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Abstract: Natural and nonnatural amino acids represent important building blocks for the
development of peptidomimetic scaffolds, especially for targeting proteolytic enzymes and for
addressing protein—protein interactions. Among all the different amino acids derivatives, proline is
particularly relevant in chemical biology and medicinal chemistry due to its secondary structure’s
inducing and stabilizing properties. Also, the pyrrolidine ring is a conformationally constrained
template that can direct appendages into specific clefts of the enzyme binding site. Thus, many papers
have appeared in the literature focusing on the use of proline and its derivatives as scaffolds for
medicinal chemistry applications. In this review paper, an insight into the different biological
outcomes of p-proline and L-proline in enzyme inhibitors is presented, especially when associated
with matrix metalloprotease and metallo-f3-lactamase enzymes.
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1. Introduction

More than 500 amino acids are present in nature. Although p-amino acids were long considered
to have only a minor function compared to their enantiomers, many peptides that contain p-amino
acids have been found in nature correlated to specific biological functions [1]. For example, bacterial
cells wall peptidoglycans contain several p-amino acids, such as p-Asp, p-Asn, p-Glu, p-Gln, p-Ala,
and p-Ser, that have been shown to give to bacteria the peculiar resistance to proteolytic digestion [2].
For the same reason, p-amino acids have been found in many antibiotics, such as bacitracin penicillin,
actinomycin, and valinomycin. In humans, p-amino acids are often involved in pathophysiological
processes [3] and can be used as disease markers [4]. Just to give some examples, p-serine is an
important neuromodulator recognized by the N-methyl-p-aspartate (NMDA)-type glutamate receptors;
its metabolism is altered in many neurodegenerative disorders [5,6]. Also, p-aspartate is implicated
in the regulation of adult neurogenesis and in the development of endocrine functions, including
hormones synthesis and spermatogenesis [7]. Generally, p-amino acids act antagonistically to L-amino
acids by inhibiting the active site of biological targets [8]. This tendency is also demonstrated for
synthetic amino acids. Just to give an example, L- and p-morpholine-3-carboxylic acid are able to
modulate the conformational preferences [9,10] and the bioactivity of peptidomimetic compounds
once inserted in their structure [11]. Specific enzymes, such as the amino acid racemase, the p-amino
acid oxidase, and the peptidyl aminoacyl L-p-isomerase are present in our metabolism to convert the
stereochemistry of specific amino acids in peptides or proteins [12,13].

Among all the different amino acids derivatives, proline is particularly relevant in chemical
biology and medicinal chemistry due to the stabilizing properties and the conformational restriction of
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the pyrrolidine ring [14]. Proline-rich regions create peculiar secondary structures in proteins, such as
- and y-turns and loops, which often play determining roles for protein—protein and protein-drug
interactions [15]. Also, some proline-rich peptides have been shown to possess unique cell-penetrating
properties [16]; others proved to have an antimicrobial activity by inhibiting protein synthesis [17] and
to modulate the amyloid formation [18]. Finally, the alteration of hydroxyproline metabolism plays
key roles in the many pathophysiological processes [19].

More than 100 drugs contain the L-proline chemotype in their structure. As representative
examples, Figure 1 reports the structure of Telaprevir (1), a potent inhibitor of the Hepatitis C virus
(HCV) that contains a proline derivative as an interacting motif able to address a binding pocket [20],
and the structure of the antibiotic Clindamycin (2), useful for the treatment of a variety of different
bacterial infections in which the proline is acting as a core scaffold to direct the substituents in the
correct spatial orientation [21]. A substituted proline chemotype is also contained in compound 3,
developed by Eli Lilly as a GLUKS receptor antagonist [22], and in the structure of the antihypertensive
drug Perindopril (4), where the proline is fused to a cyclohexane ring to further constrain the flexibility
of the molecule [23].
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Figure 1. The approved or investigational drugs containing the r-proline chemotype.

Also, 21 entries of the drug bank database [24] contain the p-proline chemotype in their structure.
In Figure 2 are represented the structures of the antibiotic Dalfopristin (5), which is used in combination
with quinupristin to treat staphylococci infections [25], and of the antitumoral agent MDM?2 inhibitor
Idasanutlin (6) [26]. Two p-proline are present in Miridesap (7), a therapeutic agent able to enhance the
degradation of amyloid P component [27], and in the structure of the antiarrhythmic Rotigaptide (8) [28].

p-proline plays key roles also in the pathophysiological processes of other organisms. Just to give
some examples, adipokinetic neurohormones of cicadas differ only for the presence of L- or p-proline in
their sequence [29]. Also, one of the mechanisms of the development of Chagas disease, caused by the
infection of the protozoan parasite Trypanosoma cruzi [30], seems to be correlated to the overexpression
of proline racemase. During the infection, T. cruzi secretes this enzyme, thus leading to the formation
of several p-proline-rich peptides that showed a resistance against host proteolytic mechanisms [31].
Thus, proline racemase is a potential drug target against this parasite, and the development of its
inhibitors can be used in the treatment of Chaga disease [32].
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Figure 2. The approved or investigational drugs containing the p-proline chemotype.

p-proline is also contained in Trapoxin B (9), Chlamydocin (10), and Apicidin B (11) (Figure 3),
naturally occurring tetrapeptides that show a potent antiprotozoal activity by inhibiting histone
deacetylase (HDAC), an enzyme that plays a key role in inducing or reversing gene transcription [33,34].
The importance of the p-proline ring in these compounds for the antiprotozoal activity has been
clarified by Singh and coworkers [35]. In particular, while Apicidin B showed a 5-fold selectivity
between the HDAC of the parasite and the HDAC of the liver of the chicken host, its synthetic analogue
Apicidin C (12), where the (R)-proline ring is substituted with a (R)-piperidine ring, did not show

any selectivity.
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Figure 3. The naturally occurring cyclic tetrapeptides containing p-proline (9-11) and the structurally

related Apicidin C (12).
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p- and L-proline have long attracted the interest of the medicinal chemistry community, and many
papers are present in the literature focusing on the generation of proline derivatives as molecular
scaffolds for the synthesis of peptidomimetics and enzyme inhibitors [36,37], also in a combinatorial
chemistry [38] and Diversity-Oriented Synthesis perspective [39]. In this review paper, an insight
into the different biological outcomes of p-proline and L-proline in enzyme inhibitors is presented,
considering as case studies the matrix metalloprotease (MMP) and metallo-[3-lactamase (MBL) enzymes.

2. p-Proline Derivatives as Metallo-3-Lactamase (MBL) Inhibitors

Antibiotic-resistant bacteria are becoming a serious threat of our century. Although many
serine-dependent metallo-3-lactamases (SBL) are already currently used in combination with antibiotics,
no clinically useful metallo-p-lactamase (MBL) inhibitors have been reported yet [40]. This is mainly
due to the need of achieving a selective inhibition against MBL enzymes, while avoiding the inhibition
of other structurally similar enzymes. Depending on the number of zinc ions in the catalytic sites,
MBLs can be categorized into three subclasses (B1, B2, and B3). L-Captopril (13) (Figure 4a), developed
in the 1970s as a human angiotensin-converting enzyme (ACE) inhibitor, is able also to block several
MBLs. In particular, its diastereoisomer p-captopril (14) has proven to be more potent against MBLs,
especially against those belonging to the Bl subclass (such as NDM-1, IMP-1, and Bcll) because its
conformation is more similar to the one adopted by the antibiotic hydrolysis product (Figure 4b).
Also, considering that p-captopril is not particularly active against the ACE enzyme, this compound
provides an interesting starting point for the development of selective therapeutic agents [41] because
the B1 subclass is the most diffuse and clinically relevant [42,43].
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Figure 4. (a) L- and p-captopril and their inhibition activities towards different metallo-3-lactamase
(MBLs) of the Bl subclass: (b) The hydrolyzed penicillin product shows a higher structural similarity
to p-captopril as compared to L-captopril.

In particular, numerous cases of antibiotic resistance have been associated to the activity of
imipenemase (IMP-1) [44], one of the most potent MBL from B1 subclass. The binding mode of the two
captopril stereoisomers to IMP-1 has been determined by crystallography (Figure 5) [45]. In both cases,
the two Zn2* ions in the active site are located at the end of the two [3-sheets; one is chelated by three
histidines, while the other one is coordinated by an aspartic acid, a histidine, and a cysteine [46,47].
In the complex with r-captopril, a decreased number of hydrogen bonds and weaker electrostatic
interactions are found, which reflects its smaller inhibition.
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Figure 5. (a) The selected amino acids of the IMP-1 catalytic site interacting with r-captopril (PDB code:

4C1F) and (b) with p-captopril (PDB code: 4C1G). Zinc ions are shown as black spheres, amino acid
residues are shown in light blue, and captopril molecules are shown in fuchsia.

Novel broad-spectrum inhibitors have been designed by using r-proline and p-proline as molecular
scaffolds to direct the interacting groups in the correct spatial orientations. In particular, in order to
determine the optimal distance between the thiol and the carboxylate functional groups, McGeary and
coworkers synthesized compounds 15-20 (Figure 6), containing a different number of carbon atoms
in the amide appendage [48]. The biological data showed that compounds 15 and 18, characterized
by the shortest distance between these groups, are the most active, although only slightly more than
the parent p- and rL-captopril. Also, p-proline derivatives 18-20 were, in all cases, more potent than
the corresponding r-proline derivatives, demonstrating the higher affinity of this conformation in
coordinating both metal ions through the thiolate and the carboxylate functional groups.
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15,n=1, Ki=2.2 uM 18,n=1,Ki=21uM
16,n =2, Ki=9.9 uM 19,n=2 Ki=2.9uM
17,n=3,Ki=7.2uM 20,n=3,Ki=5.8pM

Figure 6. .- and p-proline derivatives 15-20 and their inhibition activity against IMP-1.

The authors also synthesized r-proline and p-proline derivatives with two carboxylic acids
(compounds 21-26, Figure 7). However, these compounds, including the succinic and glutaric
anhydride derivatives, did not show any inhibition activity against IMP-1, thus revealing the importance
of the thiol group for the binding affinity. The relevance of the carboxylate group linked to the proline
ring was also demonstrated by derivatives 27-29, where the carboxylic group is spaced out by an ether
group, that showed a significantly lower biological activity as compared to compounds 18-20.

[;>~COOH [N>”©OOH { >~m/°\/CO°H

N
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04L$%COOH s o4k$¥
n n
21, n = 1, no inhibition 24, n =1, no inhibition 27,n =1, Ki=290 uM
22, n =2, no inhibition 25, n = 2, no inhibition 28, n =2, Ki =390 uM
23, n = 3, no inhibition 26, n = 3, no inhibition 29, n =3, Ki=363 uM

Figure 7. L- and p-proline derivatives 21-29 and their inhibition activity against IMP-1.

3. p-Proline Derivatives as Matrix Metalloproteases (MMP) Inhibitors

Matrix metalloproteases (MMP) are a class of Zn?"-dependent proteases of the metzincin
superfamily that are key players in the modeling of the extracellular matrix (ECM) [49]. The 23
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members of the human MMP family are classified into six categories [50]. Many of them are involved in
cancer development [51], as well as in inflammatory and cardiovascular diseases [52,53]. Unfortunately,
the use of MMP inhibitors (MMP4) in the clinics has been stalled due to the development of side effects
related to the nonselective inhibition of several metalloproteases [54]. Among the different types of
MMPs, gelatinase A (MMP-2) and gelatinase B (MMP-9) have been shown to play a key role in the
angiogenic switch, which is related to tumor cell invasiveness. However, MMP-2 is considered a
better candidate target as compared than MMP-9, of which the inhibition can be even detrimental in
advanced stages of cancer [55].

Several types of MMP-2 inhibitors have been developed during the last decades, most of them
containing the hydroxamate functional group as an effective zinc binding element and at least one
hydrophobic side chain effectively interacting with S1” and S2” pockets [56]. Early stage hydroxamates,
such as batimastat (30), belong to the class of succinylate aminoacid hydroxamates, one of the most
effective MMP binders, that unfortunately did not show any selectivity and failed the clinical trials [57].
Another class of effective MMPi are represented by a-sulfonyl-piperidine and «-sulfonyl-pyran
hydroxamic acids, such as compound 31 in which the SO, moiety is involved in several strong
hydrogen bonds with amino acid residues from the active site cleft and in directing the hydrophobic
substituent into the deep S1’ cleft [58]. In this field, sulfonylated amino acid hydroxamates with general
formula HONH-CO-CHR!-NR?-SO,R3, such as compound 32 (CGS27023A) developed by Novartis,
have proven to be very effective, although toxicities related to arthralgia and myalgia were observed in
clinical trials [59]. Other hydroxamate inhibitors containing a cyclic scaffold have been also reported,
such as the Y-lactam hydroxamate 33 as in Figure 8, but these compounds were found to have only a
sub-micromolar affinity for MMP-2.

R2

HN S 6!
o
N
R1
31
H o
HO/NW/LWR
ol
33

CGS27023A (32)

Figure 8. Different MMPi developed in the last twenty years.

In this context, proline has been taken into account as a molecular scaffold by several research
groups, starting from the observation that collagen, one of the main components of the ECM,
is composed by the repetition of the XaaYaaGly sequence, in which Xaa is often L-proline and Yaa is
often trans-(2S,4R)-4-hydroxyproline [60,61]. Hannessian and coworkers developed a class of p-proline
derivatives (compounds 34-42 as in Figure 9) possessing different appendages on position 3 of the
pyrrolidine ring that can address the S1 pocket by an additional hydrogen bond donor [62]. However,
these compounds did not show a satisfactory selectivity, as the p-methoxyphenyl moiety addressing
the S1” pocket did not prove to be sufficient in discriminating between the two gelatinases.
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Figure 9. p-proline derivatives 35-42 developed by Hannessian and coworkers, their binding activity
for MMP-2, and their selectivity between the two gelatinases (MMP-9/MMP-2).

In a complementary approach, the group of Taiwo and coworkers [63] reasoned to address the
selectivity for the MMP-2 by introducing on position 4 of the pyrrolidine ring a panel of different
functionalities, including amides, sulfonamides, and ureas. Also, different sulfonyl groups at the
nitrogen atom of the proline core were attached in order to better study the influence of the aromatic
group in addressing the S1” pocket. Fifty-six compounds (with general formula 4346, Figure 10) were
developed by this group starting from cis-4-hydroxy-p-proline and tested in vitro for the inhibition
against collagenase-1 (MMP-1), gelatinase-A (MMP-2), stromelysin (MMP-3), matrilysin (MMP-7),
and collagenase-3 (MMP-13). This class of compounds inhibits effectively MMP-2 and -13, with a
good selectivity towards MMP-7. The inhibition of MMP-1 and MMP-3 proved to be more variable,
depending on the functional group on position 4. However, while longer aliphatic substituents in
the sulfonamide appendage resulted in an improvement of the selectivity for the MMP-2 enzyme,
the insertion of different groups on position 4 did not show any remarkable effects.

The fact that functional groups at position 4 did not improve significantly the selectivity for MMP-2
versus MMP-9 was also assessed by our research group when we evaluated the inhibition profile of
p-proline derivatives 47-57 (Figure 11) [64]. These compounds showed a general preference for the
inhibition towards MMP-9 because the substituent and the stereochemistry at C-4, addressing the 52
pocket, were not sufficiently tuned to balance the strong interaction of the 3,4-dichlorophenyl moiety
with the S1” pocket of MMP-9. This work also revealed that the R configuration at the C-4 stereocenter
proved to give a better inhibition, as also confirmed in the paper by Xu and coworkers [65], where an
array of a-sulfonyl y-(glycinyl-amino)proline peptidomimetic derivatives with a cis-configuration at the
proline scaffold showed a good selectivity for the MMP-2 enzyme over APN/CD13 (aminopeptidases)
and HDACs.
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Figure 10. The general formula of p-proline derivatives 43-46 developed by Taiwo and coworkers,
their binding activity for MMP-2, and their selectivity between other MMPs (MMP-1, MMP-3, MMP-7,

and MMP-13).
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Figure 11. p-proline derivatives 47-56 developed by Trabocchi and coworkers, their binding activity
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for MMP-2, and their selectivity between the two gelatinases (MMP-9/MMP-2).

For this reason, our research group tried to advance towards this direction by exploring the
interaction of different N-arylsulfonyl moieties at the nitrogen atom within the S1” subsite, considering
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that the S1” pocket of MMP-9 showed a higher degree of hydrophobic nature with respect to that of
MMP-2 [66]. Eight different p-proline derivatives were developed, possessing appendages with 1 to 3
rings (compounds 59-64 in Figure 12) and compared to the model compounds 57 and 58, synthesized
as the unsubsituted reference compounds corresponding to those previously reported in the literature.
The results of the in vitro screening against MMP-2 and MMP-9 purified enzymes, as well as of the
cell-based assays, showed that compounds 63-64 with long hydrophobic chains showed a remarkable
selectivity thanks to the existence of a long hydrophobic channel at the bottom of the S1” subsite in the
MMP-2 catalytic cleft.

57, R = 3,4-dichloro ICs50 (MMP2) = 492 nM
MMP9/MMP2 selectivity = 8.9

58, R = 4-O-methoxy IC50 (MMP2) = 8.9 nM
MMP9/MMP?2 selectivity = 2.5

59 R= —=Ph ICso (MMP2) = 0.28 nM
’ MMP9/MMP2 selectivity = 3.3

0 Cl
{ >/
N ) ZBG 60, R = Oq ICso (MMP2) = 0.16 nM
S HN-on MMP9/MMP2 selectivity = 4.8

o0
=
| 61, R = NHCOPh ICso (MMP2) = 21 nM
\\R MMPO/MMP2 selectivity = 2.2
. 62, R = NHCO(pNO,)Ph ICs50 (MMP2) = 0.096 nM
S1' pocket MMP9/MMP2 selectivity =1.3

63 R = HNOC@ ICso (MMP2) = 0.048 nM
’ NHCbz MMP9/MMP2 selectivity = 730

ICso (MMP2) = 2.38 nM

64, R = NHCbz o
MMPO/MMP?2 selectivity = 218

Figure 12. p-proline derivatives 57-64 developed by Trabocchi and coworkers, their binding activity
for MMP-2, and their selectivity between the two gelatinases (MMP-9/MMP-2).

The importance of the long hydrophobic chain addressing the S1” pocket was also found to be
important in achieving selectivity for other MMPs, as evinced by the work of Holl and coworkers [67].
In fact, p- and L-proline derivatives with general formula 65 and a long lipophilic tail (Figure 13)
were found to be highly selective also for collagenase 3 (MMP-13), an important target not only for
anticancer drug development but also in Alzheimer’s disease [68]. Even in this case, it was evinced that
the cis relative stereochemistry was found to be extremely important for the selectivity and the binding
activity, as compounds derived from (2R,4R)-4-hydroxyproline were more potent than analogues
with a (25,4R)-4-hydroxyproline or a (25)-proline scaffold. The best compound was found to be 66
possessing an n-pentyl moiety, as this compound showed a picomolar activity for MMP-13 and a
great selectivity towards other MMPs as well as towards other Zn?*-dependent metalloproteases,
such as ADAMs and meprins. Also, the ['®F]-radiolabeled analogue was synthesized by this group
and subjected to in vivo studies, revealing that this ligand possesses an excellent sereum stability and
a relative rapid clearance in mice, demonstrating the valence of this ligand as a PET imaging tracer
able to quantify the MMP-13 activity in a variety of in vivo pathological model systems.



Symmetry 2019, 11, 558 10 of 14

s2 @ ZBG HO,
pocket ZZ_> [ \

O R0
N v

HN-~
OHN‘OH o M
) L
g o
g :
R2

S1'
pocket
65
28 compounds X 66
R'=H, OH, NH,, F
 OH, NH. X = Hor [1®F]

R2 = H, alkyl, alkoxy, NH,, NR,, F
X=CH,, CO
ICs0 (MMP2) = 3 - 10000 nM
ICs0 (MMP13) = 0.7 - 3090 nM

MMP9/MMP2 selectivity = 1 - 40
MMP2/MMP13 selectivity = 0.25 - 13
MMP9/MMP13 selectivity = 0.7 - 171
MMP8/MMP13 selectivity = 0.2 - 73

ICs50 (MMP2) =3 nM
ICs50 (MMP13) = 0.7 nM
MMPO/MMP2 selectivity = 40
MMP2/MMP13 selectivity = 4.3
MMP9/MMP13 selectivity = 171
MMP8/MMP13 selectivity = 21

Figure 13. p-proline derivatives with general formula 65 developed by Holl and coworkers, their binding
activity for MMP-2 and MMP-13, and their selectivity towards MMP-9 and MMP-8: The structure of
the most potent and selective compound 66 and of its radiolabeled analogue.

4. Conclusions

Proline is one of the most relevant amino acids for chemical biology and medicinal chemistry
applications due to the stabilizing properties and the conformational restriction of the pyrrolidine
ring. Although for many years, researchers believed that p-amino acids have only a minor function as
compared to their L-enantiomers, p-proline was shown to play a crucial role in many pathophysiological
events. The p-Proline chemotype is contained in more than 20 approved or investigational drugs
present in the drug bank database, as well as in the naturally occurring HDAC inhibitors of the
Trapoxin family. p-Proline-rich peptides were shown to provide bacteria and parasites the peculiar
resistance against host proteolytic mechanism. Also, the p-proline chemotype were shown to possess
the right conformation to accommodate itself in the catalytic clefts of different metalloenzymes.
Accordingly, p-proline derivatives have proven to efficiently inhibit the IMP-1 enzyme, belonging
to the B1 subclass of metallo-(3-lactamases (MBLs), one of the main targets responsible for antibiotic
resistance, demonstrating the higher affinity of this conformation, as compared to the one adopted
by r-proline derivatives, in coordinating both Zn?" ions through the thiolate and the carboxylate
functional groups. Also, p-proline derivatives, possessing different appendages on position 3/4 of the
pyrrolidine ring and different N-arylsulfonyl moieties, have been designed to selectively inhibit some
matrix metalloprotease (MMP) enzymes, including gelatinase A (MMP-2), a validated molecular target
in cancer drug discovery. Even in this case, the relative cis-configuration of the two hydrophobic groups
linked to the pyrrolidine scaffold was found to be extremely important for selectivity and binding
activity, as compounds derived from (2R,4R)-4-hydroxy-p-proline were more potent than analogues
with a (25,4R)-4-hydroxy-p-proline or a L-proline scaffold. One of the main limitations of using
p-proline for the development of enzyme inhibitors is related to the cis/trans isomerization process.
As for L-proline, the small energy difference between the two conformations results in a high probability
of finding both the cis and trans isomers in solution even at room temperature. This isomerization
plays a key role in affecting the geometry and, consequently, the biological output of the peptides or of
the peptidomimetic compounds. However, this limitation can be controlled intentionally by replacing
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p-proline with suitable analogues in which the rotational flexibility is reduced by bulky substituents,
heteroatoms, or different sizes of the ring. Thus, the potential of p-proline as a conformationally
restricted scaffold for the development of enzyme inhibitors has drawn considerable interest in the
organic and medicinal chemistry community, and there is still much room left for the generation of
novel small molecules for a drug discovery purpose around this scaffold.
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