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ABSTRACT: This work describes the synthesis and pharmacological evaluation of 2-furoyl-based Melanostatin (MIF-1)
peptidomimetics as dopamine D2 modulating agents. Eight novel peptidomimetics were tested for their ability to enhance the
maximal effect of tritiated N-propylapomorphine ([3H]-NPA) at D2 receptors (D2R). In this series, 2-furoyl-L-leucylglycinamide
(6a) produced a statistically significant increase in the maximal [3H]-NPA response at 10 pM (11 ± 1%), comparable to the effect of
MIF-1 (18 ± 9%) at the same concentration. This result supports previous evidence that the replacement of proline residue by
heteroaromatic scaffolds are tolerated at the allosteric binding site of MIF-1. Biological assays performed for peptidomimetic 6a
using cortex neurons from 19-day-old Wistar-Kyoto rat embryos suggest that 6a displays no neurotoxicity up to 100 μM. Overall, the
pharmacological and toxicological profile and the structural simplicity of 6a makes this peptidomimetic a potential lead compound
for further development and optimization, paving the way for the development of novel modulating agents of D2R suitable for the
treatment of CNS-related diseases. Additionally, the pharmacological and biological data herein reported, along with >20 000
outcomes of preclinical assays, was used to seek a general model to predict the allosteric modulatory potential of molecular
candidates for a myriad of target receptors, organisms, cell lines, and biological activity parameters based on perturbation theory
(PT) ideas and machine learning (ML) techniques, abbreviated as ALLOPTML. By doing so, ALLOPTML shows high specificity
Sp = 89.2/89.4%, sensitivity Sn = 71.3/72.2%, and accuracy Ac = 86.1%/86.4% in training/validation series, respectively. To the best
of our knowledge, ALLOPTML is the first general-purpose chemoinformatic tool using a PTML-based model for the multioutput
and multicondition prediction of allosteric compounds, which is expected to save both time and resources during the early drug
discovery of allosteric modulators.

KEYWORDS: Allosteric modulators, artificial neural networks, big data, ChEMBL, machine learning, Melanostatin, multitarget models,
perturbation theory

1. INTRODUCTION

Dopamine receptors belong to a complex monoaminergic family
of G protein-coupled receptors (GPCRs) represented by five
distinct receptors (D1−5 receptors),

1 which are grouped into D1-
like (related to excitatory neurotransmission and composed by
D1 and D5 isoforms) and D2-like receptors (associated with
inhibitory neurotransmission, comprising D2, D3, and D4
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isoforms).1 These two subgroups differ in their signal trans-
duction, binding profile, and physiological effects.2 Among the
D1−5 receptors, D2-like receptors are considered of utmost
importance due to their intrinsic role in the pathophysiology of
neurological and psychiatric disorders.3 Alternative splicing
leads to generation of two distinct D2 receptors (D2Rs): D2 short
(D2S) and D2 long (D2L) isoforms, which are associated with
presynaptic and postsynaptic populations of D2R, respectively.

4

The difference between these two splicing isoforms consist of 29
amino acid residues located in the III intracellular loop,
responsible for the G protein coupling.4 The design of ligands
with receptor specificity is considered a herculean task due to the
high structural homology shared by the members of D1-like or
D2-like receptors.

3 For example, while D2R is the main target to
control the positive symptoms of schizophrenia, none of
antipsychotics approved are capable to discriminate D2 from
D3 receptors.

3 In this sense, allosteric regulation is considered a
key pharmacological approach to selectively modulate the
responsiveness of a specific receptor subtype with negligible or
absent interference on the other subtypes. For this reason,
allosteric modulators may contribute to the development of new
selective and less toxic therapies than those focused on the
orthosteric sites.5 Allosteric modulators bind to a topological
region of the receptor (i.e., an allosteric site) different from the
binding site used by endogenous ligands (i.e., the orthosteric
site). Upon binding, allosteric modulators induce structural
modification that can either stabilize the active form of the
receptor (positive modulation), inactivate it (negative modu-
lation), or have no influence on the ligand−receptor binding
(silent or neutral modulation).6

Positive allosteric modulators (PAMs) operate by either
lowering the energy barrier necessary to achieve the active
conformation of a given protein, by stabilizing its active
conformation (preventing it from adopting nonactive con-
formations), or both.7 PAMs do not display any activity or
pharmacological effect in the absence of the endo/exogenous
agonists, but when combined with an orthosteric agonist, they
increase its efficacy, thus minimizing the overall side-effect
profile of the agonist.7

An example of a PAM with intrinsic D2 selectivity is the
neuropeptide L-prolyl-L-leucylglycinamide,8−12 also known as
Melanostatin8 or as melanocyte stimulating hormone release
inhibiting factor 1 (MIF-1, Figure 1).11

MIF-1 is formed by exocyclic cleavage of oxytocin hormone
and displays several biological activities within the central
nervous system (CNS),13 acting mainly as a neuronal
modulating agent in the nigrostriatal pathway.14 Pharmacolog-
ically, MIF-1 interacts with D2R increasing the effect of
dopaminergic agonists on these receptors such as N-
propylnorapomorphine (NPA), apomorphine, and 2-amino-
6,7-dihydroxy-3,4-tetrahydronaphthalene (ADTN).8 Studies

show that MIF-1 potentiates the binding of [3H]-NPA and
[3H]-quinpirrole in a dose-dependent manner to D2L, D2S, and
D4 receptor subtypes to give a bell-shaped dose−response
curve,15 without enhancing the binding to D1 and D3
receptors.8,14 Mechanistically, it is suggested that MIF-1
stabilizes D2R into a high-affinity state, making this receptor
more sensitive to agonists.14,16,17 It is speculated thatMIF-1may
have a direct interaction with a domain of the receptor other
than its orthosteric site or that it may display an indirect
mechanism associated with the increase of the rate of GTP
hydrolysis promoted by G protein.18 However, this last
hypothesis seems less likely as the modulatory effect is not
observed in other G protein-coupled receptors, such as α2
adrenergic receptors, or with Gs-coupled receptors, such as
D1R family, thus showing D2R specificity.8

Regarding its PAM activity and D2R selectivity, MIF-1 has
been proposed as an attractive drug candidate for further
development in the treatment of CNS-related neurodegener-
ative diseases associated with dopamine receptor sensitivity,
such as Parkinson’s disease (PD), schizophrenia, tardive
dyskinesia, and Gilles de la Tourette syndrome.19 For example,
MIF-1 is widely acknowledged for alleviating the behavioral
changes in animal models of PD.20,21 Furthermore, this
neuropeptide also has the ability to interact with other drugs
by modifying their effects22 (e.g., MIF-1 antagonizes morphine-
induced catalepsy as well as dyskinesia induced by antipsychotic
drugs).23−25 X-ray crystallography26 and structure−activity
relationship studies using constrained peptidomimetics27

suggest that MIF-1 adopts a type-II β-turn formed by
intramolecular hydrogen bonding between the carbonyl oxygen
atom of the L-proline residue and the trans amide proton of the
glycinamide residue (depicted as dashed blue line in Figure 1).
The presence of the C-terminal carboxamide is considered a key
pharmacophore for the modulatory activity of MIF-1 and its
active peptidomimetics, however an extended bioactive
conformation is also suggested.16 Modifications in the proline
residue of MIF-1 have long been recognized to render bioactive
peptidomimetics,28 indicating that this residue may be suitable
for chemical derivatization and the development of novel
bioactive PAMs.10−12

In this work, we aimed to explore 2-furoic acid (2-Fu) as
proline surrogate for the assembly and pharmacological
evaluation of a novel class of MIF-1 peptidomimetics as PAMs
of D2R. In addition, we intended to use the experimental data to
construct a general-purpose computational model based on
perturbation theory (PT) ideas and machine learning (ML)
techniques to predict allosteric modulators for a myriad of
receptor targets, organisms, cell lines, and biological activity
parameters, abbreviated as ALLOPTML.

2. RESULTS AND DISCUSSION
Design and Chemistry. Proline has long been established

as a nonessential amino acid residue for the activity of MIF-1
analogues,28 thereby offering the possibility for the design of
novel MIF-1 peptidomimetics with PAM activity and D2
selectivity. For example, picolinic acid has been successfully
used as proline surrogate for the assembly of MIF-1 analogues
with PAM activity and suitable toxicological profile.11 These
findings led us to hypothesize that heterocyclic scaffolds may be
tolerated at the putative allosteric binding site of D2R. In this
sense, to gain further insights into the architecture of D2R
allosteric pocket, the use of different heteroaromatic scaffolds
may allow to further rationalize the chemical features required

Figure 1.Melanostatin (MIF-1) structure denoting a type-II β-turn as
the bioactive conformation assisted by an intramolecular hydrogen
bond (dashed blue line).
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for the development of pharmacologically active PAMs.
Considering that proline contains a pyrrolidine heterocycle,
five-membered heteroaromatic rings such as furan scaffolds may
represent suitable proline bioisosters for the design of MIF-1
peptidomimetics and thus providing useful information about
the size and the nature of the hydrogen bonding at the D2R
allosteric binding site. To the best of our knowledge, the
application of furan moieties for the development of MIF-1
derivatives have not yet been reported. In this sense, 2-Fu was
investigated for the assembly of a novel class of MIF-1
peptidomimetics.
For the preparation of 2-furoyl-based MIF-1 peptidomi-

metics, a diversity-oriented synthesis (DOS) strategy was
employed to create a set of structure-related amino acid
combinations at the central and C-terminal positions. For this
purpose, L-leucine was replaced by L-valine, whereas glycine was
substituted by L-alanine. The synthetic route for the preparation
of 2-furoyl peptidomimetics is depicted in Scheme 1.
Starting from 2-Fu, the preparation of amides 2(a,b) was

performed by peptide coupling with L-leucine and L-valine,
respectively (Scheme 1). For that purpose, TBTU was used as
the peptide coupling reagent in the presence of Hünig’s
base.10,12,29 After chromatographic purification, compounds
2(a,b) were obtained in high yields (96%).
Next, compounds 2(a,b) were saponified using LiOH

followed by acidic workup with 1 M H2SO4 to obtain the
corresponding carboxylic acids 3(a,b). Because furan system is
sensitive to low pH, at which may result in acid-catalyzed ring
opening phenomena,30 special attention was required during the
acidic workup. Therefore, the pH was carefully adjusted to 4 to
prevent the formation of side products. Both peptide products
3(a,b) were isolated in very good yields (91−93%) with no

detection of acyclic side products (TLC, NMR) under this
protocol, as corroborated by the NMR data (1H, 13C{1H}, and
DEPT-135) shown in Figures S5−S8 of Supporting Informa-
tion. Carboxylic acids 3(a,b) were then coupled with either
glycine (a) or L-alanine (b) methyl esters using the same peptide
coupling protocol, delivering 4(a,b)/5(a,b) in good to very
good yields (79−94%).
Finally, pseudopeptides 4(a,b)/5(a,b) were converted into

the corresponding C-terminal carboxamides 6(a,b)/7(a,b)
upon treatment with gaseous ammonia in methanol, prepared
in situ by reacting Ca(OH)2 andNH4Cl at 100 °C. The reactions
proceeded cleanly, albeit it took about 48 h for completion
(TLC, NMR). After the removal of the volatiles, C-terminal
carboxamides 6(a,b)/7(a,b) were obtained in practically
quantitative yields (94−100%), without the need of chromato-
graphic purifications. Following this synthetic route, 2-furoyl
peptidomimetics were successfully prepared in high global yields
(69−84%).

Pharmacology. Eight novel MIF-1 peptidomimetics were
tested for their ability to potentiate the maximum binding of the
radiolabeled agonist N-propylnorapomorphine, [3H]-NPA, to
cloned human dopamine D2S receptors, and their activity was
compared to that of MIF-1 as described in the literature.8

Peptidomimetics 4−7(a,b) were tested at eight different
concentrations (between 1 pM and 10 μM) following the
protocol previously reported in our research group.10,12 The
whole set of peptidomimetics was evaluated in silico to rule out
the possibility of these ligands acting as promiscuous pan-assay
interference compounds (PAINS) and/or aggregators.31 The
experimental results obtained for the binding assays are shown in
Table 1 and Figure 2.

Scheme 1. Synthesis of 2-Furoyl-Based Peptidomimetics 4−7(a,b)a

aReagents and conditions: (i) DIEA, TBTU, CH2Cl2; (ii) LiOH, MeOH/H2O followed by H2SO4 1 M; (iii) NH3 (g), MeOH.
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A statistically significant enhancement (P < 0.05; ANOVA
test; post hoc Dunnet T3 test) of the [3H]-NPA response was
observed for peptidomimetic 6a (Figure 2). The maximum
specific binding of [3H]-NPA elicited by 6a was 11 ± 1% at 10
pM, while MIF-1 (positive control) displays [3H]-NPA binding
of 18± 9% at the same concentration and maximum effect of 22
± 9% at 100 pM, as shown in Table 1 and Figure 2. In respect
with the other peptidomimetics, no statistically significant
increase in the [3H]-NPA binding was observed, therefore no
conclusion can be drawn for these compounds. In this work it
was found that MIF-1 displays an increase in the [3H]-NPA
binding at lower concentrations than those previously reported
by Verma and co-workers.8 Because allosteric modulators are
sensitive to environmental changes elicited by endogenous
agonists on GPCRs,32 this deviation may be attributed to the

host cells used for expressing human D2S receptors, which differ
from the ones originally reported.8

The C-terminal carboxamide is widely recognized as a key
pharmacophore for the activity of MIF-1 and its peptidomi-
metics,33,9 which is crucial for these compounds to adopt the
postulated type-II β-turn bioactive conformation.33,9 However,
Saitton and co-workers suggested the possibility for an extended
bioactive conformation of MIF-1 through the development of
bioactive peptidomimetics incorporating a 2,3,4-trisubstituted
pyridine scaffold as leucyl mimetic preventing it from adopting
the postulated type-II β-turn.16 Like MIF-1, peptidomimetic 6a
displays the L-leucylglycinamide dipeptide motif; therefore, a
type-II β-turn conformation is envisioned for this compound.
Interestingly, the simple substitution of proline residue by 2-Fu
proved to effectively mimic the MIF-1 modulatory activity at
D2R allosteric binding site. The activity of 6a is thus considered
of utmost interest, because it endorses previous findings that
achiral and heteroaromatic scaffolds are tolerated in the putative
MIF-1 binding pocket, establishing proline as a key residue for
derivatization in the development ofMIF-1 analogues with PAM
activity.

In Vitro Neurotoxicity Profile of 2-Furoyl MIF-1
Peptidomimetics. Low nonspecific cytotoxicity is an
important feature of lead compounds during early drug
development. Therefore, peptidomimetics 4−7(a,b) were
evaluated to assess their neurotoxic profiles using culture of
motor cortex neurons from 19-day-oldWistar-Kyoto (WKY) rat
embryos.11,34 Hydrogen peroxide, H2O2, was selected as a
standard control for neurocytotoxity.48,72,35 In fact, the majority
of the in vitro neurotoxicity studies carried out in cortical

Table 1. Experimental Results for MIF-1 Derivatives 4-7(a,b)
in the D2R Binding Assays

Cpnd % [3H]-NPAmax AUC Log (1/Cmax)

4a 11 53.72 10
4b 9 34.35 12
5a 11 27.25 10
5b 6 9.36 12
6a 11 12.98 11
6b nda 0 nd
7a 3 2.76 12
7b nd 0 nd
MIF-1 22 44.19 10

and = not detected.

Figure 2.Modulation of the [3H]-NPA binding by 2-furoyl-basedMIF-1 peptidomimetics 4−7(a,b) at eight different concentrations. Points represent
the mean ± standard deviation (vertical bars) of three independent experiments carried out with duplicates. *P < 0.05 (ANOVA test; posthocDunnet
T3 test).
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neurons uses H2O2 as an effective inducer of oxidative stress.36

The use of H2O2 creates an imbalance between reactive oxygen
species (ROS) levels and scavenging processes.36 Excessive cell
exposure to free radicals subsequently leads to neuronal death.
In this assay, cellular viability was estimated based on the ability
of cells to reduce MTT after a 24 h incubation period with the
test compounds (100 μM). The percentage of cell viability was
compared with the dimethyl sulfoxide (DMSO, negative
control). All results are expressed as mean ± SEM of five
independent experiments (Figure 3).

As expected, the stress inducer (100 μM H2O2) reduced the
cell survival to 78.51 ± 4.97% compared to the nontreated cells
control (P < 0.05). In this assay compounds 5a and 5b display a
statistically significant decrease in neuronal survival (91.34 ±
1.50 and 91.13 ± 3.20%, respectively, P < 0.05), in comparison
with DMSO condition, suggesting these peptidomimetics
exhibit a marginal neurotoxicity. The cell viability was not
affected by the presence of the remaining test compounds when
compared to the control (DMSO). These results indicate that 2-
furoyl-based MIF-1 analogues display a safe profile up to 100
μM.
General-Purpose Model for Allosteric Modulators

(ALLOPTML). The application and combination of computa-
tional methods and predictive software tools in medicinal
chemistry are considered of utmost interest, enabling one to
identify, prioritize, and optimize novel chemotypes with desired
pharmacological activity profiles.37 Computational models and
algorithms capable to make predictions on the pharmacological
and biological activity using different conditions of assay with
minimal computational cost are thus highly desired. These
powerful computer-aided models are useful to guide molecular
design and decision making in drug discovery, boosting the
identification of lead compounds avoiding time-consuming
assays and saving resources; therefore, it is considered an
essential pillar of modern drug research.37

In the absence of a robust and general-purpose model for the
multioutput and multicondition prediction of allosteric
compounds in medicinal chemistry, we sought to fill this gap.
To achieve this goal, we developed and implemented
ALLOPTML, abbreviation used to describe a novel predictive
model for allosteric modulators based on perturbation theory
(PT) ideas and machine learning (ML) techniques, which may
be used for several types of systems and for a hundred different

proteins. For this purpose, the pharmacological and biological
data disclosed in this work for peptidomimetics 4−7(a,b) was
used to train the model along with the 21 439 cases from 8984
different ChEMBL assays of 8957 allosteric compounds for 79
different proteins. For this task 12 different variables (c0−11)
were considered from the ChEMBL database big data (BD) sets
of compounds covering 38 biological activity parameters (c0;
e.g., efficacy, potency, intrinsic activity, IC50, Ki, Km), organisms
of the protein target (c1; e.g., human, rat, mouse), organism of
assay (c2; e.g., rat, swine, herpesvirus 5), different cellular lines
(c3; e.g., CHO,HEK293), and so on. The general workflow used
in this paper to obtain the PTML model is depicted in Figure 4.

So far, finding allosteric binding sites and lead compounds has
been largely serendipitous, accomplished by medicinal chemists
through preclinical assays performing high-throughput screen-
ing with a high number of combinations of experimental
conditions (ca,j). In addition, the existence of allo-network drugs,
i.e., allosteric compounds that do not act directly over the
pharmacological target but over a second protein which in turn
interacts directly or indirectly with the target protein, makes this
task even more challenging.38−40 In addition to experimental
techniques, computational techniques can be used to predict
new drugs for different targets.41 In this sense, many researchers
have developed cheminformatics models for the discovery of
new bioactive compounds. Nevertheless, almost all these models
are designed for homologous series of compounds, one target,
and/or a single cell line. Other models, instead, use
heterogeneous series of compounds, although they are unable
to incorporate information about the target, cell line, or
organism of assay, among other features.42−57 This drawback
can be partially faced by ML techniques through which diverse
molecular descriptors, encoding the chemical structure of
different drugs, can be calculated.58−74 ML techniques have
already been carried out to predict allosteric pockets on
proteins.75 Unfortunately, this method failed to account for
large BD sets of preclinical assays, such as the ChEMBL
database, which are difficult to study due to the high complexity
of the data in addition to the large volume of highly
heterogeneous preclinical assays.76,77

To tackle this problem we have associated PT and ML
modeling.70,78 In fact, PTML (PT + ML) models have been
used in many fields of knowledge such as medicinal chemistry,
proteomics, or nanotechnology for modeling large data sets with
BD features.34,79−91 Probably due to the potential benefits of
allosteric drugs, a renewed interest in allostery has led to the
development of a number of computational approaches to
understanding allostery.92 Nevertheless, to the best of our

Figure 3. Neurotoxicity assays for peptidomimetics 4−7(a,b) in
cultured neurons from embryonic motor cortices of fetal Wistar-Kyoto
rats. Data are the mean± SEM of n = 5 independent experiments at 100
μM. Negative control = DMSO; positive control = 100 μM H2O2.
*Level of statistical significance = P < 0.05 vs DMSO condition by t test.

Figure 4. General workflow used to obtain the PTML model.
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knowledge, general-purpose PTML models for multiple
preclinical assays of allosteric compounds have not yet been
reported.
In training series, explored in detail in Supporting

Information, the model presented high values of specificity, Sp
= 89.2%; sensitivity, Sn = 71.3%; and accuracy, Ac = 86.1%.
Likewise, theMMAmodel was also reliable in external validation
series: Sp = 89.4%, Sn = 72.2%, and Ac = 86.4%. These values are
in the range considered as useful for classification models with
application in medicinal chemistry.93

Computational Study on the 2-Furoyl-Based MIF-1
Peptidomimetics. After training and validating the AL-
LOPTML model (Supporting Information), we decided to
illustrate how to use it by providing a detailed step-by-step guide
to calculate the posterior probabilities with a practical example.
For this purpose, the series of peptidomimetics 4−7(a,b) were
studied in different assay conditions cj (target proteins, cell lines,
assay organisms). First, the chemical structures of peptidomi-
metics 4−7(a,b) were drawn using ChemDraw software to
obtain their SMILE codes. Then, the file containing all SMILE
codes was created and uploaded to Virtual Computational
Chemistry Laboratory (VCCLAB, http://www.vcclab.org,
2005)94 in order to calculate the molecular descriptors Dk

(Log P, PSA) for each compound. Because the goal was to
illustrate how to operate the model, only a few assay conditions
were selected. After that, the function of reference f(vij)ref
(expected probability of activity) values for each assay were
obtained from Supporting Information. Using this file, the
expected or average values <Dk(cj)> of themolecular descriptors
Dk were also obtained for all compounds assayed on these
conditions. With these values in hand, we calculated the MMA
operators ΔDk(cj) for each compound vs every set of
experimental conditions selected. Subsequently, f(vij)ref and
ΔDk(cj) values were substituted into the equation of the model
to obtain the values of the output function f(vij)calc. Lastly, these
values were used to calculate the posterior probabilities
p(f(vij)pred = 1), with which the compounds may be considered
as candidates for assay according to our criteria. The equation
used to calculate these probabilities was a sigmoid function
p(f(vij)pred = 1) = 1/(1 + (π0/π1)·Exp(−f(vij)calc). Recall that π1
= 1− π0 are the probabilities (defined before to seek the model)
with which a compoundmay be considered as active f(vij)pred = 1
or nonactive and f(vij)pred = 0, a priori.

In Table 2, the results obtained for the selected examples
including different c0 = activity parameter (units) such as
effective 50% concentration EC50 (nM), maximun effect Emax
(%), and inhibition (%) = inhibition (%) are listed. The
examples also involve two different organisms (human and rat)
expressing the protein target and organisms of assays (c1 and c2).
We also changed the condition c3 = cell line of assay (HEK293,
CHO) and the condition c4 = target proteins (mGluR5 and
mGluR2). Interestingly, the model predicts a similar behavior
for all the series of compounds in the same conditions, which is
reasonably for a homogeneous series of compounds. The model
predicts low probabilities of having interesting EC50 (nM)
values for mGluR5 but high probabilities of inhibition (%) for
the same receptor. This may be indicative that this set of
peptidomimetics display activity on human mGluR5 but
perhaps at higher concentrations.

3. CONCLUSIONS

The use of 2-Fu for the assembly of MIF-1 peptidomimetics is
unprecedented. In this work, a small library of MIF-1
peptidomimetics bearing 2-Fu as proline surrogate was
successfully obtained and pharmacologically evaluated toward
D2R. Remarkably, compound 6a stands out as a D2R modulator
capable of increasing the maximal [3H]-NPA response at 10 pM
(11 ± 1%), comparable to the effect of MIF-1 (18 ± 9%) at the
same concentration and with no neurotoxic effect up to 100 μM
in cortex neurons of Wistar-Kyoto rat embryos. These findings
corroborate that D2R allosteric binding site can accommodate
heteroaromatic rings at N-terminal position of MIF-1, establish-
ing furan as a suitable heterocyclic scaffold to be used as proline
mimetic for the assembly of MIF-1 analogues. Consequently, 6a
is considered a valid lead compound for further optimization,
paving the way for the discovery of adequate candidates to treat
CNS-related diseases. Exploration of other furan motifs is
currently underway in our research group and will be disclosed
in due time.
The topology of a complex network of allosteric modulators

was constructed and studied delivering a predictive model,
ALLOPTML, which shows remarkable specificity Sp = 89.2/
89.4%, sensitivity Sn = 71.3/72.2%, and accuracy Ac = 86.1%/
86.4% in training/validation series. The linear model with
multiconditionMAs proved to be superior to a linear model with
simple condition MAs. To the best of our knowledge,
ALLOPTML is the first general-purpose medicinal chemistry

Table 2. PTML Predictive Study of New Compounds

c0 EC50 (nM) Emax (%) % max inhibition (%)

assay c1 H. sapiens H. sapiens R. norvegicus H. sapiens
c2 H. sapiens H. sapiens R. norvegicus H. sapiens
c3 HEK293 CHO null HEK293
c4 mGluR5a mGluR2a mGluR2 mGluR5

compound 4a 0.042 0.087 0.404 0.796
4b 0.039 0.082 0.388 0.785
5a 0.043 0.090 0.413 0.802
5b 0.041 0.085 0.397 0.791
6a 0.041 0.085 0.397 0.791
6b 0.038 0.078 0.378 0.778
7a 0.042 0.087 0.403 0.796
7b 0.040 0.083 0.392 0.787
MIF-1 0.036 0.076 0.368 0.770

amGluR5 = metabotropic glutamate receptor 5 (CHEMBL2564 in rat and CHEMBL3227 in human); mGluR2 = metabotropic glutamate receptor
2 (CHEMBL5137 in human and CHEMBL2581 in rat).
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tool using PTMLmodel for the multioutput and multicondition
prediction of allosteric compounds, which is expected to be a
valuable chemoinformatic tool to assist in the early drug
discovery, saving both time and resources.

■ EXPERIMENTAL METHODS
Chemistry. All chemicals were of reagent grade and used without

further purifications: 2-Furoic acid was obtained from Alfa Aesar; O-
(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate
(TBTU), H-L-Leu-OMe, H-L-Val-OMe, H-L-Ala-OMe, and H-Gly-
OMe were obtained from Bachem, and N,N-diisopropylethylamine
(DIEA) was obtained from Sigma-Aldrich. All air sensitive reactions
were carried out under argon atmosphere. Analytical TLC was carried
out on precoated silica gel plates (Merck 60 F254, 0.25 mm) using UV
light and an ethanolic solution of phosphomolybdic acid (followed by
gentle heating) for visualization. Flash chromatography was performed
on silica gel (Merck 60, 230−240 mesh).
Apparatus.Mass spectra were recorded on a LTQOrbitrapTM XL

hybrid mass spectrometer (Thermo Fischer Scientific, Bremen,
Germany) controlled by LTQ Tune Plus 2.5.5 and Xcalibur 2.1.0
(Centro de Materiais da Universidade do Porto, CEMUP). The
capillary voltage of the electrospray ionization source (ESI) was set to
3.1 kV. The capillary temperature was set at 275 °C. The sheath gas was
set at 6 (arbitrary unit as provided by the software settings). The
capillary voltage was set at 35 V and the tube lens voltage set at 110 V.
1H and 13C NMR spectra were recorded at CEMUP with a Bruker
Avance III 400 at 400.15 and 100.62 MHz, respectively. The 1H NMR
spectra were calibrated using the residual protic signals from the
deuterated solvents while 13C NMR spectra were calibrated directly
from the deuterated solvents (CDCl3: δH = 7.26, δC = 77.16; CD3OD:
δH = 3.31, δC = 49.00; and DMSO-d6: δH = 2.50, δC = 39.52)95 and are
reported in parts per million (ppm). The nomenclature used for the
assignment of protons and/or carbons for each α-amino acid residue in
peptidomimetics was made using a single letter system in subscript for
the amino acid residue (Leu = L-leucine; Val = L-valine, Ala = L-alanine;
Gly = glycine) and indicating the proton (or group of protons) and/or
the carbons in the structures by starting the numeration at the carbonyl
carbon of the main chain of each α-amino acid residue. Optical
rotations were measured on a JASCOP-2000 thermostated polarimeter
using a sodium lamp and are reported as follows: αD

θ expressed in (deg)
(dm−1) (g−1), in which θ is the temperature in Celsius and c (g/100mL,
solvent). Melting points were determined using a STUART Scientific,
model SMP1, and are not corrected. Solvents were evaporated in a
Büchi rotavapor model R-210.
General Protocol for Peptide Coupling: Synthesis of 2(a,b),

4(a,b), and 5(a,b). The appropriate carboxylic acid (1 equiv) was
charged in a round-bottom flask and dissolved in anhydrous CH2Cl2
(50 mL), under argon atmosphere, followed by iterative addition of
DIEA (3 equiv) and TBTU (1.1 equiv), with stirring for 30 min at RT.
Finally, the appropriate amine (1.2 equiv) was added, and the reaction
was left stirring for approximately 1 h. After completion of the reaction
(TLC), CH2Cl2 was removed in vacuo, and the crude oil was dissolved
with EtOAc (100 mL) and transferred to a separatory funnel. The
organic layer was washed with saturated solutions of NaHCO3 (3× 100
mL) and NaCl (100 mL) and dried over anhydrous Na2SO4. After
filtration, the solvent was removed in vacuo, and the crude oil was
chromatographed as specified for each peptide product.
General Protocol for Saponification: Synthesis of Pseudodi-

peptides 3(a,b). Pseudodipeptide methyl ester (1 equiv) was charged
in a round-bottom flask, dissolved in MeOH (50 mL), and the solution
was cooled at 0 °Cusing an ice bath with magnetic stirring. Then, LiOH
(3 equiv) was slowly added during a period of 30 min and left stirring
until complete consumption of the starting material (TLC). The
solvent was removed in vacuo (at 40 °C), and the crude solid was then
dissolved in water (20 mL), cooled at 0 °C using an ice bath with
magnetic stirring. After that, 1 MH2SO4 was carefully added until pH =
4. The solvent was distilled off (at 40 °C), and the crude solid was then
triturated with hot CHCl3 and filtered. Removal of the volatiles were

performed in a rotatory evaporator to afford the desired compound
without further purifications.

General Protocol for C-Terminal Carboxamide: Synthesis of
Pseudotripeptides 6(a,b) and 7(a,b). Pseudotripeptide methyl
ester (1 equiv) was charged in a reaction flask and dissolved in MeOH
p.a. (40 mL). The solution was cooled at 0 °C using an ice bath and
gaseous ammonia (generated in situ by mixing NH4Cl and Ca(OH)2
2:1 (w/w) at 100 °C using an oil bath) was bubbled into the reaction
flask. The ammonia streamwas maintained for 1 h, and the reaction was
left stirring at room temperature (ca. 25 °C) until completion (ca. 48 h,
TLC). Removal of the volatiles were performed in a rotatory evaporator
to afford the desired compound without the need of chromatographic
purification.

Methyl 2-Furoyl-L-leucinate (2a). Following the general protocol
for peptide coupling, DIEA (4.66 mL, 26.8 mmol), TBTU (3.15 g, 9.81
mmol), and methyl L-leucinate hydrochloride (1.94 g, 10.7 mmol) was
added to a solution of 2-Fu (1.00 g, 8.92 mmol) in anhydrous CH2Cl2
(30 mL). After the typical workup, the crude oil was chromatographed
using EtOAc as eluent, affording 2.05 g of 2a as a white solid. Yield:
96%. m.p.: 83−87 °C. Rf: 0.84 in EtOAc. [α]D

24: +8.3 (c1, CHCl3).
1H

NMR (CDCl3, 400 MHz) δ ppm: 7.56−7.36 (m, 1H, H-5), 7.23−7.00
(m, 1H, H-3), 6.77 (d, J = 8.0 Hz, 1H, CONH), 6.59−6.38 (m, 1H, H-
4), 4.82 (dt, J = 8.6, 4.9 Hz, 1H, HLeu-2), 3.76 (s, 3H, CO2CH3), 1.89−
1.52 (m, 3H, HLeu-3 + HLeu-4), 1.11−0.82 (m, 6H, HLeu-5).

13C NMR
and DEPT (CDCl3, 101 MHz) δ ppm: 173.4 (C, CO2CH3), 158.1 (C,
CONH), 147.6 (C, C-2), 144.2 (CH, C-5), 114.8 (CH, C-3), 112.3
(CH, C-4), 52.4 (CH3, CO2CH3), 50.4 (CH, CLeu-2), 41.9 (CH2, CLeu-
3), 25.0 (CH, CLeu-4), 22.9 (CH3, CLeu-5), 22.0 (CH3, CLeu-5). HRMS
(ESI-TOF) m/z: [M + H]+ Calcd for C12H18NO4

+, 240.123 03; found,
240.123 12.

Methyl 2-Furoyl-L-Valinate (2b). Following the general protocol for
peptide coupling, DIEA (7.00 mL, 40.2 mmol), TBTU (4.7340 g,
14.743 mmol), and methyl L-valinate hydrochloride (2.6960 g, 16.084
mmol) was added to a solution of 2-Fu (1.5022 g, 13.403 mmol) in
anhydrous CH2Cl2 (30 mL). After the typical workup, the crude oil was
chromatographed using EtOAc as eluent, affording 2.8981 g of 2b as a
white solid. Yield: 96%. m.p.: 75−78 °C. Rf: 0.89 in EtOAc. [α]D

21: +9.0
(c1.015, CHCl3).

1H NMR (CDCl3, 400 MHz) δ ppm: 7.45 (dd, J =
1.8, 0.8Hz, 1H,H-5), 7.10 (dd, J = 3.5, 0.8Hz, 1H,H-3), 6.80 (d, J = 8.3
Hz, 1H, CONH), 6.48 (dd, J = 3.5, 1.8 Hz, 1H, H-4), 4.70 (dd, J = 9.0,
5.0 Hz, 1H, HVal-2), 3.74 (s, 3H, CO2CH3), 2.24 (dhept, J = 6.9, 5.1 Hz,
1H, HVal-3), [0.98 (d, J = 6.9 Hz, 3H), 0.95 (d, J = 6.9 Hz, 3H), HVal-4].
13C NMR and DEPT (CDCl3, 101 MHz) δ ppm: 172.4 (C, CO2CH3),
158.2 (C, CONH), 147.7 (C, C-2), 144.2 (CH, C-5), 114.8 (CH, C-3),
112.3 (CH, C-4), 56.8 (CH3, CO2CH3), 52.3 (CH, CVal-2), 31.6 (CH,
CVal-3), 19.1 (CH, CVal-4), 17.9 (CH, CVal-4). HRMS (ESI-TOF)m/z:
[M + H]+ Calcd for C11H16NO4

+, 226.107 38; found, 226.107 38.
2-Furoyl-L-leucine (3a). Following the general protocol for

saponification, LiOH (0.2414 g, 10.08 mmol) was added to a solution
of 2a (0.8034 g, 3.360 mmol) in MeOH (30 mL). After the typical
workup, 0.7038 g of 3a was obtained as a white solid. Yield: 93%. m.p.:
81−84 °C. Rf: 0.09 in EtOAc. [α]D

24: +8.3 (c1, CHCl3).
1H NMR

(CDCl3, 400 MHz) δ ppm: 8.95 (br s, 1H, CO2H), 7.41 (d, J = 1.3 Hz,
1H, H-5), 7.10 (d, J = 3.4 Hz, 1H, H-3), 7.06 (d, J = 7.9 Hz, 1H,
CONH), 6.42 (dd, J = 3.4, 1.7 Hz, 1H, H-4), 4.76−4.61 (m, 1H, HLeu-
2), 1.80−1.57 (m, 3H, HLeu-3 + HLeu-4), 1.10−0.80 (m, 6H, HLeu-5).
13C NMR and DEPT (CDCl3, 101 MHz) δ ppm: 177.6 (C, CO2H),
158.7 (C, CONH), 147.3 (C, C-2), 144.6 (CH, C-5), 115.3 (CH, C-3),
112.3 (CH, C-4), 51.6 (CH, CLeu-2), 41.5 (CH2, CLeu-3), 25.0 (CH,
CLeu-4), 23.1 (CH3, CLeu-5), 21.8 (CH3, CLeu-5). HRMS (ESI-TOF)
m/z: [M−H]−Calcd for C11H14NO4

−, 224.092 83; found, 224.094 82.
2-Furoyl-L-valine (3b). Following the general protocol for

saponification, LiOH (0.2558 g, 10.68 mmol) was added to a solution
of 2b (0.8019, 3.560 mmol) in MeOH (30 mL). After the typical
workup, 0.6843 g of 3b was obtained as a white solid. Yield: 91%. m.p.:
65−70 °C. Rf: 0.05 in EtOAc. [α]D

20: +67.5 (c1.09, CHCl3).
1H NMR

(CDCl3, 400MHz) δ ppm: 10.12 (br s, 1H, CO2H), 7.42 (d, J = 0.9 Hz,
1H, H-5), 7.10 (d, J = 3.3 Hz, 1H, H-3), 7.04 (d, J = 8.5 Hz, 1H,
CONH), 6.42 (dd, J = 3.4, 1.7 Hz, 1H, H-4), 4.60 (dd, J = 8.5, 5.1 Hz,
1H, HVal-2), 2.37−2.13 (m, 1H, HVal-3), 0.95 (d, J = 7.1 Hz, 3H, HVal-
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4), 0.93 (d, J = 7.1 Hz, 3H, HVal-4).
13C NMR and DEPT (CDCl3, 101

MHz) δ ppm: 176.2 (C, CO2H), 158.8 (C, CONH), 147.3 (C, C-2),
144.6 (CH, C-5), 115.3 (CH, C-3), 112.3 (CH, C-4), 57.9 (CH, CVal-
2), 31.3 (CH, CVal-3), 19.3 (CH, CVal-4), 17.9 (CH, CVal-4). HRMS
(ESI-TOF)m/z: [M−H]−Calcd for C10H12NO4

−, 210.077 18; found,
210.077 77.
Methyl 2-Furoyl-L-leucylglycinate (4a). Following the general

protocol for peptide coupling, DIEA (2.06 mL, 11.8 mmol), TBTU
(1.3933 g, 4.3393 mmol), and methyl glycinate hydrochloride (0.5942
g, 4.733 mmol) were added to a solution of 3a (0.8767 g, 3.944 mmol)
in anhydrous CH2Cl2 (30 mL). After the typical workup, the crude oil
was chromatographed using EtOAc as eluent, affording 1.1394 g of 4a
as a white solid. Yield: 94%.m.p.: 135−136 °C.Rf: 0.58 in EtOAc. [α]D

20:
−8.5 (c1, CHCl3). 1HNMR (CDCl3, 400MHz) δ ppm: 7.44−7.40 (m,
1H,H-5), 7.26−7.12 (m, 1H, CONH), 7.12−7.06 (m, 1H, H-3), 7.04−
6.86 (m, 1H, CONH), 6.46 (dt, J = 4.8, 1.7 Hz, 1H, H-4), 4.82−4.64
(m, 1H, HLeu-2), 4.13−3.87 (m, 2H, HGly-2), 3.76−3.63 [3.70 (s), 3.69
(s), 3H, CO2CH3], 1.87−1.53 (m, 3H, HLeu-3 + HLeu-4), 1.04−0.79
(m, 6H, HLeu-5).

13C NMR e DEPT (CDCl3, 101 MHz) δ ppm: [172.5
(C), 172.4 (C), 170.2 (C), CONH + CO2CH3], 158.5 (C, CONH),
147.4 (C, C-2), 144.5 (CH, C-5), 115.0 (CH, C-3), 112.3 (CH, C-4),
52.4 (CH3, CO2CH3), 51.3 (CH, CLeu-2), 41.3 (2 CH2, CGly-2 + CLeu-
3), 24.8 (CH, CLeu-4), 23.0 (CH3, CLeu-5), 22.1 (CH3, CLeu-5). HRMS
(ESI-TOF)m/z: [M +H]+ Calcd for C14H21N2O5

+, 297.144 50; found,
297.143 77.
Methyl 2-Furoyl-L-valylglycinate (4b). Following the general

protocol for peptide coupling, DIEA (3.70 mL, 21.3 mmol), TBTU
(2.5089 g, 7.8138 mmol), and methyl glycinate hydrochloride (1.0701
g, 8.5242 mmol) were added to a solution of 3b (1.5004 g, 7.1035
mmol) in anhydrous CH2Cl2 (30 mL). After the typical workup, the
crude oil was chromatographed using EtOAc as eluent, affording 1.5842
g of 4b as a white solid. Yield: 79%. m.p.: 133−136 °C. Rf: 0.60 in
EtOAc. [α]D

22: −38.4 (c1.015, CHCl3). 1H NMR (CDCl3, 400 MHz) δ
ppm: 7.50−7.40 (m, 1H, H-5), 7.32 (br s, 1H, CONH), 7.20−7.00
[7.11 (dd, J = 6.9, 4.2 Hz), 7.09 (br s), H-3 + CONH], 6.49 (dd, J = 3.4,
1.7 Hz, 1H, H-4), 4.63−4.53 (m, 1H, HVal-2), 4.20−3.90 (m, 2H, HGly-
2), 3.73 (s, 3H, CO2CH3), 2.28−2.15 (m, 1H, HVal-3), 1.12−0.92 (m,
6H, HVal-4).

13C NMR and DEPT (CDCl3, 101 MHz) δ ppm: [171.6
(C), 170.2, CO2CH3 + CONH], 158.5 (C, CONH), 147.5 (C, C-2),
144.5 (CH, C-5), 114.8 (CH, C-3), 112.2 (CH, C-4), 58.1 (CH, CVal-
2), 52.4 (CH3, CO2CH3), 41.2 (CH2, CGly-2), 31.5 (CH, CVal-3), 19.3
(CH, CVal-4), 18.3 (CH, CVal-4). HRMS (ESI-TOF) m/z: [M + H]+

Calcd for C13H19N2O5
+, 283.128 85; found, 283.128 78.

Methyl 2-Furoyl-L-leucyl-L-alaninate (5a). Following the general
protocol for peptide coupling, DIEA (3.92 mL, 22.5 mmol), TBTU
(2.6506 g, 8.2550 mmol), and methyl L-alaninate hydrochloride
(1.2570 g, 9.0054 mmol) were added to a solution of 3a (1.6678 g,
7.5045mmol) in anhydrous CH2Cl2 (30mL). After the typical workup,
the crude oil was chromatographed using EtOAc as eluent, affording
1.9797 g of 5a as a white solid. Yield: 85%.m.p.: 135−136 °C.Rf: 0.58 in
EtOAc. [α]D

22: +83.7 (c1.16, CHCl3).
1H NMR (CDCl3, 400 MHz) δ

ppm (rotamers present 60:40): [7.43 (dd, J = 1.7, 0.8 Hz, minor), 7.41
(dd, J = 1.7, 0.8Hz, major), 1H, H-5], [7.11 (dd, J = 3.5, 0.7Hz, minor),
7.09 (dd, J = 3.5, 0.7 Hz, major), 7.07 (br s), 2H, H-3 + CONH], [6.95
(d, J = 8.6 Hz, major), 6.91 (d, J = 8.6 Hz, minor), 1H, CONH], 6.51−
6.41 (m, 1H, H-4), 4.78−4.66 (m, 1H, HLeu-2), 4.60−4.47 (m, 1H,
HAla-2), [3.72 (s, major), 3.66 (s, minor), 3H, CO2CH3], 1.78−1.59
(m, 3H, HLeu-3 + HLeu-4), [1.40 (d, J = 7.2 Hz, minor), 1.36 (d, J = 7.2
Hz, major), 3H, HAla-3], 0.94−0.90 (m, 6H, HLeu-5).

13C NMR and
DEPT (CDCl3, 101 MHz) δ ppm: [173.3 (C), 173.1 (C), 171.8 (C),
171.6 (C), CONH + CO2CH3], [158.4 (C), 158.3 (C), CONH],
[147.6 (C), 147.5 (C), C-2], 144.4 (CH, C-5), [114.9 (CH), 114.8
(CH), C-3], [112.3 (CH), 112.2 (CH), C-4], 52.5 (CH3, CO2CH3),
[51.3 (CH), 51.2 (CH), CLeu-2], [48.2 (CH), 48.2 (CH), CAla-2], [41.7
(CH2), 41.5 (CH2), CLeu-3], [24.9 (CH), 24.8 (CH), CLeu-4], [23.0
(CH3), 23.0 (CH3), CAla-3], [22.2 (CH3), 22.2 (CH3), 18.2 (CH3),
18.0 (CH3), CLeu-5]. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for
C15H23N2O5

+, 311.160 15; found, 311.158 26.
Methyl 2-Furoyl-L-valyl-L-alaninate (5b). Following the general

protocol for peptide coupling, DIEA (1.24 mL, 7.12 mmol), TBTU

(0.8381 g, 2.610 mmol), and methyl L-alaninate hydrochloride (0.3975
g, 2.848 mmol) were added to a solution of 3b (0.5012 g, 2.373 mmol)
in anhydrous CH2Cl2 (30 mL). After the typical workup, the crude oil
was chromatographed using EtOAc as eluent, affording 0.6258 g of 5b
as a white solid. Yield: 89%.m.p.: 130−132 °C.Rf: 0.69 in EtOAc. [α]D

20:
−8.1 (c1.01, DMSO). 1H NMR (CDCl3, 400 MHz) δ ppm (rotamers
present 60:40): 7.44−7.40 (m, 1H, H-5), 7.40−7.26 [7.38 (d, J = 6.6
Hz, major), 7.29 (d, J = 6.9 Hz, minor), 1H, CONH], 7.19−6.99 [7.13
(d, J = 9.0 Hz), H-3 + CONH], 6.50−6.39 (m, 1H, H-4), 4.68−4.46
(m, 2H, HVal-2 + HAla-2), [3.71 (s, major), 3.65 (s, minor), 3H,
CO2CH3], 2.26−2.04 (m, 1H, HVal-3), [1.40 (d, J = 7.2 Hz, minor),
1.36 (d, J = 7.3 Hz, major), 3H, HAla-3], 1.04−0.90 (m, 6H, HVal-4).

13C
NMR and DEPT (CDCl3, 101 MHz) δ ppm (rotamers present):
[173.3 (C), 173.0 (C), 170.9 (C), 170.7 (C), CO2CH3 + CONH],
[158.3 (C), 158.3 (C), CONH], [147.6 (C), 147.6 (C), C-2], [144.4
(CH), 144.4 (CH), C-5], [114.7 (CH), 114.7 (CH), C-3], [112.2
CH), 112.2 (CH), C-4], [57.8 (CH), 57.8 (CH), CVal-2], [52.4 (CH3),
52.4 (CH3), CO2CH3], [48.2 (CH), 48.1 (CH), CAla-2], [31.9 (CH),
31.7 (CH), CVal-3], [19.3 (CH3), 19.1 (CH3), 18.3 (CH3), 18.2 (CH3),
18.1 (CH3), 17.8 (CH3), CVal-4 + CAla-3]. HRMS (ESI-TOF)m/z: [M
+ H]+ Calcd for C14H21N2O5

+, 297.144 50; found, 297.144 63.
Methyl 2-Furoyl-L-leucylglycinamide (6a). Following the general

protocol for the synthesis of primary amide, gaseous ammonia was
bubbled into a solution of 4a (0.3090 g, 1.043 mmol) inMeOH p.a. (20
mL), and the system was left stirring for 48 h at rt. After the typical
workup, 0.2921 g of 6awas obtained as a beige solid. Yield: quantitative.
m.p.: 90−95 °C. Rf: 0.05 in EtOAc. [α]D

20: +161.2 (c1, CHCl3).
1H

NMR (CDCl3, 400 MHz) δ ppm: 8.01−7.77 (m, 1H, CONH), 7.49−
7.32 (m, 2H, H-5 + CONH), 7.12−7.03 (m, 1H, H-3), 6.94 (br s, 1H,
CONH2), 6.48 (br s, 1H, CONH2), 6.42 (dd, J = 3.1, 1.5 Hz, 1H, H-4),
4.74−4.50 (m, 1H, HLeu-2), 3.98 (dd, J = 16.9, 6.1 Hz, 1H, HGly-2),
3.87−3.66 (m, 1H, HGly-2), 1.80−1.58 (m, 3H, HLeu-3 +HLeu-4), 0.99−
0.81 (m, 6H, HLeu-5).

13C NMR and DEPT (CDCl3, 101MHz) δ ppm:
[173.3 (C), 173.3 (C), 172.5 (C), 159.1 (C), 2 × CONH + CONH2],
147.2 (C, C-2), 144.9 (CH, C-5), 115.1 (CH, C-3), 112.3 (CH, C-4),
52.3 (CH, CLeu-2), 42.9 (CH2, CLeu-3), 41.0 (CH2, CGly-2), 24.9 (CH,
CLeu-4), 23.0 (CH3, CLeu-5), 21.9 (CH3, CLeu-5). HRMS (ESI-TOF)
m/z: [M +H]+ Calcd for C13H20N3O4

+, 282.144 83; found, 282.144 17.
Methyl 2-Furoyl-L-valylglycinamide (6b). Following the general

protocol for the synthesis of primary amide, gaseous ammonia was
bubbled into a solution of 4b (0.3819 g, 1.353mmol) inMeOHp.a. (20
mL), and the system was left stirring for 48 h at rt. After the typical
workup, 0.3611 g of 6b was obtained as a white solid. Yield:
quantitative. m.p.: 180−183 °C. Rf: 0.20 in EtOAc. [α]D

21: +14.6
(c1.025, DMSO). 1H NMR (DMSO-d6, 400 MHz) δ ppm: 8.30 (t, J =
5.8 Hz, 1H, CONH), 8.04 (d, J = 8.4 Hz, 1H, CONH), 7.87−7.82 (m,
1H, H-5), 7.29−7.15 [7.23 (br s), 7.21 (d, J = 3.5 Hz), 2H, CONHH +
H-3], 7.04 (br s, 1H, CONHH), 6.63 (dd, J = 3.5, 1.8 Hz, 1H, H-4),
4.25 (dd, J = 8.1, 7.7 Hz, 1H, HVal-2), [3.66 (dd, J = 16.7, 6.0 Hz), 3.65
(dd, J = 16.7, 5.5 Hz), 2H, HGly-2], 2.18−2.04 (m, 1H, HVal-3), [0.91 (d,
J = 6.8 Hz), 0.90 (d, J = 6.7 Hz), 6H, HVal-4].

13C NMR and DEPT
(DMSO-d6, 101 MHz) δ ppm: [171.1 (C), 170.7 (C), 157.8 (C), 2 ×
CONH + CONH2], 147.4 (C, C-2), 145.2 (CH, C-5), 114.0 (CH, C-
3), 111.9 (CH, C-4), 58.3 (CH, CVal-2), 41.8 (CH2, CGly-2), 30.1 (CH,
CVal-3), [19.3 (CH3), 18.6 (CH3), CVal-4]. HRMS (ESI-TOF)m/z: [M
+ H]+ Calcd for C12H18N3O4

+, 268.129 18; found, 268.128 84.
Methyl 2-Furoyl-L-leucyl-L-alaninamide (7a). Following the

general protocol for the synthesis of primary amide, gaseous ammonia
was bubbled into a solution of 5a (0.5552 g, 1.788mmol) inMeOH p.a.
(20 mL), and the system was left stirring for 48 h at rt. After the typical
workup, 0.5279 g of 7awas obtained as a white solid. Yield: quantitative.
m.p.: 85−90 °C. Rf: 0.27 in EtOAc. [α]D

23: −36.6 (c1.015, CHCl3). 1H
NMR (CDCl3, 400 MHz) δ ppm (rotamers present 70:30): [7.84 (d, J
= 7.8 Hz, minor), 7.76 (d, J = 7.5 Hz, major), 1H, CONH], 7.47−7.20
[7.44 (dd, J = 1.7, 0.7 Hz), 2H, H-5 + CONH], [7.13 (dd, J = 3.5, 0.6
Hz, major), 7.10 (dd, J = 3.6, 0.6 Hz, minor), 1H, H-3], [7.02 (br s,
minor), 6.94 (br s, major), 1H, CONHH], 6.63−6.19 [6.42 (br s,
minor), 6.38 (br s, major), 2H, H-4 + CONHH], 4.81−4.63 (m, 1H,
HLeu-2), [4.53 (p, J = 7.0 Hz), 4.52 (p, J = 7.1 Hz), 1H, HAla-2], 1.76−
1.63 (m, 3H, HLeu-3 + HLeu-4), [1.39 (d, J = 7.1 Hz, minor), 1.33 (d, J =
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7.1 Hz, major), 3H, HAla-3], 0.98−0.87 (m, 6H, HLeu-5).
13C NMR and

DEPT (CDCl3, 101 MHz) δ ppm (rotamers present): [176.3 (C),
176.2 (C), 173.4 (C), 173.2 (C), 159.8 (C), 159.5 (C), 2 × CONH +
CONH2], [148.2 (C), 148.0 (C), C-2], [145.5 (CH), 145.4 (CH), C-
5], [115.9 (CH), 115.8 (CH), C-3], 113.1 (CH, C-4), [53.0 (CH), 52.6
(CH), CLeu-2], [49.7 (CH), 49.6 (CH), CAla-2], [42.3 (CH2), 42.1
(CH2), CLeu-3], [25.7 (CH), 25.7 (CH), CLeu-4], [23.8 (CH3), 23.7
(CH3), 22.9 (CH3), 22.8 (CH3), CLeu-5], [18.8 (CH3), 18.7 (CH3),
CAla-3]. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C14H22N3O4

+,
296.160 48; found, 296.160 33.
Methyl 2-Furoyl-L-valyl-L-alaninamide (7b). Following the general

protocol for the synthesis of primary amide, gaseous ammonia was
bubbled into a solution of 5b (0.4012 g, 1.353mmol) inMeOHp.a. (20
mL), and the system was left stirring for 48 h at rt. After the typical
workup, 0.3580 g of 7b was obtained as a white solid. Yield: 94%. m.p.:
202−204 °C. Rf: 0.14 in Et2O. [α]D

21: +4.3 (c1.04, DMSO). 1H NMR
(CD3OD, 400 MHz) δ ppm (rotamers present 60:40): 7.75−7.58 (m,
1H, H-5), 7.25−7.07 (m, 1H, H-3), 6.66−6.50 [6.59 (dd, J = 3.5, 1.8
Hz), 6.58 (dd, J = 3.5, 1.8 Hz), 1H, H-4], 4.46−4.16 (m, 2H, HVal-2 +
HAla-2), 2.25−2.10 (m, 1H, HVal-3), 1.42−1.33 [m, 3H, HAla-3], 1.08−
0.93 (m, 6H, HVal-4).

13C NMR and DEPT, (CD3OD, 101 MHz) δ
ppm (rotamers present): [177.6 (C), 177.3 (C), 173.6 (C), 173.1 (C),
160.9 (C), 160.6 (C), 2 × CONH + CONH2], [148.5 (C), 148.5 (C),
C-2], 146.7 (CH, C-5), [115.9 (CH), 115.9 (CH), C-3], [113.1 CH),
113.0 (CH), C-4], [60.8 (CH), 59.9 (CH), CVal-2], [50.1 (CH), 50.0
(CH), CAla-2], [32.2 (CH), 31.6 (CH), CVal-3], [19.8 (CH3), 19.6
(CH3), 19.3 (CH3), 18.9 (CH3), 18.3 (CH3), 18.0 (CH3), CVal-4 +
CAla-3]. HRMS (ESI-TOF) m/z: [M + H]+ Calcd for C13H20N3O4

+,
282.144 83; found, 282.144 37.

■ PHARMACOLOGY

Dopamine D2 Receptor Binding Assay. Chinese hamster
ovary (CHO) cells expressing short isoform of human D2S
receptors were grown in 150 mm Petri dishes in Dulbeco’s
Modified EagleMedium (DMEM) supplemented with 10% FBS
and 2mM L-Glutamine.When cells were confluent, mediumwas
removed, and cells were washed twice with buffer A (5 mM
Tris−HCl pH = 7.4, 2 mM EDTA). Cells were scrapped and
homogenized twice in a Polytron. Cell suspension was
centrifuged (300 g, 10 min, 4 °C). Pellet was discarded, and
supernatant was centrifuged (48 400 g; 4 °C; 60min). Pellet was
resuspended in buffer B (50 mM Tris−HCl; pH = 7.4), and
protein quantity was measured by using Bradford method. The
binding of [3H]-NPA to the membrane preparation was assayed
in duplicate in 96-well plates. Membranes (30 μg/well)
expressing human D2R were incubated with 0.25 nM [3H]-
NPA and test compounds for 60 min at 25 °C in a 96-well
polypropylene microplate with incubation buffer (50 mMTris−
HCl, pH = 7.4; 120 mMNaCl, 5 mM KCl, 4 mMMgCl2, 1 mM
EDTA) up to a total volume of 250 μL. Nonspecific binding was
defined in the presence of 1 μM (+)-butaclamol. After
incubation time, 200 μL was transferred to a multiscreen FC
microplate (Millipore) pretreated with 0.5% polyethilenimine,
and samples were filtered and washed four times with 250 μL of
wash buffer (50 mM Tris−HCl, pH = 7.4; 0.9% NaCl). Filters
were dried, and 35 μL of scintillation cocktail (Universol) was
added to each well; radioactivity was detected in a microplate
beta scintillation counter (Microbeta Trilux). Data are expressed
as the increase of specific binding following the formula:

= − ×
−

−X
% increase

( NSB) 100
BT NSB

100

where X is the radioactivity detected in the test well, BT is the
radioactivity detected when [3H]-NPA was incubated in the
absence of any compound, and NSB is the radioactivity detected

when [3H]-NPA was coincubated with 10 μM (+)-butaclamol.
ANOVA analysis was carried out to evaluate significant
differences using SPSS software (V15.0). Statistical significance
was set at P < 0.05.

Biological Assays. Animals. Five female Wistar-Kyoto
(WKY) rats (Iffa-Credo, L’Arbresele, Lyon, France), purchased
fromCriffa (Barcelona, Spain), were used throughout this study.
They were housed (groups of five) in Makrolon cages (Panlab,
Barcelona, Spain) on poplar shaving bedding (B&K Universal;
G. Jordi, Barcelona, Spain) in a standard experimental animal
Bioclean room, illuminated from 8:00 AM to 8:00 PM (12 h/12
h/light/dark cycle) and maintained at a temperature of 22 to 24
°C. Animals had free access to food pellets (B&KUniversal) and
drinking fluid (tap water). All animal experiments performed
were conducted in compliance with institutional guidelines and
European regulations on the protection of animals (Directive
2010/63/UE), the Spanish Real Decreto 53/2013 (1 February),
and the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the US.

Culture of Rat Cortical Neurons and Glial Cells. Pregnant
rats (19−20 days) were killed by CO2 inhalation. Embryos were
immediately extracted from the womb by caesarean section, and
their brains were carefully dissected out. Meninges were
removed, and a portion of motor cortex was isolated after the
dissection of the brain. Fragments obtained from several
embryos were subjected to mechanic disintegration. Neurobasal
medium supplemented with 2% B-27 was used to seed the cells
in 48-well plates at a density of 100 000 cells/mL. Neuronal
cultures were allowed to grow for 8−10 days keeping in an
incubator (Forma Direct Heat CO2, Thermo Electron
Corporation, Madrid, Spain) under saturated humidity at a
partial pressure of 5% CO2 in air at 37 °C. Once a dense
neuronal network could be observed, motor cortex cultures were
treated with the compounds 4−7(a,b) at 100 μM, H2O2 (100
μM), or DMSO (1%) in order to evaluate their cytotoxic effects.
After incubation for 24 h under the conditions described aboved,
cell viability was evaluated using MTT as follows: 0.5 mg/mL
MTT was added to each well, and incubation was performed at
37 °C for 2 h. Medium was removed, and formazan salt formed
was dissolved in DMSO. The colorimetric determination was
performed at 540 nm. Percent viability (% viability) was
calculated as mean ± SEM of five determinations from five
independent cultures.
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Galicia accreditation 2019−2022) and the European Union
(European Regional Development FundERDF) is gratefully
acknowledged. I.E.S.-D. thanks FCT for the doctoral grant
SFRH/BD/93632/2013. X.G.-M. thanks Xunta de Galicia for
financial support (GPC2014/003).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Thanks are due to the Portuguese NMR network (RNRMN) for
supporting the Laboratory for Structural Elucidation (LAE) of
the Materials Centre of the University of Porto (CEMUP).
I.E.S.-D. would like to thank Tiago Carrola for the valuable
discussions about this work.

■ ABBREVIATIONS USED
13C NMR, carbon-13 nuclear magnetic resonance; 1H NMR,
proton magnetic nuclear resonance; 2-Fu, 2-furoic acid; Ac,
accuracy; BD, big data; CEMUP, Centro de Materiais da
Universidade do Porto; CHO, Chinese hamster ovary cells;
D1R, dopamine D1 receptor; DIEA, N-ethyl-N,N-diisopropyl-
amine; DMSO, dimethyl sulfoxide; DMSO-d6, deuterated
dimethyl sulfoxide; DOS, diversity-oriented synthesis; ESI,
electrospray ionization; GPCRs, G-protein-coupled receptors;
HEK293, Human Embryonic Kidney 293 cells; HRMS, high-
resolution mass spectrometry; LDA, Linear Discriminant
Analysis; MA, moving average operators; mGluR, metabotropic
glutamate receptor; MIF-1, Melanostatin; ML, machine
learning; MMA, multiple moving average operators; NPA, N-
propylapomorphine; PAM, positive allosteric modulator; PSA,
polar surface area; PT, perturbation theory; PTML, perturba-
tion theory and machine learning model; ROS, reactive oxygen
species; Sn, sensitivity; Sp, specificity; TBTU, O-(benzotriazol-
1-yl)-N,N,N′,N′-tetramethyluronium tetrafluoroborate; TLC,
thin-layer chromatography; VCCLAB, Virtual Computational
Chemistry Laboratory; WKY, Wistar-Kyoto

■ REFERENCES
(1) Mishra, A., Singh, S., and Shukla, S. (2018) Physiological and
Functional Basis of Dopamine Receptors and Their Role in
Neurogenesis: Possible Implication for Parkinson’s disease. J. Exp.
Neurosci. 12, 1−8.
(2) Beaulieu, J. M., and Gainetdinov, R. R. (2011) The physiology,
signaling, and pharmacology of dopamine receptors. Pharmacol. Rev. 63
(1), 182−217.
(3) Platania, C. B. M., Salomone, S., Leggio, G. M., Drago, F., and
Bucolo, C. (2012) Homology modeling of dopamine D2 and D3
receptors: molecular dynamics refinement and docking evaluation.
PLoS One 7 (9), e44316.
(4) Lindgren, N., Usiello, A., Goiny, M., Haycock, J., Erbs, E.,
Greengard, P., Hokfelt, T., Borrelli, E., and Fisone, G. (2003) Distinct
roles of dopamine D2L and D2S receptor isoforms in the regulation of

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://dx.doi.org/10.1021/acschemneuro.0c00687
ACS Chem. Neurosci. XXXX, XXX, XXX−XXX

J

http://orcid.org/0000-0002-9071-6197
http://orcid.org/0000-0002-9071-6197
mailto:idias@fc.up.pt
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xerardo+Garci%CC%81a-Mera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xerardo.garcia@usc.es
mailto:xerardo.garcia@usc.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Humberto+Gonza%CC%81lez-Di%CC%81az"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9392-2797
mailto:humberto.gonzalezdiaz@ehu.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+E.+Rodri%CC%81guez-Borges"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vi%CC%81ctor+Ya%CC%81n%CC%83ez-Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonia+Arrasate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2601-5959
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Llorente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Brea"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harbil+Bediaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dolores+Vin%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Isabel+Loza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olga+Caaman%CC%83o"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.0c00687?ref=pdf
https://dx.doi.org/10.1177/1179069518779829
https://dx.doi.org/10.1177/1179069518779829
https://dx.doi.org/10.1177/1179069518779829
https://dx.doi.org/10.1124/pr.110.002642
https://dx.doi.org/10.1124/pr.110.002642
https://dx.doi.org/10.1371/journal.pone.0044316
https://dx.doi.org/10.1371/journal.pone.0044316
https://dx.doi.org/10.1073/pnas.0730708100
https://dx.doi.org/10.1073/pnas.0730708100
pubs.acs.org/chemneuro?ref=pdf
https://dx.doi.org/10.1021/acschemneuro.0c00687?ref=pdf


protein phosphorylation at presynaptic and postsynaptic sites. Proc.
Natl. Acad. Sci. U. S. A. 100 (7), 4305−4359.
(5) Nussinov, R., and Tsai, C. J. (2013) Allostery in disease and in
drug discovery. Cell 153 (2), 293−305.
(6) Khan, R. S., Yu, C., Kastin, A. J., He, Y., Ehrensing, R. H., Hsuchou,
H., Stone, K. P., and Pan, W. (2010) Brain Activation by Peptide Pro-
Leu-Gly-NH2 (MIF-1). Int. J. Pept. 2010, 537639.
(7) Allegretti, M., Cesta, M. C., and Locati, M. (2016) Allosteric
Modulation of Chemoattractant Receptors. Front. Immunol. 7, 170.
(8) Verma, V.,Mann, A., Costain,W., Pontoriero, G., Castellano, J. M.,
Skoblenick, K., Gupta, S. K., Pristupa, Z., Niznik, H. B., Johnson, R. L.,
Nair, V. D., and Mishra, R. K. (2005) Modulation of agonist binding to
human dopamine receptor subtypes by L-prolyl-L-leucyl-glycinamide
and a peptidomimetic analog. J. Pharmacol. Exp. Ther. 315 (3), 1228−
1236.
(9) Vartak, A. P., Skoblenick, K., Thomas, N., Mishra, R. K., and
Johnson, R. L. (2007) Allosteric modulation of the dopamine receptor
by conformationally constrained type VI beta-turn peptidomimetics of
Pro-Leu-Gly-NH2. J. Med. Chem. 50 (26), 6725−6729.
(10) Ferreira da Costa, J., Caamaño, O., Fernańdez, F., García-Mera,
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(80) Casañola-Martin, G. M., Le-Thi-Thu, H., Peŕez-Gimeńez, F.,
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