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Although the investigation of matrix metalloproteinase 
(MMP) inhibitors have begun over three decades ago, these 
enzymes are receiving a renewed interest for the development of 
therapies targeting angiogenesis and metastasis hallmarks, as it is 
now clear that initial MMP inhibitor clinical trials were held 
prematurely.1 The failure of MMP inhibitors as drug candidates 
in clinical trials has been mainly attributed to (a) inhibition of 
other metalloenzymes, (b) low oral availability due to poor 
pharmacokinetics and in vivo instability, (c) lack of specificity 
within the MMP family.2 This latter issue is particularly 
significant when the aim is the development of compounds 
targeting the gelatinases subfamily. In fact, although both 
gelatinase A (MMP2) and B (MMP9) are secreted, zinc-
dependent endopeptidases involved in the regulation of cell 
growth, migration, invasion, inflammation and angiogenesis, 
their subsequent effects on cancer cell survival and migration is 
substantially different.3 High levels of either MMP2 and MMP9 
are found in many human malignancies, including those of 
breast, brain, pancreas, colon-rectum, lung, bladder, skin, 
prostate,4 and are often associated with tumor aggressiveness and 
poor prognosis.5 However, different roles have been observed for 
these two enzymes in the angiogenic switch,6 in platelet 
function,7 and in cell migration,8 as they activate diverse 
signaling pathways. For example, it has been shown that in A549 
lung cancer cells, MMP2 interacts v 3 inducing the 
PI3/AKT signaling pathway, that activates hypoxia-induced 

transcription factor- - the vascular 
endothelial growth factor VEGF (Figure 1a).9

Figure 1. Schematic representations of the signaling pathways 
leading to tumor angiogenesis and cancer cell migration and invasion 
induced by (a) MMP2 and (b) MMP9.

Differently, in several tumor epithelial cells of kidney, breast 
and fibrosarcoma, MMP9 interacts with CD44 and tyrosine 
kinase epidermal growth factor receptor (EGFR), inducing the 
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Despite a high degree of structural similarity, it is known that MMP2 and MMP9 have distinct  
roles in the angiogenic switch and in cell migration, as they activate diverse signaling pathways. 
Indeed, inhibition of MMP2 and MMP9 can show beneficial or detrimental effects depending on 
the stage of tumor progression. Thus, the selective inhibition of gelatinases is of relevance for a 
successful drug lead, which has to be achieved despite the high structural similarity of the two 
gelatinases. Herein, the synthesis and evaluation of D-proline-derived hydroxamic acids 
containing amino appendages at C-4 as gelatinase inhibitors are reported. Inhibition assays 
enabled the identification of a >200-fold selective MMP9 inhibitor when Lys was considered as 
a C-4 substituent, thus addressing gelatinase selectivity beyond which is a major 
driver for selectivity. Molecular docking studies revealed the basic moiety of Lys as detrimental 
for inhibition of MMP2 as compared to MMP9.
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downstream PI3K/AKT cell signaling cascade that favors cancer 
cell migration and invasion (Figure 1b).10 Also, it has been 
demonstrated how MMP2 and MMP9 inhibition can show 
beneficial or detrimental effects depending on the stage of tumor 
progression.11 Thus, the selective inhibition of gelatinases is of 
relevance for a successful clinical trial, which has to be achieved 
despite the high structural similarity of the two gelatinases.12

Previous studies showed how the substitution at the nitrogen 
atom of proline-derived compounds with chemical functions 
linking 1 to 3 rings within the N-arylsulfonyl moiety was 
successful in identifying highly potent and selective MMP2 
inhibitors addressing the deep and hydrophobic .13 In
order to advance towards this direction, we reasoned to explore 

bifunctional molecules, to improve the inhibition selectivity 
between the two gelatinases (Figure 2).5 Thus, a series of novel 
D-proline peptidomimetic derivatives possessing the same 
arylsulfonyl hydrophobic group at the nitrogen atom and amine-
containing groups at position 4 of the pyrrolidine ring were 
synthesized and assayed. The incorporation of amino groups at
C-4 was envisioned to provide hydrogen bonding interactions 
and to furnish a suitable functional group for subsequent
bioconjugation strategies.

Figure 2. General structure of 4-substituted D-proline derivatives 
developed in this work.

The key intermediate (2R,4R)-methyl 1-((4-
methoxyphenyl)sulfonyl)-4-amminopyrrolidine-2-carboxylate (4)
was obtained in good yield starting from trans-4-hydroxy-D-
proline 1, by following a previously reported strategy (Scheme 
1).14 Trans-4-hydroxy-D-proline was left reacting with thionyl 
chloride in methanol and subsequent sulfonamide formation gave 
the functionalized proline compound 2 in 60% yield. The p-
methoxyphenyl group was installed as a reference moiety to 
address t ase enzymes, without 
inducing a significant selectivity. Then, the Mitsunobu reaction 
on 2 with diphenylphosphoryl azide (DPPA) produced azide 3
with inverted configuration at the C-4 stereocenter in 85% yield, 
that was then subjected to catalytic hydrogenation using 10% 
Pd/C to give amine 4 in 92% yield. 

Compound 4 proved to be a good starting point to introduce 
amides at position 4 of the pyrrolidine scaffold (Scheme 2). In 
particular, in order to address potential acidic residues in the S2 
pocket, different amino acids containing amino group 
functionalities in diverse positions were taken into account, 
specifically N-Boc-L-norleucine 5, N-Boc- -aminobutyric acid 
(GABA) 6, N -Boc-N -Cbz-L-ornithine 7 and N -Boc-N -Cbz-L-
lysine 8. 

Scheme 1. Synthesis of the key intermediate 4. Reagents and 
conditions: (i) SOCl2, MeOH, r.t., 16 h; (ii) 4-
methoxybenzenesulfonyl chloride, Et3N, DMAP, dry CH2Cl2, N2, 0
°C to r.t., 16 h; (iii) PPh3, DIAD, DPPA, dry THF, -15 °C to 60 °C, 
40 minutes; (iv) H2, Pd/C 10%, HCl (cat.), r.t., 16 h.

The corresponding coupling products 9-10 and 15-16 were 
obtained in good to high yields by a standard procedure with 1-
hydroxybenzotriazole (HOBt) and N-(3-dimethylaminopropyl)-
N -ethylcarbodiimide (EDC), although 5 and 6 proved to be 
slightly less reactive. The methyl ester of compounds 9 and 10
was then directly converted into the hydroxamic acid by 
aminolysis with NH2OK/NH2OH in MeOH, and Boc protecting 
group was removed under acidic conditions to give final 
compounds 13-14 in quantitative yields (Scheme 2, left).
Differently, the methyl ester of compounds was transformed into 
the hydroxamic acid by a two-step procedure consisting of the 
hydrolysis with LiOH and subsequent coupling reaction with N-
benzylhydroxylamine hydrochloride to give intermediates 17-18
in 75% and 51% yields, respectively. Successively, Cbz and Bn 
protecting groups were removed by hydrogenation under Pd/C 
catalysis to obtain compounds 19 and 20, and Boc protecting 
groups were removed under acidic conditions to give final 
compounds 21 and 22 in good to excellent yields (Scheme 2, 
right). Finally, compound 4 was left reacting with pivaloyl 
chloride in order to introduce a bulky apolar group as reference 
control. The corresponding intermediate 23 was then treated with 
NH2OK/NH2OH in MeOH, thus giving compound 24 in 35% 
yield, in agreement with previous data about low performance of 
this transformation (Scheme 2, middle).13

The inhibition potency of the series of hydroxamic acid 
derivatives (against MMP2 and MMP9 was evaluated through a
fluorometric assay using 96-well plates and the fluorogenic 
substrate Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, at 
excitation and emission wavelengths of 320 and 420 nm, 
respectively. For all the compounds, IC50 values were obtained 
by dose-response measurements using an inhibitor range of 
concentrations (0.1 nM-100 µM) and enzyme concentration equal 
to 1 nM. The inhibition activities of the synthesized compounds
towards the two gelatinases, as reported in Table 1, were then 
compared with the reference compound 25, previously 
synthesized in our laboratories,13 possessing the same p-

chemical moieties at position 4 of the pyrrolidine ring. These 
results suggested that the amino-containing appendages play a 
key role in driving the selectivity towards the two gelatinases.



Scheme 2. Synthesis of D-proline derived hydroxamic acids functionalized at position 4. Reagents and conditions: (i) HOBT, EDC, TEA, 
DCM, 0 °C to r.t., 72 h; (ii) NH2OH, KOH, MeOH, 80 °C, m.w., 1 h; (iii) HCl (4M in dioxane), 0 °C to r.t., 1 h; (iv) pivaloyl chloride, TEA, 
DCM, 0 °C to r.t., 16 h; (v) NH2OBn, HOBT, EDC, TEA, DCM, 0 °C to r.t., 72 h; (vi) H2, Pd/C 10%, HCl (cat.), r.t., 16 h.

In fact, although compounds 11 and 12 (functionalized with 
norleucine and -aminobutyric acid, respectively) displayed poor 
MMP2/MMP9 selectivity, as for the reference compounds 24 and 
25 and even slightly lower inhibition potency, the introduction of 
ornithine and lysine side chains proved to be successful in 
achieving selective inhibitors for both the two gelatinases. In 
fact, compound 21, possessing a shorter chain, proved to inhibit 
preferentially MMP2 enzyme, with an IC50 value of 15 nM, while 
compound 22, with a longer chain, showed a reverse propensity, 
inhibiting MMP9 enzyme with an IC50 value of 5.7 nM and a 
220-fold selectivity in favour of this enzyme. A similar inhibition 
preference was observed for their corresponding Boc-protected 
derivatives 19-20, although with lower potency and less 
significant enzyme selectivity. Similarly, compounds 9 and 10,
characterized by the presence of Boc-protected norleucine and -
aminobutyric acid, showed a decrease in the inhibition potency 
towards MMP2 and MMP9, suggesting the free amino group 
playing a role for the selective interaction with the enzymes.
Given the selectivity observed for compounds 21 and 22, such 
compounds were selected for further investigations through 
molecular docking and dynamics studies, in order to identify the 
molecular determinants responsible for the selectivity switch 
observed for these two compounds among the two gelatinases. 

Compounds 21 and 22 were docked into MMP2 and MMP9 
and the top-scored poses were refined by MD simulations, 
followed by MM-GBSA binding energy calculations. Computed 
binding energy for the lowest-energy poses are reported in Table 
2, while representation of the binding poses are depicted in 

Figure 3. The binding energy values ( bind) reported in Table 2 
are in a very good match with the experimental findings, in 
particular for the values obtained by the more accurate MM-
GBSA calculations. Indeed, a significant difference in bind was
obtained for 22 bound to MMP2 and MMP9, with a Gbind of 
25.3 kcal/mol in favour of the latter enzyme. The values obtained 
by the docking scoring function (GBVI/WSA dG) also match the 
experimental ranking. However, the difference between the two 
enzymes (0.5 kcal/mol) is less evident and well below the mean 
absolute error of such a scoring method.15 The same holds for the 
docking of 21 to MMP2 and MMP9, where the scoring function 
fails to correctly ranking the two complexes, but only by 0.1 
kcal/mol in favour of MMP9. Conversely, MM-GBSA 
calculations provided again energy values that match well with 
experiments. Indeed, a higher affinity has been calculated for 21
toward MMP2, which results favoured by 6.9 kcal/mol over 
MMP9. Compound 22 shows a potency that is >200-fold higher 
for MMP9 than for MMP2. The inhibitor found in the 
experimental structure of MMP2 used here as a reference 
(compound SC-74020)16 presents the hydroxamic function bound 
to the Zn atom, the sulfonyl oxygens bound to Ala84 and Val83 
backbone NH and 
pocket. When observing compound 22 bound to MMP2 (Figure 
3, A1) the hydroxamic moiety is similarly able to bind the Zn 
atom. However, the sulfonyl moiety, not involved in any 
hydrogen-bond with the backbone, points towards the solvent. 
Moreover, the aryl group occupies the position where the SO2

group of SC-74020 is found in 1HOV, thus outside the 
hydrophobic . 



Table 1. Binding activity data of D-proline-derived compounds determined using a fluorogenic peptide substrate.

Cmpd Structure
IC50

MMP2, 
nM

IC50

MMP9, 
nM

MMP9 / 
MMP2 
selectivity

Cmpd Structure
IC50

MMP2, 
nM

IC50

MMP9, 
nM

MMP9 / 
MMP2 
selectivity

9
87 ± 9

131 ±
23

1.5
11

62 ± 22 98 ± 19 1.5

10
91 ± 16 49 ± 11 0.5

12 302 ±
92

53 ± 4 0.2

19 1320 ±
324

3420 ±
1130

2.5
21

15 ± 4.5
154 ±

73
10

20 432 ±
103

27 ± 5.4 0.06
22 1260 ±

462
5.7 ±
3.7 

0.005

24
26 ± 7 13 ± 6 0.5

25 8.9 ±
1.6

22 ± 4 2.5

Table 2. Docking and MM-GBSA binding energiesa computed for 
21 and 22 bound to MMP2 and MMP9 metalloproteases  

MMP2 MMP9

Docking MM-GBSAb Docking MM-GBSAb

21 -8.9 -337.9±7.4 -9.0 -331.0 ± 8.6

22 -7.8 -288.2 ± 8.2 -8.3 -313.5 ± 7.0

a The binding energy, in kcal/mol, is reported for the most favoured pose 
resulting from the MM-GBSA analysis. bEntropy contribution is neglected for 
MM-GBSA calculations. 

The lysine chain also points towards the solvent, and the 
terminal ammonium group makes a hydrogen-bond with Glu129. 
However, this solvent-exposed hydrogen-bond is not probably 
able to significantly affect the potency of 21, as suggested by 
both experimental IC50 and theoretical binding energies. 
Conversely, as shown in Figure 3, B1, the same compound bound 
to MMP9 shows a binding mode that is much more similar to that 
of the reverse hydroxamate inhibitor observed experimentally as 
in the 1GKC PDB file.17 Indeed, in addition to the interactions 
with the catalytic Zn, such inhibitor shows hydrogen-bonds with 
the NH of Leu188 and the carbonyl of Pro421. These interactions 
are also observed for 22 through the sulfonyl group and both the 
amido group at C-4 of the proline scaffold and the ammonium 

lysine appendage. Moreover, the 
methoxyphenyl group of 22 occupies the same position in the 

 as observed for the isobutyl group of the 
reverse hydroxamate inhibitor in 1GKC. Indeed, 22 makes 
similar hydrophobic contacts with Leu188, His401 and Tyr423. 
Also in this case, the lysine chain points towards the solvent and, 
apparently, do not make any particular interaction with the 
enzyme.

Concerning compound 21, similar binding modes were 
obtained for both MMP2 and MMP9 (Figure 3, A2 and B2, 
respectively), as expected from comparing IC50 values and 
computed binding energies. Moreover, the binding pose of 21 in 
MMP2 shows analogies with that of the experimental data of the 
reference ligand SC-74020. Indeed, in addition to the similar 
geometry of the Zn-binding hydroxamic function, the aryl 
sulfonyl moieties of the two ligands are also equally oriented into 

21 shows an additional hydrogen-
bond between both the amido NH and the ammonium cation at 
C-  group. Although this hydrogen-bond is 
not observed for SC-74020, it can be found for different 
inhibitors of MMP2 and other MMPs. Similar considerations can 
be done for MMP9, where 21 shows a hydrogen-bonding 
network similar to that described for the reverse hydroxamate 
inhibitor in the 1GKC PDB file.17



Figure 3. Comparison between the binding poses obtained by docking of 22 and 21 (represented by green and magenta sticks in columns 1 and 
2, respectively) to MMP2 and MMP9 (represented as light blue and orange ribbons in rows A and B, respectively) and that of the 
corresponding experimental ligands (represented as cyan sticks) found in the 1HOV and 1GKC PDB files. Residue numbering is referred to the 
MMP2 and MMP9 structures as found in the 1HOV and 1GKC PDB files, respectively. The geometries of MMP2 and MMP9 bound to 22 and 
21 were obtained by a cluster analysis of the last 10 ns of MD trajectory, followed by geometry minimization of the representative structure of 
the most populated cluster. The placement of the experimental ligand was done by superposing the 1HOV or 1GKC PDB structures to the 
afore-mentioned MMP2 and MMP9 complexes, respectively. 

Indeed, we observe a hydrogen-bond interaction between the 
NH of Leu188 and the amido carbonyl of compound 21. Another 
hydrogen-bond is observed between Gly186 carbonyl and the 
ammonium group at the amidic C-
same group with the Pro421 carbonyl group, as observed for 22,
appears to be lost. Similarly to other inhibitors, the aryl sulfonyl 

Leu188, 
Val398, His401 and Tyr423. Despite the good match between 
theoretical and experimental results, we were not able to identify 
a clear reason behind the so different behaviour observed for 
compounds 21 and 22 in terms of selectivity. In order to 
hypothesize that the geometry of compound 22 bound to MMP2 
might be a docking artifact, we repeated MD simulations and 
MM-GBSA analysis starting from a complex manually generated 
by overlying the binding pose of 22 complexed to MMP9, 
considered as reliable, to MMP2 (Figure S1, Supporting 
Information). After a restrained geometry minimization to relax 
eventual steric clashes, the complex was subjected to the same 
protocol as described above. However, comparable results were 

obtained in terms of both binding energy (-281.3±7.0 kcal/mol)
and geometry (see Table S1 and Figure S2-S5, Supporting 
Information), except for the lysine chain that was found 
interacting with the side-chain of Tyr74 instead of Glu129. Based 
on these results, we can conclude that the MMP2 binding site 
cannot fit well 22, specifically due to the longer diamino chain 
probably forced in interactions with residues outside the binding 
pocket reducing the anchoring to the 
subsites, that are not accessible by 21 and are not favoured when 
22 binds to MMP9.  

In conclusion, in view of expanding the class of selective 
gelatinase inhibitors based on D-proline scaffold, we synthesized 
and evaluated a series of derivatives possessing a basic amino 
acid at C-4 atom of the pyrrolidine ring. When unprotected lysine 
and ornithine were considered as C-4 appendages, a selective 
inhibition towards the two gelatinases was observed, with an 
inverted trend based on the amino acid present on the molecule. 
Specifically, the lysine derivative provided >200-fold selectivity 
towards MMP9, possibly as a result of impaired fit within MMP2 



catalytic site. Molecular modeling calculations showed binding 
energy values in good match with the experimental findings, and 
binding poses supported that lysine appendage interacts 
differently within the two enzymes, and for MMP9 guarantees 
higher activity and potential applications in bioconjugation 
strategies thanks to the solvent-exposed conformational 
preference. 
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