 156.7 

(NHCO2), 153.2, 138.4 (Cq-Ar), 129.5 (2×CH-Ar), 128.9 (CH-Ar), 128.7 (2×CH-Ar), 126.4 (CH-

Ar), 114.6 (CH-Ar), 111.0 (Cq-Ar), 108.9 (CH-Ar), 103.9 (CH-Ar), 67.4 (OCH2-Ph), 62.0 

(CH2Coum), 52.9 (C-), 41.6 (C-), 32.4 (C-), 30.4 (C-), 24.1 (C-); HPLC (Method A-2): tR 

= 13.9 min; HPLCMS (Method B): tR = 12.9 min; MS: (ESI+), m/z (%): [M + H]+ = 499.1 (50%); 

[2M + Na]+ = 1019.0 (100%); MS: (ESI), m/z (%): [M ‒ H] = 497.2 (100%); HRMS (ESI) calcd 

for [C25H26N2O9 ‒ H] : 497.1565; found: 497.1567;  324 nm,  395 nm,  (max) = λmax
abs = λmax

em =

11200 M-1cm-1, Ф = 0.12.
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N2-(((9H-Fluoren-9-yl)methoxy)carbonyl)-N6-(2-(7-(dimethylamino)-2-oxo-2H-chromen-4-

yl)acetyl)-L-lysine (44). From 7-Dimethylamino-4-carboxymethyl-coumarin 29 (0.247 g, 1.0 

mmol, 1 eq), Fmoc-Lys-OMe 43 (0.442 g, 1.0 mmol, 1 eq), HBTU (416 mg, 1.1 mmol, 1.1 eq) 

and DIEA (865 µL, 5.0 mmol, 5 eq), compound 44 (0.030 g) was obtained, after purification by 

column chromatography on silica gel (CH2Cl2/MeOH/AcOH: 85/15/1), as a yellow powder in 5% 

yield, according to General Procedure B. 1H NMR (500 MHz, CD3OD): δ 7.76 (d, J = 7.5 Hz, 2H, 

H-Ar), 7.64 (d, J = 7.5 Hz, 2H, H-Ar), 7.51 (d, J = 9.0 Hz, 1H, H-5), 7.36 (t, J = 7.5 Hz, 2H, H-

Ar), 7.28 (t, J = 7.5 Hz, 2H, H-Ar), 6.71 (dd, J = 9.0 Hz, J = 2.5 Hz, 1H, H-6), 6.48 (d, J = 2.5 Hz, 

1H, H-8), 6.02 (s, 1H, H-3), 4.33 (d, J = 6.0 Hz, 2H, OCH2CH), 4.18 (t, J = 6.0 Hz, 1H, OCH2CH), 

4.09 (m, 1H, H-), 3.64 (s, 2H, CH2‒Coum), 3.21 (t, J = 6.5 Hz, 2H, H-) 3.01 (m, 6H, N(CH3)2), 

1.84, 1.68 (2m, 2H, H-), 1.56-1.38 (m, 4H, H-, H-); 13C NMR (126 MHz, CD3OD): δ 177.4 

(CO2H), 167.5 (CONH), 160.7 (CO-Coum), 155.5, 155.3 (Cq-O, NHCO2), 152.7 (Cq-Ar), 151.4 

(Cq-N(Me)2), 143.8, 140.6 (2×Cq-Fmoc), 127.5, 127.0 (2×CH-Fmoc), 126.0 (CH-Ar), 125.2 

(2×CH-Fmoc), 120.0 (2×CH-Fmoc), 109.3 (CH-Ar), 108.9 (CH-Ar), 108.2 (Cq-Ar), 97.4 

(CH-Ar), 65.2 (OCH2CH), 52.00 (C-), 46.7 (OCH2CH), 40.1 (C-), 40.0 (2xNCH3), 38.7 

(CH2Coum), 32.0 (C-), 28.9 (C-), 22.7 (C-); HPLC (Method A-2): tR = 17.7 min; HPLCMS 

(Method B): tR = 15.2 min; MS: (ESI+), m/z (%): [M + H]+ = 598.4 (100%); MS: (ESI), m/z (%): 

[M ‒ H] = 596.3 (100%); HRMS (ESI) calcd for [C34H35N3O7 ‒ H] : 596.24022, found: 

596.24084;  373 nm,  447 nm,  (max) = 17600 M-1cm-1, Ф = 0.599.λmax
abs = λmax

em =

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-S-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-L-

cysteine (45). 4-Chloromethyl-7-hydroxy-coumarin 25 (0.316 g, 1.5 mmol, 1eq) and 

Fmoc-Cys-OH 16 (0.515 g, 1.5 mmol, 1 eq) were diluted in dry THF (7.5 mL), then DIEA (785 

µL, 4.5 mmol, 3 eq) was added dropwise and the solution was stirred overnight at room 
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temperature. After evaporation, the residue was purified by column chromatography on silica gel 

(CH2Cl2/MeOH/AcOH: 85/15/1). Compound 45 (0.272 g) was obtained as a white powder in 35% 

yield. 1H NMR (500 MHz, (CD3)2SO): δ 12.18 (brs, 1H, CO2H), 11.01 (brs, 1H, OH), 7.88 (d, J = 

7.5 Hz, 2H, H-Ar), 7.71 (d, J = 7.0 Hz, 2H, H-Ar), 7.66 (d, J = 8.5 Hz, 1H, H-5), 7.40 (brt, J = 7.5 

Hz, 3H, H-Ar, NH), 7.31 (t, J = 7.5 Hz, 2H, H-Ar), 6.78 (dd, J = 8.5 Hz, J = 2.0 Hz, 1H, H-6), 

6.71 (d, J = 2.0 Hz, 1H, H-8), 6.24 (s, 1H, H-3), 4.29-4.22 (m, 3H, OCH2CH), 4.10 (m, 1H, H-), 

3.91, 3.88 (AB, 2H, CH2Coum), 2.96 (dd, J = 13.5 Hz, J = 4.0 Hz, 1H, H-), 2.80 (dd, J = 13.5 

Hz, J = 4.5 Hz, 1H, H-); 13C NMR (126 MHz, (CD3)2SO): δ 172.0 (CO2H), 161.3 (Cq-7), 160.1 

(CO-Coum), 155.8, 155.4 (Cq-8a, NHCO2), 152.4 (Cq-4), 143.8 (2×Cq-Fmoc), 140.7 

(2×Cq-Fmoc), 127.6, 127.0 (2×CH-Fmoc), 126.9 (CH-5), 125.2 (2×CH-Fmoc), 112.8 (CH-6), 

110.3 (CH-3), 110.0 (Cq-4a), 102.3 (CH-8), 65.6 (OCH2CH), 54.2 (C-), 46.6 (OCH2CH), 33.4 

(C-), 31.3 (CH2Coum); HPLC (Method A-1): tR = 20.3 min; HPLC (Method A-2): tR = 16.2 

min; HPLCMS (Method B): tR = 16.6 min; HPLCMS (Method C): tR = 5.8 min; MS: (ESI+), 

m/z (%): [M + H]+ = 518.2 (100%); MS: (ESI), m/z (%): [M ‒ H] = 516.1 (100%); HRMS (ESI) 

calcd for [C28H23NO7S ‒ H] : 516.1122, found: 516.1126;  328 nm,  399 nm,  λmax
abs = λmax

em =

(max) = 5960 M-1cm-1, Ф = 0.0922.  

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-S-((7-methoxy-2-oxo-2H-chromen-4-yl)methyl)-L-

cysteine (46). 4-Chloromethyl-7-methoxy-coumarin 26 (0.224 g, 1.0 mmol, 1 eq) and Fmoc-Cys-

OH 16 (0.343 g, 1.0 mmol, 1 eq) were diluted in dry DMF (8 mL), then Et3N (278 µL, 2.0 mmol, 

2 eq) was added dropwise and the solution was stirred overnight at room temperature. After 

evaporation, the residue was purified by column chromatography on silica gel 

(CH2Cl2/MeOH/AcOH: 85/15/1). Compound 46 (0.152 g) was obtained as a white powder in 28% 

yield. 1H NMR (500 MHz, (CD3)2SO): δ 7.88 (d, J = 7.5 Hz, 2H, H-Ar), 7.75 (d, J = 8.0 Hz, 1H, 
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H-Ar), 7.75 (d, J = 8.0 Hz, 1H, H-Ar), 7.70 (m, 2H, H-Ar), 7.40 (t, J = 7.5 Hz, 2H, H-Ar), 7.30 (t, 

J = 7.5 Hz, 3H, H-Ar, NH), 6.96 (s, 1H, H-Ar), 6.89 (d, J = 8.0 Hz, 1H, H-Ar), 6.32 (s, 1H, H-3), 

4.33-4.17 (m, 3H, OCH2CH), 4.05 (m, 1H, NHCH), 3.92 (m, 2H, CH2‒Coum), 3.82 (s, 3H, CH3), 

2.98 (dd, J = 13.5 Hz, J = 3.0 Hz, 1H, H-), 2.81 (dd, J = 12.5 Hz, J = 8.5 Hz, 1H, H-); 13C 

NMR (126 MHz, (CD3)2SO): δ 172.1 (CO2H), 162.2 (C=O Coum), 159.9 (Cq-OMe), 155.6, 155.3 

(Cq-O, NHCO2), 152.3 (Cq-Ar), 143.8 (2×Cq-Ar), 140.6 (2×Cq-Ar), 127.5, 127.0 (4×CH-Ar), 

126.7 (CH-Ar), 125.2, 120.0 (4×CH-Ar), 111.8 (CH-Ar), 111.3 (CH-Ar), 111.2 (Cq-Ar), 100.9 

(CH-Ar), 65.6 (OCH2CH), 55.8, 55.7 (C-, OCH3), 46.6 (OCH2CH), 33.7 (C-), 31.3 

(CH2‒Coum); HPLC (Method A-2): tR = 18.0 min; HPLCMS (Method B): tR = 18.0 min; 

HPLCMS (Method C): tR = 10.8; MS: (ESI+), m/z (%): [M + H]+ = 532.2 (100%); (ESI), m/z 

(%): [M ‒ H] = 530.2 (60%), [2M ‒ H] = 1061.3 (100%); HRMS (ESI) calcd for [C29H25NO7S 

‒ H]  : 530.1279, found: 530.1277;  324 nm,  396 nm,  (max) = 8570 M-1cm-1, λmax
abs = λmax

em =

Ф = 0.0428.

N-(((9H-Fluoren-9-yl)methoxy)carbonyl)-S-((6-chloro-7-hydroxy-2-oxo-2H-chromen-4-

yl)methyl)-L-cysteine (47). 4-Chloromethyl-6-chloro-7-hydroxy-coumarin 28 (0.049 g, 0.2 mmol, 

1 eq) and Fmoc-Cys-OH 16 (0.068 g, 0.2 mmol, 1 eq) were diluted in dry DMF (2 mL), then DIEA 

(108 µL, 0.6 mmol, 3 eq) was added dropwise and the solution was stirred overnight at room 

temperature. After evaporation, the residue was purified by column chromatography on silica gel 

(CH2Cl2/MeOH/AcOH: 90/10/1). Compound 47 (0.035 g) was obtained as a white powder in 32% 

yield. 1H NMR (500 MHz, (CD3)2SO): δ 12.85 (brs, 1H, CO2H), 11.38 (brs, 1H, OH-Ar), 7.88 (m, 

2H, H-Ar), 7.75 (d, J = 8.0 Hz, 1H, NH), 7.71 (d, J = 7.5 Hz, 2H, H-Ar), 7.41 (t, J = 7.5 Hz, 2H, 

H-Ar), 7.31 (t, J = 7.5 Hz, 2H, H-Ar), 6.91 (s, 1H, H-Ar), 6.31 (s, 1H, H-3), 4.33-4.15 (m, 4H, 

OCH2CH, H-), 3.96 (m, 2H, CH2‒Coum), 2.95 (dd, J = 13.5 Hz, J = 4.0 Hz, 1H, H-), 2.76 (dd, 
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J = 13.5 Hz, J = 10.0 Hz, 1H, H-); 13C NMR (126 MHz, (CD3)2SO): δ 172.0 (CO2H), 159.6 (CO 

Coum), 156.2, 155.9, 155.8, 153.6, 151.4, 143.8, 143.7 (Cq-Ar), 140.7 (2×Cq-Ar), 127.5, 127.0 

(2×CH-Ar), 126.4 (CH-Ar), 125.2, 125.1 (CH-Ar), 120.0 (2xCH-Ar), 116.7 (Cq-Ar), 111.6 (CH-

Ar), 110.9 (Cq-Ar), 103.4 (CH-Ar), 65.7 (OCH2CH), 53.6 (C-), 46.6 (OCH2CH), 32.7 (C-), 

31.2 (CH2‒Coum); HPLC (Method A-2): tR = 16.8 min; HPLCMS (Method B): tR = 17.6 min; 

HPLCMS (Method C): tR = 8.9 min; MS: (ESI+), m/z (%): [M + H]+ = 552.1 (100%);  MS: (ESI), 

m/z (%): [M ‒ H]  = 550.1 (100%).

Modeling and Docking Computation. Homology Modeling. The human sequence of sialin was 

retrieved from the UniProt database59 under the code Q9NRA2. The DgoT template structure 

6E9N51 was retrieved form the Protein Data Bank. Sequence alignment was carried out using 

CLUSTAL W60 as implemented in Discovery Studio (Dassault Systèmes BIOVIA, Discovery 

Studio, 2019) and further refined manually. The model was generated using MODELER61 and the 

best out of 100 models was selected according to the PDF Total Energy. 

Molecular Docking. Flexible docking of 45 to the inward-facing model was carried out using 

GOLD.53 A set of nine residues with flexible side-chains was used to define the binding site: F50; 

Y54; R57; F115; F116; Y119; F179; Y306; and Y335. The goldscore was used to keep the best 

10 out of 100 poses. Then the pose that showed the best orientation according to the hypothesis 

made from the biological data was selected and further refined through molecular dynamic 

simulation.

Molecular Dynamics Simulations. The system with protein and ligand was prepared in the 

CHARMM-GUI web server62 in order to generate a membrane around the protein and solvate with 

water and ions. A heterogeneous membrane was chosen, made of 90% of POPG and 10% of 

cholesterol, and a TIP3 water model with NaCl (0.15 M) counter ions were chosen for the 
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solvation. The system was typed with CHARMM36m forcefield and NAMD 2.13 was used. The 

system was equilibrated through six constrained simulations for a total of 690ps, by gradually 

diminishing the force constraints at each steps. Following constraints were applied (each value 

represent an equilibration step): protein backbone (10 / 5 / 2.5 / 1 / 0.5 / 0.1 kcal/mol); protein side-

chains (5 / 2.5 / 1.25 / 0.5 / 0.25 / 0.05 kcal/mol); lipid heads (5 / 5 / 2 / 1 / 0.2 / 0 kcal/mol); 

dihedral bonds (500 / 200 / 100 / 100 / 50 / 0 kcal/mol). Then a production dynamics of 20 ns was 

carried out in NPT conditions at 303.15°K without any constraints.

Cell culture. HeLa and HEK293 cells were grown at 37 °C under 5% CO2 in glucose-rich, 

Glutamax-I-containing Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS), 100U/ml penicillin and 100 µg/ml streptomycin.

Fibroblasts from Salla patients were obtained from the Finnish Institute for Health and Welfare 

(THL), Helsinki, Finland, and used in this study with ethical permission no 78/13/03/00/16 (22 

March 2016), issued by the Ethics Committee of the Helsinki and Uusimaa Hospital District, 

Finland. The fibroblasts tested for sialic acid storage rescue carried compound heterozygote 

mutations in the SLC17A5 gene: 115c→t/1007-1008del, corresponding to 

p.Arg39Cys/p.Leu336Trpfs at the protein level. Fibroblasts were grown at 37 °C under 5% CO2 

in glucose-rich, Glutamax-I-containing DMEM supplemented with 20% FBS, 100U/ml penicillin 

and 100 µg/ml streptomycin. 

Expression of recombinant sialin. HeLa cells were transfected either by electroporation or 

lipofection. For electroporation, 2×106 HeLa cells in 50 µl ice-cold phosphate-buffer saline (PBS; 

pH 7.4) were mixed with 5 µg wild-type or R39C pEGFP-C2-sialin plasmid6 and immediately 

subjected to 10 square pulses (200 V, 3 ms) delivered at 1 Hz by a GHT 1287 electropulsator 

(Jouan) with 4-mm-spaced electrodes. Cells were then diluted with 7 ml culture medium and 
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distributed into 14 wells from a 24-well culture plate containing glass coverslips. For lipofection, 

HeLa were plated (100 000 cells/well) into 24-well plates containing glass coverslips and 

transfected on the following day with LipofectamineTM 2000 (Invitrogen) according to the 

manufacturer’s protocol. 

HEK 293 cells were plated (250 000 cells/well) into poly-D-lysine-coated 24-well plates and 

lipofected similarly with a construct carrying a sorting motif mutation6 (pEGFP-C2-sialin 

L22G/L23G) to express human sialin at the plasma membrane. 

Radiotracer flux assays. N-acetyl [6-3H]neuraminic acid (20 Ci/mmol) and [4,5-3H] 

Fmoc-L-Leucine (50 Ci/mmol) were purchased from American Radiolabeled Chemicals. L-

[1,2,1',2’-14C]-cystine (200 mCi/mmol) and L-[2,3,4,5-3H]-proline (75 Ci/mmol) were from 

Perkin Elmer. [3H]Neu5Ac uptake into whole HEK293 cells was measured 2 days after 

transfection as described6 with minor changes. Cells were briefly washed and incubated for 15 min 

at room temperature with [3H]Neu5Ac (12.5 nM; 0.05 µCi/well) in a medium buffered with MES-

Na+ pH 5.0. After 2 brief ice-cold washes, the cellular radioactivity in the cells was counted by 

liquid scintillation with a Tri-Carb 4910TR counter (PerkinElmer). For classical experiments, 

inhibitors were added simultaneously with [3H]Neu5Ac. However, for some experiments (Figure 

6), inhibitors were pre-incubated for 15 min at pH 5.0, followed by 15- or 30-min washes in a 

medium buffered at pH 7.0 with MOPS-Na+ before measuring [3H]Neu5Ac transport. For 

saturation kinetics, incubation was shortened to 10 min to keep measurements within the linear 

phase of uptake at all [3H]Neu5Ac concentrations.

[3H]-Fmoc-Leu-OH uptake was measured similarly using 2 µM (one tenth of IC50) and 0.05 

µCi/well of the tracer. To compare Fmoc-Leu-OH and Neu5Ac in Figure S1, [3H]Neu5Ac 

transport was measured at a similar transporter occupancy (100 µM; 0.05 µCi/well).
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Human cystinosin and rat LYAAT1 were assayed at the plasma membrane of HEK293 cells in 

MES-Na+ pH 5.0 buffer one day after lipofection using [14C]cystine (20 µM; 0.08 µCi/well) and 

[3H]proline (100 µM; 0.1 µCi/well) as substrates, respectively, as previously described.46,47  

Immunofluorescence analysis. Sialin distribution was analyzed 2 days after transfection as 

described.6 Cells were fixed with 4% paraformaldehyde. After quenching with 50 mM NH4Cl and 

several washes, cells were permeabilized and blocked with 0.05% saponin and 0.2% BSA in PBS 

buffer containing Ca2+ and Mg2+. Coverslips were then incubated for ≥1 h with mouse anti-LAMP1 

antibodies (H4A3; Developmental Studies Hybridoma Bank) at 0.75 µg/ml in blocking buffer, 

washed and incubated with Cy3-conjugated donkey anti-mouse antibodies (Jackson 

ImmunoResearch) at 1.4 µg/ml in the same buffer. Coverslips were then washed and mounted on 

glass slides with Fluoromount-G (SouternBiotech). Epifluorescence micrographs were acquired 

under a 100× objective lens with a Nikon Eclipse TE-2000 microscope equipped with a CCD 

camera (Coolsnap). The intracellular distribution of recombinant sialin was classified into 3 

categories (see Figure 8B) by an independent observer in a blind manner. In other experiments, 

sialin/LAMP1 colocalization was quantitated by assessing the spatial correlation between pixel 

intensities of the green and red channels. Dual-color images were imported into the Fiji version 

(http://fiji.sc) of ImageJ63 and the Substract Background and Coloc 2 plugins were used to calculate 

Pearson’s correlation coefficients across 20 to 25 cells per condition. Statistical analysis was made 

using Kruskal-Wallis nonparametric one-way ANOVA with post hoc Dunn’s test. To test the 

effect of 45 on sialin localization, the compound was added during the transfection step. The 45-

supplemented culture medium was replaced by a fresh one every day until 4 h before cell fixation.

Quantification of sialic acid levels in cells by mass spectrometry. Two confluent 75-cm2 

flasks of human fibroblasts were used for each measurement. Cells were cultured for 2 days in the 
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presence of 30 or 168 µM 45 in 0.3% DMSO, or with DMSO alone for control, at 37 °C under 5% 

CO2. The 45-supplemented culture medium was replaced by a fresh one twice. After the 2 days, 

cells were detached by trypsinization, washed with ice-cold PBS and centrifuged. The resulting 

cell pellets were flash-frozen and kept at -20 °C until measurement.

Sialic acid measurements were done with some differences in two laboratories. In one protocol, 

pellets were submitted to osmolysis by addition of 100 µL ultrapure water (1 h, 4 °C) and 

subsequently sonicated (3×20 s with 10-s resting intervals). At this stage, protein concentration 

was determined for further normalization using Micro BCA Protein Assay Kit (ThermoFisher). 

After centrifugation (3000 rpm, 10 min, 4°C), 3 volumes of ice-cold EtOH were added to the 

supernatant and the mixture was kept overnight at –20 °C and centrifuged at 10,000 rpm for 10 

min to precipitate glycoproteins. The new supernatant (containing free saccharides) was dried 

under nitrogen flow while the new pellet was pooled with the previous one to extract protein- and 

lipid-bound saccharides. All samples were subsequently treated with 100 µL of trifluoroacetic acid 

(TFA) 0.1 M, 2 h, 80 °C for selective release of bound sialic acids and dried overnight into a 

vacuum concentrator (Concentrator 5301, Eppendorf). Dried samples were incubated with 50 µL 

of the derivatization solution containing 1,2-diamino-4,5-methylenedioxybenzene 

dihydrochloride (DMB, 7 mM), 2-mercaptoethanol (1 M), Na2S2O4 (18 mM), and TFA (20 mM) 

for 2 h, at 50 °C, in the dark. Samples were kept at -20 °C before analysis. Quantitative analyses 

were performed by micro-LC/ESI MRM-MS3 in positive ion mode on an amazon speed ETD ion 

trap mass spectrompeter (Bruker Daltonics) equipped with a standard ESI source and controlled 

by Hystar software (ver. 3.2). The identification of MS2 fragment ions was based on previous 

papers.64,65 DMB-coupled sialic acids separation was achieved on Prominence LC-20AB micro 

LC system (Shimadzu). Samples were diluted 10-fold in formic acid (0.1 %) and dilutions were 
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applied (5 µL) to a Luna 3µm analytical column (C18, 100 Ǻ, 150x1 mm, Phenomenex) with 

isocratic elution in acetonitrile/methanol/water (4:6:90, v/v/v) at 60 µL.min-1. Multiple reaction 

monitoring (MRM) of MS3 was used for DMB-coupled sialic acids quantification (ion spray 

voltage 4500 V, dry gas slow rate 8 L.min-1). Absolute quantifications were calculated by 

comparing ion intensities to a standard curve established for DMB-coupled sialic acids (Neu5Ac, 

Neu5Gc, KDN). Results were normalized for total protein amount (nmol of sialic acids/mg of 

protein).

In another protocol, 250 µL of a 85 µmol/L solution of Neu5Ac 1,2,3-13C3 (internal standard, 

IS; Sigma-Aldrich, ref. 649694) was added to each fibroblast pellet. Samples were sonicated (3×10 

s with 5-s resting intervals in ice) and assayed for protein concentration. For free sialic acid, 100 

µL of this homogenate were mixed with 150 µL acetonitrile (ACN), homogenized and centrifuged. 

For total sialic acid, 100 µL homogenate were mixed with 200 µL sulphuric acid (63 mM) and 

incubated for 1 hour at 80 °C for hydrolysis. Samples were supplemented with 450 µL ACN, 

homogenized and centrifuged. The two supernatants (free and bound sialic acid) were quantitated  

by LC/MS2 as described.66 Transitions 308.1>86.9 (for Neu5Ac) and 311.1>89.9 (for IS) were 

monitored with a declustering potential of -50V and a collision energy of -16V. Peak integration 

was performed with the Analyst software (version 1.6.2, Applied Biosystems©; smoothing width: 

3 points). Neu5Ac concentrations were calculated from the Neu5Ac area/IS area ratio and the 

calibration curve (linear through zero), and normalized to protein concentration. 
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