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The synthesis and biological evaluation of double glycolate oxidase/lactate dehydrogenase inhibitors containing
a salicylic acid moiety is described. The target compounds are obtained in an easily scalable two-step synthetic
procedure. These compounds showed low micromolar ICs values against the two key enzymes in the metabolism
of glyoxylate. Mechanistically they behave as noncompetitive inhibitors against both enzymes and this fact is
supported by docking studies. The biological evaluation also includes in vitro and in vivo assays in hyperoxaluric
mice. The compounds are active against the three types of primary hyperoxalurias. Also, possible causes of
adverse effects, such as cyclooxygenase inhibition or renal toxicity, have been studied and discarded. Altogether,
this makes this chemotype with drug-like structure a good candidate for the treatment of primary hyperoxalurias.

1. Introduction

Recent investigations on salicylic acid (SA) derivatives have unveiled
their capacity to decrease the production of oxalate in mouse primary
hepatocytes with primary hyperoxaluria type 1 (PH1) (Agxtl /~ hepa-
tocytes) [1]. This important finding means their possible utility in oxa-
late accumulation diseases. Salicylates’ activity appears to be to some
extent related to inhibition of the enzyme glycolate oxidase (GO) [1].

This enzyme generates glyoxylate, a highly reactive metabolite that the
enzyme alanine-glyoxylate aminotransferase (AGT) clears away. How-
ever, PH1 patients present a defective AGT. This leads to an accumu-
lation of glyoxylate that undergoes oxidation to oxalate by the hepatic
lactate dehydrogenase (LDHA). Oxalate is excreted in urine. If its pro-
duction is excessive, oxalate binds calcium to form crystals that produce
kidney damage and subsequent accumulation of oxalate in different
tissues, compromising the life of patients [2]. GO inhibition is a strategy
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for substrate reduction therapy (SRT) in PH1, whose efficiency and
safety has been proved in Agxtl ~/~ mice [3]. Other PHs are due to ge-
netic defects in the glyoxylate reductase-hydroxypyruvate reductase
(GRHPR) (PH2) [4] and in the 4-hydroxy-2-oxoglutarate aldolase
(HOGA) (PH3) [5] enzymes. Although these are considered less severe
forms of hyperoxaluria, recent investigations have revealed that their
severity is more important than previously believed [6-10]. Common to
all hyperoxalurias is the overproduction of oxalate synthesized from
glyoxylate by LDHA and the ongoing efforts to develop a suitable
pharmacological treatment [11-18]. Only very recently, the FDA and
the EMA agencies have approved the first pharmacological treatment for
PH1, lumasiran [19,20]. This one is a RNAi drug against GO adminis-
tered by subcutaneous injection [21,22].

Compound 1 [1] is a GO inhibitor (GOi) similar in potency against
recombinant mouse GO (mGO) to CCPST [3], a known noncompetitive
GOi (Fig. 1). However, 1 is significantly more potent than CCPST
decreasing oxalate production in Agxtl ™ mouse hepatocytes (in vitro)
(see ICsp vs ECsg, Fig. 1). This raised questions about the biological
mechanism of 1 and the possible existence of an alternative, cooperative
target [1]. Since compound 1 was designed as a substrate analogue for
GO, and considering that GO and LDH can both use glyoxylate as a
substrate and catalyse its oxidation, the most straightforward candidate
for a possible off-target of 1 is LDHA. Also, RNAi-mediated silencing of
LDH has been recently proved to be an efficient strategy against the
production of oxalate and kidney damage by calcium oxalate (CaOx) in
animal models of PH1 and PH2 [23,24]. A clinical trial is currently
evaluating nedosiran, an RNAi drug against LDHA, for the treatment of
PHs [25]. Moreover, stiripentol, an LDH inhibitor (LDHi) clinically used
as antiepileptic, has shown urinary oxalate decreasing activity in a
human PH1 patient [26-28]. The m-(2-furyl)benzoic moiety, present in
1, is in fact contained in previously described LDHAi’s [29]. There are
five different tetramer LDH isozymes, with different tissue distribution,
formed by combinations of two subunits, M (muscle) and H (heart).
Liver isozyme, LDHA, is also present in skeletal muscle, and it is formed
by four M subunits; cardiac isozyme, LDHB, is formed by four H subunits
[30,31].

Double GO/LDHAI’s could present several advantages in therapy
against PHs, targeting two key enzymes involved in the same metabolic
route towards oxalate production. Moreover, small drugs present the
advantage of possible oral administration in contrast to RNAi drugs.
Thus, as a rational progress of our research, we focused on the design of
novel SA derivatives as promising drug-like compounds, substrate ana-
logues for GO and LDH. Recently, dual GO/LDHAI’s have been reported
as hybrid molecules designed by linkage of a known GOi and a known
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LDHi [32]. Differently, our approach aims at targeting both enzymes
using the same SA head that includes both pharmacophore moieties.
This way, the resulting molecules present lower molecular weight than
hybrids, a characteristic that should help pharmacokinetics. This is
especially desirable as the two target enzymes are located in different
intracellular compartments. Our former docking predictions for 1 [1]
suggested the formyl group establishes no binding interaction to human
GO (hGO). Not being essential for the biological activity, the formyl
substituent offers a modulation point to obtain structurally diverse an-
alogues. Docking 1 inside hGO and hLDHA we found that its salicylic
head can indeed fit both enzymes. It is also easily envisioned that
elongated derivatives of 1 might present reinforced binding by reaching
the hydrophobic channel [33] and the hydrophobic cleft, that give ac-
cess to the catalytic sites of hGO and hLDHA, respectively. In addition,
introducing some degree of flexibility in the molecules, might allow the
accommodation to the particular structure of each enzyme. Sticking to
our preference of using simple, economic and easily scalable synthetic
procedures to facilitate an eventual industrial development, we have
prepared a family of SAs, structural derivatives of 1, our lead compound
with the best phenotypic activity in cell culture. The new derivatives
contain hydrophobic side chains separated from the SA head by a flex-
ible 5-aminomethyl-2-furyl linker. The linker allows rotational freedom
and includes an amino group to reinforce the interaction with the en-
zymes by hydrogen donation/acceptance. Herein we present the
two-step-synthesis of aminomethylfuryl SAs with improved enzymatic
and phenotypic activity in PH1, PH2 and PH3 mouse models.

2. Results and discussion
2.1. Chemical synthesis

We designed the final molecules including hydrophobic, aromatic or
aliphatic amino side chains with different bulkiness and electronic
characteristics. In a first synthetic step, compound 1 was prepared by
Suzuki coupling between methyl 5-iodosalicylate and 5-formyl-2-furan-
boronic acid [1]. The second reaction yielded the aminomethylfuryl SAs
(2) by reductive amination between 1 and primary or secondary amines
(3), including substituted anilines (3a-e), benzyl amines (3f-j), piperi-
dine (3k) and propargyl amine (31) (Scheme 1). Thus, we classify the
final compounds type 2 as aromatic amines (anilines) (2a-e) and
aliphatic amines (2f-1). All of them are secondary amines except for 2k,
with tertiary nitrogen. Flat aromatic fragments with different electronic
densities and aliphatic moieties were explored ®YH.

Upon soft heating, secondary amines type 2 polymerize to the blue

o COOH
OH HO
= ‘N o) O
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Cl |/ H
CCPST 1
Recombinant mGO 435 38.2
IC50 (kM)
e
Mouse hepatocytes Agxt1 2513 35

ECso (1M)

Fig. 1. Structure and activities of glycolate oxidase inhibitors CCPST and 1. Inhibition of isolated recombinant mouse enzyme (ICso) and decrease of oxalate

production in Agxtl ~/~ mouse hepatocytes (ECsg) (in vitro) [1].
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Scheme 1. Preparation of aminomethylfuryl salicylic acids. Reaction conditions: (a) i) MeOH/DCM 3/1, molecular sieves (3 10\), room temperature, darkness; ii)
NaBH(OACc)3, room temperature; iii) H>O, 0 °C. @1g0lated as ammonium salicylates (ammonium counter ion gained during the purification process). ®Not isolated

because of instability issues.

coloured difurylmethane 4 (Scheme 2). Acidic medium also helps this
polymerization even at low temperatures. This polymerization is
responsible for the low yields observed for 2a, 2b and 2e and for the
failure to isolate pure 2c and 2d. Acid-catalyzed polymerization of 2-fur-
ylcarbinols (5, Scheme 2) to di-(2-furyl)methanes is a well-known pro-
cess [34-36]. It has been explained via etherification [37] between two
molecules of 5 (steps a-c) and further decomposition of the resulting
ether (6) into formaldehyde (7) and the final difurylmethane (step d)
[38]. One reference was found regarding polymerization of 2-furylme-
thanamines to di-(2-furyl)methanes [39]. The mechanism was
explained matching the same ether intermediate (6), which would be
formed by water addition to the cation 8 (step e). Intermediate 8 would
be obtained after protonation and elimination of the amino fragment in
2 (steps a-b). Symmetric tertiary amines 9f and 91 (Scheme 2) were
isolated as secondary products in the reactions between 1 and the
amines 3f and 3l. The tertiary amines can be products of a second
reductive amination happening after 2f and 21 formation. However, 9f
and 91 also formed during the chromatographic purification on acidic
silica gel. Thus, we suggest that amines type 9 could be precursors of 4,
meaning that 4 could also be formed from secondary amines type 2 by a
similar mechanism as the one described for furylcarbinols (Scheme 2,
steps a-d), without needing addition of water (step e). The last step of
this process would involve the elimination of the imine derivative 10,
which would decompose delivering the starting amine type 3. In fact,
these amines were also isolated during the chromatographic purifica-
tion. In our SA derivatives, the cation 8 would be additionally stabilized
by the phenol functionality [39].

The tertiary amines 9f and 91 were included for biological

evaluation. In addition, compound 11 (Scheme 1) was prepared as a
simplified analogue of 9f, to assess the relation between structure and
activity in these branched derivatives. Compound 11 was prepared from
2f by reductive amination using 2-furfural (Scheme 1).

2.2. Biological evaluation against recombinant enzymes

The final compounds were evaluated against recombinant enzymes
mGO, hGO, hLDHA and hLDHB. Initially, a screening of inhibition per-
centages was made on GO and LDH at 20 pM and 10 pM doses,
respectively, to discard low potency molecules. For the best hits we also
determined ICs, K;j and inhibition mechanism.

2.2.1. Inhibition of GO

The compounds were initially evaluated following a colorimetric
method with a coupled HRP reaction using the hydrogen peroxide
produced by GO [1,3]. However, we found that some of the tested
compounds interfered in this evaluation method (Supporting Informa-
tion, Table S1). Even though this colorimetric protocol did not enable us
to reliably determine the activity of the compounds, it allowed us to
discard the low potency compounds 2f-k, with inhibition percentages
below 50% at 20 uM (Supporting Information, Table S2). Alternatively,
we optimized an end-point assay using the fluorogenic reagent Amplex®
Red and a HRP coupled reaction to determine inhibition percentages
(Supporting Information, Table S3) and ICsgs (Table 1) for the rest of the
compounds.

The new aminomethylfuryl SAs resulted up to 18 times more potent
against GO isozymes than the lead compound 1 (Table 1). The best
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Scheme 2. Mechanisms for the formation of difurylmethanes and tertiary amines from 2-furylcarbinols and 2-furylmethanamines.

Table 1
Values of ICso (pM) obtained for aminomethylfurylsalicylic acids on recombi-
nant enzymes.

Interestingly, other deactivated secondary anilines such as 2a and 2b
resulted potent hits with ICsg values around 5 pM on both GO isozymes.
Secondary anilines (2a, 2b, 2e) were more potent GOi’s compared to
secondary aliphatic amines (benzyl amines 2f-2j and propargyl amine

a a b b
Compound mGO hGO hLDHA HLDHB 21) (Tables 1 and S2). The tertiary aliphatic amine 2k presented a
1 144+ 1.4 28.2 +10.7 132+ 15 29.0 + 8.0 marginal inhibitory activity (Table S2). In this last case, the three-
2a 31+03 42£02 0.6 +0.0 1L1+£0.2 dimensional conformation of the piperidine ring differs substantially
2b S4£0.1 103+ 09 15£03 39+ 11 from the flat shape of the aromatic rings. Compounds 2a, 2b and 2e, as
2e 13401 2.4+ 0.1 0.5+ 0.0 0.3+ 0.01 p UC rings. P “d, >
of NDE ND° 25405 33406 well as 9f and 91 include aromatic rings on the side chain attached to C5
2g ND¢ ND* 8.0£0.8 ND¢ of the furan ring. Compound 21 lacks the aromatic moiety on the side
21 81+08 17.3 +3.5 20+0.1 11.8 +1.0 chain but presents a flat n-system that could establish the same type of
of 1.8+0.1 L5402 0.4+02 0240.01 interactions as an aromatic ring.
9l 0.8+ 0.1 2.0 £ 0.1 1.6 £ 0.4 23+0.3
11 8.0+ 0.4 16.8 + 1.0 2.3+0.3 43+1.0

@ Mean of three/four replicates with eight concentrations of inhibitor each
(enzyme concentration 25 nM; glycolate concentration 180 pM) =+ SD.

b Mean of three/four replicates with eight concentrations of inhibitor each
(enzyme concentration 0.0150 units/mL; pyruvate concentration 1 mM) + SD.

¢ Not determined (ND) as the percentage inhibition at 20 pM was lower than
30%.

4 Not determined as the percentage of inhibition at 10 pM was lower than
50%.

potencies were achieved by the bulkier 9f and 91 and the more elongated
compound 2e, with ICsg values below 2.5 uM against both isozymes. The
tertiary aliphatic amines, 9f and 91, present two salicylfuryl branches
and a benzyl (9f) or propargyl (91) one (Scheme 2). The removal of one
salicylic ring of 9f to give compound 11 produced a decrease in the
inhibitory activity of the molecule on both isozymes. The secondary
aniline 2e is para-substituted with an electron withdrawing acyl group.

2.2.2. Inhibition of human lactate dehydrogenase A

We used a kinetic fluorometric protocol based on the disappearance
of NADH [29]. Any possible interference was neutralized by subtraction
of the baseline reading. In general, those compounds presenting the best
inhibitory activities on GO, happened to be also the most active ones on
hLDHA (Table 1). The new aminomethylfuryl SAs resulted up to 30
times more potent h(LDHAi’s than the parent compound 1 (IC5¢p = 13 pM)
(Table 1). Compounds 2a, 2e and 9f show ICs( values against hLDHA
below 1 pM, and 2b and 91 stay around 1.5 pM (Table 1). These are again
deactivated secondary anilines and tertiary aliphatic amines. Once
more, the removal of one salicylic head of 9f to give compound 11
produced a decrease of the hLDHA inhibitory activity of the molecule.
Noteworthy, secondary aliphatic amines 2f, 2g, and 21 (benzyl amine,
p-nitrobenzyl amine and propargyl amine), which were weak or modest
GOi’s, show ICsg values between 2 and 8 pM against hLDHA (Table 1).
The satisfactory activities of 2f and 2g contrast with the poor one of 2j
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(3-pyridylmethyl amine), despite of being isosteres (2f and 2j) or pre-
senting deactivated benzyl fragments (2g and 2j). This discourages the
use of pyridine-based side chains. Secondary benzyl amines with
electron-rich rings (2h, 2i) failed to achieve good hLDHA inhibition with
percentages between 18 and 30% at a concentration of 10 pM (data not
shown).

Thus, building the structure of 5-furylSAs beyond the furan ring
using a flexible two-atom aminomethyl linker improves the GO and
LDHA inhibitory activity compared to the lead compound 1. Flat side
chains with n-systems appear to be the best option. The amine contained
in the linker can be either a tertiary aliphatic one or a deactivated sec-
ondary aniline.

2.2.3. Inhibition of human lactate dehydrogenase B

We evaluated the activity of our compounds on hLDHB using the
same kinetic fluorometric method based on NADH disappearance
(Table 1). The most potent hLDHAI’s, in terms of ICsg, resulted to be also
the most potent hLDHBI’s (Table 1).

2.3. Determination of inhibition kinetics

We chose representative compounds with the best inhibitory activ-
ities on hGO and hLDHA (1, no elongated side chain; 2a, secondary
aniline; 21, secondary aliphatic amine; 9f, tertiary aliphatic amine). We
found that these compounds behave as noncompetitive inhibitors of
enzymes mGO, hGO and hLDHA, with « values higher than 1 against GO
isozymes (mixed type noncompetitive) and, except for 21, equal to 1
against hLDHA [40].

2.3.1. Inhibition kinetics on glycolate oxidase

We used a fluorometric kinetic method based on the reagent
Amplex® Red to determine the Ky value and the SAs mechanism of
inhibition. We found Ky values for glycolate of 19 and 13 pM for hGO
and mGO, respectively. Assays measuring the enzymatic activity in the
presence of four different inhibitor concentrations and ten different
substrate concentrations, showed a noncompetitive mixed type mecha-
nism (« > 1) with respect to substrate glycolate. Non-linear “initial ve-
locity (vo) vs substrate concentration” plots showed decrease of Viyax and
increase of the apparent Ky with increasing concentrations of inhibitor
and Lineweaver-Burk graphs showed intersection in the second quad-
rant for all compounds. The most potent compounds against hGO, the p-
bromoaniline 2a and the benzyl amine 9f, presented K; values of 1.1 and
2.3 pM, respectively (Table 2) (full data and graphs in Supporting In-
formation, sections S10.1 and S10.2). The same determinations on mGO
isozyme (compounds 1 and 21) resulted with the same mechanism of
inhibition. However, it is worth highlighting that the presence of sub-
strate influences more the binding of 1 and 21 to mGO than to hGO, as «
values are markedly higher for the mouse isozyme (Table 2) (full data
and graphs in Supporting Information, section S10.3).

Compound 21, with a propargyl amine moiety, is susceptible to bind
covalently to the flavin cofactor of GO (FMN) [41]. Thus, in order to
determine whether 21 is a reversible or irreversible hGOi, the recovery of
the enzymatic activity in the presence of the inhibitor was measured in a

Table 2
Comparison of K; and ICs values obtained for selected salicylates on glycolate
oxidase (noncompetitive mixed type inhibition).

Compound hGO mGO

ICs0 K; o ICso K; o
1 28.2 18.2 9.5 14.4 7.9 15.3
2a 4.2 1.1 16.7 3.1 ND ND
21 17.3 24.7 5.2 8.1 10.5 11.1
of 1.5 2.3 8.0 1.8 ND ND

Units: pM. K; calculated as the mean of two/three independent experiments with
three replicates each one. ND: Not determined.
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“jump dilution” experiment [40,42]. Compounds 1 and 9f were used as
reversible controls. The progress curves obtained for the three com-
pounds indicated that all of them behave as reversible inhibitors (full
data and graphs in Supporting Information, section S11).

2.3.2. Inhibition kinetics on lactate dehydrogenase

We used the fluorometric kinetic method based on NADH to deter-
mine Ky and to study the SAs mechanism of inhibition on both LDH
isozymes. We found Ky values for pyruvate of 176 and 44 pM for hLDHA
and hLDHB, respectively, which closely agrees with bibliography [43].
Assays measuring the enzymatic activity of our compounds in the
presence of four/five different inhibitor concentrations and nine/ten
different substrate concentrations, showed a noncompetitive inhibition
(a = 1) for the compounds 1, 2a and 9f on hLDHA. Non-linear “initial
velocity (vg) vs substrate concentration” plots showed decrease of V¢
and no effect on the Ky (with increasing concentrations of the inhibitor)
and Lineweaver-Burk graphs showed intersection on the x axis. Only
compound 21 showed a more difficult-to-read behaviour with intersec-
tion in the second quadrant in the Lineweaver-Burk and a slight decrease
of the apparent Ky, raising the chance of 21 to be a mixed type inhibitor
with a low a value (o = 4). However, for all compounds, statistical pa-
rameters are favourable to a pure noncompetitive inhibition. All the
compounds resulted better hLDHAIi’s than hGOi’s. The most potent
compounds against hLDHA, are again the tertiary amine 9f, with a K;
value in the two-digits nanomolar range (90 nM), followed by the
deactivated p-bromoaniline 2a with a K;j value slightly below 1 pM
(Table 3) (full data and graphs in Supporting Information, sections $10.4
and S10.5). The same assays performed on hLDHB led to similar results
regarding the mechanism of inhibition (full data in Supporting Infor-
mation, section S10.6): noncompetitive inhibitors (1 and 9f) or mixed
type inhibitors with low o value (21) (¢ = 3) (Table S136). As it
happened for hLDHA, the tertiary amine 9f was again the most potent
inhibitor on hLDHB. Compounds 1 and 9f were the ones with the best
selectivity for hLDHA, with an approximately 9-fold lower K; on this
isozyme vs hLDHB (Table 3).

In summary, inhibition kinetics studies on GO and hLDH suggest that
salicylates exert their effect through noncompetitive (with substrate)
mechanisms regardless of their bulkiness (linear or branched).
Noncompetitive inhibition is not affected by the substrate concentra-
tion, which is an advantage in vivo. The next step in our research is
determining the reason for this noncompetitive mechanism in molecules
designed as substrate analogues. Site-directed inhibitors can exert a
noncompetitive mechanism in certain situations [40,44], such as on
isomechanism enzymes, enzymes with induced-fit inhibition mechanism
or multi-substrate/multi product enzymes. Nothing has been described
about the existence of isomechanism or induced-fit mechanisms in GO or
LDHA. On the other hand, noncompetitive mechanisms could suggest an
allosteric binding to the enzyme. Although there are precedents of
noncompetitive GOi’s, such as CCPST [3] or the flavonoid quercetin
[45], nothing has been described about the existence of allosteric

Table 3
Comparison of K; and ICs values obtained for selected salicylates on lactate
dehydrogenase isozymes.

Compound hLDHA hLDHB K;i(B)/K;(A)
ICso K; o ICso K; A

1 13.2 1.4 1 29.0 129 1 9.2

2a 0.6 0.9 1 1.1 ND - ND

21 2.0 6.1 1 11.8 5.1 1 0.8

21 2.0 1.9 4 11.8 2.0 3 1.1

of 0.4 0.09 1 0.2 0.7 1 8

Units: pM. Values of ICs¢ and K; are calculated as the mean of three independent
experiments. Values of a = 1 indicate noncompetitive inhibition; values of a > 1
indicate mixed type inhibition. For compound 21, parameters corresponding to
noncompetitive and mixed type inhibition models are shown. ND: Not
determined.
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binding sites in GO. However, allosteric hLDHA [46] and hLDHB [47]
inhibition has indeed been achieved. We have used docking to get pre-
liminary data related to the binding site of our SAs (see Docking Results
Sections below).

2.4. Biological evaluation in hyperoxaluric mouse hepatocytes: Oxalate
determination

Simultaneously targeting two different enzymes related to the pro-
duction of oxalate, should increase the efficiency of the treatment, and
should lead to drugs with utility in the three types of PHs. The potential
of the compounds to decrease oxalate production was tested on hyper-
oxaluric primary hepatocytes cultured from PH1, PH2 and PH3 mouse
models (Agxt1 /= [48], Grhpr’/ " [49] and Hogal /= [50], respectively).
Primary hepatocytes were incubated in the presence of the inhibitor and
challenged with glycolate (PH1 and PH2 models) or hydroxyproline
(PH3 model). Oxalate in the extracellular medium was measured after
24 and 48 h from the administration of the inhibitor, using commercial
colorimetric kits and providing relative oxalate (RO) data (Table 4). Cell
viability through the assay was assessed by the MTS tetrazolium method;
no evidence of cell death could be observed for any of the compounds at
the concentration used in the oxalate assay (full data in Supporting In-
formation, section S12).

We found that our compounds decreased oxalate output in the three
types of PHs (Table 4). Remarkable activities in PH1, the most severe
and prevalent PH, were found for 1, 2a, 2b, 2f, 21 and 11. Some of them
(1, 2b, 21 and 11) produced disappearance of oxalate in the extracellular
medium 24 h after treatment, with oxalate concentrations below the
detection limit of the colorimetric method. Furthermore, the decrease in
oxalate production was still notable 48 h after treatment, with re-
ductions in the extracellular oxalate concentration of 70% (21), 60% (1
and 11) and 50% (2b). Compound 21, with a secondary propargyl amine
fragment, resulted especially interesting. RO suffered a decrease of

Table 4
Relative oxalate output on hyperoxaluric mouse primary hepatocytes treated
with double GO/LDHA inhibitors.

Compound PH1" PH2" PH3"
24h 48h 24h 48h 24h 48h
1 —0.06 + 0.38 + 0.13 + 0.14 + 0.38 £ 0.54 +
0.29 0.24 0.22 0.25 0.66 0.10
2a 0.19 + 0.57 + 0.41 + 0.56 + 0.26 + 0.18 +
0.20 0.01 0.02 0.01 0.07 0.18
2b 0.04 + 0.50 + 0.60 + 0.88 + 0.18 + 0.10 +
0.06 0.07 0.34 0.03 0.26 0.15
2e 0.50 + 0.79 + 0.40 0.52 + 0.20 + 0.14 +
0.25 0.04 0.04 0.03 0.05 0.13
2f 0.18 + 0.63 £ - - - -
0.07 0.12
21 —0.08 + 0.29 + 0.10 + 0.21 + 0.13 + 0.12 +
0.05 0.06 0.17 0.36 0.22 0.24
of 0.66 + 0.76 + 0.59 + 0.76 + 0.41 + 0.47 +
0.22 0.12 0.06 0.06 0.07 0.04
91 0.44 + - 0.20 + 0.25 + 0.21 + 0.52 +
0.17 0.35 0.44 0.36 0.07
11 —0.09 + 0.42 + 0.31 + 0.34 + 0.22 + 0.30 +
0.09 0.05 0.27 0.30 0.38 0.19
Stiripentol - - 0.27 + 0.33 + 0.70 + 0.49 +
0.08 0.01 0.04 0.05

Relative oxalate (RO) is the oxalate concentration found in the extracellular
medium after treatment with an inhibitor (RO < 1), expressed relative to the
oxalate concentration found in the extracellular medium in the absence of the
inhibitor (RO = 1) (for each inhibitor, mean of three/four replicates with
standard deviations are given). All the compounds were tested at a dose of 10
pM. RO negative values indicate concentrations of oxalate below the detection
limit. RO was determined at 24 h and 48 h post-treatment, in.

2 Agxtl~’~ mouse hepatocytes cultured with 5 mM glycolate.

b Grhpr~/" mouse hepatocytes cultured with 10 mM glycolate.

¢ Hogal™’~ mouse hepatocytes cultured with 10 mM hydroxyproline.
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90-100% 24 h after the treatment with 21, which was conserved up to
70-90% after 48 h in the three types of PHs (Table 4). Other interesting
compounds, considering their activity on the three types of PHs, were 1,
2b, 2a and 11. All of them exceed the phenotypic activity of the clini-
cally used LDHi stiripentol, in PH2 and PH3 cells (Table 4). Unfortu-
nately, the good activity found for 9f on recombinant enzymes did not
translate into a good phenotypic effect on cells. The reason for this loss
of activity could be due to difficulties in crossing the cell membrane due
to the presence of two carboxylic functionalities. This agrees with the
good phenotypic activity found for compound 11, lacking the second
carboxylic acid. Further studies will be followed to assess this issue.

The most active compounds in terms of RO (2b, 21 and 11) were
analyzed to determine their ECsq in Agxtl/~ mouse hepatocytes and
compared to the lead compound 1 [1] (Table 5). The branched molecule
11 presented an ECsq value in the three-digit nanomolar scale at 24 and
48 h. Regarding the linear amines, the substitution of the formyl group
of 1 with a p-nitroaniline moiety (2b) also led to an important
improvement on the ECsq value, both after 24 h or 48 h after treatment.
Interestingly, the propargyl amine fragment of 21, although yielding no
change on the oxalate production after 24 h of treatment with respect to
1, it indeed produced a more lasting effect. Moreover, compound 21
presented ECsq values below or close to 2 pM in PH2 and PH3 cells.

In summary, the new compounds 2b, 21 and 11 show promising
oxalate-lowering activities in hyperoxaluric mouse hepatocytes,
improving the activity already observed for compound 1 in terms of
potency and duration. Experimental K; values on enzymes are in
consistence with ECgq values found in cells. Compound 11 was made in
order to obtain information about the role of the second salicylic head in
the biological activity of the tertiary amines type 9f and 91 and was not
initially included in the anti-inflammatory and docking studies. The
good phenotypic activity on hyperoxaluric cells that was found for 11
prompts us to further develop this type of monocarboxylic branched
molecules as well as to optimize their synthesis in future work.

2.5. Evaluation of the anti-inflammatory activity and the renal safety

We evaluated the capacity of our compounds to produce any anti-
inflammatory effect through pro-inflammatory cytokine inhibition or
COX-1/COX-2 inhibition and we also searched for any renal cytotoxicity
(Table S160) (full data in Supporting Information, section S13). Most of
the compounds exhibited no inhibitory activity after screening on re-
combinant COX-1 (ovine) and COX-2 (human). Compound 9f, the most
potent compound against COX-1, exerted an ICsg value of 24 M against
this isozyme and compounds 2a and 2e were the only ones inhibiting
COX-2 (ICs¢ values 35 and 36 pM, respectively). In any case, I[Cs values
against COX isozymes resulted between 9-fold and 60-fold higher than
the ICsq values on hGO and hLDHA. None of the studied compounds
produced a significant decrease of TNF-a, IL-6 or IL-14 in the superna-
tants of cultures of human monocyte model THP-1 (ATCC® TIB-202T™)
treated with LPS. The renal safety of our compounds was tested in vitro
by measuring cellular toxicity, using the MTT metabolic test, on the

Table 5
ECso values of double GO/LDHA inhibitors on hyperoxaluric mouse primary
hepatocytes (oxalate output).

ECso 24h (uM) ECso 48h (uM)

PH1 1 35+1.2 84+1.1
2b 0.6 £0.2 1.6 +0.2
21 4.0 £ 0.9 3.8+1.1
11 0.5+0.1 0.6 + 0.04

PH2 1 1.8+ 0.5 1.9+0.1
21 1.2+04 2.7 £0.2

PH3 21 1.7 £0.2 1.9+0.1

Results expressed as the mean of three/four replicates (8 concentrations of in-
hibitor each; 5 mM glycolate, 10 mM glycolate and 10 mM hydroxyproline for
PH1, PH2 and PHS3 respectively) with standard deviations.



M.D. Moya-Garzon et al.

kidney-derived lines HEK-293 (ECACC 85120602) and 786-O (ATCC
CRL-1932™) and using doxorubicin as a positive control. None of the
compounds showed cytotoxicity in any of the tested cells in the range of
concentrations studied (results not shown).

2.6. Biological evaluation of 21 in PH1 mice: urine oxalate determination
after oral administration

Compound 21, showing the best phenotypic profile in hepatocyte
cultures, was chosen for in vivo evaluation. Agxtl /™ mice were treated
orally with 21 at daily doses of 20 mg/kg body weight during 5 days.
After this time, oxalate levels in urine suffered a significant 50%
reduction (normalized with creatinine) compared to pre-treated mice
(control) (Fig. 2A). The decrease was statistically significant after two
doses (day 2). Besides, an increase in urine glycolate was observed
compared to pre-treated mice (control) (Fig. 2B). The treatment was
well tolerated by the mice, without clinical signs of toxicity. These re-
sults suggest that compound 21 can effectively produce a decrease of
oxalate excretion in PH1 mice and GO/LDHA inhibition is a feasible
pharmacological mechanism happening in vivo. This drug is more potent
in vivo (mice) than other known GOi’s such as CCPST [3]. This can be
considered as a proof-of-concept of the potential of salicylic derivatives
as anti-hyperoxaluric drugs.

Relative
urine oxalate
120 A

80 A

40 +

Control Day1 Day 2 Day 3 Day4 Day5

Days of treatment

B

Relative
urine
glycolate

300 -

NS

150 A

Control Day 1 Day 2 Day 3 Day 4 Day 5
Days of treatment

Fig. 2. Invivo effects of 21 treatment in PH1 mice. Relative (%) 24-h oxalate (A)
and glycolate (B) urine excretion in Agxtl~/~ mice after daily administration of
21 during 5 days. (A) Relative 24-h oxalate excretion normalized with creati-
nine. Significant reduction in oxalate levels compared to basal oxaluria in pre-
treated Agxtl =/~ mice (control). After 5 doses of 21, oxalate levels resulted 50%
lower than before the treatment. (B) Relative 24-h glycolate excretion. Signif-
icant increase in glycolate levels compared to basal glycolate excretion in pre-
treated Agxt1~/~ mice (control). Values represented as mean + SE of ten male
Agxt1™~ mice. Paired t-test statistical analysis (*p < 0.05, **p < 0.01).
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2.7. Docking results in hGO

We used three conformations of the enzyme hGO to carry out
docking studies: the open conformation PDB ID 2RDT, the closed
conformation PDB ID 2RDU and a human homology modelled inter-
mediate open/closed conformation prepared using as template the
spinach GO, PDB ID 1AL7 [51] (Supporting Information, section S14.1).
Our docking results on hGO suggest the SAs present two main regions of
interaction inside the enzyme: the active site/hydrophobic channel re-
gion and an alternative region located above the catalytic centre and
behind the oE helix (detailed docking interactions and affinity energy
tables in sections S14.2, S14.3). Interaction within the active site is the
preferred binding mode for most of the studied SAs, while bonding at the
alternative allosteric region occurs when the substrate occupies the
active centre (closed 2RDU conformation). However, compound 21
binds the alternative region even when the active centre is unoccupied
(intermediate open/closed conformation of the homology model-1AL7).
In fact, the pose of 21 was almost identical in both enzyme models,
forming the same number of H-bonds with the same residues (Fig. 3).
The alternative binding region could be considered an allosteric inhi-
bition site, supporting and giving a plausible explanation to the exper-
imental evidence that the studied SAs are mixed type noncompetitive
inhibitors with preference for the enzyme vs the enzyme-substrate
complex (a > 1). Furthermore, compound 21, for which docking
studies predict a more feasible binding at the allosteric site than for the
rest of the salicylates [AGagrpr.21 (-8.61) ~ AGagrpu-21 (-7.17)], is also the
compound with the lowest experimental o value (closer to 1) determined
in our experiment of inhibition kinetics on hGO (Table 2). The length of
the side chain of the molecule appears to be critical to allow a rein-
forcement of the interaction at hydrophobic regions located near the
active site (Figs. S75-S80). Those salicylates binding the pivotal residue
Trp 110, present better inhibitory activities in the experimental inhibi-
tion assays on recombinant hGO.

2.8. Docking results in hLDH isozymes

Docking studies on enzyme hLDHA were carried out on published
hLDHA crystal structures with PDB IDs 1110, 4L4S and 6SBU [46,52,53].
Docking studies on enzyme hLDHB were carried out on the published

Fig. 3. Superposition of the predicted binding orientations of 21 (light pink) in
2RDU (tan) and 21 (grey) in hGO homology model (light blue). In both cases, 21
occupies an allosteric binding site. Hydrogen bonds are represented by dashed
yellow lines.
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hLDHB crystal structure with PDB ID 1I0Z [53]. Detailed docking in-
teractions and binding affinity tables are included as Supporting Infor-
mation (sections S15-S17). Known LDHi’s can bind the substrate binding
pocket [54-58] as pyruvate-competing analogues, or the cofactor
binding site, competing with NADH [57-59]. Besides, recent in-
vestigations have found an allosteric binding site for selective hLDHA
inhibition (L5N binding site) located at the interface between two LDHA
monomers (chains A and B) [46]. It is also known that LDH presents a
catalytic mechanism with rate-promoting vibration (RPV) [60] and, for
hLDHB, a RPV region has been defined all along the donor/acceptor axis
stretching beyond the active site [61,62]. A potential RPV-allosteric
binding site for hLDHB inhibition has been suggested to be located in
a small area close to the RPV residues [47]. Several molecules with
complementary structure to the RPV-allosteric site have been docked in
this region, being 2-chloro-N-(3,5-dihydroxyphenyl)acetamide (CPA)
the top scorer compound [47].

2.8.1. Docking in the catalytic groove of hLDH isozymes

Our results suggest that SAs are not substrate-binding-pocket spe-
cific. In fact, the aminomethylfuryl SAs prefer binding at the catalytic
site entrance channel, region where the phosphate groups of NADH
bind. The molecules situate their salicylic end at the active site entrance
and stretch towards the hydrophobic cleft (both of which are sites of
cofactor binding). Interactions are identical in both isozymes. There are
key residues with which most of the studied salicylates interact. All of
these residues participate in the NADH binding at the entrance to the
active channel or at the hydrophobic cleft.

2.8.2. Docking in the allosteric site of the inhibitor L5N in hLDHA

We found that our compounds can use their salicylic head along with
their side chain and, in most cases, also the secondary or tertiary amine
group to establish binding interactions in the allosteric binding site of
L5N. In all cases, the salicylic head is oriented towards the subunit B of
the hLDHA while the side chain can interact with both A and/or B
subunits. It is worth highlighting that ligands 2e, 9f and 91, present
comparable binding energies to that of the redocked cognate ligand L5SN
(Table S169). It also stands out that, for most of the salicylates, binding
at the allosteric site is equivalent in terms of binding energy, to binding
at the cofactor region of the apoproteins (Table S168).

2.8.3. Docking in the RPV-allosteric site of hLDH isozymes

All linear compounds were able to bind the RPV allosteric site and
establish the same interactions that CPA, with residues Tyr247 and
GIn30, in the two subunits, A and B, which compose this allosteric site
(Fig. S90). Other important interactions of linear salicylates inside this
RPV-allosteric site are the ones with Trp250-A and Tyr27-B. Besides, the
linear compounds bind to Lys57, at the active site entrance of both
subunits. To our knowledge, the RPV region has not been confirmed as
an allosteric inhibition site in hLDHA. We found a small but significant
difference in this area when comparing the residues of the two isozymes:
Ala29 and Ser248 in hLDHA correspond to GIn30 and Asn249 in hLDHB.
The more voluminous GIn30 and Asn249 in hLDHB create a smaller area
which limits the size and number of possible inhibitors fitting into the
allosteric site; on the contrary, Ala29 and GIn30 in hLDHA allows for
bigger ligands to fit in. These differences point to a potential allosteric
binding site that could allow the design of selective ligands (full details
in section S17.2). We docked CPA on this region of hLDHA and
compared the results with those of hLDHB (Table S172, Fig. S91). While
the binding poses are similar in both isozymes, up to three H-bonds
interactions are missing on hLDHA when compared with the binding
pose on hLDHB. These missing H-bonds are established with the residues
that are not present in hLDHA but they are in hLDHB: GIn30-B (one H-
bond) and Asn249-A (two H-bonds). We must also highlight that the
bulky molecules 9f and 91 did not fit in the RPV-site in hLDHB but they
did fit and indeed obtained the best docking scores on the very same
region of hLDHA. This agrees with the experimental evidence that
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compound 9f presents a favourable selectivity for hLDHA vs hLDHB in
terms of K; values comparison. The binding affinities found for our sa-
licylates in this RPV-allosteric site of hLDHB and hLDHA resulted com-
parable to the ones of the redocked CPA or even slightly better
(Table S172).

3. Conclusion

We have proved that salicylic derivatives are dual inhibitors of the
enzymes hGO and hLDHA [1]. We have prepared and evaluated a new
family of 5-(5-aminomethyl)furyl SAs analogues of the parent com-
pound 1. These new molecules present improved inhibitory activity
against hGO and hLDHA as well as better phenotypic activity in vitro. The
novel compounds are made from 1 in a single step synthesis. These
compounds behave as reversible noncompetitive inhibitors (vs sub-
strate) of both enzymes and are active against the three types of PHs
(mouse PH models, in vitro cell assays). Further research will determine
if there is a synergistic effect of the double target mechanism. Com-
pounds 21 and 11 present the most promising biological profiles. Their
lasting phenotypic activity is extended to the three types of PHs. Com-
pound 21 is a stable molecule synthesized with an overall yield of 76% in
two steps. Besides, compound 2l is active after oral administration to
Agxtl™~ mice. Branched molecules type 11 could afford selective
hLDHA isozyme inhibitors, but they need further development in terms
of synthesis and bioavailability optimization. Docking on hGO suggests
that the SAs studied are capable of binding the substrate site, but also an
alternative region located next to the catalytic centre. There are no
former evidences in literature of GOi’s binding at this alternative region.
In the case of hLDH, docking studies suggest that our SAs preferably bind
the cofactor site. In addition, these molecules can also fit previously
described allosteric binding sites in hLDHA (L5N binding site and CPA
binding site) and hLDHB (CPA binding site). The narrower structure of
the CPA binding site in hLDHB vs the same region of hLDHA, prevents
the binding of bulky molecules to the first isozyme and gives the chance
for the design of selective hits against hLDHA vs hLDHB. This is an
important observation given the structural similarity of these two
isozymes.

4. Experimental section
4.1. General experimental methods

All solvents and chemicals were used as purchased without further
purification. The progress of the reactions was controlled by thin layer
chromatography (TLC) on aluminium plates (Merck AL Silicagel 60
F254) and detected by UV lamp (254 nm) or employing a solution of
vanillin (6 g) and concentrated sulfuric acid (2.5 mL) in ethanol (250
mL) and heating. Purification by flash chromatography was performed
on Silicagel Merck 60 (230-400 mesh ASTM). The non-crystalline
compounds were shown to be homogeneous by chromatographic
methods and characterized by NMR and HRMS. 'H NMR and '3C NMR
spectra have been recorded in a 2-channel 300 MHz Varian Inova Unity,
a 2-channel 400 MHz and a 4-channel 600 MHz Varian Direct Drive
spectrometers using DMSO-dg or CD3OD. Chemical shifts (5) are quoted
in parts per million (ppm) and are referenced to residual H in the
deuterated solvent as the internal standard. Coupling constants (J) are
expressed in Hz. Splitting patterns are designated as follows: s, singlet; d,
doublet; dd, double doublet; m, multiplet; q, quadruplet; t, triplet; p,
pentet. High resolution mass spectra (HRMS) were recorded by time of
flight (TOF) mass spectrometry with electrospray ionization (ESI) in
positive or negative mode, using a time of flight apparatus with
orthogonal acceleration LCT Premier™. Purity of the compounds was
assessed by HPLC using an Agilent 1200 instrument with diode-array
detector equipped with a Zorbax Eclipse XDB-C18 4.6 x 150 mm col-
umn. Column temperature was set at 25 °C. Absorbance was measured at
214 and 254 nm. Purity of most final compounds was higher than 95%
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and in every case higher than 90%. Melting points (mp) were taken in
open capillaries on a Gallenkamp Melting Point Apparatus and are un-
corrected. For colorimetric interference test, absorbance was measured
at 515 and 590 nm. Recombinant enzymes mGO and hGO were obtained
from BL21 (DE3) Escherichia coli transformed with recombinant pET-15
b expression vectors carrying the coding sequence of mouse or human
Haol cDNA, respectively, purified and stored in absence of glycerol.
hLDHA and hLDHB (Novusbio) as well as COX-1 and COX-2 (BioVision)
enzymes were obtained from commercial sources. A Multiskan™ FC
Microplate Photometer (Thermo Fisher) was used to measure absor-
bance and an EnSpire® Multimode Plate Reader (PerkinElmer) was used
to measure fluorescence. For fluorometric assays, OptiPlate black opa-
que 96-well microplates (PerkinElmer) were used. For all assays, the
final volume in each well was 200 pL. Multi-channel pipettes were used
for the addition of the reagents in the wells. For the most potent GO
inhibitors, fluorescence interference tests were performed by measuring
fluorescence with Aey 560 nm and A, 590 nm. Interferences in the ki-
netic fluorometric protocol were discarded as the slope in the linear
interval was corrected by subtraction of the baseline reading registered
before the addition of the substrate. All graphic and statistical analyses
were conducted using GraphPad Prism v.6 (GraphPad Software Inc., San
Diego, CA) and Microsoft Excel 2013 (Microsoft Office Professional Plus
2013).

HPLC methods for purity determination:

General HPLC set up: Detector 4 = 214, 254 nm; Flow 0.8 mL/min,
solvent A [water (0.1% HCOOH)/ACN (0.1% HCOOH)]; solvent B [ACN
(0.1% HCOOH) 100%]:

HPLC set up for compounds 2h, 2j, 2k, 21: Solvent A (90/10). Iso-
cratic A 2 min + gradient A~ B 17 min + isocratic B 2 min (Method 1).

HPLC set up for compounds 1, 2b, 2e, 2f, 2g, 2i, 9f, 91, 11: Solvent A
(80/20). Isocratic A 2 min + gradient A»B 17 min + isocratic B 2 min
(Method 2).

HPLC set up for compound 2a: Solvent A (70/30). Isocratic A 2 min
+ gradient A—»B 17 min + isocratic B 2 min (Method 3).

4.2. Chemical methods

4.2.1. 5-(5-Formylfuran-2-yl)-2-hydroxybenzoic acid (1)

A solution of potassium carbonate (90 mg, 0.648 mmol, 3 equiv) in
water (1 mL) was prepared in a glass tube equipped with a stirring bar.
After dissolution, ethanol was added (1 mL) and the mixture was
degassed by bubbling with argon. Consecutively, methyl 2-hydroxy-5-
iodobenzoate (60 mg, 0.216 mmol, 1 equiv), 5-formylfuran-2-boronic
acid (45 mg, 0.324 mmol, 1.5 equiv), and PdEnCat® 30 (33 mg,
0.113 mmol; 0.4 mmol/g Pd, 6 mol%) were added in that sequence. The
mixture was then degassed by argon bubbling during 10 min, after
which the tube was sealed. The reaction was heated at 80 °C during 24 h.
After this time, the reaction crude was filtered (washing with methanol)
and the filtrate was evaporated in rotavapor. The residue was dissolved
in water, cooled to 0 °C, and acidified with HCl 10%. After evaporation
under vacuum, the final crude was purified by flash column chroma-
tography on silica gel (gradient elution DCM:MeOH 20:1 — 8:2) and
compound 1 was obtained as a brown solid (mp 232 °C) in quantitative
yield (50 mg, 0.215 mmol). TH NMR (400 MHz, DMSO-dg) 6 9.51 (s, 1H),
8.21 (d, J = 2.4 Hz, 1H), 7.70 (dd, J = 8.5, 2.5 Hz, 1H), 7.60 (d, J = 3.8
Hz, 1H), 7.00 (d, J = 3.8 Hz, 1H), 6.76 (d, J = 8.6 Hz, 1H)-13C NMR (101
MHz, DMSO-dg) § 176.7 (CHO), 170.8 (CO), 165.5 (C), 159.8 (C), 150.8
(C), 129.2 (CH), 127.1 (CH), 120.0 (C), 117.3 (CH), 116.64, 116.62 (C,
CH), 105.9 (CH). HRMS (TOF, ES™): m/z calcd. For C;2H;05 (M-H™)
231.0300, found 231.0293. HPLC: (1 = 254 nm): 100%; tg = 11.02 min
(HPLC method 2).

4.2.2. N-[4-(4-Aminobenzoyl)phenyl]hex-5-ynamide (3e)

[63]. In a round bottom flask equipped with a stirring bar and under
argon atmosphere, 156 pL of 5-hexynoic acid (1.413 mmol), 191 mg of
HOBt (1.403 mmol) and 271 mg of EDC-HCl (1.413 mmol) were
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dissolved in 1 mL of anhydrous DMF and stirred at rt for 10 min. Then, in
a different flask, 150 mg of 4,4’-diaminobenzophenone (0.706 mmol)
were dissolved in 2.6 mL of anhydrous DMF and the first mixture was
added over this one in portions along 1 h. The reaction was allowed to
stir for 24 h at rt. After that time, 100 mL of EtOAc were added and the
organic layer was washed with a saturated aqueous solution of NaHCO3
(2 x 100 mL), with a 10% citric acid solution (2 x100 mL) and finally
with HCI 3 N (150 mL) to remove the 4,4’-diaminobenzophenone. The
organic layer was collected and neutralized at 0 °C with NaOH 20% in
order to precipitate the final product, which was extracted with EtOAc,
dried over NaySOy, filtered and concentred in rotavapor. Yellow solid
(mp 179-181 °C), 32% yield (71 mg, 0.232 mmol). H NMR (400 MHz,
CD30D) 6 7.79-7.67 (m, 4H), 7.64 (d, J = 8.7 Hz, 2H), 6.72 (d, J = 8.6
Hz, 2H), 2.59 (t, J = 7.4 Hz, 2H), 2.41-2.25 (m, 3H), 1.94 (p, J = 7.0 Hz,
2H). *C NMR (101 MHz, CD30D) 6 196.6 (CO), 174.0 (CO), 155.1 (Q),
143.3(C), 135.3 (C), 134.0 (2CH), 131.7 (2CH), 126.4 (C), 120.0 (2CH),
114.1 (2CH), 84.1 (C), 70.3 (CH), 36.6 (CH2), 25.5 (CH2), 18.6 (CH2).
HRMS (TOF, ES™): m/z caled. For C1gH19N202 (M + HY)T 307.1447,
found 307.1434 (deviation —4.2 ppm). HPLC: (4 = 254 nm): 100%); tg =
12.65 min (1 = 214 nm): 100%; tg = 12.65 min (HPLC method 2).

4.2.3. General procedure for reductive amination

In a dry flask, under argon, a solution of 1 (1 equiv) and the corre-
sponding amine (3) (1.2 equiv) was made in anhydrous MeOH. After-
wards, anhydrous DCM, and activated 3 A molecular sieves were added.
The mixture was then stirred at rt, in darkness conditions, until forma-
tion of the intermediate imine (TLC). Afterwards, the reaction was
cooled to 0 °C for the addition of sodium triacetoxyborohydride (2.5
equiv). The reaction was left to stir at rt until the disappearance of the
imine (TLC) and was then quenched by addition of H,O after cooling at
0 °C. Molecular sieves were removed by filtration and the filtrate was
concentrated in rotavapor keeping temperature under 30 °C. The res-
idue was purified by flash chromatography. For unstable amines acid
silica was neutralized before loading the crude by using mobile phases
containing methanolic ammonia (7 N) or NH4OH (32%)/MeOH 2/100.

4.2.3.1. Ammonium  5-{5-[N-(p-bromophenyl)aminomethyl]-2-furyl}-2-
hydroxybenzoate (2a). Reductive amination general procedure, 1 (100
mg, 0.431 mmol), p-bromoaniline (3a) (89 mg, 0.517 mmol), sodium
triacetoxyborohydride (183 mg, 0.862 mmol), DCM (6 mL), MeOH (2
mL). Imine formation, 1 h; reduction, 2 h. Purification: Gradient elution
using DCM/[NH4OH (32%)/MeOH 2/100] 10:0.1 — 10:0.6. Yield: 45%
(80 mg, 0.197 mmol) (orange solid, mp 115-117 °C decomposition). ‘H
NMR (400 MHz, CD30D) 6 8.17 (d, J = 1.9 Hz, 1H), 7.60 (dd, J = 8.5,
2.0 Hz, 1H), 7.20 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.5 Hz, 1H), 6.64 (d, J
= 8.7 Hz, 2H), 6.48 (d, J = 3.1 Hz, 1H), 6.27 (d, J = 3.0 Hz, 1H), 4.30 (s,
2H). 13¢ NMR (101 MHz, CD30D) 6 175.4 (CO), 162.1 (C), 154.6 (C),
153.0 (C), 148.9 (C), 132.6 (2CH), 129.6 (CH), 126.9 (CH), 123.1 (C),
119.2 (C), 117.7 (CH), 115.8 (2CH), 109.9 (CH), 109.4 (C), 104.6 (CH),
41.9 (CH2). HRMS (TOF, ES™): m/z caled. For C;gH13NO4Br (M-H™)
386.0028, found 386.0051 (deviation +6.0 ppm). HPLC: (1 = 254 nm):
99%; tg = 16.41 min (A = 214 nm): 97%; tg = 16.79 min (unstable under
HPLC conditions) (HPLC method 3).

4.2.3.2. Ammonium 2-hydroxy-5-{5-[N-(p-nitrophenyl)aminomethyl]-2-
furyl}benzoate (2b). Reductive amination general procedure, 1 (100
mg, 0.431 mmol), p-nitroaniline (3b) (77 mg, 0.560 mmol), sodium
triacetoxyborohydride (183 mg, 0.862 mmol), DCM/MeOH 3/1 (4 mL).
Imine formation, 5 h; reduction, 3 h. Purification: Elution using DCM/
[NH40H (32%)/MeOH 2/100] 10:0.1. Yield: 24% (39 mg, 0.105 mmol)
(yellow solid, mp 159-161 °C). 'H NMR (400 MHz, CD30D) 6 8.20 (d, J
= 2.0 Hz, 1H), 8.07 (d, J = 9.2 Hz, 2H), 7.62 (dd, J = 8.4, 1.6 Hz, 1H),
6.85 (d, J = 8.5 Hz, 1H), 6.76 (d, J = 9.1 Hz, 2H), 6.52 (d, J = 3.2 Hz,
1H), 6.36 (d, J = 3.2 Hz, 1H), 4.47 (s, 2H). 13¢ NMR (101 MHz, CD30D)
§175.6 (CO), 162.2 (C), 155.5 (C), 155.2 (C), 151.6 (C), 138.5(C), 129.4
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(CH), 127.1 (CH), 127.0 (CH), 122.8 (C), 119.8 (C), 117.6 (CH), 112.2
(CH), 110.4 (CH), 104.5 (CH), 41.0 (CH2). HRMS (TOF, ES™): m/z calcd.
For CigH13N20g (M-H™)™ 353.0774, found 353.0778 (deviation +1.1
ppm). HPLC: (4 = 254 nm): 100%; tg = 15.87 min (1 = 214 nm): 100%;
tg = 15.87 min (HPLC method 2).

4.2.3.3. Ammonium 5-{5-{{N-{4-[4-(hex-5-ynamido)benzoyl]phenyl}
amino}methyl}furan-2-yl}-2-hydroxybenzoate (2e). Reductive amination
general procedure, 1 (31 mg, 0.133 mmol), 3e (53 mg, 0.172 mmol),
sodium triacetoxyborohydride (56 mg, 0.266 mmol), DCM/MeOH 3/1
(4 mL). Imine formation, 2 h; reduction, 2 h. Purification: Elution
AcOEt/ACN/MeOH-NHj3; (7 N) 70:5:2.5 — 70:10:5. Yield: 69% (50 mg,
0.092 mmol) (orange solid, mp 148-150 °C). IH NMR (400 MHz,
CD30D) 6 8.20 (d, J = 2.3 Hz, 1H), 7.79-7.65 (m, 7H), 6.90 (d, J = 8.6
Hz, 1H), 6.80 (d, J = 8.8 Hz, 2H), 6.56 (d, J = 3.3 Hz, 1H), 6.37 (d, J =
3.3 Hz, 1H), 4.48 (s, 2H), 2.58 (t, J = 7.4 Hz, 2H), 2.36-2.27 (m, 3H),
1.93 (m, J = 7.0 Hz, 2H). 13C NMR (101 MHz, CD50D) 6 196.6 (CO),
174.8 (CO), 174.0 (CO), 162.2 (C), 154.5 (C), 154.3 (C), 152.6 (C),
143.3 (C), 135.3 (C), 133.9 (CH), 131.7 (CH), 130.4 (CH), 126.7 (CH),
126.4 (C), 123.3 (C), 120.0 (CH), 118.0 (CH), 117.5 (C), 112.5 (CH),
110.2 (CH), 105.0 (CH), 84.1 (C), 70.3 (CH), 41.0 (CH2), 36.6 (CH2),
25.5 (CH2), 18.6 (CH2). HRMS (TOF, ES™): m/z caled. For Cs1HasN20g
(M-H%) 521.1713, found 521.1703 (deviation —1.9 ppm). HPLC: (4 =
254 nm): 84%; tg = 16.12 min (4 = 214 nm): 76%; tg = 16.12 min (HPLC
method 2).

4.2.3.4. Ammonium  5-[5-(benzylaminomethyl)-2-furyl]-2-hydroxyben-
zoate (2f). Reductive amination general procedure, 1 (92 mg, 0.397
mmol), benzyl amine (3f) (56.3 pL, 0.516 mmol), sodium triacetox-
yborohydride (168 mg, 0.794 mmol), DCM (3 mL), MeOH (1 mL). Imine
formation, 24 h; reduction, 2 h. Purification: Gradient elution using
AcOEt/ACN/MeOH-NH3 (7 N)/H,O 70:2.5:1.25:1.25 — 7:5:2.5:2.5.
Yield: 67% (91 mg, 0.267 mmol) (yellow solid, mp 182-185 °C). g
NMR (400 MHz, DMSO-dg) 6 8.11 (s, 1H), 7.68-7.27 (m, 6H), 6.81-6.50
(m, 3H), 4.21 (s, 2H), 4.16 (s, 2H). 1*C NMR (101 MHz, DMSO-dg) 5
171.3 (CO), 163.2 (C), 154.9 (C), 144.7 (C), 132.7 (C), 129.8 (2CH),
128.66 (CH), 128.60 (2CH), 127.7 (CH), 125.6 (CH), 119.8 (C), 118.6
(C),116.5(CH), 113.6 (CH), 103.4 (CH), 49.7 (CH2), 42.5 (CH2). HRMS
(TOF, ES™): m/z caled. For Cj9H1NO; (M-H') 322.1079, found
322.1087 (deviation +2.5 ppm). HPLC: (1 = 254 nm): 98%; tg = 8.98
min (4 = 214 nm): 98%; tg = 8.98 min (HPLC method 2).

4.2.3.5. Ammonium 2-hydroxy-5-{5-[N-(p-nitrobenzyl)aminomethyl]-2-
furyl}benzoate (2g). Reductive amination general procedure, 1 (100
mg, 0.431 mmol), 4-nitrobenzylamine hydrochloride (3g) (105.60 mg,
0.559 mmol), sodium triacetoxyborohydride (183 mg, 0.861 mmol),
DCM (3 mL), MeOH (1 mL). Imine formation, 24 h; reduction, 3 h. Pu-
rification: Gradient elution using AcOEt/ACN/MeOH-NHj3 (7 N)/H0
70:2.5:1.25:1.25 — 70:10:5:5. Yield: 48% (80 mg, 0.208 mmol) (yellow
solid, mp 172-175 °C). 1H NMR (400 MHz, DMSO-dg) 6 8.27 (d, J = 8.7
Hz, 2H), 8.08 (d, J = 2.4 Hz, 1H), 7.75 (d, J = 8.7 Hz, 2H), 7.56 (dd, J =
8.5, 2.5 Hz, 1H), 6.72 (d, J = 8.5 Hz, 1H), 6.65 (d, J = 3.3 Hz, 1H), 6.56
(d, J = 3.3 Hz, 1H), 4.25 (s, 2H), 4.18 (s, 2H). '3C NMR (101 MHz,
DMSO-dg) § 170.9 (CO), 163.2 (C), 154.7 (C), 151.1 (C), 147.3 (C),
130.7 (2CH), 127.9 (CH), 125.4 (CH), 123.5 (2CH), 119.2 (C), 118.7 (C),
116.7 (CH), 116.6 (C), 113.0 (CH), 103.4 (CH), 49.3 (CH2), 43.3 (CH2).
HRMS (TOF, ES™): m/z caled. For C;9H;5N20¢ (M-H™)™ 367.0930, found
367.0927 (deviation —0.8 ppm). HPLC: (1 = 254 nm): 96%; tg = 8.94
min (HPLC method 2).

4.2.3.6. Ammonium 2-hydroxy-5-{5-[N-(p-hydroxybenzyl)aminomethyl]-
2-furyl}benzoate (2h). Reductive amination general procedure, 1 (100
mg, 0.431 mmol), 4-hydroxybenzylamine (3h) (69 mg, 0.559 mmol),
sodium triacetoxyborohydride (183 mg, 0.861 mmol), DCM (3 mL),
MeOH (1 mL). Imine formation, 24 h; reduction, 3 h. Purification:
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Gradient elution using AcOEt/ACN/MeOH-NH3 (7 N)/H20
70:2.5:1.25:1.25 — 70:10:5:5. Yield: 52% (80 mg, 0.224 mmol)
(yellowish solid, mp 190 °C decomposition). 'H NMR (400 MHz,
DMSO-dg) 69.73 (s, 1H), 8.11 (d, J = 2.4 Hz, 1H), 7.55 (dd, J = 8.5, 2.3
Hz, 1H), 7.31 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 8.4 Hz, 2H), 6.70 (d, J =
8.5 Hz, 1H), 6.66-6.60 (m, 2H), 4.21 (s, 2H), 4.07 (s, 2H). 3¢ NMR
(101 MHz, DMSO-dg) 6 171.1 (CO), 163.3 (C), 158.0 (C), 155.1 (C),
144.0 (C), 131.5 (2CH), 127.7 (CH), 125.6 (CH), 121.9 (C), 119.8 (C),
118.4 (C), 116.6 (CH), 115.3 (2CH), 113.9 (CH), 103.3 (CH), 49.3
(CH2), 42.1 (CH2). HRMS (TOF, ES1): m/z calcd. For C19H1gNOs (M +
H™)' 340.1185, found 340.1198 (deviation +3.8 ppm). HPLC: (1 = 254
nm): 100%; tg = 10.58 min (4 = 214 nm): 99%; tg = 10.58 min (HPLC
method 1).

4.2.3.7. Ammonium 2-hydroxy-5-{5-[N-(p-methoxybenzyl)aminomethyl]-
2-furyl}benzoate (2i). Reductive amination general procedure, 1 (100
mg, 0.431 mmol), 4-methoxybenzylamine (3i) (73.1 pL, 0.559 mmol),
sodium triacetoxyborohydride (183 mg, 0.861 mmol), DCM (3 mL),
MeOH (1 mL). Imine formation, 24 h; reduction, 3 h. Purification:
Gradient elution using AcOEt/ACN/MeOH-NH3 (7 N)/H,0
70:2.5:1.25:1.25 — 70:10:5:5. Yield: 51% (82 mg, 0.221 mmol)
(yellowish solid, mp 200-203 °C). 'H NMR (600 MHz, DMSO-dg) 6 9.31
(s, 1H), 8.10 (d, J = 2.5 Hz, 1H), 7.53 (dd, J = 8.4, 2.0 Hz, 1H), 7.42 (d, J
= 8.6 Hz, 2H), 6.99 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.5 Hz, 1H), 6.64 (d,
J=3.3Hz, 1H), 6.59 (d, J = 3.3 Hz, 1H), 4.19 (s, 2H), 4.11 (s, 2H), 3.76
(s, 3H). 3¢ NMR (151 MHz, DMSO-dg) 6 171.0 (CO), 163.5 (C), 159.6
(C), 155.1 (C), 144.3 (C), 131.4 (2CH), 127.5 (CH), 125.6 (CH), 124.2
(C), 120.1 (C), 118.2 (C), 116.5 (CH), 114.0 (2CH), 113.7 (CH), 103.2
(CH), 55.1 (CH3), 49.2 (CH2), 42.3 (CH2). HRMS (TOF, ES™): m/z caled.
For CooHaoNOs (M + H')™ 354.1341, found 354.1335 (deviation —1.7
ppm). HPLC: (4 = 254 nm): 97%; tg = 9.09 min (4 = 214 nm): 97%; tg =
9.09 min (HPLC method 2).

4.2.3.8. 2-Hydroxy-5-{5-[N-(3-pyridylmethyl)aminomethyl]-2-furyl}ben-
zoic acid (2j). Reductive amination general procedure, 1 (70 mg, 0.302
mmol), pyridin-3-ylmethanamine (3j) (40 pL, 0.392 mmol), sodium
triacetoxyborohydride (128 mg, 0.604 mmol), DCM (3 mL), MeOH (1
mL). Imine formation, 24 h; reduction, 4 h. Purification: Gradient
elution using AcOEt/ACN/MeOH/H0 70:5:2.5:2.5 — 6:1:1:1. Yield:
41% (40 mg, 0.123 mmol) (pale solid, mp > 300 °C). 'H NMR (400 MHz,
DMSO-dg) 6 8.67 (s, 1H), 8.53 (d, J = 3.8 Hz, 1H), 8.05 (d, J = 2.2 Hz,
1H), 7.97 (d, J = 7.7 Hz, 1H), 7.54 (dd, J = 8.5, 2.5 Hz, 1H), 7.41 (dd, J
= 7.8, 4.8 Hz, 1H), 6.69 (d, J = 8.5 Hz, 1H), 6.61 (d, J = 3.2 Hz, 1H),
6.56 (d, J = 2.7 Hz, 1H), 4.08 (d, J = 3.6 Hz, 4H). 1°C NMR (101 MHz,
DMSO-dg) 6 171.9 (CO), 171.3 (C), 171.3 (C), 163.0 (C), 154.4 (C),
150.6 (CH), 149.2 (CH), 137.3 (CH), 127.4 (CH), 125.5 (CH), 123.4
(CH), 120.0 (C), 118.7 (C), 116.4 (CH), 112.7 (CH), 103.3 (CH), 47.6
(CH2), 43.1 (CH2). HRMS (TOF, ES™): m/z calcd. For C1gH15N204 (M-
H') 323.1032, found 323.1056 (deviation +7.4 ppm). HPLC: (A = 254
nm): 100%; tg = 8.57 min (A = 214 nm): 96%; tg = 8.57 min (HPLC
method 1).

4.2.3.9. 2-Hydroxy-5-[5-(piperidin-1-ylmethyl)-2-furyl]benzoic acid
(2k). Reductive amination general procedure, 1 (100 mg, 0.431 mmol),
piperidine (3k) (55.3 pL, 0.560 mmol), sodium triacetoxyborohydride
(274 mg, 1.293 mmol), DCM (3 mL), MeOH (1 mL). Imine formation, 4
h; reduction, 4 h. Purification: Gradient elution using AcOEt/ACN/
MeOH/H30 70:10:5:5 — 7:1:1:1. Yield: 59% (77 mg, 0.256 mmol)
(brownish solid, mp 209 °C). H NMR (400 MHz, CD30D) 6§ 8.21 (d, J =
2.3 Hz, 1H), 7.63 (dd, J = 8.5, 2.3 Hz, 1H), 6.83 (d, J = 8.5 Hz, 1H),
6.69-6.56 (m, 2H), 4.20 (s, 2H), 3.09 (s, 4H), 1.81 (p, J = 5.8 Hz, 4H),
1.62 (q, J = 5.7 Hz, 2H). 13¢ NMR (101 MHz, CD30D) 6 175.5 (CO),
162.9 (C), 157.5 (C), 144.8 (C), 129.6 (CH), 127.5 (CH), 121.9 (Q),
120.4 (C), 117.8 (CH), 116.5 (CH), 104.9 (CH), 54.2 (CH2), 54.0
(2CH2), 24.7 (2CH2), 23.1 (CH2). HRMS (TOF, ES™): m/z calcd. For
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C17H1gNO4 (M-H') 300.1236, found 300.1264 (deviation +9.3 ppm).
HPLC: (4 = 254 nm): 100%; tg = 10.01 min (A = 214 nm): 98%; tg =
10.01 min (HPLC method 1).

4.2.3.10. Ammonium  2-hydroxy-5-[5-(propargylaminomethyD)-2-furyl]
benzoate (21). Reductive amination general procedure, 1 (105 mg,
0.453 mmol), propargylamine (31) (38 pL, 0.588 mmol), sodium tri-
acetoxyborohydride (192 mg, 0.904 mmol), DCM (3 mL), MeOH (1 mL).
Imine formation, 24 h; reduction, 3 h. Purification: Gradient elution
using AcOEt/ACN/MeOH-NH3 (7 N)/H;O 70:2.5:1.25:1.25 -
70:10:5:5. Yield: 76% (100 mg, 0.347 mmol) (brown solid, mp 180 °C
decomposition). 'H NMR (300 MHz, CDs0D) § 8.20 (d, J = 2.3 Hz, 1H),
7.64 (dd, J= 8.6, 2.4 Hz, 1H), 6.84 (d, J = 8.7 Hz, 1H), 6.59 (s, 2H), 4.26
(s, 2H), 3.83 (d, J = 2.5 Hz, 2H), 3.11 (t, J = 2.6 Hz, 1H). '3C NMR (101
MHz, CD30D) § 175.4 (CO), 162.9 (C), 157.2 (C), 145.7 (C), 129.8 (CH),
127.4 (CH), 122.0 (C), 119.8 (C), 117.8 (CH), 115.1 (CH), 104.9 (CH),
78.3 (C), 75.8 (CH), 43.8 (CH2), 36.7 (CH2). HRMS (TOF, ES™): m/z
caled. For Ci5H;oNO4 (M-H') 270.0766, found 270.0757 (deviation
—3.3 ppm). HPLC: (4 = 254 nm): 100%; tg = 9.66 min (A = 214 nm):
99%; tg = 9.66 min (HPLC method 1).

4.2.3.11. 5-{5-[5-(3-Carboxy-4-hydroxyphenyl)furan-2-ylmethyl]furan-
2-yl}-2-hydroxybenzoic acid (4). [36,38,39]. Formed during the chro-
matographic purification of secondary amines type 2, isolated during
the preparation of 2a. Solid, mp 65 °C (decomposition). 'H NMR (600
MHz, CD30D) § 8.30 (s, 2H), 7.59 (dd, J = 8.6, 2.2 Hz, 2H), 6.83 (d, J =
8.5 Hz, 2H), 6.48 (d, J = 3.2 Hz, 2H), 6.20 (d, J = 3.2 Hz, 2H), 4.06 (s,
2H). 13C NMR (151 MHz, CD30OD) 6 176.4 (2CO), 161.9 (2C), 154.6
(20), 152.1 (2C), 152.08 (2C) 129.8 (2CH), 126.9 (2CH), 123.2 (2C),
117.7 (2CH), 109.2 (2CH), 104.8 (2CH), 28.2 (CH2). HRMS (TOF, ES™):
m/z caled. For Ca3H150g (M-H™) 419.0767, found 419.0781 (deviation
+3.3 ppm). HPLC: Unstable under HPLC conditions.

4.2.3.12. Ammonium 5-{5-{N-benzyl-N-[5-(3-carboxy-4-hydroxyphenyl)-
2-furanylmethyl]aminomethyl}-2-furanyl}-2-hydroxybenzoate 9.
Formed during the chromatographic purification of 2f. Brownish solid,
mp 170-172 °C. "H NMR (300 MHz, CDs0D) 6 8.23 (d, J = 2.2 Hz, 2H),
7.67 (dd, J = 8.6, 2.3 Hz, 2H), 7.51-7.36 (m, 5H), 6.87 (d, J = 8.6 Hz,
2H), 6.59 (d, J = 3.2 Hz, 2H), 6.49 (d, J = 3.2 Hz, 2H), 3.96 (s, 4H), 3.92
(s, 2H). 13C NMR (126 MHz, CD30D) § 175.1 (CO), 162.5 (C), 155.9 (C),
149.5 (C), 137.4 (C), 130.8 (CH), 129.9 (CH), 129.7 (CH), 129.0 (CH),
127.1 (CH), 122.8 (C), 119.1 (C), 117.9 (CH), 114.1 (CH), 104.9 (CH),
58.2 (CH2), 52.7 (CH2). HRMS (TOF, ES™): m/z calcd. For C3;H24NOg
(M-H") 538.1502, found 538.1494 (deviation —1.5 ppm). HPLC: (1 =
254 nm): 99%; tg = 12.61 min (1 = 214 nm): 99%; tg = 12.61 min (HPLC
method 2).

4.2.3.13. Ammonium 5-{5-{N-[5-(3-carboxy-4-hydroxyphenyl)-2-fur-
anylmethyl]-N-propargylaminomethyl}-2-furanyl}-2-hydroxybenzoate

(9. Formed during the chromatographic purification of 21. Solid, mp
138-140 °C (decomposition). 1H NMR (300 MHz, CDs0D) 6 8.22 (d, J =
2.3 Hz, 2H), 7.70 (dd, J = 8.6, 2.4 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 6.57
(d, J = 3.3 Hz, 2H), 6.44 (d, J = 3.3 Hz, 2H), 3.88 (s, 4H), 3.45 (d, J =
2.5 Hz, 2H), 2.78 (s, 1H). 13C NMR (126 MHz, CD30D) § 175.3, 169.3,
162.9, 157.2, 132.3, 129.7, 127.4, 122.0, 117.8, 114.8, 104.9, 78.0,
69.1, 43.9, 36.7. HRMS (TOF, ES™): m/z calcd. For CoyHaoNOg (M-H™)
486.1189, found 486.1193 (deviation +0.8 ppm). HPLC: (1 = 254 nm):
100%; tg = 13.06 min (A = 214 nm): 96%; tg = 13.06 min (HPLC method
2).

4.2.3.14. Triethylammonium 5-{5-{[N-benzyl-N-(furan-2-ylmethyl)
amino Jmethyl} furan-2-yl}-2-hydroxybenzoate (11). Reductive amination
general procedure, 2f (30 mg, 0.088 mmol), 2-furaldehyde (11 pL,
0.132 mmol), sodium triacetoxyborohydride (37 mg, 0.176 mmol),
DCM (3 mL), MeOH (1 mL). Imine formation, 24 h; reduction, 3 h.
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Purification: Gradient elution using AcOEt/ACN/MeOH 70:10:5 —
70:10:10. Yield: 40% (18 mg, 0.036 mmol) (yellow solid). H NMR (500
MHz, CD30D) 6 8.23 (d, J = 2.2 Hz, 1H), 7.67 (dd, J = 8.5, 2.3 Hz, 1H),
7.54 (s, 1H), 7.44 (d, J = 7.1 Hz, 2H), 7.37 (t, J = 7.5 Hz, 2H), 7.30 (t, J
=7.3Hz, 1H), 6.88 (d, J = 8.6 Hz, 1H), 6.58 (d, J = 3.2 Hz, 1H), 6.43 (s,
3H), 3.85 (d, J = 7.7 Hz, 4H), 3.81 (s, 2H), 3.21 (q, J = 7.3 Hz, 6H), 1.31
(t, J = 7.3 Hz, 9H). '3C NMR (126 MHz, CD30D) 5 175.0 (CO), 162.4 (C),
155.6 (C), 150.1 (C), 144.0 (CH), 138.1 (C), 130.6 (CH), 130.2 (C),
130.0 (CH), 129.5 (CH), 128.8 (CH), 127.0 (CH), 122.9 (C), 118.8 (C),
117.9 (CH), 113.5 (CH), 111.46 (CH), 111.42 (CH), 104.8 (CH), 58.2
(CH2), 50.1 (CH2), 50.0 (CH2), 49.7 (3CH2), 9.2 (3CH3). HRMS (TOF,
ES™): m/z caled. For Co4H2oNOs (M + H™)T 404.1498, found 404.1504
(deviation +1.5 ppm). HPLC: (4 = 254 nm): 98%; tg = 11.16 min (4 =
214 nm): 99%; tg = 11.16 min (HPLC method 2).

4.3. Biological methods

4.3.1. Production and purification of enzymes hGO and mGO

BL21 (DE3) E. coli transformed with recombinant pET-15 b expres-
sion vector carrying the coding sequence of mouse Haol cDNA and an N-
terminal His-tag was grown in the presence of 0.1 mg/mL ampicillin in
LB medium for 3 h at 37 °C. The expression was induced with the
addition of 0.5 mM IPTG (isopropyl p-p-thiogalactopyranoside), fol-
lowed by incubation for 5 h at 25 °C. Bacteria were split in aliquots,
centrifuged at 4500 g for 10 min at 4 °C (Kokusan H-251 centrifuge) and
resuspended in phosphate-buffered saline (20 mM NaH,PO4, 500 mM
NaCl, pH 7.5). After that, bacteria were re-centrifuged (Hettich Uni-
versal 320 R centrifuge) at 2800 g for 10 min at 4 °C and the pellets were
frozen at —80 °C overnight. The following day cells were thawed,
resuspended in cold lysis buffer (20 mM NaHyPO4, 500 mM NacCl, 20
mM imidazole, 50 pM FMN, pH 7.5) in the presence of PMSF (protease
inhibitor) and sonicated. The samples were then centrifuged at 15 000
rpm for 10 min at 4 °C and the enzyme contained within the supernatant
was purified by immobilized metal affinity chromatography (IMAC). To
this end, the soluble fraction was loaded into a His GraviTrap™ column
(GE-Heathcare) in order to bind the His-tagged protein to the Ni
Sepharose® stationary phase. This fraction (pre-column fraction) was
then eluted and the column was washed with three bed volumes of lysis-
binding-wash buffer to remove unbound proteins (wash fraction). Then,
elution buffer (20 mM NaH3;PO4, 500 mM NaCl, 300 mM imidazole, pH
7.5) was added to the column and GO was eluted in two fractions of 500
pL (F1) and 2500 pL (F2). F2 was subjected to buffer exchange using a
PD-10 desalting column containing Sephadex™ G-25 resin (GE-Heath-
care). For that, 2500 pL corresponding to F2 were loaded into the col-
umn and eluted in 3.2 mL of working buffer (20 mM NaH,PO4, 500 mM
NaCl, pH 7.5). Finally, the protein concentration was measured spec-
trophotometrically according to the extinction molar coefficient of
€280 = 48 000 M~! cm™! corresponding to the primary sequence of the
enzyme. The enzyme was split in aliquots, preserved in liquid nitrogen
and stored at —80 °C.

For the obtainment of hGO the same procedure was repeated using
the recombinant pET-15 b expression vector carrying the coding
sequence of human Haol cDNA.

4.3.2. Method for the determination of the inhibition percentage against
recombinant GO using an end-point fluorometric protocol [64]

Compounds were tested at 20 pM in OptiPlate black opaque 96-well
microplates (PerkinElmer). In each plate, three replicates of a control for
100% enzymatic activity were included (containing substrate but not
inhibitor) along with three/four replicates of each tested inhibitor at 20
pM. The reaction mixture in the wells (200 pL/well) was composed of
50 mM phosphate buffer pH 7, GO (25 nM), glycolate (180 pM),
Amplex® Red (50 pM), HRP (5 units) and a solution of the inhibitor at
the corresponding concentration in DMSO or just DMSO in the 100%
activity control wells.

Protocol: In each well, 38 pL of 50 mM phosphate buffer pH 7 were
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added. The inhibitors were then added (2 pL in DMSO) in each sample
well or the same volume of DMSO in the case of the 100% control wells.
Later, GO (10 pL of a solution 500 nM in phosphate buffer) was added to
each well and the mixture was incubated for 10 min at rt. After this time,
50 pL of glycolate (solution 720 pM in water) were added and the
mixture is incubated for 10 min at rt. After this incubation time, 100 pL
of a mixture Amplex® Red/HRP (composed by Amplex® Red 100 pM
and HRP (2 units/40 pL of mixture) were added and the final mixture
was incubated for 10 min more at rt and in darkness. Finally, fluores-
cence was read at ley 560 £ 10 nm and Aer, 590 + 10 nm (PerkinElmer
Multimode Plate Reader Enspire). The resulting signal was compared to
the one obtained for the 100% activity control.

The mixture Amplex® Red/HRP was prepared by dissolution of HRP
in water and addition of Amplex® Red (from a stock 10 mM in DMSO)
(final concentrations in the mixture HRP = 2 units/40 pL and Amplex®
Red = 100 pM).

4.3.3. Method for the determination of ICs¢ against recombinant GO using
an end-point fluorometric protocol

The same protocol described for the determination of the inhibition
percentages was followed. In this case, the inhibitor was added to each
well by serial dilution, considering that all the wells will contain 40 pL
(inhibitor in DMSO + phosphate buffer) before the addition of GO and
that the final volume of DMSO in each well must be of 2 pL maximum
(wells with the highest concentration of inhibitor).

4.3.4. Method for the determination of the inhibition percentage against
recombinant LDH using a kinetic fluorometric protocol [29,65]

Compounds were tested at 10 pM in OptiPlate black opaque 96-well
microplates (PerkinElmer). In each plate, along with four replicates per
inhibitor to test at 10 pM, four replicates of the following control wells
were included: 0% enzymatic activity (no substrate and no inhibitor),
100% enzymatic activity (with substrate but without inhibitor). The
reaction mixture in the wells (200 pL/well) was composed of 50 mM
phosphate buffer pH 7 (35 pL), a solution of the inhibitor in DMSO (final
concentration 10 pM) or just DMSO in the control wells, LDH (Novusbio
NBP1-40407 and NBP1-45281; final concentration 0.0150 U/mlL),
NADH (50 pL of a solution prepared at 600 pM in phosphate buffer, for a
final concentration of 150 pM in the well), pyruvate (final concentration
of 1 mM) or just 100 pL of phosphate buffer in the 0% activity control
well.

In the control wells 1 and 2, the appropriate amounts of phosphate
buffer and DMSO were added. In the wells corresponding to inhibitors,
5 pL of the solution containing the inhibitor in DMSO were added on 35
pL of phosphate buffer. At this point, 60 pL of a mixture containing LDH
and NADH were added to each well. This mixture was prepared by
dissolution of NADH in 50 pL of phosphate buffer (600 pM) and addition
of 10 pL of a solution containing LDH in phosphate buffer (0.3 U/mL).
The mixture of NADH and LDH must be prepared in darkness and the
protocol must be continued in darkness from this moment. The plates
were then incubated at rt during 10 min, during which the baseline was
read at Aex 340 nm and Aep, 460 nm every 60 s (PerkinElmer Multimode
Plate Reader Enspire instrument). Afterwards, the solution of substrate
(2 mM pyruvate in phosphate buffer) was added to each well (100 pL/
well), except for the 0% activity control in which 100 pL of phosphate
buffer were added. The plate was immediately introduced in the reader
instrument and fluorescence was registered at lex 340 nm y Aem 460 nm
every 60 s during 10 min. The 10 min linear interval was used for slope
calculation. This slope was corrected with the baseline reading regis-
tered before the addition of the substrate. The resulting corrected slope
was compared to the one obtained for the 100% activity control.

4.3.5. Method for the determination of ICsp against recombinant LDH using
a kinetic fluorometric protocol

The same protocol described for the determination of the inhibition
percentages was followed. In this case, the inhibitor was added to each
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well by serial dilution, considering that all the wells will contain 40 pL
(inhibitor in DMSO + phosphate buffer) before the addition of LDH/
NADH and that the final volume of DMSO in each well must be of 2 pL
maximum (wells with the highest concentration of inhibitor).

In this case, the reaction mixture in the wells (200 pL/well) was
composed of 50 mM phosphate buffer pH 7 (38 pL), a solution of the
inhibitor in DMSO (2 pL) or just DMSO (2 pL) in the control wells, LDH
(10 pL of a stock in phosphate buffer of 0.3 U/mL, for a final concen-
tration of 0.015 U/mL in the well), NADH (50 pL of a solution prepared
at 600 uM in phosphate buffer, for a final concentration of 150 pM in the
well), pyruvate (100 pL of a solution prepared at 2 mM in phosphate
buffer) (for a final concentration of 1 mM in the well) or just 100 pL of
phosphate buffer in the 0% activity control well.

4.3.6. Method for the determination of inhibition kinetics on GO using a
kinetic fluorometric protocol [64]

For each K; determination, three replicates of four/five different
concentrations of the inhibitor in the presence of ten substrate concen-
trations were included. The reaction mixture in the wells (200 pL/well)
was composed of 50 mM phosphate buffer pH 7 (35 pL), a solution of the
inhibitor at the corresponding concentration in DMSO (5 pL), GO (10 pL
of a solution 500 nM in phosphate buffer, for a final concentration of 25
nM in the well), glycolate (50 pL of a solution in water at the corre-
sponding concentration), 100 pL of a mixture containing Amplex® Red
100 pM and 5 units of HRP in water (2 units/40 pL of the mixture) (for a
final concentration of Amplex® Red of 50 pM in the well; the Amplex®
Red reagent is added to the mixture from a stock 10 mM prepared in
DMSO).

In each well, the corresponding amount of buffer phosphate was
added (35 pL). The inhibitor was then added at the corresponding
concentration in DMSO (5 pL) or the same volume of DMSO in the case
of Ky determination. Later, 10 pL of 500 nM GO were added to each
well. Immediately, 100 pL of the Amplex® Red/HRP mixture were
added. This mixture must be prepared and handled in darkness. From
this moment, the experiment must be completed in darkness. Right af-
terwards, 50 pL of glycolate at the corresponding concentration were
added in each well. After the addition of glycolate, the fluorescence was
read at dex 560 + 10 nm and Aep 590 + 10 nm (PerkinElmer Multimode
Plate Reader Enspire). Each well was read every 60 s, over a period of 15
min. The 10 min linear interval was used for slope calculation. The
initial velocity (vp) was determined as the slope calculated in the linear
interval of the “product vs time” graph representing the progression of
the enzymatic reaction at each inhibitor and substrate concentration.
This linear interval was observed to be of 10 min after a total measuring
time of 15 min. Values of vp were obtained as a mean of three replicates.

4.3.7. Method for the determination of inhibition kinetics on LDH using a
kinetic fluorometric protocol [29,65]

For each K; determination, three replicates of four/five different
concentrations of the inhibitor in the presence of nine/ten substrate
concentrations were included. The reaction mixture in the wells (200
pL/well) was composed of 50 mM phosphate buffer pH 7, a solution of
the inhibitor in DMSO, LDH (final concentration 0.0150 U/mL), NADH
(final concentration 150 pM), pyruvate (final concentration 1 mM).

In each well, 35 pL of buffer phosphate were added. The inhibitor
was then added at the corresponding concentration in DMSO (5 pL) or
the same volume of DMSO in the case of Ky determination. At this point,
60 pL of a mixture containing LDH and NADH were added to each well.
This mixture was prepared right before, by dissolution of NADH in 50 pL
of phosphate buffer (600 yM) and addition of 10 pL of a solution con-
taining LDH in phosphate buffer (0.3 U/mL). The mixture of NADH and
LDH must be prepared in darkness and the protocol must continue in
darkness from this moment. The plates were then incubated at rt during
10 min, during which the baseline was read at l.x 340 nm and Aep, 460
nm every 60 s (PerkinElmer Multimode Plate Reader Enspire instru-
ment). Afterwards, the solution of substrate at the corresponding
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concentration was added to each well (100 pL/well). The plate was
immediately introduced in the reader instrument and fluorescence was
registered at Aexy 340 nm y dem 460 nm every 60 s during 10 min. The 10
min linear interval was used for slope calculation. This slope was cor-
rected with the baseline reading registered before the addition of the
substrate. The initial velocity (vo) was determined as the slope calcu-
lated in the linear interval of the “product vs time” graph representing
the progression of the enzymatic reaction at each inhibitor and substrate
concentration. This linear interval was observed to be of 10 min after a
total measuring time of 15 min. Values of vy were obtained as a mean of
three replicates.

4.3.8. Method for the reversibility test of 21 on hGO

Compound 21 was tested following a kinetic fluorometric procedure.
In each plate, four replicates of 21 at 10xICsy and 100xICs( concentra-
tions were included. Along with 21, compounds 1 and 9f were evaluated
in the same plate, at 10xICso and 100xICsg concentrations (four repli-
cates each). Four replicates of a control without inhibitor were also
included in the plate.

For each of the tested inhibitors, two different vials were prepared
containing mixtures of the inhibitor (at 10xICs¢ and 100xICsp) and the
enzyme hGO (at 2.5 pM, 100x the concentration of the ICs assay). For
the preparation of the 10xICsq vials, 10 pL of hGO (5 pM in phosphate
buffer) and 10 pL of the inhibitor (20xICso in 50 mM phosphate buffer
pH 7) were mixed. For the preparation of the 100xIC50 vials, 10 pL of
hGO (5 pM in phosphate buffer pH 7) and 10 pL of the inhibitor
(200xICs5¢ in 50 mM phosphate buffer pH 7) were mixed. For the control,
another vial containing 10 pL of hGO (5 pM in phosphate buffer pH 7)
and 10 pL of phosphate buffer pH 7 was prepared. All the vials were
incubated for 30 min after which 2 pL of each vial were taken and added
to wells (OptiPlate black opaque 96-well microplates) containing 198 pL
of reaction buffer. The reaction buffer was composed of 48 pL of phos-
phate buffer, 50 L of glycolate (solution 720 pM in water), 100 pL of a
mixture containing Amplex® Red 100 pM and 5 units of HRP in water (2
units/40 pL of the mixture) (for a final concentration of Amplex® Red of
50 pM in the well; the Amplex® Red reagent is added to the mixture
from a stock 10 mM prepared in DMSO). After the addition, the fluo-
rescence was read at dex 560 + 10 nm and Aey, 590 + 10 nm (Perki-
nElmer Multimode Plate Reader Enspire). Each well was read every 60 s,
over a period of 15 min. The plots representing the progress of the re-
action vs time, in the presence of each concentration of inhibitor, during
the first 10 min (linear interval of the 100% enzymatic activity control),
were used to calculate slopes. The slopes were used to determine activity
percentages by comparison with the slope of the graph in the 100%
activity control.

4.3.9. Method for the determination of the inhibition percentage against
recombinant COX using a kinetic fluorometric protocol

To assess the activity of the compounds against COX-1 (ovine) and
COX-2 (human) isozymes, a kinetic fluorometric protocol (10 min linear
interval) using commercial kits was followed (BioVision Inhibitor
Screening Kit). For the assays, OptiPlate black opaque 96-well micro-
plates were used with a final volume of 100 pL per well and a final
concentration of substrate (arachidonic acid) of 15 mM. In each plate,
the following wells were included: Solvent Control wells [SC] (two
replicates) containing no substrate and no inhibitor; Enzyme Control
wells [EC] (four replicates) containing substrate but not inhibitor; In-
hibitor Control wells [IC] (two replicates) containing the control in-
hibitor; Sample Screen wells [S] (three/four replicates) containing the
sample inhibitor to be screened.

Manufacturer indications were followed. Volumes of 10 pL of the
intermediate stocks of inhibitor were added in the [S] wells (the inter-
mediate stocks were prepared by dissolving the inhibitors in COX assay
buffer at a concentration 10x of the final concentration), 10 pL of the
corresponding solvent were added in the [SC] wells and 10 pL of COX
assay buffer were added to the [EC] wells. In the [IC] wells, 2 pL of
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control inhibitor and 8 pL of COX assay buffer were added. Then, vol-
umes of 80 pL of Reaction Master Mix (composed of COX assay buffer 76
pL, COX probe 1 pL, diluted COX cofactor 2 pL, COX enzyme 1 pL) were
added to each well, followed by volumes of 10 pL of diluted arachidonic
acid (prepared by mixing 5 pL of arachidonic acid with 5 pL of NaOH and
90 pL of ddH»0). The plate was introduced in the reader instrument and
fluorescence was read every 60 s, over a period of 10 min, at 25 °C (lex =
535 nm, dem 587 nm).

4.3.10. Method for the determination of the IC5¢ against recombinant COX
using a kinetic fluorometric protocol

To assess ICsq values, the same commercial kits and protocols were
used as described above. Inhibitors were tested at eight different con-
centrations and two/three replicates of each concentration were
included in each assay.

4.3.11. Mouse hepatocytes isolation and culture

Hepatocytes were isolated by in situ collagenase perfusion method
from male C57BL/6 Agxtl™/~ Grhpr~/~ and Hogal ’~ mouse livers.
Culture of primary hepatocytes was performed as described previously
[3]. Briefly, 3.0x10° cells/well were cultured in 6-well plates with
Williams E medium supplemented with 5% fetal bovine serum, 2 mM
L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin, 2.2
mUI/mL insulin and 0.3 pg/mL hydrocortisone. After 6 h, medium was
changed to Williams E complete medium (Biochrom, Cambridge, UK)
without serum and cells were treated with compounds in the presence of
5 mM glycolate, 10 mM glycolate and 10 mM hydroxyproline for
Agxtl =/, Grhpr*/ " and Hogal /= primary hepatocytes culture, respec-
tively. Culture medium was harvested at 24 h after treatment for oxalate
quantification on secondary assays, and also at 48 h for full
dose-response curves.

4.3.12. Cell viability and cytotoxicity

96-Well plates were seeded with 1.0x10* cells/well and treated with
the same concentrations of compounds as in 6-well plates. At each time
point, 20 pL of Cell Titer 96® Aqueous One Solution Reagent (Promega,
Madison, WI) was added to the medium, incubated 2 h at 37 °C 5% CO»
and measured at 490 nm. Relative cellular viability at each concentra-
tion of one inhibitor was calculated from the concentration of coloured
MTS formazan found in wells treated with the inhibitor by comparison
with the concentration of formazan found in wells devoid of inhibitor
(negative controls).

Each relative cellular viability value at each inhibitor concentration
was calculated as a media of three/four replicates.

4.3.13. Oxalate determination

Determination of oxalate excreted to the medium and urine oxalate
was measured by the oxalate oxidase assay using a commercial kit
(Trinity Biotech, Co Wicklow, Ireland), following manufacturer’s in-
structions. The method involves oxidation of oxalate (1 equiv) by oxa-
late oxidase with formation of Hy05 (1 equiv) and subsequent utilization
of the generated H,O5 for the formation of a dye (absorbance at 590 nm)
in a HRP catalyzed reaction with the substrates 3-methyl-2-benzothiazo-
linone hydrazone (MBTH) and 3-(dimethylamino)benzoic acid (DMAB).
For oxalate quantification, a standard curve was built using aqueous
dilutions of oxalate containing 0, 0.025, 0.05, 0.1, 0.2 and 0.25 nmol
oxalate/pL. For the standard curve, absorbance was measured at 590 nm
following the same protocol described above.

For in vitro studies, relative oxalate for each inhibitor at the suitable
concentration was calculated from the concentration of extracellular
oxalate found in wells treated with the inhibitor, as a percentage of the
extracellular oxalate found in wells devoid of inhibitor (negative con-
trols). Each relative oxalate value at each inhibitor concentration was
calculated as a media of three/four replicates.

For ECsg calculation, each inhibitor was tested at eight different
concentrations. At each concentration, three/four replicates of relative
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oxalate were determined. The final ECsy was calculated as a mean of the
three/four replicates.

For in vivo studies, the amount of urine oxalate was normalized with
the creatinine excretion (ratio oxalate/creatinine pg/mg) and expressed
as relative normalized oxalate excretion referred to the control pre-
treated mice (100%).

4.3.14. Urine glycolate determination

Measurements of glycolate levels in urine samples was performed
with the same enzymatic assay of glycolate oxidase described above, but
using 2 pg of purified protein per sample.

4.3.15. Urine creatinine determination
Urine creatinine was measured using a standard creatinine detection
kit (Enzo Life Sciences, Lausen, Switzerland).

4.3.16. Administration of compound 21 and urine collection

Animal experiments and animal care procedures were approved by
the local animal ethics committee (CEIBA) and were performed in
accordance with the institutional guidelines that comply with the na-
tional and international laws and policies (EEC Council Directive 86/
609, OJ L 358, December 12, 1987) and with the ARRIVE guidelines
(Animals in Research Reporting In Vivo Experiments). Agxt] ~/~ mice
were placed in metabolic cages for a single mouse (Tecniplast, Bugug-
giate, Italy) and allowed to get acclimatized for 3 days before the start of
urine collection. Eight consecutive 24-h urine collections were per-
formed for basal urine oxalate, glycolate and creatinine determination.
Next, 21 was administered by oral gavage (in solution with 0.5%
methylcellulose) at a daily dose of 20 mg/kg body weight during 5 days.
All 24-h urine collections were obtained in tubes containing 50 pL of 6 M
HCL. Samples with less than 1 mL urine or with food or fecal contami-
nations were excluded from the study.

4.3.17. Statistical analysis of in vivo experiments

Data are expressed as a mean + standard error. Paired-sample t-test
was used to compare pre-treated mice (control) and treated mice. All
data were analyzed using IBM SPSS 20 statistical package.

4.3.18. Method for the determination of the anti-inflammatory activity in
vitro

To determine in vitro anti-inflammatory capacity, a human monocyte
model, THP-1 (ATCC® TIB-202 ™), treated with LPS (E. coli lipopoly-
saccharide) was used. Briefly, THP-1 cells were seeded in 12-well plates
at 350.000 cells per well in cell culture medium (RPMI) with 2% FBS.
Compounds were added to cells in an increasing dose curve and cells
were incubated for 24h. Then, the induction of inflammatory response
was triggered by 80 ng/mL LPS for 24h. After that, the culture super-
natants are kept at —80 °C until the cytokines IL-6, IL-1p and TNF-a were
measured by ELISA (Enzyme-Linked ImmunoSorbent Assay).

The cytotoxicity of each compound was analyzed by the colorimetric
CCK-8 test (Cell Counting Kit-8).

ELISA kits were used to quantify IL-6 (Human IL-6 ELISA Ready-SET-
Go! eBiosciences), IL-1f (Human IL-1p ELISA Set, BD Biosciences), and
TNF-a (Human TNF ELISA Set, BD Biosciences), following the manu-
facturer’s instructions. ICsp of each compound was calculated using
GeneData Screener Software.

4.3.19. Method for the determination of renal cytotoxicity

Cytotoxicity tests were developed on kidney-derived lines (HEK-293,
ECACC 85120602 and 786-0, ATCC CRL-1932™) by measuring cellular
toxicity using the MTT metabolic test. Briefly, cells were seeded at a
density of 40.000/well in a 96-wells plate and were incubated in a hu-
midified atmosphere at 37 °C with 5% CO5 for 24h. The compounds
were dissolved in DMSO at 10 mM and the highest concentration
assayed was 100 pM in 786-O and 50 pM in HEK-293. After 48 h of
treatment, plates were treated with MTT [3-(4,5-dimethylthiazol-2-yl)-
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2,5-diphenyltetrazolium bromide] at 5 pg/mL in Minimum Essential
Medium Eagle (MEM) for 2 h. Then, DMSO was added to the plates to
dissolve the formazan crystals formed in viable cells and plates were
stirred for 5 min to homogenize the solution. Absorbance at 570 nm was
measured by VICTOR Multilabel Plate Reader (PerkinElmer). LCso and
Z-factor calculations were done using GeneData Screener Software.

4.4. Docking methods

4.4.1. Homology modeling

Homology models were constructed using MODELLER 9.23 [66]
with PDB ID 1AL7 as a template of the protein and the protein sequence
of hGO downloaded from UNIPROT [67]. A total of 100 model were
obtained and classified according to its DOPE score (Table S165). The
best 5 models were analyzed and their stereochemical quality and ac-
curacy were tested using PROCHECK [68]. Results from PROCHECK
reported as Ramachandran plots showed that all selected models have
>90% of its residues in the most favoured regions A, B and L of the
Ramachandran plot (results not shown). Of the 5 selected model the best
in terms of DOPE score was selected for docking analysis.

4.4.2. Docking protocol

Docking studies were carried out with Autodock 4.2.6 (AD4) [69] on
the crystal structures of human lactate dehydrogenase M and H isozymes
forms (hLDHA PDB ID: 1110; 4L4S and 6SBU; hLDHB PDB ID: 110Z) [53],
and hGO (PDB ID: 2RDT and 2RDU). Ligands structures were built on
Avogadro [70] and optimized using Gaussian (HF/6-31G d,p). Com-
pounds presenting tertiary amines, prone to protonation at physiological
pH, were also considered. Once optimized, ligands PDBs were prepared
for docking using the prepare_ligand4. py script included MGLTools
1.5.4 [71]. Protein structures, on the other hand, were prepared for
docking using the PDB2PQR tools [72]. Water and ligand molecules
were removed and charges and non-polar hydrogen atoms were added at
pH 7.0. The produced structures were saved as pdb files and prepared for
docking using the prepare_receptor4. py script from MGLTools. AD4 was
used to automatically dock the ligands into the hLDH and hGO binding
sites. For hLDHA (PDB ID 1110 and 4L4S) and hLDHB (PDB ID 110Z) the
docking grid was centred on the pyruvate-NADH binding site, and set
with the grid parameters 60 A x 80 A x 60 A with 0.375 A spacing. On
the other hand, for hLDHA (PDB ID 6SBU) [46], the docking grid was
centred on the cognate ligands binding site within the A and B subunits,
with the grid parameters 60 A x 60 A x 80 A with 0.375 A spacing. For
hGO (PDB ID: 2RDT, 2RDU, 1AL7-homology-model) the docking grid
was centred on the FMN-CDST binding site, and set with the grid pa-
rameters 65 A x 60 A x 60 A with 0.375 A spacing. In all calculations,
AD4 parameter file was set to 100 GA runs, 2.500.000 energy evalua-
tions and a population size of 150. The Lamarckian genetic algorithm
local search (GALS) method was used for the docking calculations. All
dockings were performed with a population size of 250 and a Solis and
Wets local search of 300 rounds was applied with a probability of 0.06. A
mutation rate of 0.02 and a crossover rate of 0.8 were used. The docking
results from each of the 100 calculations were clustered based on
root-mean square deviation (RMSD) (solutions differing by less than 2.0
A) between the Cartesian coordinates of the atoms, and were ranked on
the basis of free energy of binding.

Chimera 1.15 was used for molecules visualization and figures gen-
eration [73].
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