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Summary 
A compound library of 96 enantiopure N-terminal succinyl hydroxamate functionalized 
peptides was synthesized on solid phase. All compounds were tested for their inhibitory 
potential towards MMP-9, MMP-12 and ADAM-17 which led to the identification of both 
broad spectrum inhibitors and metalloproteinase selective ones. Eight potent and less potent 
inhibitors were immobilized on Sepharose beads and evaluated in solid-phase enrichment 
of active MMP-9, MMP-12 and ADAM-17. In addition, one of these inhibitors was used 
for solid-phase enrichment of endogenous ADAM-17 from a complex proteome (a lysate  
prepared from cultured A549 cells)
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Introduction 
 
Matrix metalloproteinases (MMPs) are involved in numerous biological processes such as 
cell migration, wound repair and tissue remodeling. MMPs exert their role in these 
processes by the processing of extracellular matrix proteins including gelatin, elastin, and 
collagen and the release of growth factors. ADAMs (a disintegrin and metalloproteinase) 
are metalloproteinases that contain a membrane-spanning and a disintegrin (integrin-
binding) domain. These membrane-bound enzymes are involved in membrane fusion, 
cytokine and growth factor shedding, cell migration, muscle development, fertilization, 
cellular differentiation, cell-cell interactions and cell-matrix interactions.[1-3] The best 
known ADAM is ADAM-17, also known as TACE or tumor necrosis factor α (TNFα) 
converting enzyme, which was discovered based on its sheddase activity with respect to 
membrane-bound TNFα.[4,5] 

The expression of MMPs and ADAMs is regulated by transcription factors and activity is 
controlled by natural inhibitors, the tissue inhibitors of metalloproteinases (TIMPs). 
Disturbances in these regulatory mechanisms are believed to cause, or be involved in, a 
wide range of pathological states. These include cancer metastasis, rheumatoid arthritis and 
autoimmune diseases.[6,7] Deregulation of ADAM expression or activity has also been 
linked to asthma, Alzheimer’s disease, bacterial lung infections and allergies of the 
airways.[1,8] Both academic and industrial research groups are therefore actively involved in 
the study of MMP and ADAM inhibitors to modulate activity in an effort to develop novel 
therapeutic agents based on a better insight into the role of MMPs and ADAMs in disease 
etiology and progression. As a result a large number of MMP and ADAM inhibitors have 
been described in the literature,[7] some of which have been evaluated in clinical trials.[9-11]  

MMPs and ADAMs contain a Zn2+ ion in their active site, which forms a complex with the 
carbonyl group of the scissile amide bond, thereby enhancing its reactivity towards 
nucleophilic attack of the water molecule that is present in the active site.[7,12] As a result, a 
requirement for potent MMP or ADAM inhibitors is that they contain a good zinc binding 
group (ZBG). A large number of MMP and ADAM inhibitors that have appeared in the 
literature consist of an oligopeptide sequence that is equipped with a hydroxamate moiety at 
either the C- or the N-terminus. In these structures the oligopeptide portion ensures 
recognition by the metalloproteases, whereas the hydroxamate acts as zinc chelator. Indeed, 
of the different zinc binding moieties known, hydroxamates have proven to be the most 
versatile. 
C-terminal peptide hydroxamic acids are readily available through modified solid phase 
peptide synthesis (SPPS) protocols.[13-18] In contrast, there are very few synthetic 
procedures towards N-terminal peptide hydroxamates,[19-21] which obviate a non-SPPS step 
during synthesis.[22-26] The preparation of compound libraries containing N-terminal peptide 
hydroxamates would be greatly facilitated by the existence of suitable, complete SPPS 
methods. With this aim in mind, we recently reported[27] the synthesis of an 
enantiomerically pure N,O-diprotected succinyl hydroxamate building block 1 (Figure 1) 
and demonstrated that N-terminal peptide hydroxamates can be prepared by SPPS using 
compound 1 in the penultimate step, prior to acid cleavage and deprotection. Here we 
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report the application of building block 1 in the preparation of a library containing 96 
enantiopure peptide hydroxamates 2 (Figure 1).  

 
The compound library consists of various amino acid residues at positions R1 and R2, and a 
lysine residue at the C-terminus, enabling future modifications with for instance biotin, 
fluorophores or for coupling to a matrix for solid phase extraction (SPE) procedures.[28,29] 
The synthesis and characterization of the compound library as well as the inhibitory 
potential against recombinant MMP-9, MMP-12 and ADAM-17 are reported. A selected 
number of inhibitors have been immobilized for SPE enrichment of active 
metalloproteases. 

 

 

Figure 1:  Structure of the chiral succinylhydroxamate building block 1 for SPPS of a library of 96 
compounds with the general structure 2. P1’, P2’ and P3’ refer to the binding pockets in the 
metalloproteinase. Boc: tert-butyloxycarbonyl, TBS: tert-butyldimethylsilyl, PFP: pentafluorophenyl. 
R1 and R2 represent amino acid side chains. 

Results and discussion 
 

The preparation of the target compound library (see Scheme 1) commenced with 
α-NHFmoc-, ε-NHBoc-protected lysine on Rink amide resin 3. After removal of the Fmoc 
protecting group the first set of amino acids (Aa1) was coupled in a parallel fashion under 
standard SPPS coupling conditions giving 12 different peptides. These resin bound peptides 
were divided into 8 equal portions. Removal of the Fmoc group and coupling of the second 
amino acid (Aa2) gave 96 immobilized peptides with the general structure 4. Final Fmoc 
deprotection and condensation with building block 1 (see Figure 1) in the presence of 2 
equivalents of DIPEA resulted in the immobilized and fully protected peptide 
hydroxamates 5.[27] Acidic cleavage from the resin and concomitant deprotection of the 
TBS and Boc protecting groups resulted in a 96-membered library of crude compounds 2, 
which were purified by HPLC. The yields of the pure peptides based on 3 (purity >95% as 
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determined by LC-MS analysis) varied between 3% and 40%. The amount of side products 
formed differed considerably between the compounds. Hydrolysis of the hydroxamic acid 
to the carboxylic acid in the final step appeared in most cases to be the major side reaction. 
The formation of this side product was apparent from the LC-MS analyses of the crude 
mixtures by a 15 Da decrease in molecular weight. In some cases condensation with the 
activated hydroxamate ester was incomplete. In general, the best results in terms of yield 
and side product formation were obtained for compounds containing an amino acid with an 
aliphatic side chain at the Aa2 position. Representative LC-MS analyses of crude peptides 
with and without high levels of side products together with their HPLC-purified 
counterparts are shown in the supporting information. 

 
 

 
 
Scheme 1. Solid phase synthesis of a succinylhydroxamate library containing 96 compounds: a) 
20% piperidine/DMF, 15 min.; b) Fmoc-Aa1-OH (5 equiv.), HCTU (5 equiv.), DIPEA (10 equiv.), 
NMP, 1h; c) 20% piperidine/DMF, 15 min.; d) Fmoc-Aa2-OH (5 equiv.), HCTU (5 equiv.), DIPEA 
(10 equiv.), NMP, 1h; e) 20% piperidine/DMF, 15 min.; f) compound 1 (5 equiv.), DIPEA (2 equiv.), 
NMP, 2h; g) 95% TFA/H2O, 1h (2.5h for Aa1 = Arg(Pmc)). Aa1 = D, E, F, H, L, P, Q, R, S, T, W or 
Y; Aa2 = A, D, F, H, L, V, W or Y. 

 
The results of the inhibitory potential of the 96 compounds against MMP-9, MMP-12 and 
ADAM-17 are depicted in Figure 2 (heat map representation, the compounds were screened 
at 100 nM). We performed this initial screen to obtain qualitative insight in the difference 
in inhibitory potential of the 96 peptide hydroxamates. It is apparent that the efficacy of the 
inhibitors towards MMP-12 is generally higher than for the other two enzymes. 
Introduction of a proline residue at the Aa1-position greatly decreases the activity of the 
inhibitor with respect to both MMPs. This effect appears to be strongest for MMP-12 but 
inhibition of ADAM-17 appears to be less affected. This observation can be explained by  
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the fact that MMPs contain a straight horizontal cleft and therefore a proline would result in 
a large steric hindrance within the active site. ADAMs, however, do not contain such a 
rigid cleft and the inhibitor activity is thus less affected by proline.30,31 It is also obvious 
that the presence of acidic residues (D and E) in either position greatly reduces the efficacy 
of the inhibitors for MMP-9 and ADAM-17 and to a somewhat lesser extend for MMP-12. 
The inhibitors with the highest efficacy towards MMP-12 are those with the aromatic 
amino acids phenylalanine, tryptophan or tyrosine in either position. These results are in 
line with earlier observations by Lang and co-workers.31 

 
Figure 2  
Remaining enzymatic activity of three recombinant metalloproteinases (5 ng) at 100 nM of inhibitor 
(black: no inhibition; white: complete inhibition). Each value is the average of three individual 
experiments: a) MMP-12 (0.25 pmol); b) MMP-9 (0.25 pmol); c) ADAM-17 (66 fmol). 
 
The beneficial effect of incorporating aromatic moieties also holds true for MMP-9, 
especially if both positions are occupied by phenylalanine, tryptophan or tyrosine. 
Interestingly, a serine residue in the Aa1 position yields very active MMP-9 inhibitors, 
whereas threonine at Aa1 has a much less beneficial effect.  MMP-12 and ADAM-17 show 
a similar, albeit not so strong tendency. The presence of an aliphatic amino acid (A, L or V) 
in the Aa2 position decreases the efficacy against MMP-9 in a more pronounced way than 
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for the other two enzymes. Netzel-Arnett and co-workers reported an extensive study on the 
substrate preference of MMP-9 towards a set of oligopeptides.[32] Their findings corroborate 
our results with respect to a positive effect of aromatic moieties in both positions (Aa1 and 
Aa2) or a serine residue at Aa1 on inhibitory potential towards MMP-9.  

 

Table 1. IC50 values (nM) of eight selected inhibitors for MMP-9, MMP-12 and ADAM-17. Each 
value represents the mean of three independent inhibition curves (standard deviation in brackets). [a] 
Activity of enzyme greater than 50% at 10 µM inhibitor. 
 
 

 MMP-9 MMP-12 ADAM-17 

DV 905 (221) 10.5 (4.0) 2241 (250) 

FF 23.2 (3.9) 0.92 (0.22) 16.0 (6.4) 

FW 6.69 (0.66) 2.57 (0.80) 29.6 (9.1) 

PD >10,000[a] 2788 (392) 5998 (2555) 

PL 3624 (328) 147 (12) 92.1 (28) 

QY 9.92 (0.79) 0.85 (0.020) 18.9 (2.0) 

SF 9.93 (1.3) 7.70 (1.3) 11.1 (2.3) 

YW 6.71 (0.96) 4.03 (0.95) 36.0 (3.4) 

 
 

Interestingly, our results are in disagreement with their findings that leucine, and to a lesser 
extent alanine, at Aa2 has a beneficial effect on inhibitory potential, since we observe a 
detrimental effect for both residues at this position. Incorporation of arginine in position 
Aa1 improves efficacy towards MMP-12 and ADAM-17 but highly reduces the efficacy 
towards MMP-9, as was also shown by Netzel-Arnett and co-workers.[32] The positive 
effect of aromatic amino acids also holds true for ADAM-17 but to a lesser extent than for 
the tested MMPs. In addition it is found that heteroaryl moieties (His and Trp) or a serine at 
the Aa1 position improves the potency towards ADAM-17. These observations are 
consistent to what is reported in literature.[7, 33] 
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To assess the applicability of the novel inhibitors for activity-based extraction[34] eight 
inhibitors were selected for further experiments. The IC50 values (see Table 1) of these 
inhibitors for the target enzymes span the entire range from sub-nanomolar to over 10 µM 
(see for instance FF with PD) and some of them show considerable selectivity towards one 
or two of the three tested enzymes (for example YW towards both MMPs and PL towards 
ADAM-17). Activity-based extraction of the three metalloproteases was performed at both 
5 and 0.5 nM enzyme concentrations.[39] Especially at lower concentrations of active 
enzyme, highly efficient interaction of the immobilized ligand with metalloproteases in the 
sample is likely critical for efficient extraction. Next to achieving high affinity, it is 
important to minimize non-specific binding to the carrier material, especially at low 
enzyme concentrations. Since finding a carrier material that exhibits no non-specific 
interaction with proteins in the sample is practically impossible, good controls are required. 
For these experiments two control materials were used: a) NHS-Sepharose that was reacted 
with ethanolamine instead of the inhibitors to study non-specific interaction with the 
Sepharose itself, and b) a low-affinity inhibitor (PD) was immobilized to assess the 
importance of a good fit with the enzyme’s active site. 

Table 2 shows the results of extraction studies with the eight selected inhibitors. 
Quantitative extraction of ADAM-17 proves much more challenging than extraction of the 
MMPs. MMP-9 and MMP-12 can be extracted by a number of inhibitors with yields above 
99% at both 5 and 0.5 nM, but only inhibitors QY, SF and FF show enrichment of ADAM-
17 at 5 nM enzyme concentration (extraction yields of 70% or higher). The efficiency drops 
significantly at 0.5 nM for inhibitors QY and SF. The negative control with immobilized 
ethanolamine shows no detectable non-specific binding at both concentrations which is also 
the case for the low-affinity inhibitor PD. 
The results (summarized in Table 2) show that it is difficult to classify immobilized 
inhibitors according to their inhibition efficacy by affinity-SPE and that it may be 
misleading to assess inhibitor selectivity in this manner.[28] One interesting inhibitor in this 
respect is DV, which gives extraction yields of >99% for MMP-12 at both concentrations 
while its IC50 value is 10.5 nM. This is higher than, for example, inhibitor YW, which 
extracts between 96% and 99%. Inhibitor DV also looses its selectivity towards MMP-12 
after immobilization, since both MMP-12 and MMP-9 were almost completely extracted 
even at low concentration. In contrast ADAM-17 is not extracted at all although the IC50 
values for MMP-9 and ADAM-17 are in the same range. 
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Table 2. Extraction yield (%) of three recombinant active metalloproteases at two 
concentrations of enzyme by using the immobilized inhibitors as affinity ligand (standard 
deviation in brackets). EA: ethanolamine. 

MMP-9 MMP-12 ADAM-17 
 

5 nM 0,5 nM 5 nM 0,5 nM 5 nM 0,5 nM 

DV 98.7 (1.2) >99 >99 >99 <1 <1 

FF 98.9 (0.85) 98.8 (0.99) 98.9 (0.92) >99 72.9 (1.8) 73.7 (9.8) 

FW 99.0 (0.78) >99 95.1 (0.14) >99 35.7 (24) 43.3 (10) 

PD 7.2 (9.4) 31.7 (24) 96.6 (0.071) 75.7 (11) <1 <1 

PL 98.8 (1.1) 96.9 (0.92) 97.8 (0.49) 80.8 (20) 65.8 (0.85) <1 

QY 98.4 (0.57) 98.6 (1.3) >99 >99 88.2 (12) 4.60 (5.8) 

SF >99 98.5 (0.21) 98.9 (0.92) >99 85.7 (1.3) 49.6 (22) 

YW >99 >99 97.1 (1.3) 96.0 (5.0) 70.0 (6.4) 2.15 (2.3) 

EA <1 <1 <1 <1 <1 <1 

 
Figure 3 shows activity-dependent enrichment of ADAM-17 from a complex proteome (a 
lysate prepared from cultured A549 cells) using immobilized inhibitor FF (see Scheme 1). 
The extraction was almost complete, with no loss of mature 70 kDa ADAM-17 in the flow-
through fraction (FT) and minor loss in the wash fractions. Active ADAM-17 could be 
eluted with a competitive inhibitor (SF; see Scheme 1) further confirming that the 
interaction was inhibitor-mediated. We have shown in previous work that inhibitor-
metalloprotease interactions are strictly dependent on a functional active site and that 
enzyme-inhibitor complexes or pro-enzymes are not bound.[29] The minimal losses in the 
flow-through and washing fractions indicate that there is little inactive ADAM-17 in non-
stimulated A549 cells and that the interaction is relatively tight. We anticipate that 
enrichment of active ADAM-17 from larger sample volumes is possible allowing detection 
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of low levels active ADAM-17. Extraction of the same sample on a control material that 
was derivatized with ethanolamine (EA cartridge) did not result in any enriched ADAM-17. 
 

Figure 3. Activity-dependent enrichment of ADAM-17 from a cell lysate of non-stimulated cultured 
A549 cells using immobilized inhibitor (FF) and control ethanolamine-Sepharose (EA) cartridges. S: 
original lysate, FT: flow-through, W: wash fractions, E: elution with 100 µM competitive inhibitor 
SF, SDS: final elution with 1% sodium dodecyl sulfate. Fractions were analyzed by electrophoresis 
on 8% polyacrylamide gels and transferred to PVDF membranes. ADAM-17 was detected by Western 
blotting. 

Phorbol esters have been described to enhance ADAM-mediated shedding of membrane 
anchored compounds.[37] It is therefore assumed that ADAM-17 becomes activated upon 
PMA (phorbol-12-myristate-13-acetate) stimulation. Figure 4 shows the effect of PMA on 
A549 cells with respect to extraction of active ADAM-17. Interestingly, short-term 
exposure (30min) to PMA results in appearance of a non-active form of ADAM-17 with an 
apparent molecular weight corresponding to the 93 kDa pro-ADAM-17 zymogen (marked 
with *). Extraction efficiency decreases as shown by the recovery of a substantial fraction 
of ADAM-17 in the flow-through and wash fractions, although the major portion still binds 
the immobilized inhibitor. Decreased extraction might be explained by mobilization of 
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endogenous inhibitors or by inactivation of ADAM-17 by another, unknown mechanism. 
After two hours of exposure the expression level of ADAM-17 has decreased significantly 
(Figure 4, lower panel). Down-regulation of ADAM-17 after cell stimulation has been 
described.[38] Our results show that this down-regulation does not cause complete 
disappearance of active ADAM-17 from the proteome.  

 

Figure 4. Western blots of extracted cell lysate of PMA-stimulated cultured A549 lung carcinoma 
cell line on immobilized inhibitor FF beads. S: original lysate, FT: cartridge flowthrough, W: wash 
fraction, E: elution with 100 µM competative inhibitor SF, SDS: final elution step with 1% sodium 
dodecyl sulfate. Fractions were analyzed by electrophoresis on 8% polyacrylamide gels and 
transferred to PVDF membrane. ADAM-17 was detected by Western blotting 
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In summary we prepared a library of 96 enantiopure peptide hydroxamates which were 
tested on their inhibitory efficacy towards three metalloproteases.[40] Our results show that 
different amino acids at both positions (Aa1 and Aa2) have a great influence on the 
inhibitory capacity towards MMPs. This is in contrast to what Whittaker et al. report by 
stating that an amino acid at the Aa2 position sticks out of the enzyme and therefore has ‘a 
modest effect’ on the potency.[7]  

Several potent inhibitors were immobilized on Sepharose beads and evaluated for use in 
solid phase enrichment of active metalloproteases. Experiments showed complete 
enrichment of recombinant MMP-9 and MMP-12 even with lower-affinity inhibitors. 
Enrichment of active ADAM-17 proved more challenging, but two of the tested inhibitors 
were successful. Our results may be the first step towards an MMP-selective enrichment 
material, and furthermore shows that the correlation between affinity (i.e. IC50 value or Ki) 
of free inhibitor and suitability for activity-based enrichment may be less clear than could 
be expected. One of the inhibitors was used for enrichment from a complex biological 
sample, showing for the first time activity based enrichment of endogenous ADAM-17. 
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