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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 d-proline and l-proline in enzyme inhibitors is presented, especially when associated
with matrix metalloprotease and metallo-β-lactamase enzymes.
Keywords: drug discovery; amino acids; peptidomimetics; enzyme inhibitors; chiral pool; stereochemistry

1. Introduction
More than 500 amino acids are present in nature. Although d-amino acids were long considered
to have only a minor function compared to their enantiomers, many peptides that contain d-amino
acids have been found in nature correlated to specific biological functions [1]. For example, bacterial
cells wall peptidoglycans contain several d-amino acids, such as d-Asp, d-Asn, d-Glu, d-Gln, d-Ala,
and d-Ser, that have been shown to give to bacteria the peculiar resistance to proteolytic digestion [2].
For the same reason, d-amino acids have been found in many antibiotics, such as bacitracin penicillin,
actinomycin, and valinomycin. In humans, d-amino acids are often involved in pathophysiological
processes [3] and can be used as disease markers [4]. Just to give some examples, d-serine is an
important neuromodulator recognized by the N-methyl-d-aspartate (NMDA)-type glutamate receptors;
its metabolism is altered in many neurodegenerative disorders [5,6]. Also, d-aspartate is implicated
in the regulation of adult neurogenesis and in the development of endocrine functions, including
hormones synthesis and spermatogenesis [7]. Generally, d-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 d-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 d-amino
acid oxidase, and the peptidyl aminoacyl l-d-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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D- 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,
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d- 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 d-proline and l-proline in enzyme inhibitors is presented,
considering as case studies the matrix metalloprotease (MMP) and metallo-β-lactamase (MBL) enzymes.
2. d-Proline Derivatives as Metallo-β-Lactamase (MBL) Inhibitors
Antibiotic-resistant bacteria are becoming a serious threat of our century. Although many
serine-dependent metallo-β-lactamases (SBL) are already currently used in combination with antibiotics,
no clinically useful metallo-β-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 d-captopril (14) has proven to be more potent against MBLs,
especially against those belonging to the B1 subclass (such as NDM-1, IMP-1, and BcII) because its
conformation is more similar to the one adopted by the antibiotic hydrolysis product (Figure 4b).
Also, considering that d-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
thePEER
mostREVIEW
diffuse and clinically relevant [42,43].
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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 β-sheets; one is chelated by
three histidines, while the other one is coordinated by an aspartic acid, a histidine, and a cysteine
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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 Dproline 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].
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these
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addressing the S1’ pocket did not prove to be sufficient in discriminating between the two gelatinases.
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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 43–46, Figure 10) were
developed by this group starting from cis-4-hydroxy-d-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
d-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 S2
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 α-sulfonyl γ-(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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to that of MMP-2 [66]. Eight different D-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

Figure 11. D-proline derivatives 47–56 developed by Trabocchi and coworkers, their binding activity
for MMP-2, and their selectivity between the two gelatinases (MMP-9/MMP-2).
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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, d- 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 (2S,4R)-4-hydroxyproline or a (2S)-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 Zn2+ -dependent metalloproteases,
such as ADAMs and meprins. Also, the [18 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.
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Proline is one of the most relevant amino acids for chemical biology and medicinal chemistry
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
applications due to the stabilizing properties and the conformational restriction of the pyrrolidine
ring. Although for many years, researchers believed that d-amino acids have only a minor function as
ring. Although for many years, researchers believed that D-amino acids have only a minor function
compared to their l-enantiomers, d-proline was shown to play a crucial role in many pathophysiological
as compared to their L-enantiomers, D-proline was shown to play a crucial role in many
events. The d-Proline chemotype is contained in more than 20 approved or investigational drugs
pathophysiological events. The D-Proline chemotype is contained in more than 20 approved or
present in the drug bank database, as well as in the naturally occurring HDAC inhibitors of the
investigational drugs present in the drug bank database, as well as in the naturally occurring HDAC
Trapoxin family. d-Proline-rich peptides were shown to provide bacteria and parasites the peculiar
inhibitors of the Trapoxin family. D-Proline-rich peptides were shown to provide bacteria and
resistance against host proteolytic mechanism. Also, the d-proline chemotype were shown to possess
parasites the peculiar resistance against host proteolytic mechanism. Also, the D-proline chemotype
the right conformation to accommodate itself in the catalytic clefts of different metalloenzymes.
were shown to possess the right conformation to accommodate itself in the catalytic clefts of different
Accordingly, d-proline derivatives have proven to efficiently inhibit the IMP-1 enzyme, belonging
metalloenzymes. Accordingly, D-proline derivatives have proven to efficiently inhibit the IMP-1
to the B1 subclass of metallo-β-lactamases (MBLs), one of the main targets responsible for antibiotic
enzyme, belonging to the B1 subclass of metallo-β-lactamases (MBLs), one of the main targets
resistance, demonstrating the higher affinity of this conformation, as compared to the one adopted
by l-proline derivatives, in coordinating both Zn2+ ions through the thiolate and the carboxylate
functional groups. Also, d-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-d-proline were more potent than analogues
with a (2S,4R)-4-hydroxy-d-proline or a l-proline scaffold. One of the main limitations of using
d-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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d-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 d-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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