
The final published version is available at https://www.sciencedirect.com/science/article/pii/S0968089619302500 

Identification of highly potent and selective MMP2 inhibitors addressing the 

S1’ subsite with D-proline-based compounds 

Elena Lenci,a Riccardo Innocenti,a Tommaso Di Francescantonio,a Gloria Menchi,a,b Francesca Bianchini,b,c 

Alessandro Contini,d Andrea Trabocchia,b,*  

a Department of Chemistry “Ugo Schiff”, University of Florence, Via della Lastruccia 13, 50019 Sesto 

Fiorentino, Florence, Italy 

b Interdepartmental Center for Preclinical Development of Molecular Imaging (CISPIM), University of 

Florence, Viale Morgagni 85, 50134 Florence, Italy 

c Department of Clinical and Experimental Biomedical Science “Mario Serio”, University of Florence, 

Largo Brambilla 3, 50134 Florence, Italy 

d Department of Pharmaceutical Sciences, University of Milan, Via Venezian 21, I-20133 Milan, Italy 

* Corresponding author. Phone, +39 055 4573507; fax, +39 055 4574913; E-mail, andrea.trabocchi@unifi.it. 

 

ABSTRACT 

MMP2 and MMP9, also called gelatinases, play a primary role in the angiogenic switch, as a fundamental 

step of tumor progression, and show high degree of structural similarity. Clinically successful gelatinase 

inhibitors need to be highly selective as opposite effects have been found for the two enzymes, and the S1’ 

subsite is the major driver to attain selective and potent inhibitors. The synthesis of D-proline-derived 

hydroxamic acids containing diverse appendages at the amino group, varying in length and decoration 

allowed to give insight on the MMP2/MMP9 selectivity around the S1’ subsite, resulting in the identification 

of sub-nanomolar compounds with high selectivity up to 730. Molecular docking studies revealed the 

existence of an additional hydrophobic channel at the bottom of S1’ subsite for MMP2 enzyme useful to 

drive selectivity towards such gelatinase. 
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Introduction 

Therapies targeting angiogenesis and metastasis hallmarks are continuously being studied for many 

malignancies, and among the many different molecular targets, matrix metalloproteinases (MMPs) are 

receiving a renewed interest, not only for the development of new drugs, but also as diagnostic and prognostic 

biomarkers.1 Matrix metalloproteinases (MMPs) are a family of zinc-dependent neutral endopeptidases,2 that 

are key players in the turnover and remodeling of the extracellular matrix (ECM) on both normal and 

pathological processes. Approximately 23 members of MMP family have been known in human,3 and these 

MMPs can be divided into six categories.4 Gelatinases A (MMP2) and B (MMP9) mainly digest denatured 

collagens and are involved in a number of pathological events leading to cancer, as well as inflammatory 

diseases, cardiovascular diseases, and neurological disorders.5 Gelatinases play a primary role in the 

angiogenic switch, as a fundamental step of tumor progression.6 The degradation of extracellular matrix 

components facilitate the angiogenesis and tumor cell invasiveness, which is a phenotypic feature of 

malignancy essential to perform different steps of the metastatic cascade. Several pro-angiogenic factors, 

such as the vascular endothelial growth factor (VEGF)7 and the transforming growth factor beta (TGF-),8 

immobilized on tumor cells and endothelial cells surface, are released by the action of these MMPs. During 

tumor progression a complex interplay interaction between tumor and stromal cells involving MMPs is 
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arranged, and most studies show a negative association between MMPs and prognosis.9 In particular, during 

the progression of melanoma, as one of the most aggressive human malignancies, MMP2 and MMP9 levels 

result positively correlated with a negative prognosis.10 MMP2 directly modulates melanoma cell adhesion 

and spreading to ECM, suggesting that MMP2 facilitates migration and invasion.11 Several types of MMPs 

inhibitors, mainly consisting of the hydroxamate Zn-binding group have been developed during last 

decades,12 also including cyclic scaffolds bearing subsite-addressing appendages,13 sulfonylated amino acid 

hydroxamates,14 and proline derivatives.15 The serious dose-limiting side effects occurring in clinical trials,16 

probably due to the non-selective inhibitory activity, have underlined the importance to identify novel 

inhibitors able to discriminate among MMPs.17 In fact, to be clinically successful, MMP inhibitors need to 

be highly selective for a particular MMP without provoking adverse systemic effects,18 and in particular, the 

selective inhibition of gelatinases is of relevance for a successful clinical trial, targeting tumor progression.19 

In particular, MMP2 is considered to be a better candidate target for anticancer drugs than MMP9, whose 

inhibition is related to drug side effects,20 and considered as an antitarget in advanced stages of cancer.18 In 

this context, despite the high structural similarity of the two gelatinases, recent efforts to the design of MMP2 

inhibitors with selectivity over MMP9 and other metalloproteinases have been reported,21 as well as new 

insights about the major structural determinants for inhibition selectivity.22 Nevertheless, the goal of 

achieving a potent MMP2 inhibitor with high selectivity over the MMP9 gelatinase has still to be achieved. 

Following previous application of D-proline-derived peptidomimetics as inhibitors of the Zn-

metalloproteinase Anthrax lethal factor,23 we envisaged the application of such concept molecular scaffold 

in targeting MMP2 and MMP9.21b Specifically, we developed additional compounds of this class with aim 

of developing novel gelatinase inhibitors for subsequent applications in molecular imaging of tumors and as 

a candidate inhibitor in angiogenesis drug discovery. In this work the elaboration of such compounds is 

reported, particularly addressing the substitution at the nitrogen atom to study the determinants of inhibition 

potency and selectivity of gelatinases at the S1’ subsite. Taking advantage of D-proline as a cyclic template, 

a functional group scan was arranged on the amine function to explore the interactions within S1’ subsite, 

based on the length and the chemical functions linking 1 to 3 rings within the N-arylsulfonyl moiety. 

Results and Discussion 

MMP2 and MMP9 gelatinases present high similarity in the protein structure, especially in their catalytic 

clefts. The structural similarity of the two enzymes was studied with respect to their primary structure and 

the overall three-dimensional conformation.  

3D Structural alignment. We investigated the structural similarity between MMP2 and MMP9 protease, 

and the key structural features around the active site characterized by S1, S1’ and S2/S2’ motifs by a three-

dimensional structural superimposition of the proteases using molecular modeling (Figure 1). The Swiss PDB 

viewer (SPDBV) program (4.0.1 version, Swiss Institute of Bioinformatics) was used to superimpose three 

dimensional (3D) structures of the metalloproteinases taking into account the alpha-carbon atoms of the two 

proteins.24 The 3D structure superimposition (RMSD on alpha-carbon of 1.33 Å) demonstrated the two 

proteins share the same fold, with slight differences around the S1’ subsite, as reported.22a 

Pairwise sequence alignment. The pairwise sequence alignment and a structural superimposition were 

carried out on MMP2 and MMP9 to give insight about similarity around key subsites. The local alignment 

performed using the EMBOSS water sequence alignment tool, EMBL-EBI,25 highlighted a high similarity 

between the two proteins. Indeed, MMP2 and MMP9 show a similarity and identity of 72.4% and 59.5%, 

respectively (Figure 2). Residues 120-130 of MMP2, belonging to the catalytic domain S2+S2’ show high 

similarity with the corresponding residues found in the catalytic domain of MMP9, and so as for the S1 cavity 

(84-86 residues of MMP2). The sequence analysis highlighted that there exist differences between MMP2 

and MMP9 in the S1’ pocket (140-152 residues of MMP2), which has been recognized as crucial for the 
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ligand-protein interaction.26 Indeed, the S1’ pocket of MMP9 showed higher degree of hydrophobic nature 

with respect to that of MMP2. 

 

Fig. 1. Superimposition of MMP2 (PDB: 1HOV, green) and MMP9 (PDB: 1GKC, purple). Both fittings have 

been obtained with SPDBV. 

 

 

Fig. 2. Pairwise alignment of MMP2 (top, PDB: 1HOV) and MMP9 (bottom, PDB: 1GKC). Key subsites of 

the two proteins are highlighted with a red dotted frame. Vertical lines represent identity, colon marks 

represent similarity. MMP9 (1GKC) sequence chain number after G215 continues with Q391. 

 

Synthesis. Suitably substituted phenylsulfonamido compounds containing a 4-methoxy or 3,4-dichloro 

substituents were initially prepared as reference compounds based on previously reported compounds.21b D-

proline methyl ester was reacted with the selected arylsulfonyl chloride to give the corresponding 

sulfonamido esters 2 and 4 in 71% and 78% yield, respectively, following a slight modification of the 

published procedure reported for L-proline.27 The methyl ester of such compounds was successively 

converted to the corresponding hydroxamic acids using NH2OK/NH2OH in MeOH to produce the 

corresponding compounds 3 and 5 in yields ranging from 21% to 36%. (Scheme 1). The development of 

compounds containing two phenyl rings at the sulfonamido appendage was envisaged through a biphenyl 

moiety or by means of an acetylene moiety separating the two aromatic rings. Such approach was addressed 

using cross coupling reactions applied to compound 6, containing the 4-Br-phenylsulfonyl appendage at the 

amino group (Scheme 2). Accordingly, compound 6 was synthesized in 72% yield, and subjected to the 

Sonogashira reaction with phenylacetylene, resulting in the achievement of adduct 7 in 47% yield, and of 

compound 8 as hydroxamic acid after aminolysis with NH2OK/NH2OH in MeOH, as above reported. The 
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reaction of 6 under Suzuki conditions with 3,4-dichlorophenylboronic acid gave the corresponding diphenyl 

adduct 9 in 75% yield, and the corresponding hydroxamic acid 10 after reaction of the ester group with 

NH2OK/NH2OH in MeOH in 39% yield. Unfortunately, the Suzuki reaction with styrylboronic acid did not 

produce the corresponding an additional compound bearing a stilbene appendage (data not shown). 

 

Scheme 1. Synthesis of hydroxamic acids 3 and 5 with single ring appendage. 

 

The functionalization of D-proline methyl ester with a 4-nitrophenylsulfonyl group was considered as a 

further diversification of the appendage addressing S1’ to install two aromatic rings linked by an amide bond 

(Scheme 3). Thus, the p-nitrobenzenesulfonyl derivative 11, easily prepared from the corresponding sulfonyl 

chloride in 89% yield,28 was hydrogenated under Pd/C catalysis to achieve the corresponding aniline 

derivative 12 in quantitative yield. This compound was then subjected to acylation with a number of different 

reactants, to give compounds 13-16 in variable yields. Specifically, acylation with benzoyl chloride and 4-

nitrobenzoyl chloride resulted in compounds 13 and 14 with 80 and 59% yields, respectively. The amine 

protection as Cbz group gave compound 15 in 58% yield, and reaction with Cbz-protected 4-

methylaminobenzoyl chloride resulted in the quantitative achievement of compound 16, containing three 

aromatic rings at the hydrophobic appendage addressing the S1’ subsite. Aminolysis with NH2OK/NH2OH 

in MeOH resulted in the final compounds 17-20 with 29-39% yields, in agreement with previous data about 

low performance of this transformation. CLogP values for all final compounds were computed and found to 

be compliant to Lipinski’s Ro5 rule (see Table S2 in the Supplementary Data). 
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Scheme 2. Synthesis of hydroxamic acids 8 and 10 containing diphenylacetylenyl and biphenyl moieties, 

respectively. 

 

 

Scheme 3. Synthesis of hydroxamic acids 17-20 containing two to three phenyl rings linked by amide and 

carbamate bonds. 

 

For all the compounds IC50 values were obtained by dose-response measurements using an inhibitor range of 

concentrations (0.01 nM-20 µM) and enzyme concentration equal to 1 nM. 
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The inhibition activities of the synthesized compounds towards the two gelatinases, reported in Table 1, 

suggest the key role of the hydrophobic substituent in determining the enzyme inhibition potency and 

selectivity. This pool of compounds showed a general preference for the inhibition towards MMP2, contrarily 

to what previously reported for other D-proline derivatives containing the 3,4-dichlorophenyl moiety 

addressing the S1’ subsite, and a second variable hydrophobic group on the pyrrolidine ring.21b This 

suggested that the sulfonamide group at the nitrogen atom of the proline moiety is the major driver for the 

selectivity towards the two gelatinases. Reference compounds 3 and 5, containing a single variably 

substituted phenyl ring, showed different inhibition potency, with the former possessing poor micromolar 

activity, and compound 5 displaying inhibition activity in the low nanomolar range. Also, both compounds 

displayed poor MMP2/MMP9 selectivity, suggesting the edge of the S1’ subsite of the two enzymes not 

possessing significant structural differences. The arylsulfonyl appendage characterized by two phenyl rings, 

either directly linked or separated by an acetylenyl moiety, showed better inhibition activity, as demonstrated 

by IC50 values for compounds 8 and 10 in the sub-nanomolar range, though still not displaying significant 

enzyme selectivity. Compounds 17-20, characterized by the presence of an amide bond at the hydrophobic 

appendage addressing S1’ subsite, showed interesting data. Specifically, compound 17, possessing two 

phenyl rings linked by an amide bond, displayed inhibition activity for both gelatinases in the nanomolar 

range, whereas compound 18, containing an additional nitro group at para position of the second ring, showed 

a 200- and 400-fold increase in the inhibition potency towards MMP2 and MMP9, respectively, as compared 

to 17, though without displaying any enzyme selectivity. Compounds 19 and 20, characterized by the 

presence of two or three phenyl rings, respectively, and by the presence of a terminal carbobenzyloxy group, 

showed very interesting inhibition selectivity for MMP2 enzyme. Specifically, compound 19 proved to 

strongly inhibit both MMP2 and MMP9 with IC50 values of 48 pM and 35 nM, showing a 730-fold selectivity 

for the former enzyme. In the case of compound 20, possessing two phenyl rings, inhibition of MMP2 

remained in the low nanomolar range, whereas the potency towards MMP9 dropped to low micromolar, 

although high 218-fold selectivity for MMP2 was still experienced. Given the high inhibition of MMP2 in 

low nanomolar IC50 values for compounds 18, 19, and 20, such compounds were selected for further cell-

based investigations, given the major role of gelatinases in angiogenesis and melanoma cell invasion. 

Cell based assays. We tested the effect of compounds 18, 19, and 20 on cell viability using the MTT 

tetrazolium assay in parallel with TBE (trypan blue exclusion) assay. The MTT assay is based on the 

conversion of the MTT dye to a formazan by the action of mitochondrial reductase of living cells and the 

amount of the measured formazan is directly proportional to the number of cells. 
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Table 1. Binding activity data of D-proline-derived compounds determined using a fluorogenic peptide 

substrate. 
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The mitochondrial activity and, consequently, the amount of formazan might be downregulated in cells 

exposed to the different agents, even in the absence of direct damage to cell integrity. Since one of the best 

markers for cell death is the breakdown of the plasma membrane, we decided to evaluate cell integrity using 

TBE assay. MCF7 cells derived from the pleural effusion of a metastatic breast adenocarcinoma, express a 

low metastatic potential in vivo and a lower secretion of activated forms of MMPs, compared to the higher 

invasive MDA-MB 231 breast cancer cells or A375M6 melanoma cells.29 We found that compounds 18-20 

did not induce a cytotoxic effect after a 24 h exposure in MCF7 and no signs of cell death were either found 

using TBE assay (see Supplementary data). Colon carcinoma aggressiveness strongly correlates with MMPs 

expression;30 in particular, it is reported that HCT116 colon carcinoma cells express MMPs, which strongly 

correlates with cell invasion.31 As revealed by the results of MTT and TBE assays, in HCT116 cells 

compounds 18-20 showed an extremely faint effect of cell viability. On the other hand, A375M6 melanoma 

cells, which are known to express high level of both gelatinase A and B,32 showed a different behavior. In 
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this case, the MTT assay revealed that the compounds (50 nM to 5 M range), partially interfered with 

melanoma cell viability. Interestingly, we found that the inhibitors used in the indicated range, did not induce 

any effect on cell integrity, as confirmed by the TBE assay. Thus, we might suggest that the reduction in 

formazan production might depend on the interference with melanoma cell homeostasis rather than an acute 

damage or a toxic effect.  

We further explored the role of compounds 18-20 on cell migration and invasiveness using Boyden chambers 

assay (Figure 3). We exposed A375M6 melanoma cells to different concentration of the three compounds, 

during a 6 h migration assay. We used the broad range inhibitor Ilomastat (10 M) as internal control.33 We 

found that, at 10 M concentration, the inhibitory effect of the compounds was significantly stronger as 

compared to that obtained in melanoma cells exposed to equimolar doses of Ilomastat. Interestingly, at 1 M 

concentration, the effect of 19 inhibitor was similar to that of Ilomastat, while the effect of 18 and 20 was 

still significant, compared to the treatment with Ilomastat. According to previous results, a 6 h exposure 

treatment excludes that the reduced number of invaded cells may depend on a reduction of cell proliferation. 

 

Fig. 3 Effect of the three different compounds on A375M6 invasion through Matrigel. Cells were allowed to 

migrate through Matrigel coated filters for 6h in the presence of complete 24h-growing media and in the 

presence of the three different compounds. Bars indicate Mean ± SEM of the percentage of invasive 

cells/chamber normalized to the untreated cells (n = 5). *p < 0.005 compared to untreated cells, **p < 0.01 

and ***p <0.001 compared to ilomastat (10 M) treated cells. 

 

Taken together, these results highlight that the newly synthesized inhibitors, and in particular the two 

compounds 20 and 18, might have an important role in the inhibition of cancer progression not only by the 

direct inhibition of MMP2 gelatinolytic activity, but also through the inhibition of the multiple biological 

activities in which MMP2 is involved. Indeed, along with its gelatinolytic activity, MMP2 co-localizes and 

interacts with many different cell receptors,34 activates other membrane bound MMPs (in particular 

proMMP9) and finally, releases growth factors stored in extracellular matrix.35 Since the MMP2 inhibitors 

trigger both invasiveness and cell survival, additional experiments will be necessary to unravel the effect of 

the inhibitors on specific biological activity, overcoming MMP2 pleiotropic activity. Overall, we suggest 

that, in highly invasive and high MMPs-expressing melanoma cells, compounds 18 and 20, undertake their 

action reducing cell viability and invasiveness, while in low MMPs-expressing cells the same results were 

absent. 

Molecular Docking. Docking studies were performed on active compounds 18-20 and the reference 

compound 5 to investigate the major determinants towards the enzymes binding sites, and to assess the 

structural elements crucial for potency and selectivity towards the two gelatinases. The crystal structures of 

MMP2 (PDB code: 1HOV) and MMP9 (PDB code: 1GKC) were used to derive optimal receptor models. 

For the former target, computed binding energies for the top-poses, as well as energies averaged on the top 

5 poses, well resemble the experimental outcome, with 19 standing above the others in terms of potency 
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(Table 2 and Table S1, Supplementary data). Conversely, this compound seems not to be able to efficiently 

bind to MMP9, where computed binding energies drop by about 3 kcal/mol. Unfortunately, in the case of 

MMP9, the predicted ranking does not completely reflect the experiments. This is not surprising. Indeed, 

while pose prediction by docking is rather mature, ranking is still far from being universally reliable.36 

Nevertheless, our computational data identify 5 and 18 as the least selective inhibitors, and 19 as the most 

selective. Thus, calculations can be considered reliable enough to speculate on the reasons for the observed 

selectivity. 

Table 2. Predicted binding energies (kcal/mol) for ligands 5, 18-20  
 

MMP2 MMP9 
 

top pose Avg. top 5 top pose Avg. top 5 

5 -10.5 -10.3±0.2 -11.0 -11.0±0.1 

18 -12.5 -12.5±0.0 -13.5 -12.7±0.8 

19 -14.5 -14.1±0.3 -11.9 -11.1±0.6 

20 -12.3 -12.2±0.1 -13.5 -11.8±1.4 

 

MMP2 docking poses for compounds 5, 18-20 show a main cluster of conformations characterized by the 

typical binding mode of hydroxamate-based inhibitors (see Supplementary data), with the oxygen atoms of 

the hydroxamic group chelating the catalytic zinc ion. Moreover, the hydroxamic moiety establishes 

additional hydrogen bonds with the oxygen side chain of Glu202 and with the amide group of Ala165. In 

most of the low energy conformations of compounds 18-20 the sulfonamide group experiences typical 

hydrogen bonding interactions with Leu83 and Ala84, contributing to the correct positioning of the inhibitor 

within the active site. For compound 5 only, the top-pose do not present a correct positioning of the SO2 

moiety. However, the second-ranked pose, differing by the top-pose by 0.2 kcal/mol (see Table S1, 

Supplementary data), and poses 3-5, which have comparable binding energy, present the expected binding 

mode. The presence of the sulfonamido group in MMPs inhibitors is important not only for the establishment 

of hydrogen bonds with residues belonging to the catalytic site, but also to direct the hydrophobic substituents 

to the deep and highly hydrophobic S1’ subsite.  

 

Fig. 4 Compound 19 (yellow) docked into the active site of MMP2 (PDB: 1HOV), highlighting protein 

residues (purple) that form key interactions within the additional hydrophobic channel.  
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Fig. 5 Top: compound 19 (yellow) docked into the active site of MMP9 (PDB: 1GKC), highlighting 

Arg424 in closed conformation at the bottom of the S1’ subsite; bottom: compound 19 (yellow) 

docked into the active site of MMP9 (PDB: 4H3X), highlighting Arg249 in open conformation at the 

bottom of the S1’ subsite. 

 

Concerning the most selective inhibitors as of Table 1, visual inspection of the poses justified the 

preference for MMP2, since this enzyme possesses an additional hydrophobic channel where the 

chains of 19 and 20 are placed. Such hydrophobic channel formed by Val42, Trp43, Leu137, Phe148, 

Leu150 particularly well addresses the benzyl ring of 19, establishing hydrophobic and -stacking 

interactions with Val42, Leu137, Leu150 and Trp43, Phe148, respectively (Figure 4, and Figure S2, 

Supplementary data). This stabilizing interaction is not evinced for MMP9. Indeed, the S1’ site in 

MMP9 is less accessible and is not able to accommodate the large hydrophobic moiety of 19 and, to 

a lesser extent, of 20. Accordingly, molecular docking calculations on MMP9 using 1GKC and 4H3X 

crystallographic structures highlighted the role of an Arg residue at the bottom of S1’ subsite (Arg424 

for 1GKC and the corresponding residue Arg249 for 4H3X with different residue numbering). In 

particular, Arg424 can act as a gate that can open and close the hydrophobic subsite. Indeed, 

compound 19 was found addressing the flexibility of MMP9 at S1’, interacting with these two 

conformational preferences of MMP9 with different binding modes. Specifically, compound 19 show 

interactions in S1’ subsite for open conformation and outside S1’ for the closed one (see Figure 5, 

bottom and top, respectively). The equilibrium between these two energetically different binding 

poses might then determine the experimentally observed inhibition potency. Such steric clash is not 

possible in MMP2, where Thr143 is found in place of Arg at the bottom of the S1’ subsite (Figure 4), 

thus justifying the observed selectivity. 
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Additional insights for rationalizing the reason for such behaviour can be found by comparing the 

sequences of MMP2 and MMP9 at the S1’ site. Figure 6 shows the alignment, where the amino acids 

that are close (< 4.5 Å) to the predicted binding pose of 19 to MMP2 are highlighted. 

 

Fig. 6 Alignment of the S1’ regions of MMP2 (top) and MMP9 (bottom). Amino acids that are at < 

4.5 Å to the predicted binding pose of 19 to MMP2 are highlighted. 

 

In addition to the Arg residue mentioned above, a difference between the two sequences that might 

affect the S1’ site is related to the KNFR motif of MMP2, that in MMP9 is replaced by EGPP. Indeed, 

the two prolines provoke a bending of S1’ external loop toward the inner side of the receptor, de facto 

reducing the volume of the S1’ subsite and preventing the accommodation of larger ligands (Figure 

S3, Supplementary data). 

Conclusions 

During tumor angiogenesis different molecules interact closely with each other to facilitate tumor 

progression and metastatic diffusion. It has been demonstrated that gelatinases play an important role 

in melanoma progression through its co-localization with v3 integrin and MT1-MMP in 

correspondence of the invasive front of the tumor. In this view, our purpose was to identify a class of 

gelatinase inhibitors from a pool of hydroxamic acid-containing peptidomimetics derived from D-

proline, and containing a key hydrophobic group for suitable interactions with flanking S1’ subsite. 

Our findings showed compounds 18-20, inhibiting the activity of MMP2 enzymes in the sub-

nanomolar range, and displaying remarkable selectivity for MMP2 for 19 and 20, as a consequence 

of the interaction with the zinc cation and key amino acids of the S1’ catalytic subsite. Cell-based 

assays allowed to give insight about the effect of gelatinase inhibition of most active compounds 18-

20, suggesting that, in highly invasive and high MMPs-expressing melanoma cells, compounds 18 

and 20 undertake their action reducing cell viability and invasiveness, while in low MMPs-expressing 

cells the same results were absent. Molecular docking calculations on compounds 18-20 within 

MMP2 and MMP9 active sites revealed the existence of a hydrophobic channel at the bottom of S1’ 

subsite for MMP2, suggesting the rationale for the high selectivity experienced for compounds 19 

and 20 in favour of such enzyme, and giving a tool for subsequent compound hit optimization.    

Follow-up research is ongoing to study the inhibition profile on other MMP subtypes to assess 

inhibition selectivity within this class of enzymes, and to improve the inhibition profile of candidate 

peptidomimetics 19 and 20, taking advantage of the binding mode of this compound towards MMP2. 

The development of D-proline-derived peptidomimetic compounds as gelatinase inhibitors may open 

the way for subsequent applications in molecular imaging of angiogenesis targeting the tumor 

microenvironment, and in further revisiting the possibility of developing chemotherapeutics for the 

treatment of early-stage cancer disease. 

Experimental Section 

General 
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Analytical grade solvents and commercially available reagents were used without further purification. 

Reactions requiring an inert atmosphere were carried out under a nitrogen atmosphere. Dry toluene 

was distilled over Na/benzophenone. Flash column chromatography (FCC) purifications were 

performed using Merck silica gel (40-63 m). TLC analyses were performed on Merck silica gel 60 

F254 plates. 1H NMR spectra were recorded on a Varian Mercury 400 (1H: 400 MHz),13C spectra 

were recorded on a Varian Gemini 200 (13C: 50 MHz). The chemical shifts (δ) and coupling constants 

(J) are expressed in parts per million (ppm) and hertz (Hz), respectively. Optical rotations were 

measured with JASCO DIP-360 digital polarimeter. Mass spectra were carried out by direct inlet on 

a LCQ FleetTM Ion Trap LC/MS system (Thermo Fisher Scientific) with an ESI interface in the 

positive mode.  

General procedure for the synthesis of hydroxamic acids  

Preparation of NH2OK/NH2OH solution: NH2OH.HCl (8 eq) was solubilized in MeOH (0.4 

mL/mmol) by heating to reflux until most of the salt was dissolved. The solution was cooled to <40 

°C, and a solution of KOH (12 eq) in MeOH (0.2 mL) was added in one portion. The resulting 

suspension was cooled to room temperature before use and was added without prior removal of 

precipitated material to the methyl ester compound (1 eq) and stirred at room temperature for 16h. 

The reaction mixture was taken up in 1M HCl, extracted with EtOAc, dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. Finally, the crude residue was purified by column 

chromatography. 

(R)-methyl 1-((3,4-dichlorophenyl)sulfonyl)pyrrolidine-2-carboxylate (2) 

In a dry round bottom flask, D-proline methyl ester hydrochloride (100 mg, 0.62 mmol) and DMAP 

(15 mg, 0.12 mmol) were added under nitrogen, followed by DCM (6 mL) and triethylamine (0.17 

mL, 1.23 mmol). The solution was cooled in an ice bath and 3,4-dichlorobenzenesulfonyl chloride 

(245 mg, 0.72 mmol) was added portionwise, and then the reaction was left at room temperature for 

16 h. Successively, the mixture was diluted with dichloromethane and washed with 1M HCl (3 x 20 

mL), a saturated solution of NaHCO3 (3 x 20 mL) and brine (20 mL). The organic solution was dried 

over Na2SO4 and concentrated on reduced pressure to obtain the product 2 as a yellow solid in a yield 

of 71%. [α]D
23 = + 65.1 (CHCl3, c = 1.2). 1H NMR (400 MHz, CDCl3) δ 7.97 (dd, J = 1.9, 1.0 Hz, 

1H), 7.71 (dd, J = 8.4, 2.1 Hz,1), 7.64 – 7.51 (m, 1H), 4.38 (dd, J = 8.5, 3.6 Hz, 1H), 3.76 – 3.65 (m, 

4H), 3.48 – 3.29 (m, 2H), 2.22 – 2.06 (m, 1H), 2.05 – 1.99 (m, 2H), 1.88 (ddd, J = 9.3, 6.0, 3.9 Hz, 

1H). 13C NMR (100 MHz, CDCl3) δ 172.2, 138.5, 137.6, 133.6, 131.0, 129.4, 126.5, 60. 5, 52.5, 48.3, 

30.9, 24.7. MS (ESI) m/z (%) 360.17 (100, [M + Na]+).  

(R)-1-((3,4-Dichlorophenyl)sulfonyl)-N-hydroxypyrrolidine-2-carboxamide (3)  

According to the general procedure, compound 3 was obtained in 36% yield from compound 2 (143 

mg, 0.42 mmol) after flash chromatography on silica gel (DCM / MeOH = 30 : 1). [α]D
24 = + 108.5 

(CHCl3, c = 1.1). 1H NMR (400 MHz, CDCl3) δ 9.45 (br s, 1H), 7.96 (s, 1H), 7.67 (dd, J = 20.4, 7.6 

Hz, 2H), 4.19 (s, 1H), 3.58 (s, 1H), 3.13 (s, 1H), 2.29 – 2.25 (m, 1H), 2.06 – 2.02 (m, 1H), 1.90 – 

1.71 (m, 3H). 1H NMR (400 MHz, CDCl3) δ 168.7, 138.7, 135.4, 134.3, 131.5, 129.6, 126.7, 60.7, 

49.8, 30.0, 24.3. MS (ESI) m/z (%) 361.17 (100, [M + Na]+). 

(R)-Methyl 1-((4-methoxyphenyl)sulfonyl)pyrrolidine-2-carboxylate (4) 

In a dry round bottom flask, D-proline methyl ester hydrochloride (100 mg, 0.62 mmol) and DMAP 

(15 mg, 0.12 mmol) were added under nitrogen, followed by DCM (6 mL) and triethylamine (0.17 
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mL, 1.23 mmol). The solution was cooled in an ice bath and 4-methoxyphenylbenzenesulfonyl 

chloride (245 mg, 0.72 mmol) was added portionwise, then the reaction was left at room temperature 

for 16 h. Successively, the mixture was diluted with dichloromethane and washed with 1M HCl (3x 

20 mL), a saturated solution of NaHCO3 (3 x 20 mL) and brine (20 mL). The organic solution was 

dried over Na2SO4 and concentrated under reduced pressure to obtain product 4 as a yellow solid in 

a yield of 78%. [α]D
23 = + 61.7 (CHCl3, c = 1.2). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 9.0 Hz, 

2H), 6.97 (dd, J = 9.0, 1.0 Hz, 2H), 4.27 (dd, J = 8.0, 4.4 Hz, 1H), 3.85 (s, 3H), 3.71 (s, 3H), 3.51 – 

3.37 (m, 1H), 3.31 – 3.20 (m, 1H), 2.10 – 1.83 (m, 3H), 1.82 – 1.63 (m, 1H). 13C NMR (100 MHz, 

CDCl3) δ 172.7, 163.0, 129.6, 114.2, 60.3, 55.6, 52.4, 48.4, 30.9, 24.7. MS (ESI) m/z (%) 322.20 

(100, [M + Na]+). 

(R)-N-Hydroxy-1-((4-methoxyphenyl)sulfonyl)pyrrolidine-2-carboxamide (5) 

According to the general procedure, compound 5 was obtained in 21% yield from compound 4 (140 

mg, 0.22 mmol) after flash chromatography on silica gel (DCM / MeOH = 30 : 1). [α]D
21 = + 36.0 

(CHCl3, c = 0.85). 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 

4.17 (s, 1H), 3.88 (s, 3H), 3.52 (s, 1H), 3.14 (s, 1H), 2.24 (s, 1H), 1.82 (s, 1H), 1.67 – 1.52 (m, 2H). 
13C NMR (100 MHz, CDCl3) δ 163.6, 130.0 (2C), 114.6 (2C), 55.7, 29.7 (2C), 24.0. MS (ESI) m/z 

(%) 323.20 (100, [M+Na]+). 

(R)-Methyl 1-((4-bromophenyl) sulfonyl) pyrrolidine-2-carboxylate (6) 

In a dry round bottom flask under nitrogen flow, equipped with a magnetic stir bar, D-proline methyl 

ester hydrochloride (1000 mg, 6.17 mmol) and DMAP (150 mg, 1.23 mmol) was added under stirring, 

DCM (61 mL) and triethylamine (1.72 mL, 12.34 mmol). The solution was cooled in an ice bath, 4-

bromobenzenesulfonyl chloride (2560 mg, 7.40 mmol) was added portionwise, then the reaction was 

left at room temperature for 16 h. Successively, the mixture was diluted with dichloromethane and 

washed with 1M HCl (3 x 60 mL), a saturated solution of NaHCO3 (3 x 60 mL) and brine (60 mL). 

The organic solution was dried over Na2SO4 and concentrated under reduced pressure to obtain 

product 6 as a yellow solid in a yield of 85%. [α]D
23 = + 63.5 (CHCl3, c = 1.1). 1H NMR (400 MHz, 

CDCl3) 7.76 – 7.71 (m, 2H), 7.67 – 7.63 (m, 2H), 4.32 (dd, J = 8.4, 3.8 Hz, 1H), 3.69 (s, 3H), 3.44 

(m, 1H), 3.32 (m, 1H), 2.14 – 1.89 (m, 3H), 1.88 – 1.74 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 

172.4, 137.5, 132.3, 129.0 (2C), 127.8 (2C), 60.4, 52.4, 48.32, 30.9, 24.7. MS (ESI) m/z (%) 436.25 

(100, [M + Na]+). 

(R)-Methyl 1-((4-(phenylethynyl)phenyl)sulfonyl)pyrrolidine-2-carboxylate (7) 

In a dry flask equipped with a magnetic stir bar CuI (27.3 mg, 0,14 mmol), 6 (250 mg, 0.72 mmol) 

and Pd(PPh3)2Cl2 (76 mg, 0.15 mmol) were added under a nitrogen flow, and three nitrogen-vacuum 

cycles were performed. Successively, dry DMF (1.43 mL), triethylamine (600 µL, 4.30 mmol) and 

phenylacetylene (86 µL, 0.79 mmol) were added and the reaction mixture was stirred at 50 °C for 18 

h. Then, the solution was diluted with ethyl acetate (30 mL) and washed with 5% NH4OH (3 x 20 

mL), 1M HCl (3 x 20 mL) and brine (20 mL), dried over Na2SO4 and concentrated under reduced 

pressure. The crude product was purified by Flash Chromatography (hexane / Et2O = 2 : 1) to give 

the pure product as a yellow oil in 47% yield. [α]D
23 = + 83.5 (CHCl3, c = 0.7). 1H NMR (400 MHz, 

CDCl3) δ: 7.85 (d, J = 8.5 Hz, 2H), 7.65 (d, J = 8.5 Hz, 2H), 7.55 (m, 2H), 7.39 – 7.32 (m, 3H), 4.34 

(dd, J = 8.1, 4.0 Hz, 1H), 3.71 (s, 3H), 3.52-3.47 (m, 1H), 3.39 – 3.33 (m, 1H), 2.12 – 1.92 (m, 2H), 

1.85 – 1.76 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 172.4, 137.5, 132.0, 131.8 (2C), 129.0, 128.5 
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(2C), 128.1 (2C), 127.4 (2C), 122.4, 92.9, 87.8, 60.4, 52.4, 48.4, 30.9, 24.7. MS (ESI) m/z (%) 392.33 

(100, [M + Na]+). 

(R)-N-Hydroxy-1-((4-(phenylethynyl)phenyl)sulfonyl)pyrrolidine-2-carboxamide (8) 

Compound 8 was obtained following the general procedure starting from compound 7 (83 mg, 0.22 

mmol). The crude product was purified by flash chromatography (only EtOAc) to give pure 8 in 31% 

yield. [α]D
24 = +102.8 (CHCl3, c = 0.25). 1H NMR (400 MHz, CDCl3) δ 7.82 (d, J = 8.3 Hz, 1H), 7.70 

(d, J = 8.4 Hz, 1H), 7.55 (m, 2H), 7.45 – 7.29 (m, 5H), 4.18 (d, J = 6.6 Hz, 1H), 3.74 - 3.70 (m, 1H), 

3.59 - 3.56 (m, 1H), 3.29 (br s, 1H), 3.17 – 3.13 (m, 1H), 1.77 – 1.58 (m, 4H). 13C NMR (50 MHz, 

DMSO-d6) δ 173.0, 141.8, 137.4 (2C), 136.8 (2C), 134.7 (2C), 134.1 (2C), 132.9 (2C), 126.7, 93.1, 

92.3, 64.6, 54.3, 35.9, 29.4. MS (ESI) m/z (%) 393.33 (100, [M + Na]+). 

(R)-Methyl 1-((3',4'-dichloro-[1,1'-biphenyl]-4-yl)sulfonyl)pyrrolidine-2-carboxylate (9) 

In a dry Schlenk tube compound 6 (200 mg, 0.57 mmol), Pd(PPh3)2Cl2 (59 mg, 0.09 mmol) and 3,4-

dichlorophenyl)boronic acid (162 mg, 0.86 mmol) were added under a nitrogen atmosphere, and three 

nitrogen-vacuum cycles were performed. Then, degassed THF (2 mL) and a degassed 2M solution of 

Na2CO3 (1 mL) were added under a nitrogen flow and the resulting mixture was heated at 100 °C 

under microwave irradiation. After 1 h, the solution was diluted with ethyl acetate (30 mL) and 

washed with a saturated Na2CO3 solution (3 x 20 mL), 1M HCl (3 x 20 mL) and brine (20 mL), dried 

over Na2SO4 and concentrated under reduced pressure. The crude product was purified by flash 

chromatography (hexane / Et2O = 1 : 1) to give the pure product in 75% yield. [α]D
19= + 30.8 (CHCl3, 

c = 1.1) 1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.5 Hz, 2H), 7.68 (d, J = 8.5 Hz, 3H), 7.58 – 7.51 

(m, 1H), 7.43 (dd, J = 8.3, 2.1 Hz, 1H), 4.38 (dd, J = 8.3, 3.9 Hz, 1H), 3.72 (s, 3H), 3.54 – 3.44 (m, 

1H), 3.42 – 3.34 (m, 1H), 2.21 – 1.88 (m, 3H), 1.91 – 1.74 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 

172.5, 143.1, 139.3, 138.1, 133.3, 132.9, 131.1, 129.2 (2C), 128.3 (2C), 127.5, 126.5, 60.5, 52.5, 48.4, 

31.0, 24.7. MS (ESI) m/z (%) 436.25 (100, [M + Na]+). 

(R)-1-((3',4'-Dichloro-[1,1'-biphenyl]-4-yl)sulfonyl)-N-hydroxypyrrolidine-2-carboxamide (10) 

According to the general procedure, compound 10 was obtained in 39% yield from compound 9 (160 

mg, 0.38 mmol) after flash chromatography on silica gel (EtOAc). [α]D
20 = + 141.0 (CHCl3, c = 1.5). 

1H NMR (400 MHz, CDCl3) δ 7.94 (d, J = 8.3 Hz, 2H), 7.76 – 7.63 (m, 3H), 7.56 (d, J = 8.3 Hz, 1H), 

7.51 – 7.39 (m, 1H), 4.25 (d, J = 6.4 Hz, 1H), 3.62 - 3.58 (m, 1H) 3.22 - 3.16 (m, 1H), 2.25 (d, J = 

11.7 Hz, 1H), 1.91 - 1.82 (m, 1H) 1.73-1.69 (m, 2H), 13C NMR (100 MHz, CDCl3) 168.6, 144.0, 

138.8, 135.0, 133.4, 133.2, 132.8, 132.1, 131.1, 129.2, 128.6 (2C), 128.0 (2C), 126.5, 60.7, 49.8, 29.9, 

24.3. MS (ESI) m/z (%) = 437.08 (100, [M + Na]+). 

(R)-Methyl 1-((4-aminophenyl)sulfonyl)pyrrolidine-2-carboxylate: (R)-methyl 1-((4-

nitrophenyl)sulfonyl)pyrrolidine-2-carboxylate (12) 

In a dry round bottom flask, D-proline methyl ester hydrochloride (1000 mg, 6.17 mmol) and DMAP 

(150 mg, 1.23 mmol) were added under a nitrogen atmosphere, followed by DCM (61 mL) and 

triethylamine (1.72 mL, 12.34 mmol). The solution was cooled in an ice bath and 4-

nitrobenzenesulfonyl chloride (1639 mg, 7.40 mmol) was added portionwise, then the reaction was 

left at room temperature for 16 h. Successively, the mixture was diluted with dichloromethane and 

washed with 1M HCl (3 x 60 mL), a saturated solution of NaHCO3 (3 x 60 mL) and brine (60 mL). 

The organic solution was dried over Na2SO4 and concentrated under reduced pressure to obtain 

product 11 as a yellow solid in 89% yield, with spectroscopical data in agreement with those reported 
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in literature.28 To a solution of 11 (1900 mg, 6.05 mmol) in dry methanol (24 mL) 5% Pd/C (190 mg, 

0.30 mmol) was added. Successively the round bottom flask was conditioned with H2 and the reaction 

was left at room temperature. After 16 h, the mixture was filtered on celite and the solvent was 

removed under vacuum to give the pure product 12 as a yellow oil in a quantitative yield. [α]D
24 = + 

89.4 (CHCl3, c = 2.1). 1H NMR (400 MHz, CDCl3) δ 7.61 – 7.53 (m, 2H), 6.69 – 6.63 (m, 2H), 4.34 

(br s, 2H), 4.18 – 4.16 (m, 1H), 3.67 (s, 3H), 3.45 – 3.41 (m, 1H), 3.25 – 3.16 (m, 1H), 2.00 – 1.84 

(m, 3H), 1.75 – 1.60 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 172.9, 151.2, 129.5 (2C), 125.3, 114.0 

(2C), 60.3, 52.4, 48.5, 30.9, 24.6. MS (ESI) m/z (%) 307.27 (100, [M + Na]+). 

(R)-Methyl 1-((4-benzamidophenyl)sulfonyl)pyrrolidine-2-carboxylate (13) 

In a dry round bottom flask, compound 12 (142 mg, 0.50 mmol) and DMAP (12.2 mg, 0.1 mmol) 

were added under a nitrogen atmosphere, followed by DCM (5 mL) and triethylamine (140 µL, 0.10 

mmol). The solution was cooled in an ice bath and benzoyl chloride (84 mg, 0.6 mmol) was added 

dropwise, then the reaction was left at room temperature for 16 h. Successively, the mixture was 

diluted with dichloromethane and washed with 1M HCl (3 x 20 mL), a saturated solution of NaHCO3 

(3 x 20 mL) and brine (20 mL). The organic solution was dried over Na2SO4, concentrated under 

reduced pressure and purified by flash chromatography (EtPet / Et2O = 1 : 2) to give pure 13 in 59% 

yield. 1H NMR (400 MHz, CDCl3) δ 7.88 – 7.81 (m, 1H), 7.77 – 7.66 (m, 3H), 7.54 – 7.41 (m, 2H), 

7.41 – 7.26 (m, 4H), 4.30 (dd, J = 8.2, 3.9 Hz, 1H), 3.66 (s, 3H), 3.50 – 3.46 (m, 1H), 3.35 – 3.29 (m, 

1H), 2.15 – 1.88 (m, 3H), 1.88 – 1.69 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 173.2, 172.4, 144.2, 

137.1, 134.1, 133.7, 132.9, 130.1, 129.3 (2C), 128.8, 128.7, 128.5, 128.0, 60.4, 52.5, 48.4, 30.9, 24.6. 

MS (ESI) m/z (%)  411.40 (100, [M + Na]+). 

(R)-1-((4-Benzamidophenyl)sulfonyl)-N-hydroxypyrrolidine-2-carboxamide (17) 

According to the general procedure, compound 17 was obtained in 35% yield from compound 13 

(140 mg, 0.36 mmol) after flash chromatography on silica gel (EtPet / EtOAc = 3 : 1). [α]D
24 = + 13.5 

(DMSO, c = 3.4). 1H NMR (400 MHz, DMSO-d6) δ 8.03 (d, J = 8.7 Hz, 2H), 7.94 (t, J = 10.0 Hz, 

2H), 7.83 (d, J = 8.7 Hz, 2H), 7.57 (dt, J = 28.1, 7.2 Hz, 3H), 3.89 (dd, J = 8.3, 4.1 Hz, 1H), 3.22 – 

3.07 (m, 1H), 1.95 – 1.59 (m, 4H), 1.45 (td, J = 11.7, 5.8 Hz, 1H). 13C NMR (100 MHz, DMSO-d6) 

δ 168.4, 166.6, 143.9, 134.9, 132.4, 131.3, 128.9 (2C), 128.8 (2C), 128.3 (2C), 120.4 (2C), 59.9, 49.5, 

31.1, 24.7. MS (ESI) m/z (%) 413.65 (100, [M + Na]+). 

(R)-Methyl 1-((4-(4-nitrobenzamido)phenyl)sulfonyl)pyrrolidine-2-carboxylate (14) 

In a dry round bottom flask, compound 12 (100 mg, 0.35 mmol) and DMAP (5 mg, 0.04 mmol) were 

added under a nitrogen atmosphere, followed by DCM (1.5 mL) and triethylamine (74 µL, 0.53 

mmol). The solution was cooled in an ice bath, a solution of p-nitrobenzoyl chloride (78 mg, 0.42 

mmol) in DCM (0.5 mL) was added dropwise, then the reaction was left at room temperature for 16 

h. Successively, the mixture was diluted with dichloromethane and washed with 1M HCl (3 x 20 mL), 

saturated NaHCO3 solution (3 x 20 mL) and brine (20 mL). The organic solution was dried over 

Na2SO4, concentrated under reduced pressure and purified by flash chromatography (Petr.Et. / EtOAc 

= 1 : 1) to give the pure product in 43% yield. [α]D
23 =  +11.7 (DMSO, c = 1.0). 1H NMR (400 MHz, 

DMSO-d6) δ 8.44 – 8.27 (m, 2H), 8.23 – 8.10 (m, 2H), 8.00 (d, J = 8.8 Hz, 2H), 7.81 (t, J = 7.1 Hz, 

2H), 4.20 – 4.16 (m, 1H), 3.69 (s, 3H), 3.42 – 3.27 (m, 1H), 3.16 (dt, J = 9.6, 7.0 Hz, 1H), 1.97 – 1.74 

(m, 3H), 1.66 – 1.46 (m, 1H). 13C NMR (100 MHz, DMOS-d6) δ 172.7, 165.1, 149.8, 143.3, 140.5, 

132.3, 129.8 (2C), 128.8 (2C), 124.1 (2C), 120.8 (2C), 60.7, 52.6, 48.9, 30.8, 24.7. MS (ESI) m/z (%) 

456.31 (100, [M + Na]+). 
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(R)-N-Hydroxy-1-((4-(4-nitrobenzamido)phenyl)sulfonyl)pyrrolidine-2-carboxamide (18) 

According to the general procedure, compound 18 was obtained in 29% yield from compound 14 (56 

mg, 0.129 mmol) after flash chromatography on silica gel (EtOAc). [α]D
21 = + 15.3 (DMSO, c = 1.5). 

1H NMR (400 MHz, DMSO-d6) δ 8.93 (s, 1H), 8.38 (d, J = 8.3 Hz, 2H), 8.19 (d, J = 8.7 Hz, 2H), 

8.07 – 8.00 (m, 2H), 7.86 (d, J = 8.6 Hz, 2H), 3.94 – 3.84 (m, 1H), 3.37 (d, J = 6.4 Hz, 1H), 3.15 (d, 

J = 9.9 Hz, 1H), 1.86 – 1.62 (m, 4H), 1.49 – 1.37 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 168.3, 

165.0, 149.8, 143.4, 140.5, 131.9, 129.8 (2C), 128.9 (2C), 124.1 (2C), 120.6 (2C), 59.9, 49.5, 31.1, 

24.7. MS (ESI) m/z (%) 457.40 (100, [M + Na]+).  

(R)-Methyl 1-((4-(((benzyloxy)carbonyl)amino)phenyl)sulfonyl)pyrrolidine-2-carboxylate (15) 

In a dry round bottom flask, compound 12 (150 mg, 0.55 mmol) and DMAP (13.2 mg, 0.11 mmol) 

were added under a nitrogen atmosphere, followed by DCM (5.5 mL) and triethylamine (111 mg, 

1.10 mmol). The solution was cooled in an ice bath, benzyl chloroformate (113 mg, 0.66 mmol) was 

added dropwise, and the reaction was left at room temperature for 16 h. Successively, the mixture 

was diluted with dichloromethane and washed with 1M HCl (3 x 20 mL), a saturated solution of 

NaHCO3 (3 x 20 mL) and brine (20 mL). The organic solution was dried over Na2SO4 and 

concentrated under reduced pressure to obtain the product as a yellow oil in 58% yield. [α]D
21 = + 

38.3 (CHCl3, c = 0.9). 1H NMR (400 MHz, CDCl3) 7.78 (dd, J = 13.6, 8.8 Hz, 1H), 7.70 – 7.62 (m, 

1H), 7.57 (d, J = 8.7 Hz, 1H), 7.43 – 7.34 (m, 6H), 7.2 (br s, 1H), 5.17 (s, 2H), 4.26 (ddd, J = 10.3, 

8.0, 4.6 Hz, 1H), 3.71 (s, 3H), 3.54 – 3.42 (m, 1H), 3.31 – 3.24 (m, 1H), 2.14 – 1.87 (m, 3H), 1.73 

(m, 1H). 13C NMR (100 MHz, CDCl3) δ 172.8, 155.1, 143.6, 142.3, 135.1, 129.6, 128.9, 128.7, 128.6, 

128.5, 128.4, 128.0, 118.6, 118.1, 69.7, 60.4, 52.4, 48.5, 30.9, 24.6. MS (ESI) m/z (%) = 441.41 (100, 

[M + Na]+). 

(R)-Benzyl-(4-((2-(hydroxycarbamoyl)pyrrolidin-1-yl)sulfonyl)phenyl)carbamate (19) 

According to the general procedure, compound 19 was obtained in 39% yield from compound 15 

(131 mg, 0.22 mmol) after flash chromatography on silica gel (DCM / MeOH = 40 : 1). [α]D
21 = + 

22.3 (DMSO, c = 2.2). 1H NMR (400 MHz, DMSO-d6) δ 8.92 (s, 1H), 7.75 (d, J = 8.9 Hz, 2H), 7.67 

(d, J = 8.9 Hz, 2H), 7.39 (dtd, J = 18.8, 8.5, 4.3 Hz, 5H), 5.17 (s, 2H), 3.84 (dd, J = 8.4, 4.1 Hz, 1H), 

3.18 – 3.00 (m, 2H), 1.83 – 1.56 (m, 4H), 1.55 – 1.32 (m, 1H). 13C NMR (100 MHz, DMSO-d6) δ 

153.7, 143.8, 136.3, 130.2, 130.1, 129.0, 128.9, 128.6, 128.6, 118.2, 66.6, 59.6, 49.5, 31.1, 24.6. MS 

(ESI) m/z (%) 442.28 (100, [M + Na]+). 

(R)-Methyl-1-((4-(4-((((benzyloxy)carbonyl)amino)methyl)benzamido)phenyl)sulfonyl) pyrrolidine- 

2- carboxylate (16)  

In a dry round bottom flask, compound 12 (150 mg, 0.55 mmol) and DMAP (13 mg, 0.11 mmol) 

were added under a nitrogen atmosphere, followed by DCM (5.5 mL) and triethylamine (111 mg, 

1.10 mmol). The solution was cooled in an ice bath, benzyl 4-(chlorocarbonyl)benzylcarbamate (200 

mg, 0.66 mmol), prepared as reported,37 was added portionwise, then the reaction was left at room 

temperature for 16 h. Successively, the mixture was diluted with dichloromethane and washed with 

1M HCl (3 x 20 mL), a saturated solution of NaHCO3 (3 x 20 mL) and brine (20 mL). The organic 

solution was dried over Na2SO4 and concentrated under reduced pressure to obtain a crude mixture 

that was purified by Flash Chromatography (AcOEt / EtPet = 1 : 1) giving compound 16 as a yellow 

oil in 95% yield. [α]D
21 = 50.8 (CHCl3, c = 1.2). 1H NMR (400 MHz, CDCl3) mixture δ 8.83 (br s, 

0.5H), 8.03 (d, J = 8.2 Hz, 0.5H), 7.88 – 7.66 (m, 4H), 7.56 (d, J = 8.7 Hz, 0.5H), 7.43 – 7.16 (m, 

8H), 6.63 (d, J = 8.7 Hz, 0.5H), 5.57 (br s, 1H), 5.13 and 5.11 (s, 2H), 4.45 – 4.36 (m, 2H), 4.28 – 
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4.13 (m, 1H), 3.68 (s, 3H), 3.51 – 3.34 (m, 1H), 3.23 (ddd, J = 16.5, 11.7, 7.2 Hz, 1H), 2.08 – 1.83 

(m, 3H), 1.81 – 1.57 (m, 1H). 13C NMR (400 MHz, CDCl3) δ 13C NMR (101 MHz, cdcl3) δ 172.6, 

166.0, 156.7, 143.1, 142.6, 136.3, 133.2, 132.6, 130.9, 129.6, 128.7, 128.6, 128.4, 128.2, 128.1, 128.0, 

127.7, 127.6, 127.3, 120.1, 114.0, 67.0, 60.4, 52.5, 48.5, 46.3, 44.5, 30.9, 24.6. MS (ESI) m/z (%) 

574.47 (100, [M+Na]+). 

(R)-Benzyl 4-((4-((2-(hydroxycarbamoyl)pyrrolidin-1-

yl)sulfonyl)phenyl)carbamoyl)benzylcarbamate (20) 

According to the general procedure, compound 20 was obtained in 33% yield from compound 16 

(268 mg, 3.86 mmol) after flash column chromatography on silica gel (DCM / MeOH = 40 : 1). [α]D
22 

= + 36.3 (DMSO, c = 1.2). 1H NMR (400 MHz, DMSO-d6) δ 8.02 (d, J = 8.8 Hz, 2H), 7.91 (d, J = 

8.1 Hz, 2H), 7.82 (d, J = 8.6 Hz, 2H), 7.45 – 7.25 (m, 9H), 5.05 (s, 2H), 4.28 (d, J = 6.1 Hz, 1H), 4.21 

(d, J = 5.9 Hz, 1H), 3.88 (dd, J = 8.3, 4.2 Hz, 1H), 3.14 (d, J = 9.9 Hz, 2H), 1.88 –1.61 (m, 4H). 13C 

NMR (100 MHz, DMSO-d6) δ 168.2, 166.4, 156.2, 139.7, 139.0, 137.4, 133.3, 128.8 (5C), 128.3 

(2C), 128.2 (2C), 127.3 (2C), 120.3 (2C), 66.5, 58.0, 53.5, 49.7, 48.4, 44.5, 43.2, 27.7, 25.5. MS (ESI) 

m/z (%) 575.42 (100, [M + Na]+). 

Enzymatic inhibition assays  

The inhibition potency of hydroxamic acid derivatives against MMP2 and MMP9 was assayed 

through a fluorometric assay using the fluorogenic substrate Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-

Arg-NH2 (Enzo life science). All the measurements were performed in 96-well plates with a BMG 

Labtech OptimaStar microplate reader. Excitation and emission wavelengths were 320 and 420 nm, 

respectively. All incubations were performed at 28 °C in 50 mM TrisHCl, 150 mM NaCl, 10 mM 

CaCl2, 0.05% Brij35, 1% DMSO at pH 7.5. The inhibitors were pre-incubated with enzymes (1 nM) 

for 5 minutes at room temperature before the reaction was started by the addition of the fluorogenic 

substrate (3 µM). The decrease of fluorescence was monitored over 30 minutes (λex=320 nm, λem=420 

nm) at 28 °C. The percentages of inhibition for the test compounds were determined through the 

equation (1-Vs/Vo)x100, where Vs is the initial velocity in the presence of the inhibitor and Vo is the 

initial velocity of the unhibited reaction. The IC50 values were obtained by dose-response 

measurements using inhibitor range of concentrations 0.00001-20 µM and enzyme concentration 

equal to 1 nM. A detergent-based assay was used to determine the presence of promiscuous 

inhibitors.38 All the experiments were performed in duplicate and data collected were analyzed using 

Graphpad 5.0 Software Package (Graphpad Prism, San Diego, CA). 

Tridimensional structural alignment 

The Swiss PDB viewer (SPDBV) program (4.0.1 version, Swiss Institute of Bioinformatics) was used 

to superimpose three dimensional structures of MMP2 (PDB: 1HOV) and MMP9 (PDB: 4H3X).24 

The two proteins were initially superimposed using the “magic fit”. Then, with the “improve fit” 

option, SPDBV was asked to minimize the root-mean square distance (RMSD) using a least square 

algorithm. Structural alignment was generated after protein superimposition. Residues of the 

superimposed protein that were spatially close to residues of the static one were aligned. Appropriate 

gaps were inserted in the sequences to indicate a lack of structural correspondence. 

Pairwise sequence alignment 

Primary sequences of MMP2 (PDB: 1HOV) and MMP9 (PDB: 4H3X) were retrieved from the 

Protein Data Bank in FASTA format. EMBOSS water sequence alignment tool, EMBL-EBI,25 was 
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used to carry out local alignments of the two proteins, by identifying local similarities in the two 

protein sequences using the Smith-Waterman algorithm.39 EBLOSUM-62 substitution matrix was 

used and penalties of 10 and 0.5 were applied for gap opening and extension, respectively. 

Docking Calculations 

The selection of optimal MMP2 and MMP9 structures, as well as the optimization and validation of 

docking protocols were done with the MOE modeling suite.40 The potential receptor structures were 

selected starting from two available PDBs for MMP2 (1QIB, 1HOV) and for MMP9 (1GKC, 

4H3X).41 All complexes were refined by using the QuickPrep tool of MOE,40 which fixes eventual 

errors in the PDB file, protonates the protein at a pH=7 and performs a backbone-restrained geometry 

minimization. The docking protocol was optimized by evaluating the different options available in 

the MOE suite. Ligands were redocked in their native receptor and cross-docked to the other, to 

evaluate how critical was the starting receptor to reproduce the correct binding pose. The starting 

conformation of all ligands was scrambled by performing a low-mode conformational search, using 

the MMFF94x forcefield and the Born solvation model for water.40 The optimal receptor structure 

and docking protocol were evaluated in their ability to reproduce the experimental binding pose of 

the evaluated ligand. The final protocol used MMP2 and MMP9 receptor models derived from 1HOV 

and 1GKC, respectively, even though an acceptable reproduction of the reference binding poses was 

also obtained with 1QIB and 4H3X. Triangle Matcher and London dG were selected as the placement 

algorithm and scoring function, respectively. The top 30 poses were refined by Induced Fit and 

rescored by the GBVI/WSA dG scoring functions.42 The top 5 poses of the refined complexes were 

saved for visual inspection. Test ligands 5, 18-20 were designed in MOE and subjected to a 

conformational search as mentioned above. The top conformation was used to prepare a ligand 

database for docking, which also included the 1HOV and 1GKC ligands (SC-74020 and a reverse 

hydroxamate inhibitor, respectively) for comparison. AM1-BCC charges43 were computed and 

assigned to ligands before docking. All ligands were then docked to the MMP2 and MMP9 receptor 

models as described above.  

The analysis of the binding mode of the docked conformations was carried out using PyMol software 

v0.99.44  

Cell cultures 

The melanoma cell line A375M645 was isolated from lung metastasis of SCID bg/bg mice i.v. injected 

human melanoma A375P line, obtained from American Type Culture Collection (ATCC, Rockville, 

MD). Human breast carcinoma MCF7 cell line, and colorectal carcinoma HCT116 cell line were 

obtained from American Type Culture Collection. Cancer  cells were cultivated in Dulbecco's 

Modified Eagle Medium containing 4,5 mg/l glucose and 2 mM L-glutamine (high glucose DMEM 

4500, Gibco), 48 supplemented with 10% fetal bovine serum (FBS, Euroclone, Milan, Italy), at 37 

°C in a 10% CO2 humidified atmosphere as previously described.46 Cells were harvested from 

subconfluent cultures by incubation with a trypsin-EDTA solution (Life Technologies), and 

propagated every 3 days. Cultures were periodically monitored for mycoplasma contamination using 

Chen's fluorochrome test.  

Cell viability assay 

Cell viability was assessed using both trypan blue exclusion (TBE) assay and MTT tetrazolium 

reduction assay (Sigma Aldrich, Milan, Italy). Briefly, for MTT assay, 5x104 cells were plated into 

96-multiwell plates in 0.2 mL of complete medium. After 24 h, culture medium was changed with 
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media containing different doses of the inhibitors. The plates were incubated for additional 24 h and 

at the end of the incubation culture media were removed and 0.2 mL of MTT reagent [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], diluted 0.5 mg/mL in medium without red 

phenol, were added to the wells. Plates were incubated at 37 °C for additional 1 h. Next, the MTT 

was removed and the blue MTT-formazan product was solubilized with dimethyl sulfoxide (DMSO) 

(Sigma Aldrich, Milan, Italy). The absorbance of the formazan solution was read at 595 nm using the 

microplate reader (ELX800, Biotek Instruments). Cell viability (MTT) is expressed as percentage 

compared to untreated cells. In parallel, 5x105 cells were plated into 24-multiwell plates in complete 

medium. After 24 growth, culture medium was replaced with media containing different doses of the 

inhibitors. At the end of the incubation (24 h), cells were washed with PBS and re-suspended in 0.5 

mL of complete medium. The suspensions were mixed 1:1 vol: vol with 0.4% trypan blue dye for 5 

min at 25 °C, and cells were counted on a hemocytometer. Viable cells result unstained while 

nonviable-necrotic cells result stained. Cell viability (TBE) is expressed as percentage of viable-

unstained cells of the total recorded and compared to untreated cells. 

Invasion assay 

Cells invasion was studied in Boyden chambers. Cells were loaded in the upper wells which were 

separated by 8 μm pore-size polycarbonate filters coated with Matrigel (12.5 μg/filter; BD 

Biosciences, Franklin Lakes, New Jersey) from the lower wells. Cells (1x105) were suspended in 

200 μL of serum free medium and seeded in the upper compartment, the same medium was added in 

the lower chamber. Cells were incubated for 6 h at 37 °C, 10% CO2 in air, in the presence of Ilomastat 

(10 M), a MMPs inhibitor (Millipore, Billerica, Massachusetts) or compounds 18-20 at 1 M or 10 

M. After incubation, filters were removed and the non-invading cells on the upper surface were 

wiped-off mechanically with a cotton swab. Cells on the lower side of the filters were fixed overnight 

in ice-cold methanol, and then stained using a DiffQuick kit (BD Biosciences) and pictures of 

randomly chosen fields were taken. 

Statistical analysis 

The experiments were performed at least three times for a reliable application of statistics. Statistical 

analysis was performed with GraphPad Prism software. Values are presented as mean ± SD. ANOVA 

or Student’s T test were used to evaluate the statistical significance. 
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