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A B S T R A C T   

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a key glycolytic enzyme, plays a crucial role in the energy 
metabolism of cancer cells and has been proposed as a valuable target for the development of anticancer agents. 
Among a series of 5-substituted 3-bromo-4,5-dihydroisoxazole (BDHI) derivatives, we identified the spirocyclic 
compound 11, which is able to covalently inactivate recombinant human GAPDH (hGAPDH) with a faster 
reactivity than koningic acid, one of the most potent hGAPDH inhibitors known to date. Computational studies 
confirmed that conformational rigidification is crucial to stabilize the interaction of the inhibitor with the 
binding site, thus favoring the subsequent covalent bond formation. Investigation of intrinsic warhead reactivity 
at different pH disclosed the negligible reactivity of 11 with free thiols, highlighting its ability to selectively react 
with the activated cysteine of hGAPDH with respect to other sulfhydryl groups. Compound 11 strongly reduced 
cancer cell growth in four different pancreatic cancer cell lines and its antiproliferative activity correlated well 
with the intracellular inhibition of hGAPDH. Overall, our results qualify 11 as a potent hGAPDH covalent in
hibitor with a moderate drug-like reactivity that could be further exploited to develop anticancer agents.   

1. Introduction 

The inhibition of human glyceraldehyde-3-phosphate dehydroge
nase (hGAPDH, EC 1.2.1.12), a key enzyme of the glycolytic pathway 
[1], is recognized as a valuable strategy for anticancer therapy [2–4]. 
The rationale behind this approach lies in the well-known Warburg ef
fect, i.e., the shift of cancer cell metabolism from aerobic respiration to 
fermentation [5,6]. Indeed, most cancer cells convert glucose into 
lactate even in the presence of oxygen, and their metabolism is described 
as ‘aerobic glycolysis’. As tumor cells show an increased dependence on 
glycolysis to meet their energy needs, they are more sensitive to 
hGAPDH inhibition than normal cells. Although hGAPDH is a ubiquitous 

enzyme, the increased dependence on hGAPDH activity and its over
expression in cancer cells led to the identification of this enzyme as a 
promising molecular target for cancer treatment [7]. Besides its role in 
glycolysis, hGAPDH exhibits several non-enzymatic ‘moonlighting’ 
roles. For example, cytoplasmic hGAPDH regulates mRNA stability and 
ER-to-Golgi trafficking, whereas nuclear hGAPDH modulates autophagy 
[8], and gene expression [9–11]. Moonlighting hGAPDH has also an 
emerging role in tumorigenesis [9], and this discovery further boosted 
the interest in its inhibition as a strategy for cancer therapy. 

GAPDH catalyzes the conversion of glyceraldehyde 3-phosphate 
(GAP) into 1,3-biphosphoglycerate (1,3-BPG) [1], with the concomi
tant reduction of nicotinamide adenine dinucleotide (NAD+) to NADH. 

Abbreviations: hGAPDH, human glyceraldehyde-3-phosphate dehydrogenase; GAP, glyceraldehyde 3-phosphate; 1,3-BPG, 1,3-biphosphoglycerate; NAD+, nico
tinamide adenine dinucleotide; PfGAPDH, Plasmodium falciparum GAPDH; GSH, glutathione; DBF, dibromoformaldoxime; BDHI, 3-bromo-4,5-dihydroisoxazole; KA, 
koningic acid; PL, pentalenolactone; EDTA, Ethylenediaminetetraacetic acid; βME, β-mercaptoethanol; MC, Monte Carlo. 
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The catalytic mechanism involves the nucleophilic attack of the thiolate 
side chain of a cysteine residue – C152 in the human ortholog – to the 
electrophilic carbonyl group of glyceraldehyde-3-phosphate. C152 owes 
this reactivity to its low pKa (˷6) and the enhanced nucleophilicity 
associated with the proximity of a histidine residue (H179) [12]. These 
properties make C152 more prone to covalent modifications by elec
trophilic reactive groups, dubbed warheads, leading to the enzyme 
irreversible inhibition [13]. In addition, covalent modifications of the 
catalytic Cys side chain occur physiologically, with S-nitrosylation 
dictating its cellular compartmentalization and apoptosis [11,14]. 

Only a few covalent inhibitors targeting the catalytic Cys of GAPDH – 
mostly used as chemical tools – have been reported [13], but most of 
them are rather small and unselective covalent binders, such as mono
methylfumarate [15] and bromopyruvate [16]. One of the most potent 
GAPDH inhibitors is koningic acid (KA), a natural sesquiterpene isolated 
from Trichoderma koningii (Fig. 1) [17]. KA displays several biological 
activities, ranging from antimicrobial activity against anaerobic bacte
ria, antiparasitic properties [18], and anticancer activity [19,20]. Its 
ability to covalently react with the active site Cys is due to a reactive 
epoxide in its structure. A similar behavior is shown by pentalenolactone 
(PL), isolated from cultures of Streptomyces arenae, another sesquiter
pene lactone containing a reactive epoxide ring [21] (Fig. 1). Highly 
reactive warheads in covalent chemical tools and drugs can lead to 
off-target reactions with cellular nucleophiles such as thiols, including 
glutathione (GSH). To our knowledge, the intrinsic reactivity of GAPDH 
inhibitors with thiols has not been assessed for covalent molecules tar
geting GAPDH, hampering the safe exploitation of these molecules in 
preclinical and early clinical trials. 

We previously developed a series of Plasmodium falciparum GAPDH 
(PfGAPDH) inhibitors as antimalarial agents [22–24], which were 
characterized by a 3-bromo-4,5-dihydroisoxazole (BDHI) nucleus 
exhibiting a tunable electrophilic reactivity towards the catalytic Cys 
depending on its substituents. In addition, we demonstrated the irre
versibility of the reaction between this novel warhead and the catalytic 
Cys and the ability of these compounds to selectively react with the 
active-site Cys residue, sparing the other GAPDH Cys residues [24]. Very 
recently, we demonstrated that BDHI compounds acting as hGAPDH 
inhibitors are able to alter cancer metabolic profile and decrease cancer 
cell growth, without affecting normal cells [7]. 

Herein, starting from the structure of two previously developed 
PfGAPDH [24] and hGAPDH [7] inhibitors (compounds 1 and 2, Fig. 2) 
bearing a 5-aryl-BDHI nucleus, we explored the effects of substituents on 
the BDHI core and prepared a variety of substituted analogs. We built up 
a Structure-Activity Relationship (SAR) study and disclosed the intrinsic 
reactivity of the BDHI-based warhead. Their potency towards hGAPDH 
was tested, and the irreversible mode of action was confirmed. The 
observed SAR was rationalized using molecular modelling studies. 
Evaluation of the antiproliferative activity against pancreatic cancer cell 
lines allowed us to pinpoint 11 as a novel hGAPDH inhibitor with 

potential application as an anticancer agent. Moreover, we revealed that 
the BDHI intrinsic reactivity resembles that of unsubstituted acrylam
ides, the warhead mostly used in covalent clinical candidates and drugs. 
Therefore, the moderately reactive BDHI core could be further exploited 
in irreversible chemical probes to fine-tune electrophilicity and 
off-target reactivity. 

2. Results and discussion 

2.1. Study design 

The identification of 1 and 2 as hGAPDH inhibitors prompted us to 
explore the effect of the phenyl substituents on ligand potency. The 
hydroxyl group of 2 was replaced with a p-carboxylic acid (compound 
3), which is considered an important feature in GAPDH inhibitors since 
both KA and PL (Fig. 1) exhibit this acidic residue. Considering the 
increased potency of 3 (see Fig. 3), we investigated the effect of moving 
the carboxylic acid group in the meta (4) or ortho (5) position, and we 
replaced the p-carboxylic acid function with typical bioisosteric groups 
[25], including sulfonic acid (6), sulfonamide (7) and tetrazole (8). 
Afterwards, we focused on the phenyl/thiophene classical bioisosteric 
replacement [26] and generated compounds 9 and 10. As an alternative 
strategy, inspired by the conformationally rigidified tri- and tetra-cyclic 
compounds KA and PL, we applied a rigidification approach, which is 
often exploited in drug design to minimize the entropic loss required for 
adopting a preferred conformation for binding. Rigidification is a 
powerful strategy for enhancing potency and selectivity for the phar
macological target [27]. The conformational restriction of a flexible 
ligand allowed us to explore a novel chemical space and generated the 
spirocyclic compounds 11 and 12 (Fig. 2). 

2.2. Chemistry 

The synthesis of the novel set of compounds (3–12) was performed 
starting from the appropriate vinyl derivative (Scheme 1), as previously 
reported for compounds 1 and 2 [24]. 

Alkene 22a and 22d were obtained from commercial sources, 
whereas 22b, c, e were prepared by Wittig olefination of the corre
sponding aldehydes 21b, c, e with triphenylphosphonium methyl bro
mide and potassium tert-butylate in dry THF (Scheme 1). All the 
aldehydes were commercially available. Alkenes 25, 26, 29, and 30 
were synthesized from the corresponding commercially available alde
hydes (23 and 24) or ketones (27 and 28), following the same procedure 
described above. Alkene 22g was obtained from commercially available 
4-cyanostyrene 22f by treating it with sodium azide and ammonium 
chloride in dry DMF at reflux. Afterwards, alkenes 22a-e, 22g, 25, 26, 
29, and 30 were submitted to 1,3-dipolar cycloaddition reaction with 
bromonitrile oxide, slowly generated in situ by dehydrohalogenation of 
dibromoformaldoxime (DBF), in an heterogeneous mixture of NaHCO3 
and ethyl acetate [28,29] to afford the desired 3-bromo-4,5-dihydroisox
azole (BDHI) derivatives 3–12. All derivatives were obtained in their 
racemic form. 

2.3. Inhibition of recombinant hGAPDH 

In the search for novel hGAPDH inhibitors, compounds 1–12 were 
assessed as irreversible inhibitors of recombinant hGAPDH using a 
modified version of the Ferdinand assay [23], which consists in the 
detection of NADH production in the presence of GAPDH co-substrates 
GAP and arsenate, forming 1-arseno-3-phosphoglycerate. A pre
liminary screening was carried out for 3 h at a concentration of 100 μM 
(Fig. 3A), which allowed us to distinguish three different activity-based 
sub-classes. (i) Compounds 1–3, 11, and 12 produced an inhibition 
higher than 40%; (ii) 4, 6, and 10 between 20% and 40%; (iii) 5, 7, 8 and 
9 were inactive. Among compounds 1–3, the inhibitory activity 
increased going from the unsubstituted phenyl derivative 1, through the Fig. 1. Chemical structure of known GAPDH covalent inhibitors.  

A. Galbiati et al.                                                                                                                                                                                                                                



European Journal of Medicinal Chemistry 254 (2023) 115286

3

p-OH substituted derivative 2, to compound 3 bearing a p-COOH. 
Moving the carboxylic group from the para to the meta (4) or ortho (5) 
position, a decrease in inhibitory activity was observed. The introduc
tion in para position of carboxylic acid bioisosteres (6–8) characterized 
by different pKa (Table S1), size, and shape (hybridization) led to a drop 
in activity, highlighting the p-COOH substitution as the most favorable 
for enzyme inhibition. These observations pointed out that the acidic 
nature of the para substituent was not the only factor affecting com
pound potency as its size and shape were crucial parameters too. The 
bioisosteric substitution of the benzene with a thiophene ring produced 
compounds with negligible inhibitory activity (9 and 10, Fig. 3A), 
although the presence of the –COOH substituent (10) slightly increased 
the activity. Finally, the conformational rigidification of 1 and 3 pro
duced a remarkable effect on the inhibitory activity, with the spirocyclic 
compounds 11 (analogue of 1) and 12 (analogue of 3) able to fully 
inhibit hGAPDH activity at 100 μM concentration. The more active 
compounds (1–3, 11 and 12, inhibition >40%) were selected for further 
investigation and tested at 50 μM for 30 min (Fig. 3B). hGAPDH was 
fully inhibited by compounds 11 and 12. Interestingly, both molecules 
reacted much faster with the targeted enzyme than compounds 1 and 3, 
their non-cyclized counterparts. Finally, we investigated 11 and 12 for 
30 min at 10 μM, a 5-fold excess compared to the enzyme concentration 
(Fig. 3C). Under these conditions, which represent the resolution limit of 
our enzymatic assays, only compound 11 fully inhibited hGAPDH and 
was therefore selected for further studies. The spirocyclic compounds 11 
and 12 showed a different SAR trend with respect to their acyclic 
counterparts, where the p-COOH substituted compound resulted in the 
most active, suggesting that the introduced structural rigidification 
induced a different binding mode. 

For compound 11, the time- and concentration-dependence typical 
of irreversible inhibitors [30] could not be characterized because of the 
limits of our enzymatic assay, which is based on minute-long enzyme 
kinetics that cannot be applied to compounds that inhibit GAPDH in 
comparable timeframes. Therefore, we monitored its reaction with 

hGAPDH by following the disappearance of the Racker band, a weak, 
broad absorption band ranging from 330 to 380 nm attributed to a 
charge transfer between the active site Cys and NAD+ [24,31]. The 
Racker band is abolished by covalent modifications of the active site Cys, 
and is therefore indicative of covalent inhibition [32]. hGAPDH was 
incubated with 11, its non-cyclized derivative (1), or KA, as a reference 
covalent inhibitor [17]. Compound 11 abolished the Racker band within 
1 min (Fig. 4A). After 1 min, a weak residual band was observed in the 
presence of KA, whereas hGAPDH incubated with compound 1 still 
showed a residual band after more than 30 h (Fig. 4A). Therefore, we 
confirmed that compound 11 inhibits hGAPDH through the same 
mechanism observed for other 3-bromo-4,5-dihydroisoxazole (BDHI) 
derivatives [22–24], although the irreversible ligand-enzyme reactivity 
was significantly faster. To estimate the reaction rate, the disappearance 
of the Racker band was followed over time at 340 nm by incubating 100 
μM of the enzyme with 200 μM of compounds 1, 11 and KA (Fig. 4B). A 
high concentration of hGAPDH – and the correspondingly high con
centration of inhibitors – was required due to the small extinction co
efficient of the Racker band. Under our experimental conditions, the 
reaction kinetics of GAPDH with compound 11 analyzed with equation 
(1) exhibited a time constant (τ) of 0.2003 ± 0.009 min, 3.5-fold smaller 
than that observed for KA (0.701 ± 0.008 min). The reaction kinetics 
with GAPDH and compound 1 exhibited a τ of 908.2 ± 1.3 min, 
4500-fold higher than compound 11, its cyclized derivative, confirming 
the considerable positive impact of conformational rigidification on the 
biological activity. 

2.4. Evaluation of intrinsic reactivity of 3-bromo-4,5-dihydroisoxazole 
(BDHI) derivatives 

To rule out potential off-target toxicities, we assessed the intrinsic 
reactivity of selected BDHI derivatives with β-mercaptoethanol (βME). 
In addition, measurement of intrinsic warhead reactivity was essential 
to rationalize the SAR and test whether the significant increase in 

Fig. 2. Strategies for the development of novel hGAPDH inhibitors starting from the 3-bromo-4,5-dihydroisoxazole (BDHI) scaffold [7,24]: (i) introduction of 
carboxylic acid residue and bioisosteric groups, (ii) phenyl/thiophene bioisosteric replacement, and (iii) rigidification strategy. 

Fig. 3. (A, B, C) Residual activity (%) of hGAPDH upon in
cubation with (A) 100 μM of compounds 1–12 for 3 h; (B) 50 
μM of compounds 1–3, 11, 12 for 30 min; (C) 10 μM of 
compounds 11 and 12 for 30 min. All experiments were 
performed at 25 ◦C in a buffered solution containing 10 mM 
TEA, 5 mM EDTA, 10 mM KH2PO4, pH 7.6. hGAPDH was at 2 
μM concentration. CTRL: activity of hGAPDH maintained 
under the same conditions in the absence of inhibitors. Ex
periments were performed in independent duplicates. Data 
are shown as mean ± SD.   
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hGAPDH inhibitory activity observed upon rigidification was associated 
to an increased intrinsic reactivity towards thiol groups, or to improved 
interactions within hGAPDH active site. 

The electrophilicity of the functional moiety responsible for the co
valent bond formation plays a pivotal role in the development of irre
versible chemical probes and drugs. In drug discovery programs, 
unsubstituted acrylamides are broadly exploited as warheads with 

minimal off-target reactions with unspecific nucleophiles inside cells 
(intracellular sulfhydryl concentration: 7 mM) [33]. The adduct for
mation with glutathione (GSH) or βME have been used as a surrogate for 
measuring the reactivity of cysteine-targeting warheads, and to deter
mine the absolute rate constants (kchem) for libraries of acrylamides 
[34]. Herein, we measured the rate constants of adduct formation of four 
selected BDHI derivatives (1, 3, 11 and 12, Fig. 5A). The compounds (1 
mM) were incubated with an excess of βME (600 mM) in 
methanol/phosphate-buffered saline (PBS, pH 7.4) mixtures (v/v 4:1). 
Reaction progress and adduct formation (Fig. 5B) were monitored by 
LC-MS (see MS spectra in SI). The time-dependent curves of inhibitor 
consumption/adduct formation (Fig. 5C) were fitted using 
pseudo-first-order reaction kinetics (yielding k′), and used to calculate 
the second-order reaction rate constant (kchem, Table 1), as previously 
described [34]. Considering the peculiar reactivity of the catalytic 
cysteine of GAPDH (pKa

˷6), we investigated the BDHI reactivity with 
βME (pKa

˷9) at different pH (7, 9 and 11). At pH 7, compound 1 showed 
an intrinsic reactivity comparable to unsubstituted acrylamides 
(Fig. 5C), matching the value of ibrutinib and a PI3Kα covalent inhibitor 
(see SI for chemical structure) within the same order of magnitude 
(kchem 1: 1.10⋅10− 4; ibrutinib: 10.4⋅10− 4; PI3Kαci: 3.70⋅10− 4 M− 1 s− 1, 
Table 1). On the contrary, compounds 3 and 11 were poor electrophiles 
(kchem 3: 1.84⋅10− 6; 11: 8.75⋅10− 6 M− 1 s− 1), and 12 showed a negligible 
reactivity with 600 mM of βME at pH 7 (kchem ≪ 1.00⋅10− 8, Fig. 5C and 
Table 1). The BDHI derivatives displayed improved reactivity at pH 9 
(Fig. 5D and E), with 3 and 11 also reaching the intrinsic reactivity of the 
drug-like acrylamide-based warheads (kchem 3: 4.91⋅10− 4; 11: 
10.4⋅10− 4; PI3Kαci: 3.70⋅10− 4 M− 1 s− 1, Table 1). In addition, 

Scheme 1. Synthetic procedure for the preparation of compounds 3–12a. 
aReagents and conditions: (i) PPh3CH3Br, tBuOK, dry THF, rt; (ii) DBF, NaHCO3, EtOAc, rt; (iii) (1) DBF, NaHCO3, dioxane:H2O (4:1), rt, (2) 2 N HCl; (iv) NaN3, 
NH4Cl, DMF, reflux. 

Fig. 4. (A) Absorption spectra and (B) kinetic traces at 340 nm of 100 μM 
hGAPDH before (purple line) and after incubation with 200 μM of compound 
11 (green line), KA (red line), and compound 1 (light blue line) after 1 min (for 
compound 11 and KA) and 30 h (for compound 1). The spectra were collected 
in a solution containing 10 mM TEA, 5 mM EDTA, 10 mM KH2PO4, pH 7.6. The 
traces were fitted with equation (1) (black lines, see Materials and Methods). 
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compounds 11 and 12 were further investigated at pH 11 (Fig. 5E) were 
βME is entirely in the thiolate form. A pH-dependent increase of rate 
constants of adduct formation with βME was observed for all tested 
molecules (Fig. 5D–G). These results led to the identification of the BDHI 
core as a moderate reactive electrophile, which is expected to selectively 
bind to an activate cysteine with negligible reaction with cellular thiols. 

2.5. Molecular modelling 

The 3-bromo-4,5-dihydroisoxazole (BDHI) turned out to be an 
intrinsically moderate reactive warhead. Moreover, the differences 
observed in the intrinsic reactivity of compounds 1, 3, 11, and 12 
(Fig. 5) did not correlate with the inhibitory activity towards hGAPDH 
(Table 1). Comparing a potent (11) and a moderate (1) inhibitor of 

Fig. 5. (A) Chemical structure of a set of BDHI-containing compounds (1, 3, 11 and 12). (B) General reaction of warhead-containing compounds with βME. (C, D, E) 
Time-dependent inhibitor consumption curves used to calculate kchem. Experiments were performed in independent duplicates. Data are shown as mean ± SD. Error 
bars not shown when smaller than symbols. The reaction has been investigated at different pH values: 7 (C, D, E), 9 (D, E) and 11 (E). (F, G) HPLC reaction monitoring 
of inhibitor (1, F; 11, G) consumption and its βME adduct (1-βME, F; 11-βME, G) formation. 

Table 1 
Reaction rate constants for four warhead-containing compounds (1, 3, 11 and 12) at different pH.  

Comp. pH βME, [M] k’, [s− 1]a mean ± SD R2 kchem, [M− 1•s− 1]a mean ± SD 

1b 7 0.6 6.62⋅10− 5 0.28⋅10− 5 0.9989 1.10⋅10− 4 0.047⋅10− 4 

1 9 0.6 7.52⋅10− 4 0.22⋅10− 4 0.9991 1.25⋅10− 3 0.037⋅10− 3 

3 7 0.6 1.11⋅10− 6 <10− 6 0.9969 1.84⋅10− 6 <10− 6 

3 9 0.6 2.95⋅10− 4 0.17⋅10− 4 0.9980 4.91⋅10− 4 0.29⋅10− 4 

11 7 0.6 5.25⋅10− 6 <10− 6 0.9994 8.75⋅10− 6 <10− 6 

11 9 0.6 7.61⋅10− 5 0.35⋅10− 5 0.9985 1.27⋅10− 4 0.058⋅10− 4 

11 11 0.6 2.13⋅10− 4 0.026⋅10− 4 0.9998 3.55⋅10− 4 0.29⋅10− 4 

12 7 0.6 ≪ 1.00 ⋅10− 8 – – ≪ 1.00 ⋅10− 8 – 
12 9 0.6 2.45⋅10− 6 <10− 6 0.8768 4.08⋅10− 6 <10− 6 

12 11 0.6 3.82⋅10− 5 1.03⋅10− 5 0.9944 6.37⋅10− 5 1.72⋅10− 5 

Ibrutinibc 7 0.6 – – – 10.4⋅10− 4 0.32⋅10− 4 

PI3Kαcic 7 0.6 – – – 3.70⋅10− 4 0.13⋅10− 4  

a Each mean and SD were calculated from two independent measurements. Compound concentration was always set at 1 mM. 
b HPLC experiments performed without TFA. 
c Acrylamide-based drug or chemical probe from Ref. [34]. 
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hGAPDH, compound 11 showed an intrinsic reactivity of one order of 
magnitude weaker than compound 1, highlighting that the increased 
efficiency in covalent bond formation was not related to an enhanced 
intrinsic reactivity. This suggested a remarkable proximity-driven co
valent bond formation for compound 11. To rationalize the observed 
SAR, we carried out computational studies to model the binding of 1 and 
11 to hGAPDH catalytic site, and investigated how the introduced extra- 
volume and conformational restraint affected the binding and, there
fore, the inhibitory activity. 

Ligand analysis. The conformational space of the R and S enantiomers 
of compounds 1 and 11 was sampled by combining a stochastic 
conformational search procedure with DFT full optimization calcula
tions, using the conductor-like polarizable continuum model (C-PCM) to 
mimic an aqueous environment [35] The BDHI derivatives 1 and 11 
were characterized by a limited energetically accessible conformational 
space. In particular, within 5 kcal/mol from the global energy minimum, 
the 1 enantiomers showed just one orientation of the phenyl ring with 
respect to the BDHI ring, i.e., just one conformer, corresponding to a τ1 

value of ~ − 60◦ for the R enantiomer and ~60◦ for the S enantiomer 
(Table S2 and Fig. S1). In the case of 11, each enantiomer presented two 
almost isoenergetic conformers (ΔE = 0.02 kcal/mol) sharing the same 
orientation of the phenyl ring found for 1, while differing in the 
conformation of the bicyclic ring (τ3 =± 60◦; Table S3 and Fig. S2). The 
obtained conformers of the R and S enantiomers of 1 and 11 were used 
as starting ligand structures in the docking calculations. 

Docking calculations. The aim of docking studies was to simulate the 
binding of our compounds to hGAPDH before the nucleophilic attack by 
the catalytic cysteine residue (C152). This latter could be approached 
from different binding sites also depending on the conformational/ 
functional state of the enzyme [32,36–39]. According to the flip-flop 
model proposed for the reaction mechanism of GAPDH [32,36], the 
substrate initially binds by positioning the C-3 phosphate in the PI site 
(Fig. 6A), afterwards, when the hydride ion is transferred to NAD+, it 
rotates around the catalytic Cys moving the C-3 phosphate to a second 
site (PII in Fig. 6A) and vacating the PI site for the incoming inorganic 
phosphate (initially bound to another site, PIII in Fig. 6A) [37,38]. The 

Fig. 6. (A) hGAPDH (PDB ID: 1ZNQ) active site substructures involved in the interaction with substrate, inhibitors, and anions. The key interaction residues are 
displayed and labelled. The binding sites PI-PIV and AMMF are highlighted with black dashed circles. (B) Docked complex of (S)-1/hGAPDH. (C) Docked complex of 
(S)-11/hGAPDH. (D) Docked complex of (R)-11/hGAPDH. The structure of hGAPDH is displayed as line ribbon and colored in grey. The S7–S8 loop (aa122-129) is 
colored in magenta, the S9–H14 loop (aa149-153) in orange, the S10 strand (aa171-180) in cyan, the S-loop (aa181-207) in light blue, the S11 strand (aa228-235) in 
green, and the S16–H8 loop (aa315-320) in brown. The active-site segment (aa208-220) is displayed in cartoon form and colored in pink. Phosphate ions, mono
methyl fumarate (MMF, carbon atoms colored in green) and ligands (carbon atoms colored in yellow) are displayed in ball&stick while the interacting residues and 
NAD+ (carbon atoms colored in white) in stick. The sulfur atom of C152 is displayed in CPK (scaled by 50%). The distance between the electrophilic carbon C3 of 
BDHI ring and the C152 sulfur atom is showed (B–D). Hydrogen atoms are omitted for clarity, except those involved in hydrogen bond interactions (black 
dashed lines). 
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phosphate group of an analogue of the thioacyl reaction intermediate 
[39] as well as other negatively charged groups (PDB ID: 6GFP and 1S7C 
in Table S4), interact with a fourth anion binding site (PIV in Fig. 6A) 
likely mimicking an intermediate position of the substrate when flipping 
from the PI to the PII site. 

Accordingly, a Monte Carlo-based docking procedure was applied 
considering the whole protein and the ligand as flexible. Conformational 
restraints and filtering criteria (described in the experimental section) 
were rationally designed based on the data acquired by the analysis of 
the experimentally determined structures of GAPDH (apo form, holo 
form, and in complex with ligands or ions; Table S4) and used during the 
docking simulation. At the end of the docking procedure, to allow 
structure relaxation, the complexes were subjected to energy minimi
zation calculations removing all the restraints (except the distance re
straint between C152 and H179) and again checked using the filtering 
criteria. 

For each ligand, the complex showing the most favorable interaction 
energy was selected as the best docked complex and its structural quality 
was assessed (Table S5). In all selected complexes the putative ligand 
bioactive conformation matched the structure of the GM conformer with 
a calculated RMSD value < 0.5 Å. (S)-1 and (R)-1 showed a less favor
able binding energy with respect to (S)-11 and (R)-11 (Tables S6–S10), 
in line with their inhibitory potency against hGAPDH. Moreover, the 
enantiomers of 1 showed different binding modes with respect to those 
of 11 (Fig. 6B–D and Fig. S3), accounting for the different SAR trend of 
the spirocyclic compounds with respect to their acyclic counterparts. 

In particular, it resulted that the S and R enantiomer of 1 are both 
able to approach the catalytic cysteine when positioning the phenyl ring 
at the PII site (cation-π interaction with R234) and pointing the bromine 
atom towards the active-site segment (Fig. 6B; Fig. S3; Tables S6–S7). 
However, the BDHI ring is rotated about 180◦ in one enantiomer with 
respect to the other (Fig. 6B vs Fig. S3), and, after unrestrained energy 
minimization, (R)-1 moved away (4.1 Å) from the catalytic residue C152 
inducing a conformational change in the S7–S8 loop (Fig. S4). 

On the other hand, each of the two enantiomers of 11 adopt a 
different binding mode, even though both of them presented a suitable 
orientation for the reaction with C152 (distance <4 Å [40,41], 
Fig. 6C–D). (S)-11 placed the bicyclic ring between the PI and PIV sites, 
in a pocket delimited by the S10 strand (π-π interactions with H179), the 

active-site segment (hydrophobic interactions with A213), the S11 
strand (hydrophobic interactions with A232 and cation-π interactions 
with R234), and the S7–S8 loop (hydrophobic interactions with P124), 
while the bromine atom pointed towards NAD+ being attracted by the 
positive charge of the co-factor (Fig. 6C; Table S8). This binding mode 
supports the irreversible reaction involving the exit of bromine ion 
together with NAD+ from the catalytic site of hGAPDH after the nucle
ophilic attack occurs (similarly to the GAP hydride ion during the cat
alytic reaction). 

Notably, the calculated binding mode and interactions of (S)-11 re
produces those of KA in the experimentally determined hGAPDH/KA 
complex (Fig. 7A; Table S8 vs Fig. S5). 

In the case of (R)-11, it showed a suitable orientation for the reaction 
with C152 when positioning the bicyclic moiety in the pocket delimited 
by the S10 strand (A180), the S-loop (T182), and the S-loop of the 
adjacent subunit (V188) (Fig. 6D). The BDHI ring establishes π-π in
teractions with H179 (S10 strand) and the bromine atom points toward 
the PI site forming a hydrogen bond with R234 (S11 strand) (Table S9). 
Since the conformational switch of R234 during the catalysis has been 
proposed to play an important role in the regulation of substrate flipping 
and product release [42], then it is conceivable that the bromine ion 
could promptly leave the catalytic site by taking advantage of this 
regulation mechanism. 

The calculated binding mode of (R)-11 to hGAPDH partially overlaps 
with one of the two experimentally determined binding sites of the acyl 
moiety of MMF (Fig. 7B). Indeed, after the nucleophilic attack by the 
catalytic Cys, the hybridization of MMF (C2 and C3 carbon atoms) 
changes from sp2 to sp3 and the inhibitor can adopt two binding modes 
(Fig. S6), still pointing the carboxylic group toward the S7–S8 loop 
(AMMF site in Fig. 6A) [43]. In both cases, the covalent adduct of MMF 
with C152 overlaps with the NAD+ binding site leading to the 
displacement of the co-factor [43]. Notably, the approach of (R)-11 to 
the catalytic cysteine also induced an evident shift of NAD+ with respect 
to its original position (RMSD: 4.3 Å; Fig. 6D). 

The docking of (S)-11 and (R)-11 to hGAPDH induced significant 
conformational changes in i) the S7–S8 loop (aa122-129), ii) the active- 
site segment (aa208-220), and iii) the S-loop (aa181-207) (Fig. 6C–D vs 
A). The S7–S8 loop is involved in the binding of the co-factor (S122) and 
it was particularly affected by the binding of (R)-11, in agreement with 

Fig. 7. Structural superimposition (Cα atoms) of: (A) the (S)-11/hGAPDH docked complex (ligand: ball&stick with carbon atoms colored in yellow; protein: line 
ribbon colored in grey and carbon atoms colored in white) on the X-ray structure of hGAPDH in complex with KA (KA: ball&stick with carbon atoms colored in cyan; 
protein: line ribbon and carbon atoms colored in cyan; PDB ID: 6M61); (B) the (R)-11/hGAPDH docked complex (ligand: ball&stick with carbon atoms colored in 
yellow; protein: line ribbons colored in grey and carbon atoms colored in white) on the X-ray structure of hGAPDH in complex with MMF (MMF: ball&stick with 
carbon atoms colored in cyan; protein: line ribbon and carbon atoms colored in cyan; PDB ID: 6IQ6). The interacting residues and NAD+ (carbon atoms colored in 
white) are displayed in stick. The sulfur atom of C152 is displayed in CPK (scaled by 50%). Ligands, KA, MMF, NAD+, and residues are colored by atom type (N =
blue, O = red, S = yellow, P = orange, Br = brown). Hydrogen atoms are omitted for clarity. 
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the above mentioned shifting of NAD+. On the other hand, in the 
hGAPDH/(S)-11 complex, the S7–S8 loop moved close to the spirocyclic 
ligand due to a favorable interaction with P124 (Table S8), similarly to 
what observed for KA (Fig. S5), with which (S)-11 shares a similar 
binding pocket/mode (Fig. 7A; Table S8 vs Fig. S5). The active-site 
segment is involved in the binding and the translocation of the sub
strate and the phosphate ion during the catalysis, assuming an “out” 
conformation when the phosphate group is located in the PIII or PIV site 
or an “in” conformation when the phosphate is positioned in the PI site 
(the ternary state of enzyme poised for catalysis) [44]. The two enan
tiomers of 11 both occupied the PI site and, thus, induced the “in” 
conformation of the active segment. Remarkably, the binding of (S)-11 
induced an overall conformational change in the active-site segment of 
hGAPDH similar to that induced by KA (Fig. 7A). Finally, the S-loop is 
responsible for inter-subunit interactions [45], forming a long ridge that 
separates the NAD+ binding cavities of adjacent subunits, and it was 
hypothesized that its sequence variation between human and other or
ganisms is responsible for a different functional behavior [46]. Thus, the 
hypothesized binding modes could also account for compound 11 in
hibition of hGAPDH through a cooperative inhibition mechanism 
similar to that observed for other BDHI derivatives against PfGAPDH 
[22–24]. 

The detailed binding mode comparison of 11 and 1 allowed us to 
conclude that the introduced structural cyclization/rigidification 
induced different binding modes both with respect to the acyclic coun
terpart and between the two spirocyclic enantiomers. The reversible 
binding of compound 11 into hGADPH catalytic site was stabilized by 

the rigidified scaffold, which favors the positioning of the warhead in 
proximity to the catalytic cysteine. Our docking results are in accor
dance with the experimental data showing a significant and faster 
hGAPDH inhibition by 11 with respect to 1, that is guided by warhead 
proximity to the targeted nucleophilic amino acid side chain rather than 
its intrinsic electrophilicity. 

2.6. Antiproliferative activity in pancreatic cancer cells 

GAPDH levels were found elevated in human pancreatic ductal 
adenocarcinoma (PDAC) compared to normal pancreas [7]. Further
more, we previously demonstrated that the oncogenic and mutant iso
forms of p53, which frequently occur in PDAC patients, stabilize GAPDH 
cytoplasmic localization preventing its nuclear translocation. These 
findings supported the enhanced glycolysis of PDAC cells, and the sup
pression of cancer cell death mechanisms mediated by nuclear GAPDH 
[47]. To investigate the effect of the most active hGAPDH inhibitors on 
PDAC cell growth, we treated PaCa-3, PaCa-44, PANC-1, and MIA 
PaCa-2 cell lines with compounds 11 or 12 at different concentrations 
(ranging from 1 μM to 100 μM, Fig. 8A-D). Compound 11 turned out to 
strongly reduce cancer cell growth in all tested cell lines, while 12 dis
played a modest antiproliferative effect only in PaCa-44 cell line at the 
highest concentration (100 μM). These results qualify 11 as a novel 
molecule able to specifically inhibit GAPDH and efficiently penetrate 
PDAC cells, thus causing cancer cell growth inhibition. The significantly 
lower effect displayed by compound 12 compared to 11 might be related 
to the reduced cellular permeability due to the presence at physiological 

Fig. 8. (A–D) Cell growth after incubation with compounds 
11 and 12. Cells were treated with different concentrations 
(1 μM–100 μM) of two hGAPDH inhibitors for 48 h. DMSO 
control used as vehicle at the highest concentration tested did 
not affect cell growth on any cell line (data not shown). Cell 
growth was calculated using Crystal Violet assay and reported 
as a percentage compared to non-treated cells. The absor
bance values of treated cell lines with each inhibitor were 
normalized on the absorbance values obtained on untreated 
cells. (E) Comparison between cell growth inhibition in PDAC 
cells and non-tumor cells (normal fibroblasts, white bar) for 
compound 11. Results are shown as mean ± SD (n = 4). 
Statistical analysis was performed with multiple t-test 
comparing cell growth of treated vs untreated cells, ***p <
0.0001.   
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pH of a negatively charged carboxylate (12 cLogD7.4 = 0.96 vs 11 
cLogD7.4 = 4.42; Table S1), which can significantly reduce the intra
cellular concentration reached by the inhibitor. Indeed, at low concen
trations (10 μM, see Fig. 3C), compound 12 was remarkably weaker than 
11 in inhibiting hGAPDH. 

Moreover, we investigated the cytotoxicity of 11 in non-tumor cells, 
treating normal fibroblasts with increasing concentrations of the tested 
compound. Interestingly, compound 11 determined a very slight anti- 
proliferative effect on fibroblasts (~20%) even at the highest concen
tration (Fig. 8F), suggesting that its growth inhibition effect on PDAC 
cells may be strictly correlated with their cancerous nature and 
metabolism. 

To further prove the anticancer potential of 11, we investigated its 
antiproliferative effect in the four PDAC cell lines having differential 
TP53 gene status. Interestingly, wild-type p53 cells (PaCa-3) were 
significantly more sensitive to compound 11 than PDAC cells carrying 
mutant TP53 gene (Fig. 9). PaCa-3 cell growth percentage significantly 
decreased starting from 5 μM (42%), while other mutant p53 PDAC cell 
lines showed a moderate inhibitory effect only starting from 10 μM. The 
half-maximal inhibitor concentration (IC50) values of compound 11 in 
wild-type p53 PaCa-3 cells was 3–4 times lower than those measured in 
mutant p53 PDAC cell lines (Table 2). These data are in line with pre
vious observations of our lab and others, demonstrating the role of 
mutant isoforms of p53 in sustaining the glycolytic flux and promoting 
chemoresistance of PDAC cells [48,49]. Moreover, the enhanced sensi
tivity to GAPDH inhibition of cancer cells bearing wild-type p53 can also 
be explained by the fact that this tumor suppressor protein has an 
inhibitory role on the glycolytic flux [50], which may be additionally 
and excessively blocked by the treatment determining a metabolic 
default of cancer cells. However, as revealed by the curves in Fig. 8, high 
concentrations of compound 11 are able to inhibit cell growth also in 
PDAC cells bearing oncogenic mutant p53 isoforms. 

2.7. Correlation between PDAC cell growth and GAPDH inhibition 

To confirm that the antiproliferative activity observed in the 
different cell lines was associated with hGAPDH inhibition, we evalu
ated the inhibition of recombinant hGAPDH under similar conditions as 
those tested in the cell growth assays (48 h at 10 μM concentration, 
37 ◦C). After 48 h, compound 11 produced full inhibition, whereas 12 
produced only a 40% inhibition (Fig. 10). These results showed a good 
correlation with the growth experiments in PDAC cells (Fig. 8). 

Aiming to further prove that the inhibition of PDAC cell lines was 

associated with GAPDH irreversible inhibition, we measured GAPDH 
activity on lysates of Panc-1, PaCa-3 and PaCa-44 cells grown in the 
presence of either 10 or 100 μM of compounds 11 and 12. Cells were 
flash-frozen, thawed, and resuspended in a solution containing 200 mM 
NaCl, 1 mM EDTA, 20 mM CHAPS, 10% sucrose. They were then sub
jected to three freeze-thaw cycles. The GAPDH activity of cell lysates 
was measured using the same assay described above, and the total 
protein content was measured using the Bradford assay. The ratio be
tween the GAPDH activity and the total protein content was calculated 
and normalized to the ratio measured for the same cell line grown in the 
absence of inhibitors (Fig. 11). For all cell lines tested, compound 11 at 
100 μM led to an undetectable GAPDH activity over the total protein 
content of the lysate, suggesting a full inhibition of the glycolytic 
pathway consistent with the observed cell mortality at the same con
centration (Fig. 8). Full GAPDH inhibition was also observed at 10 μM, a 
concentration at which cell growth was only partially reduced (Fig. 8). 
Compound 12 led to an inhibition of intracellular GAPDH between 30 
and 70%, with the highest inhibition observed for PANC-1 cells 
(Fig. 11). 

The levels of inhibition of intracellular hGAPDH produced by 11 
(Fig. 11) were consistent with those observed for recombinant hGAPDH 
under the same incubation conditions (Fig. 10), suggesting its ability to 

Fig. 9. Comparison between PaCa-3 (wtp53) and mutant p53 cell lines. After 
treatment with 5 μM and 10 μM of compound 11 for 48 h, cell growth was 
calculated using Crystal Violet assay and each cell line was normalized on its 
untreated control. Results are shown as mean ± SD (n = 4). Statistical analysis 
was performed with one-way ANOVA and Dunnet’s multiple comparison tests 
between mutp53 vs wtp53 cell lines, **p < 0.05, ***p < 0.0001. 

Table 2 
IC50 values of compound 11 in tested PDAC cell lines.  

PDAC cell lines Compound 11 IC50 ± SD (μM) 

PaCa-3 4.69 ± 0.09 
PaCa-44 16.16 ± 0.06 
PANC-1 21.72 ± 0.04 
MIA PaCa-2 15.20 ± 0.12  

Fig. 10. Relative activity (%) of hGAPDH upon incubation with 10 μM of 
compounds 11 and 12 for 48 h at 37 ◦C in a buffered solution containing 10 mM 
TEA, 5 mM EDTA, 10 mM KH2PO4, pH 7.6. hGAPDH concentration: 2 μM. 
CTRL: non-treated hGAPDH activity. Experiments were performed in inde
pendent duplicates. Data are shown as mean ± SD. 

Fig. 11. Percent activity (%) of hGAPDH in cell lysates of PANC-1 (a), PaCa-44 
(b), and PaCa-3 (c) upon incubation with either compounds 11 or 12 at 
0 (CTRL), 10 or 100 μM concentration. The activity was normalized to the total 
protein content. Experiments were performed in independent duplicates. Data 
are shown as mean ± SD. 
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cross the cell membrane within the 48 h incubation time. 

3. Conclusions 

Targeting glycolysis is recognized as a promising strategy to develop 
anticancer agents. Herein, we disclosed a series of covalent inhibitors 
bearing the 3-bromo-4,5-dihydroisoxazole (BDHI) warhead and target
ing the catalytic C152 of hGAPDH. Compound 11 was identified as a 
potent hGAPDH inhibitor, with higher potency than koningic acid, a 
well-known hGAPDH inhibitor. Computational studies confirmed that 
conformational rigidification was crucial to stabilize the interaction of 
the inhibitor within the binding site, thus favoring the covalent bond 
formation and leading to superior in vitro activity compared to the non- 
cyclized derivative 1. Extensive investigation of the intrinsic reactivity 
of BDHI derivatives at different pH revealed the BDHI core to be a 
moderate reactive electrophile, which engages the desired target with 
negligible side reactions with cellular thiols. Compound 11 showed a 
reduced kchem compared to that of 1, highlighting that the improved 
efficacy in hGAPDH inhibition was driven by the optimal positioning of 
the warhead with respect to C152 rather than to an improved electro
philicity. We proposed a proximity-driven reactivity approach that 
allowed to increase the reaction rate constant of 11 with respect to 1 of 
4.5 × 103-fold, while the electrophilicity of the warhead was decreased. 
The moderate reactive covalent inhibitors 11 and 12 were assessed in a 
panel of pancreatic cancer cell lines, and 11 showed a significant anti
proliferative activity with a more marked effect against wild-type p53 
cells. A good correlation between the antiproliferative activity and the 
ability to effectively inhibit intracellular hGAPDH was found. In this 
respect, physicochemical properties affecting membrane cell penetra
tion also play a crucial role. The significantly lower antiproliferative 
activity of compound 12 is partly explained by a lower rate of pene
tration through the cancer cell membrane, accordingly to the lower 
logD7.4 value. 

The moderate intrinsic reactivity of 11, its favorable physicochem
ical properties, the strong inhibition of hGAPDH, and the anti
proliferative activity in cells are highly encouraging and suggest the 
exploitation of 11 as a chemical tool to deconvolute the interplay be
tween glycolysis and cancer. In addition, 11 qualifies as a starting point 
for further optimization aimed at developing effective anticancer agents. 

4. Material and methods 

4.1. General experimental procedures 

All reagents, solvents and starting materials 21b, 21c, 21e, 22a, 22d, 
22f, 23, 24, 27 and 28 were purchased from Sigma-Aldrich, Fluorochem 
or TCI Europe. DBF was prepared according to literature [51]. 1H NMR 
and 13C NMR spectra were recorded with a Varian Mercury 300 (300 
MHz) spectrometer. NMR spectra were obtained in deuterated solvents, 
such as CDCl3, (CD3)2SO or CD3OD. The chemical shift (δ values) are 
reported in ppm and corrected to the signal of the deuterated solvents 
[7.26 ppm (1H NMR) and 77.16 ppm (13C NMR) for CDCl3; 2.50 ppm (1H 
NMR) and 39.52 ppm (13C NMR) for (CD3)2SO; and 3.31 ppm (1H NMR) 
and 49.00 ppm (13C NMR) for CD3OD]. Peak multiplicities are reported 
as: s (singlet), d (doublet), dd (doublet of doublets), ddd (doublet of 
doublet of doublets), dddd (doublet of doublet of doublet of doublets), t 
(triplet), dt (doublet of triplets), td (triplet of doublets), q (quartet), m 
(multiplet), br (broad). Chemical shifts (δ) are expressed in ppm and 
coupling constants (J) in Hertz (Hz). Thin layer chromatography (TLC) 
plates were purchased from Sigma-Aldrich (silica gel 60 F254 aluminum 
sheets, with fluorescence indicator 254 nm) and a dilute alkaline solu
tion of KMnO4 was used to visualize the compounds. Flash chromatog
raphy was performed using silica gel, pore size 60 Å, 230–400 mesh 
particle size. High-resolution mass spectra (HRMS) were performed with 
the SYNAPT G2-Si QTof High Definition Mass Spectrometer. Analyses 
were carried out either in positive or in negative ion mode. The 

chromatographic purity of final compounds was determined by LC-MS 
analyses performed on an Agilent 6100 Series Single Quadrupole MS 
system combined with a Agilent 1200 Series LC, using an InfinityLab 
Poroshell 120 EC-C18 Column (4.6 × 50 mm, 2.7 μm particle size, 120 Å 
pore size) at a flow rate of 0.8 mL/min, at room temperature, with linear 
gradients of solvents A and B (A = Millipore water with 0.1% HCOOH, B 
= ACN with 0.1% HCOOH) in 5 min. The purity of all final compounds 
was >95%. All hGAPDH inhibitors used for cell culture were solubilized 
in DMSO (100 mM) and stored at − 80 ◦C until use. For in vitro assays 
using recombinant protein, the compounds were solubilized in DMSO at 
a concentration of 50 mM. Subsequent dilutions in DMSO were prepared 
as needed. DMSO alone was included as negative control in all 
experiments. 

4.2. General procedures for the synthesis of the compounds 

4.2.1. General procedure A 
To a stirred suspension of methyltriphenylphosphonium bromide (3 

eq) in dry THF (12 mL/mmol) under nitrogen atmosphere, tBuOK (3 eq) 
was added. The resulting yellow mixture was stirred for 30 min at room 
temperature. The mixture was cooled to 0 ◦C and a solution of aldehyde 
or ketone (1 eq) in dry THF (2 mL/mmol) was added dropwise. The 
reaction mixture was stirred overnight at room temperature, then 
quenched with a saturated aqueous solution of NH4Cl and extracted with 
EtOAc. The resulting organic phases were collected, dried over anhy
drous Na2SO4, filtered and evaporated under reduced pressure to afford 
a crude that was purified by flash chromatography. 

4.2.2. General procedure B 
To a stirred solution of alkene (1 eq) in EtOAc (4 mL/mmol), solid 

NaHCO3 (5 eq) and 1,1-dibromoformaldoxime (1.5 eq) were added. The 
reaction mixture was stirred overnight at room temperature. Then, the 
reaction was diluted with water and extracted three times with EtOAc. 
The combined organic phases were collected, dried over Na2SO4, filtered 
and evaporated under reduced pressure to afford a crude that was pu
rified by flash-chromatography or recrystallization. 

4.2.3. General procedure C 
To a stirred solution of alkene (1 eq) in EtOAc (4 mL/mmol), solid 

NaHCO3 (5 eq) and 1,1-dibromoformaldoxime (1.5 eq) were added. The 
reaction mixture was stirred overnight at room temperature. Then, the 
reaction was diluted with water, acidified with 1 N HCl, and extracted 
three times with EtOAc. The combined organic phases were collected, 
dried over Na2SO4, filtered and evaporated under reduced pressure to 
afford a crude that was purified by flash-chromatography or 
recrystallization. 

4.3. Synthesis of compounds 

3-Vinylbenzoic acid (22b). Compound 22b was prepared from 3- 
formylbenzoic acid (21b, 500 mg, 3.33 mmol) following general pro
cedure A. Purification by flash chromatography (cyclohexane/EtOAc 
9:1 + 1% AcOH) gave compound 22b as a white solid (282 mg, 1.90 
mmol, 57% yield). Rf = 0.50 (cyclohexane/EtOAc 8:2 + 0.5% AcOH); m. 
p. 95–97 ◦C; 1H NMR (300 MHz, DMSO‑d6) δ 13.03 (br, 1H), 8.03–7.95 
(m, 1H), 7.84 (ddd, J = 7.7, 1.7, 1.2 Hz, 1H), 7.73 (dddd, J = 7.8, 1.8, 
1.2, 0.5 Hz, 1H), 7.47 (dd, J = 7.8, 7.7 Hz, 1H), 6.81 (dd, J = 17.7, 11.0 
Hz, 1H), 5.90 (dd, J = 17.7, 0.8 Hz, 1H), 5.33 (dd, J = 11.0, 0.8 Hz, 1H); 
13C NMR (75 MHz, DMSO‑d6) δ 167.7 (s, 1C), 137.9 (s, 1C), 136.4 (s, 
1C), 131.7 (s, 1C), 130.6 (s, 1C), 129.4 (s, 1C), 129.1 (s, 1C), 127.4 (s, 
1C), 115.9 (s, 1C). 

2-Vinylbenzoic acid (22c). Compound 22c was prepared from 2- 
formylbenzoic acid (21c, 500 mg, 3.33 mmol) following general pro
cedure A. Purification by flash chromatography (cyclohexane/EtOAc 
9:1 + 1% AcOH) gave compound 22c as a white solid (302 mg, 2.04 
mmol, 61% yield). Rf = 0.42 (cyclohexane/EtOAc 8:2 + 0.5% AcOH); m. 
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p. = 97–99 ◦C; 1H NMR (300 MHz, DMSO‑d6) δ 13.03 (br, 1H), 7.80 
(ddd, J = 7.8, 1.5, 0.5 Hz, 1H), 7.71–7.62 (m, 1H), 7.57–7.49 (m, 1H), 
7.42 (dd, J = 17.9, 11.0 Hz, 1H), 7.37 (dt, J = 7.5, 0.8 Hz, 1H), 5.73 (dd, 
J = 17.9, 1.4 Hz, 1H), 5.32 (dd, J = 11.0, 1.4 Hz, 1H); 13C NMR (75 MHz, 
DMSO‑d6) δ 169.0 (s, 1C), 138.4 (s, 1C), 135.7 (s, 1C), 132.3 (s, 1C), 
130.4 (s, 1C), 130.2 (s, 1C), 128.1 (s, 1C), 127.0 (s, 1C), 116.9 (s, 1C). 

4-vinylbenzenesulfonamide (22e). Compound 22e was prepared 
from 4-formylbenzenesulfonamide (21e, 500 mg, 2.70 mmol) following 
general procedure A. Purification by flash chromatography (cyclo
hexane/EtOAc 6:4) gave compound 22e as a white solid (2.02 mmol, 
370 mg, 75% yield). Rf = 0.42 (cyclohexane/EtOAc 1:1); m.p. 
136–138 ◦C; 1H NMR (300 MHz, Methanol-d4) δ 7.93–7.72 (m, 2H), 
7.67–7.53 (m, 2H), 6.81 (dd, J = 17.6, 11.0 Hz, 1H), 5.94 (dd, J = 17.6, 
0.8 Hz, 1H), 5.40 (dd, J = 10.9, 0.8 Hz, 1H), two protons of –SO2NH2 not 
seen; 13C NMR (75 MHz, Methanol-d4) δ 142.4 (s, 1C), 141.3 (s, 1C), 
135.4 (s, 1C), 126.3 (s, 2C), 126.1 (s, 2C), 116.0 (s, 1C). 

5-(4-Vinylphenyl)-1H-tetrazole (22g). To a solution of 4-vinyl 
benzonitrile (22f, 200 mg, 1.55 mmol, 1 eq) in dry DMF (4 mL), NaN3 
(403 mg, 6.2 mmol, 4 eq) and NH4Cl (298 mg, 5.58 mmol, 3.6 eq) were 
added. The reaction mixture was refluxed overnight. Solvent was 
evaporated under reduced pressure and the reaction mixture was acid
ified with 1 N aq. HCl and extracted with EtOAc (3 × 15 mL). The 
combined organic phases were washed with brine (20 mL), dried over 
anhydrous Na2SO4, filtered and evaporated under reduced pressure to 
give compound 22g as a yellow solid (250 mg, 1.45 mmol, 94% yield). 
Rf = 0.72 (CH2Cl2/methanol 9:1); 1H NMR (300 MHz, DMSO‑d6) δ 
8.07–7.98 (m, 2H), 7.77–7.67 (m, 2H), 6.81 (dd, J = 17.7, 11.0 Hz, 1H), 
5.99 (dd, J = 17.7, 0.9 Hz, 1H), 5.40 (dd, J = 11.0, 0.9 Hz, 1H), proton of 
tetrazole not seen; 13C NMR (75 MHz, DMSO‑d6) δ 155.5 (s, 1C), 140.3 
(s, 1C), 136.2 (s, 1C), 130.8 (s, 1C), 127.7 (s, 2C), 127.5 (s, 2C), 117.0 (s, 
1C). 

2-Vinylthiophene (25). Compound 25 was prepared from 
thiophene-2-carbaldehyde (23, 500 mg, 4.46 mmol) following general 
procedure A. Purification by flash chromatography (cyclohexane/EtOAc 
99:1) gave compound 25 as a yellow oil (252 mg, 2.29 mmol, 51% 
yield). Rf = 0.49 (100% cyclohexane); 1H NMR (300 MHz, CDCl3) δ 
7.19–7.14 (m, 1H), 7.04–6.92 (m, 2H), 6.80 (dd, J = 17.4, 10.9 Hz 1H), 
5.57 (d, J = 17.4 Hz, 1H), 5.14 (d, J = 10.9 Hz, 1H); 13C NMR (75 MHz, 
CDCl3) δ 142.8 (s, 1C), 129.7 (s, 1C), 127.1 (s, 1C), 125.6 (s, 1C), 124.1 
(s, 1C), 113.1 (s, 1C). 

5-Vinylthiophene-2-carboxylic acid (26). Compound 26 was 
prepared from 5-formylthiophene-2-carboxylic acid (24, 500 mg, 3.20 
mmol) following general procedure A. Purification by flash chroma
tography (cyclohexane/EtOAc 9:1 + 1% AcOH) gave compound 26 as a 
white solid (320 mg, 2.08 mmol, 65% yield). Rf = 0.38 (cyclohexane/ 
EtOAc 8:2 + 0.5% AcOH); m.p. = 98–100 ◦C; 1H NMR (300 MHz, 
Methanol-d4) δ 7.63 (d, J = 3.8 Hz, 1H), 7.05 (d, J = 3.8 Hz, 1H), 6.86 
(ddd, J = 17.4, 10.9, 0.6 Hz, 1H), 5.73 (d, J = 17.4 Hz, 1H), 5.29 (d, J =
10.9 Hz, 1H), proton of –COOH not seen; 13C NMR (75 MHz, Methanol- 
d4) δ 163.8 (s, 1C), 149.4 (s, 1C), 133.6 (s, 1C), 132.4 (s, 1C), 129.5 (s, 
1C), 126.1 (s, 1C), 115.2 (s, 1C). 

1-Methylene-1,2,3,4-tetrahydronaphthalene (29). Compound 29 
was prepared from 3,4-dihydronaphthalen-1(2H)-one (27, 500 mg, 
3.42 mmol) following general procedure A. Purification by flash chro
matography (cyclohexane/EtOAc 99:1) gave compound 29 as a color
less oil (420 mg, 2.91 mmol, 85% yield). 1H NMR (300 MHz, CDCl3) δ 
7.67–7.63 (m, 1H), 7.22–7.13 (m, 2H), 7.13–7.08 (m, 1H), 5.48 (d, J =
1.4 Hz, 1H), 4.96 (d, J = 1.5 Hz, 1H), 2.86 (t, J = 6.3 Hz, 2H), 2.55–2.52 
(m, 2H), 1.90–1.84 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 136.3 (s, 1C), 
135.8 (s, 1C), 132.2 (s, 1C), 127.3 (s, 1C), 126.6 (s, 1C), 126.3 (s, 1C), 
125.4 (s, 1C), 122.7 (s, 1C), 28.3 (s, 1C), 23.2 (s, 1C), 19.3 (s, 1C). The 
analytical data were in agreement with those reported in the literature 
[52]. 

5-Methylene-5,6,7,8-tetrahydronaphthalene-2-carboxylic acid 
(30). Compound 30 was prepared from 5-oxo-5,6,7,8-tetrahydronaph
thalene-2-carboxylic acid (28, 500 mg, 2.63 mmol) following general 

procedure A. Purification by flash chromatography (cyclohexane/EtOAc 
9:1 + 1% AcOH) gave compound 30 as a white solid (327 mg, 1.74 
mmol, 66% yield). Rf = 0.54 (cyclohexane/EtOAc 8:2 + 0.5% AcOH); m. 
p. 166–167 ◦C; 1H NMR (300 MHz, Methanol-d4) δ 7.85–7.68 (m, 3H); 
5.63 (q, J = 1.2 Hz, 1H); 5.08 (q, J = 1.4 Hz, 1H); 2.89 (t, J = 3.6 Hz, 
2H); 2.63–2.52 (m, 2H); 1.95–1.81 (m, 2H); 13C NMR (75 MHz, Meth
anol-d4) δ 168.5, 142.9, 138.9, 137.1, 130.3, 129.1, 126.7, 123.9, 109.5, 
32.6, 30.0, 23.4. 

4-(3-Bromo-4,5-dihydroisoxazol-5-yl)benzoic acid (3). Com
pound 3 was prepared from 4-vinylbenzoic acid (22a, 200 mg, 1.35 
mmol) following general procedure C. The crude solid product was 
triturated with dichloromethane and filtered under vacuum to give the 
compound 3 as a white solid (300 mg, 1,11 mmol, 82% yield). Rf = 0.30 
(cyclohexane/EtOAc 7:3 + 0.5% AcOH); 1H NMR (300 MHz, DMSO‑d6) 
δ 13.03 (br, 1H), 7.96 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 5.80 
(dd, J = 10.9, 8.9 Hz, 1H), 3.82 (dd, J = 17.6, 11.0 Hz, 1H), 3.31 (dd, J 
= 17.6, 8.9 Hz, 2H); 13C NMR (75 MHz, DMSO‑d6) δ 167.4 (s, 1C), 144.7 
(s, 1C), 138.7 (s, 1C), 131.3 (s, 1 C), 130.2 (s, 2C), 126.9 (s, 2C), 82.5 (s, 
1C), 48.5 (s, 1C). HPLC: tr = 1.79 min, purity >95%. HRMS calcd for 
C10H7

79BrNO3 [M − H]- 267.9609, found 267.9610. Calcd for 
C10H7

81BrNO3 [M − H]- 269.9589, found 269.9588. 
3-(3-Bromo-4,5-dihydroisoxazol-5-yl)benzoic acid (4). Com

pound 4 was prepared from 3-vinylbenzoic acid (22b, 200 mg, 1.35 
mmol) following general procedure C. Recrystallization from ethyl ac
etate/n-hexane gave compound 4 as a white solid (192 mg, 0.71 mmol, 
53% yield). Rf = 0.30 (cyclohexane/EtOAc 7:3 + 0.5% AcOH); m.p. =
135–138 ◦C; 1H NMR (300 MHz, DMSO‑d6) δ 13.07 (br, 1H), 7.98–7.86 
(m, 2H), 7.62 (dt, J = 7.8, 1.6 Hz, 1H), 7.54 (t, J = 7.9 Hz, 1H), 5.81 (dd, 
J = 10.9, 8.9 Hz, 1H), 3.81 (dd, J = 17.6, 10.9 Hz, 1H), 3.32 (dd, J =
17.6, 9.0 Hz, 1H); 13C NMR (75 MHz, DMSO‑d6) δ 167.4 (s, 1C), 140.5 
(s, 1C), 138.7 (s, 1C), 131.7 (s, 1C), 131.2 (s, 1C), 129.8 (s, 1C), 129.6 (s, 
1C), 127.6 (s, 1C), 82.6 (s, 1C), 48.5 (s, 1C). HPLC: tr = 1.82 min, purity 
>95%. HRMS calcd for C10H7

79BrNO3 [M − H]- 267.9609, found 
267.9607. Calcd for C10H7

81BrNO3 [M − H]- 269.9589, found 269.9586. 
2-(3-Bromo-4,5-dihydroisoxazol-5-yl)benzoic acid (5). Com

pound 5 was prepared from 2-vinylbenzoic acid (22c, 200 mg, 1.35 
mmol) following general procedure C. The crude solid product was 
triturated with dichloromethane and filtered under vacuum to give 
compound 5 as a white solid (219 mg, 0.81 mmol, 60% yield). Rf = 0.40 
(cyclohexane/EtOAc 8:2 + 0.5% AcOH); m.p. = 168 ◦C (dec.); 1H NMR 
(300 MHz, DMSO‑d6) δ 13.21 (br, 1H), 7.94 (ddd, J = 7.7, 1.4, 0.5 Hz, 
1H), 7.63 (dd, J = 1.3, 8.1 Hz 1H), 7.51 (dt, J = 0.6, 7.9 Hz, 1H), 7.45 
(td, J = 7.5, 1.4 Hz, 1H), 6.32 (dd, J = 11.1, 7.3 Hz, 1H), 3.92 (dd, J =
17.8, 11.1 Hz, 1H), 3.08 (dd, J = 17.8, 7.3 Hz, 2H); 13C NMR (75 MHz, 
DMSO‑d6) δ 168.2 (s, 1C), 142.3 (s, 1C), 138.6 (s, 1C), 133.1 (s, 1C), 
131.3 (s, 1C), 128.7 (s, 1C), 128.5 (s, 1C), 126.0 (s, 1C), 80.9 (s, 1C), 
49.9 (s, 1C). HPLC: tr = 2.36 min, purity >95%. HRMS calcd for 
C10H7

79BrNO3 [M − H]- 267.9609, found 267.9607. Calcd for 
C10H7

81BrNO3 [M − H]- 269.9589, found 269.9586. 
4-(3-Bromo-4,5-dihydroisoxazol-5-yl)benzenesulfonic acid (6). 

To a stirred solution of 4-styrenesulfonic acid sodium salt hydrate (22d, 
200 mg, 0.89 mmol) in dioxane/water 4:1 (5 ml) were added solid 
NaHCO3 (374 mg, 4.45 mmol, 5 eq) and 1,1-dibromoformaldoxime 
(270 mg, 1.33 mmol, 1.5 eq). The reaction mixture was stirred over
night at room temperature. Then, the reaction was diluted with water (5 
mL) and extracted with EtOAc (5 mL). The aqueous phase was acidified 
with 1 N HCl, and extracted three times with EtOAc and the combined 
organic phases were collected, dried over Na2SO4, filtered and evapo
rated under reduced pressure. The crude was recrystallized from iso
propanol to give compound 6 as a white solid (60 mg, 0.20 mmol, 22% 
yield). Rf = 0.20 (cyclohexane/EtOAc 7:3 + 0.5% AcOH); m.p. 250 ◦C 
dec. 1H NMR (300 MHz, DMSO‑d6) δ 7.66–7.56 (m, 2H), 7.36–7.27 (m, 
2H), 5.70 (dd, J = 10.8, 9.2 Hz, 1H), 3.76 (dd, J = 17.5, 10.9 Hz, 1H), 
3.36–3.21 (m, 1H); 13C NMR (75 MHz, DMSO‑d6) δ 149.1 (s, 1C), 139.9 
(s, 1C), 138.5 (s, 1C), 126.3 (s, 2C), 126.2 (s, 2C), 82.9 (s, 1C), 48.4 (s, 
1C). HPLC: tr = 0.80 min, purity >95%. HRMS calcd for C9H7

79BrNO4S 
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[M − H]- 303.9279, found 303.9281. Calcd for C9H7
79BrNO4S [M − H]- 

305.9259, found 305.9260. 
4-(3-Bromo-4,5-dihydroisoxazol-5-yl)benzenesulfonamide (7). 

Compound 7 was prepared from 4-vinylbenzenesulfonamide (22e, 200 
mg, 1.09 mmol) following general procedure B. Purification by flash 
chromatography (cyclohexane/EtOAc 7:3) gave compound 7 as a white 
solid (256 mg, 0.84 mmol, 77% yield). Rf = 0.36 (cyclohexane/EtOAc 
6:4); m.p. = 167–168 ◦C; 1H NMR (300 MHz, DMSO‑d6) δ 7.84 (d, J =
8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 7.40 (bs, 2H), 5.80 (dd, J = 10.9, 
8.8 Hz, 1H), 3.83 (dd, J = 17.6, 11.0 Hz, 1H), 3.19 (dd, J = 8.9, 17.6 Hz, 
1H); 13C NMR (75 MHz, DMSO‑d6) δ 144.6 (s, 1C), 143.7 (s, 1C), 138.7 
(s, 1C), 127.3 (s, 2C), 126.5 (s, 2C), 82.3 (s, 1C), 48.5 (s, 1C). HPLC: tr =
1.20 min, purity >95%. HRMS calcd for C9H9

79BrN2NaO3S [M+Na]+

326.9415, found 326.9409. Calcd for C9H9
81BrN2NaO3S [M+Na]+

328.9394, found 328.9389. 
5-(4-(1H-Tetrazol-5-yl)phenyl)-3-bromo-4,5-dihydroisoxazole 

(8). Compound 8 was prepared from 5-(4-vinylphenyl)-1H-tetrazole 
(22g, 200 mg, 1.16 mmol) following general procedure C. Recrystalli
zation from isopropanol gave compound 8 as a white solid (208 mg, 
0.71 mmol, 61% yield). Rf = 0.61 (CH2Cl2/methanol 95:5 + 0.5% 
AcOH); m.p. 195 ◦C dec.; 1H NMR (300 MHz, DMSO‑d6) δ 8.07 (d, J =
8.5 Hz, 2H), 7.65–7.57 (m, 2H), 5.81 (dd, J = 10.9, 9.0 Hz, 1H), 3.83 
(dd, J = 17.6, 10.9 Hz, 1H), 3.36 (dd, J = 17.6, 9.0 Hz, 1H); 13C NMR 
(75 MHz, DMSO‑d6) δ 155.6 (s, 1C), 142.9 (s, 1C), 138.6 (s, 1C), 127.9 
(s, 2C), 127.8 (s, 2C), 124.8 (s, 1C), 82.5 (s, 1C), 48.4 (s, 1C). HPLC: tr =
1.53 min, purity >95%. HRMS calcd for C10H7

79BrN5O [M − H]- 

291.9834, found 291.9831. Calcd for C10H7
81BrN5O [M − H]- 293.9814, 

found 293.9812. 
3-Bromo-5-(thiophen-2-yl)-4,5-dihydroisoxazole (9). Compound 

9 was prepared from 2-vinylthiophene (25, 200 mg, 1.82 mmol) 
following general procedure B. Purification by flash chromatography 
(cyclohexane/EtOAc 9:1) gave compound 9 as a pale-yellow oil (392 
mg, 1.69 mmol, 93% yield). Rf = 0.25 (cyclohexane/EtOAc 9:1); 1H 
NMR (300 MHz, CDCl3) δ 7.35 (dd, J = 5.1, 1.3 Hz, 1H), 7.15–7.04 (m, 
1H), 7.01 (dd, J = 5.0, 3.5 Hz, 1H), 5.89 (ddd, J = 10.5, 8.9, 0.7 Hz, 1H), 
3.61 (dd, J = 17.3, 10.6 Hz, 1H), 3.34 (dd, J = 17.3, 9.0 Hz, 1H); 13C 
NMR (75 MHz, CDCl3) δ 141.5 (s, 1C), 136.8 (s, 1C), 127.1 (s, 1C), 126.6 
(s, 1C), 126.3 (s, 1C), 79.1 (s, 1C), 49.0 (s, 1C). HPLC: tr = 2.80 min, 
purity >95%. HRMS calcd for C7H6

79BrNNaOS [M+Na]+ 253.9251, 
found 253.9246. Calcd for C7H6

81BrNNaOS [M+Na]+ 255.9231, found 
255.9226. 

5-(3-Bromo-4,5-dihydroisoxazol-5-yl)thiophene-2-carboxylic 
acid (10). Compound 10 was prepared from 5-vinylthiophene-2-carbox
ylic acid (26, 200 mg, 1.30 mmol) following general procedure C. The 
crude solid product was triturated with dichloromethane and filtered 
under vacuum to give compound 10 as a white solid (226 mg, 0.82 
mmol, 63% yield). Rf = 0.69 (cyclohexane/EtOAc 7:3 + 0.5% AcOH); m. 
p. 161–163 ◦C; 1H NMR (300 MHz, DMSO‑d6) δ 13.12 (br, 1H), 7.53 (dt, 
J = 4.1, 2.1 Hz, 1H), 7.14 (ddt, J = 3.1, 2.1, 1.1 Hz, 1H), 6.04–5.75 (m, 
1H), 3.73 (dddd, J = 17.6, 10.7, 2.7, 1.4 Hz, 1H), 3.35 (dddd, J = 17.6, 
8.0, 2.7, 1.4 Hz, 1H); 13C NMR (75 MHz, DMSO‑d6) δ 163.1 (s, 1C), 
149.5 (s, 1C), 138.9 (s, 1C), 135.2 (s, 1C), 133.6 (s, 1C), 127.5 (s, 1C), 
78.6 (s, 1C), 48.4 (s, 1C). HPLC: tr = 1.60 min, purity >95%. HRMS calcd 
for C8H5

79BrNO3S [M − H]- 273.9174, found 273.9170. Calcd for 
C8H5

81BrNO3S [M − H]- 275.9153, found 275.9150; calcd for 
C7H5

79BrNOS [M − CO2]- 229.9280, found 229.9271. Calcd for 
C7H5

81BrNOS [M − H]- 231.9260, found 231.9251. 
3-Bromo-3′,4′-dihydro-2′H,4H-spiro[isoxazole-5,1′-naphtha

lene] (11). Prepared from 1-methylene-1,2,3,4-tetrahydronaphthalene 
(29, 200 mg, 1.39 mmol) following general procedure B. Purification by 
flash chromatography (cyclohexane/EtOAc 98:2) gave compound 11 as 
a colorless oil (265 mg, 1 mmol, 72% yield). Rf = 0.41 (cyclohexane/ 
EtOAc 98:2); 1H NMR (300 MHz, CDCl3) δ 7.42–7.35 (m, 1H), 7.26–7.21 
(m, 2H), 7.14–7.08 (m, 1H), 3.45 (d, J = 17.6 Hz, 1H), 3.25 (d, J = 17.6 
Hz, 1H), 2.96–2.67 (m, 2H), 2.29–2.13 (m, 1H), 2.13–1.93 (m, 2H), 
1.88–1.65 (m, 1H); 13C NMR (75 MHz, CDCl3) δ 137.5 (s, 1C), 137.2 (s, 

1C), 135.1 (s, 1C), 129.0 (s, 1C), 128.3 (s, 1C), 126.9 (s, 1C), 126.6 (s, 
1C), 88.0 (s, 1C), 55.4 (s, 1C), 35.9 (s, 1C), 29.0 (s, 1C), 20.2 (s, 1C). 
HPLC: tr = 2.99 min, purity >95%. HRMS calcd for C12H12

79BrNNaO 
[M+Na]+ 288.0000, found 288.0004. Calcd for C12H12

81BrNNaO 
[M+Na]+ 289.9979, found 289.9984. 

3-Bromo-3′,4′-dihydro-2′H,4H-spiro[isoxazole-5,1′-naphtha
lene]-6′-carboxylic acid (12). Prepared from 5-methylene-5,6,7,8-tet
rahydronaphthalene-2-carboxylic acid (30, 200 mg, 1.06 mmol) 
following general procedure C. Purification by flash chromatography 
(cyclohexane/EtOAc 8:2) gave compound 12 as a white solid (239 mg, 
0.77 mmol, 73% yield). Rf = 0.27 (cyclohexane/EtOAc 8:2); 1H NMR 
(300 MHz, Methanol-d4) δ 7.97–7.72 (m, 2H), 7.41 (d, J = 8.2 Hz, 1H), 
3.43 (d, J = 3.4 Hz, 2H), 3.00–2.75 (m, 2H), 2.18–1.73 (m, 4H); 13C 
NMR (75 MHz, Methanol-d4) δ 168.0 (s, 1C), 142.4 (s, 1C), 137.5 (s, 1C), 
135.8 (s, 1C), 130.2 (s, 1C), 130.1 (s, 1C), 127.4 (s, 1C), 126.5 (s, 1C), 
87.6 (s, 1C), 54.6 (s, 1C), 35.1 (s, 1C), 28.5 (s, 1C), 19.7 (s, 1C). HPLC: tr 
= 2.61 min, purity >95%. HRMS calcd for C13H11

79BrNO3 [M − H]- 

307.9922, found 307.9929. Calcd for C13H11
81BrNO3 [M − H]- 309.9902, 

found 309.9908. 

4.4. General bioassay procedures 

4.4.1. Inhibition assays of recombinant hGAPDH 
Recombinant His-tagged hGAPDH was produced in Escherichia coli, 

as already described [23]. Covalent inhibition was assayed as reported 
previously using a modified version of the Ferdinand assay [23]. Briefly, 
hGAPDH at 2 μM concentration was incubated at 25 ◦C or 37 ◦C in a 
buffered solution containing 10 mM TEA, 5 mM EDTA, and 10 mM so
dium arseniate at pH 7.6 in the presence of the compounds at 10, 50, or 
100 μM concentration. Aliquots of the reaction mixtures were sampled 
after 30 min, 3 h or 48 h and the residual hGAPDH activity was evalu
ated in a buffered solution containing 10 mM TEA, 10 mM sodium 
arsenate, 5 mM EDTA, 1.5 mM NAD+ and 100 μM DL-glyceraldehyde 
3-phosphate. hGAPDH was added at a final concentration of 30–50 
nM, and NADH formation was monitored at 340 nm using a Cary4000 
spectrophotometer (Agilent Technologies) with the cell holder thermo
statted at 25 ◦C. 

4.4.2. Spectroscopy 
Absorption spectra of hGAPDH were measured using a Varian 

CARY400 spectrophotometer (Varian Technologies). To evaluate the 
disappearance of the Racker band, the protein was incubated with 
compounds 1, 11, and KA, and absorption spectra were collected until 
the completion of the reaction. Binding kinetics were followed at 340 
nm upon incubation of 100 μM hGAPDH with 200 μM of compound 11, 
KA or compound 1 in a solution containing 10 mM TEA, 5 mM EDTA, 10 
mM KH2PO4, pH 7.6. The experimental data were fitted to the equation:  

A340 = A0
340+ae-t/τ                                                               Equation 1  

4.4.3. Molecular modeling 
Molecular modeling calculations were performed on CPU/GPU 

hybrid High Performance Computing Cluster (10 Twin servers, for a 
total of 560 Intel® Xeon® Gold processors (128 GB RAM), 64 AMD® 
EPYC® processors and 2 GPU NVIDIA® Tesla® V100) and on High 
Performance Computing Cluster (6 Twin servers s for a total of 12 nodes 
each equipped with Intel® Xeon® QuadCore E5520 CPU, 36 GB RAM). 
The molecular modeling graphics were carried out on personal com
puter equipped with Intel(R) Core (TM) i7-8700 processor and SGI Oc
tane 2 workstations. 

The apparent pKa and logD values (pH 7.6 and 7.4) of compounds 
1–12 were calculated by using ACD/pKa GALAS algorithm of ACD/ 
Percepta software (ACD/Percepta, Advanced Chemistry Development, 
Inc., Toronto, ON, Canada, 2017, http://www.acdlabs.com). Then, the 
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percentage of neutral/ionized forms was computed at pH 7.6 (experi
mental pH value) and pH 7.4 (physiological pH value) using the 
Handerson− Hasselbalch equation. 

Conformational analysis. The molecular models of the R and S enan
tiomers of 1 and 11 were built (Small Molecule tool of Discovery Studio 
2017; Dassault Systèmes BIOVIA, San Diego, 2017), atomic potentials 
and charges were assigned using the CFF forcefield [53]. Resulting 
structures were subjected to molecular mechanic (MM) energy mini
mization (ε = 80*r) until the maximum RMS derivative was less than 
0.001 kcal/Å, using Conjugate Gradient as minimization algorithm [54]. 
The obtained conformers were used as starting structures for the sub
sequent conformational analysis (Search Small Molecule Conformations; 
Discovery Studio 2017). The conformational space was sampled using 
the stochastic conformation search algorithm BEST for the random 
generation of a maximum of 200 conformations. In order to ensure a 
wide variance of the input structures to be fully minimized, an energy 
threshold value of 106 kcal/mol was used as selection criteria. The 
generated structures were then subjected to MM energy minimization 
(CFF forcefield; ε = 80*r) until the maximum RMS derivative was less 
than 0.001 kcal/Å, using Conjugate Gradient as minimization algorithm. 
The resulting conformers were ranked by their potential energy values 
(i.e., energy difference from the global minimum (ΔEGM)). The MM 
conformers within 5 kcal/mol from GM have been then subjected to DFT 
calculations. The calculations were carried out using the Gaussian 16 
package [55]. All structures were fully optimized at the B3LYP/6–31+G 
(d,p) level [56,57] using the conductor-like polarizable continuum 
model (C-PCM) [35]. The C-PCM method allows the calculation of the 
energy in the presence of a solvent. In this case all structures were 
optimized as a solute in an aqueous solution. In order to characterize 
every structure as minimum a vibrational analysis was carried out at the 
same level of theory using the keyword freq. The RMS force criterion 
was set to 3 × 10− 4 a.u. The electronic properties have been calculated 
using the natural bond orbital (NBO) method [58]. The resulting con
formers were ranked by their potential energy and torsion angle values 
and compared to those obtained from MM calculations as well as to the 
ligand bioactive conformers obtained by docking studies. 

Bioinformatics and structural analysis. Structural analysis of the 
selected experimentally determined structures of GAPDH were per
formed using the Macromolecules and Simulation tools within Discov
ery Studio 2017 (Dassault Systèmes BIOVIA, San Diego, 2017). The 
structures of the apo and holo hGAPDH (PDB IDs: 1ZNQ, 1U8F, 4WNC, 
4WNI, 5C7L, 5C7O, 3PFW, 6ADE, 6YND, 6YNE, 6YNF, 6YNH) and the 
structures of GAPDH coming from different source organisms (listed in 
Table S4) in complex with the substrate (PDB IDs: 1DC4, 3KV3, 5JYA, 
1NQA, 1NQO, 3CIF, 3KSZ), inhibitors (PDB IDs: 1ML3, 6QUQ, 6IQ6, 
6M61, 1I32, 1I33, 1GYQ, 1IHY, 1K3T), anions (PDB IDs: 3H9E, 3GPD, 
1S7C,5TSO, 7JWK), or the cations (PDB IDs: 6IO4, 7D1G) were selected 
and downloaded from the Protein Data Bank (PDB; http://www.rcsb. 
org/pdb/). All the selected structures were superimposed, and their 
sequence aligned according to the calculated 3D structural similarity 
(Cα Distance cutoff = 2.5 Å; Length Cutoff: 50; Bin Size: 20; Macro
molecules tool; Discovery Studio 2017) and successively analyzed. The 
interactions between the protein (including co-crystallized water mol
ecules) and the complexed ligands (NAD+, the substrate, inhibitors, 
anions, and cations) were evaluated by using the nonbonded interaction 
criteria of the Receptor-Ligand Interaction tool (Discovery Studio 2017). 

Docking studies on hGAPDH. The coordinates of the experimentally 
determined structure of hGAPDH were downloaded from the Broo
khaven Protein DataBank (PDB ID: 1ZNQ). The coordinates of the two 
lacking residues at the N-terminal tail of each of the four subunits were 
added using the EndRepair command (Homology Module, Insight 
2005). Atomic potentials and partial charges were assigned using the 
CFF91 force field [59] with the exception of the NAD+ partial charges, 
which were assigned by MNDO semiempirical 1SCF calculation [60]. 

Despite the docking procedure formally requires a reasonable start
ing complex, it has to be underlined that the ligand conformation is fully 

explored during docking studies. However, the intra-cyclic torsion an
gles cannot be varied, thus, separate docking calculations were per
formed using the two almost isoenergetic conformations of the bicyclic 
ring of 11. Accordingly, the lowest energy minimum conformer of 1 and 
the two isoenergetic lowest energy minimum conformers of 11 
(considering both enantiomers for each compound) were placed in the 
catalytic site of hGAPDH considering the previously analyzed posi
tioning of substrate and inhibitors (six docking runs considering both 
enantiomers). Starting complexes were then subjected to docking 
studies. A docking methodology, which considers all the systems flexible 
(i.e., ligand and protein), was used. Flexible docking was achieved using 
the Affinity module in the Insight 2005 suite, setting the SA_Docking 
procedure [61] and using the Cell Multipole method for non-bonded 
interactions [62]. The docking procedure includes a Monte Carlo (MC) 
based conformational search of the ligand within the active site of 
hGAPDH. During the first step, starting from the previously obtained 
roughly docked structures, the ligand was moved by a random combi
nation of translation, rotation, and torsional changes to sample both the 
conformational space of the ligand and its orientation with respect to the 
protein (MxRChange = 3 Å; MxAngChange = 180◦). During this step, 
van der Waals (vdW) and Coulombic terms were scaled to a factor of 0.1 
to avoid very severe divergences in the vdW and Coulombic energies. If 
the energy of a complex structure resulting from random moves of the 
ligand was higher by the energy tolerance parameter than the energy of 
the last accepted structure, it was not accepted for minimization. To 
ensure a wide variance of the input structures to be successively mini
mized, an energy tolerance value of 106 kcal/mol from the previous 
structure was used. After the energy minimization step (conjugate 
gradient; 2500 iterations; ε = 1), the energy test, with an energy range of 
50 kcal/mol, and a structure similarity check (rms tolerance = 0.3 
kcal/Å) was applied to select the 20 acceptable structures. Each subse
quent structure was generated from the last accepted structure. 

All hGAPDH atoms were left free to move during the entire course of 
docking calculations, whereas, in order to avoid unrealistic results, a 
tethering restraint was applied the Structurally Conserved Regions 
(SCRs) of the protein. To identify SCRs, the hGAPDH sequence was 
analyzed using the Structure Prediction and Sequence Analysis server 
PredictProtein (http://www.predictprotein.org/). In hGAPDH, 8 α-helix 
and 16 β-sheet secondary structures were predicted to be highly 
conserved (α1, aa13− 23; α2, aa40− 48; α3, aa105− 114; α4, aa156− 166; 
α5, aa194− 204; α6, aa211− 224; α7, aa255-267; α8, aa320-332 β1, aa3- 
8; β2, aa28-34; β3, aa59− 62; β4, aa66− 70; β5, aa73− 79; β6, aa93-98; 
β7, aa118-123; β8, aa130-135; β9, aa145-148; β10, aa170-181; β11, 
aa231-235; β12, aa241-249; β13, aa272-276; β14, aa293-295; β15, 
aa299-303; β16, aa307-314). Within the identified SCRs, the distance 
between backbone hydrogen bond donors and acceptors in the α-helices 
was restrained within 2.5 Å. On the other hand, the φ and ψ torsional 
angles of the β-sheets were restrained within − 119◦ and +113◦, or 
− 139◦ and +135◦, respectively, according to the parallel or anti-parallel 
structure. According to the reliability index values obtained from the 
secondary structure prediction analysis, we applied restraints with a 
quadratic form and the following set of force constants: i) 1 kcal/mol/Å2 

(maximum force: 10 kcal/mol/Å2) for reliability index values from 0 to 
3, ii) 10 kcal/mol/Å2 (maximum force: 100 kcal/mol/Å2) for reliability 
index values from 4 to 6, and iii) 100 kcal/mol/Å2 (maximum force: 
1000 kcal/mol/Å2) for reliability index values from 7 to 9. Moreover, in 
order to investigate the first approach of our compounds to the catalytic 
site before the nucleophilic attack, a tethering restraint was applied on: 
i) the hydrogen bond between the catalytic residues C152 and H179 
(constrained within 2.5 Å using a force constant of 100 (kcal/mol)/Å) 
and ii) the distance between the electrophilic carbon of BDHI ring and 
the sulfur atom of C152 (constrained within 3.4 Å using a force constant 
of 100 (kcal/mol)/Å according to the data present in the literature) [40, 
41]. We also performed a second MC procedure, tethering also the 
hydrogen bonds between NAD+ and hGAPDH (in the substrate-free 
state; Table S10) within 3.4 Å (conventional hydrogen bond) or 3.8 Å 
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(CH–O hydrogen bond) [63,64] using a force constant of 100 
(kcal/mol)/Å. 

For each MC procedure, the resulting complexes were superimposed 
on the starting structure by fitting all the Cα atoms, and the Cα RMSD of 
each residue and its average value were calculated. Then, the complexes 
were again superimposed on the starting structure by fitting the Cα 
atoms of the residues characterized by an average value of RMSD ≤1.5 
Å. Considering this latter superimposition, the Cα RMSD of the catalytic 
residues and the RMSD of NAD+ were calculated. The χ1 torsion angle of 
C152 and the geometric criteria of the hydrogen bond between C152 
and H179 were also evaluated for each generated complex. In particular, 
the following angles of this hydrogen bond were calculated: X-D-A, D-H- 
A, D-A-Y, and H-A-Y angles, assuming as D the sulfur atom of C152 and 
as A the Nτ hydrogen atom of H179, while X is the non-hydrogen atom 
attached to the donor atom (i.e., Cβ of C152), and Y is the atom attached 
to the acceptor atom (Cδ of H179). 

The complexes characterized by i) Cα RMSD of C152 and H179 with 
respect to the starting structure ≤3 Å; ii) the gauche(− ) conformation 
(from − 30◦ to − 90◦) of the torsion angle χ1 of C152 (i.e., the confor
mation needed to establish the hydrogen bond with H179) and iii) three 
out of the four angles of the hydrogen bond between C152 and H179 >
90◦ [65] were selected (Tables S11–S22). 

The selected docked complexes were then subjected to MM energy 
minimization applying only the restraint on the hydrogen bond between 
the catalytic residues C152 and H179 (RMS derivative <0.5 kcal/Å; 
Steepest Descent algorithm; ε = 80*r; Module Discover; Insight 2005). 
The optimized complexes were again filtered by the using in addition to 
the above reported criteria the distance between the electrophilic car
bon C3 of BDHI ring and the sulfur atom of C152 ≤ 4 Å (Table S23). The 
filtered complexes were analyzed and those presenting the leaving 
bromine atom orientated towards the anion binding sites (identified by 
the bioinformatics and structural analysis) or towards the NAD+

cofactor were selected (Table S24). The non-bonded interaction energy 
(vdW and electrostatic energy contribution; Group Based method [66]; 
CUT_OFF = 100; ε = 2*r; Discover_3 Module of Insight2005) was 
calculated. The complexes with the most favorable interaction energy 
were chosen as the structures representing the most probable calculated 
approach of the enantiomers of 1 and 11 to the catalytic cysteine of 
hGAPDH. The quality of the selected docked complexes was checked 
using Procheck structure evaluator software [67]. 

4.4.4. Assessment of intrinsic warhead reactivity (kchem) using 
β-mercaptoethanol 

The intrinsic warhead reactivity has been assessed according to 
Ref. [34], with some changes in the experimental procedure. Briefly, 
aliquots of 2 mM test compound stock solutions in MeOH were prepared. 
A HPLC vial (final volume = 1500 μL) was filled with (i) 750 μL of the 2 
mM test compound stock solution to have a final concentration in the 
vial equal to 1 mM; (ii) 375 μL DMSO; (iii) 285 μL phosphate-buffered 
saline (PBS). The solutions were maintained at 37 ◦C and analyzed 
using an Ultimate 3000SD System from ThermoFisher with LPG-3400SD 
pump system, ACC-3000 autosampler and column oven, and DAD-3000 
diode array detector. An Acclaim-120C18 reversed-phase column from 
ThermoFisher was used as stationary phase. Gradient elution (5:95 for 
0.2 min, 5:95 → 100:0 over 10 min, 100:0 for 3 min) of the mobile phase 
consisting of ACN/MeOH:H2O (10:90) was used at a flow rate of 0.5 
mL/min at 40 ◦C. The pH was adjusted to 9 and 11 with aq. NaOH so
lution (1 M). After the first injection (time zero), 90 μL of a stock solution 
(10 M) of β-mercaptoethanol (βME) in PBS were added to have a final 
concentration in the HPLC vial equal to 600 mM. The loss of inhibitor 
and formation of inhibitor + βME adduct was monitored every 20 min 
for fast reacting compounds and every 1 h for moderate reacting mol
ecules. The inhibitor + βME adduct was identified by MALDI-ToF mass 
spectra obtained on a Voyager-DeTM Pro measured in m/z (see Sup
porting Information). The percent of inhibitor + βME adduct in each 
sample was determined by measuring the area under the curve in HPLC 

chromatograms. Moles of inhibitors were plotted versus time (in sec
onds) using GraphPad Prism to determine k’ for the reaction (unit of k’ 
= s− 1). Dividing k’ for the concentration of βME used in the assay, 
pseudo-first order reactions were converted into second-order reaction 
and kchem was determined (unit of kchem = M− 1•s− 1). The experiments 
were performed in duplicates and standard deviations were calculated. 

4.4.5. Cell cultures 
Normal not-transformed fibroblasts and human pancreatic ductal 

adenocarcinoma (PDAC) cell lines PaCa-3, PaCa-44, PANC-1, and MIA 
PaCa-2 were grown in DMEM-Glutamax medium (Thermo Fisher Sci
entific, Milan, Italy), supplemented with 10% fetal bovine serum (FBS) 
and 50 μg/ml gentamicin sulfate (all from Gibco, Thermo-Fisher Sci
entific, Milan), and incubated at 37 ◦C with 5% CO2. PaCa-3 and PaCa- 
44 cell lines were kindly provided by Prof. Aldo Scarpa (University of 
Verona, Italy) and they were obtained from patients with pancreatic 
ductal adenocarcinoma. All other cell lines were purchased by ATCC 
(Manassas, Virginia, USA). Pancreatic ductal adenocarcinoma cells were 
previously characterized [68]. All hGAPDH inhibitors were solubilized 
in DMSO (100 mM) and stored at − 80 ◦C until use. 

4.4.6. Cell proliferation assay 
Cells were seeded in a 96-well plate (8 × 103 cells/well for fibroblasts 

and 5 × 103 cells/well for PDAC cells) and after 24 h they were treated 
with different concentrations (ranging from 1 μM to 100 μM) of two 
hGAPDH inhibitors (compounds 11 and 12) for 48 h. At the end of the 
treatment, cell viability for adherent cells was measured by Crystal Vi
olet assay according to the manufacturer’s protocol [69], and absor
bance (A595nm) was measured by spectrophotometric analysis (GENios 
Pro, Tecan). Three independent experiments were performed for each 
assay condition. 

4.4.7. Enzyme assays on cell lysates 
Cells were incubated with either 10 or 100 μM compounds 11 or 12 

(see above) during growth. They were then subjected to cycles of 
centrifugation and resuspension to remove the unreacted compounds. 
Finally, the cell pellets were flash-frozen. Before evaluation of GAPDH 
activity, cells were thawed and lysis was produced through three freeze- 
thaw cycles in 100 μL of a solution containing 200 mM NaCl, 1 mM 
EDTA, 20 mM CHAPS, 10% sucrose. The hGAPDH activity of cell lysates 
was measured on 10 μL of cell lysate. 
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