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Introduction 
 
Matrix metalloproteases (MMPs) and A Disintegrin And Metalloproteinases (ADAMs) are 
catalytically active Zn2+-dependant proteins that belong to the metallo-endopeptidase 
superfamily.  
MMPs are soluble proteins that have an important physiological function in degradation, 
and turnover of extracellular matrix components, such as collagens and fibronectin. MMPs 
are subdivided according to their substrate preference in gelatinases (MMP-2 and -9), 
collagenases (MMP-1, -8 and -13), stromelysins (MMP-3, -10 and -11) and a number of 
MMPs with other natural substrates such as MMP-12 (macrophage metallo-elastase). 
Besides this substrate proteolysis some MMPs are capable of activation of other 
metalloproteases by proteolytic removal of the activity-inhibiting prodomain, allowing 
substrate access into the catalytic pocket. A well-known example of this is the TIMP-
dependent activation of MMP-2 by membrane-bound MMP-14 1. 
Disregulation of MMPs can lead to a wide range of disease states, mainly correlated to 
proteolytic destruction or aberrant development and repair of tissue. MMPs are implicated 
in cardiovascular disease such as atherosclerosis 2 and aneurism 3, rheumatoid 4  and osteo-
arthritis 5 and cancer progression by promoting metastasis and angiogenesis 6.  
ADAMs are membrane-anchored metalloproteases members of the metzincin superfamily. 
These multidomain proteins display adhesive properties through their integrin-binding 
disintegrin domain and interaction of the cysteine-rich region with glycoproteins 7 and 
extracellular matrix proteins (e.g. fibronectin) 8. Many members of the ADAM family 
contain the consensus zinc-binding catalytic sequence HEXGHXXGXXHD in their 
metalloprotease domain 9. The catalytic activity enables these enzymes to process 
extracellular matrix components and plays an important role in proteolytic activation of 
membrane-anchored precursors of, for instance, growth factors and cytokines. This so-
called ‘ectodomain shedding’ is exemplified by the release of soluble TNFα from the cell 
membrane through proteolysis by ADAM-17 or TACE (TNF-alpha converting enzyme) 10, 
the release of heparin-binding epidermal growth factor by ADAM-9 11 and the α-secretase 
function of ADAM-10 in amyloid precursor protein APP processing 12 as well as the 
convertase activity of the same protein in the Notch/delta signalling pathway 13. 
Disregulation of metalloprotease catalytic activity has been linked to inflammatory 
processes such as arthritis 14 and inflammatory bowel disease 8, Alzheimer’s disease 15, 
cancer 16 and cardiac hypertrophy 17. 
Conventional proteomic and genomic approaches to determine the relation of 
metalloproteases to disease states are limited by the fact that they only take the total amount 
of protein or mRNA into account, while in many cases the functionality, i.e. the catalytic 
activity, is more relevant. Several elegant options to determine proteolytic activity in 
biological samples have been developed, such as zymography and activity-linked ELISA 
techniques 18. Although these techniques are able to visualize and quantify active protein, 
application to a family-wide proteomic approach is difficult since the techniques are 
inherently limited to sub-classes of enzymes due to substrate specificity (e.g. gelatinases in 
gelatine zymography) and antibody specificity in immunoassays. 
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Due to these problems the interest in family-wide, functional proteomic probes has greatly 
increased in recent years. Probes that selectively target active enzymes have been 
developed for a great number of protein classes, such as cysteine proteases 19, serine 
hydrolases 20, proteasome subunits 21, metalloproteases in yeast 22 and matrix 
metalloproteases in human samples 23-25. In this chapter novel, photoactivatable inhibitor 
probes for activity-based MMP and ADAM labelling will be described. 
 
Materials and methods 
 
Recombinant ADAM-8, -9, -10 and -17 (ectodomain) and recombinant human TIMP-3 
(Tissue Inhibitor of Metalloproteases-3) were purchased from R&D Systems (Minneapolis, 
MN, USA). ADAM-8 was autocatalytically activated by incubation at 37°C for 5 days 
according to the manufacturer’s instructions. 
Recombinant catalytic domains (CD) of human MMP-1, MMP-2, MMP-3, MMP-7, MMP-
8, MMP-10, MMP-11, MMP-13 were from Biomol International (Butler Pike, PA, USA). 
Recombinant human MMP-12 CD and recombinant human MMP-9 CD without fibronectin 
type II inserts (expressed in E. Coli as described 26,27 were a kind gift from AstraZeneca 
R&D (Lund & Moelndal, Sweden). TIMP-1 from human neutrophil granulocytes was from 
Calbiochem (La Jolla, CA, USA)   
Alkaline phosphatase conjugated streptavidin was from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). 5-bromo-4-chloro-3-indoyl phosphate (BCIP) and nitro blue tetrazolium 
(NBT) were from Duchefa (Haarlem, The Netherlands). 
Unless otherwise mentioned all other chemicals were from Sigma-Aldrich. 
 
Inhibitor probes1 
 
The photoactivatable inhibitor-probes ML22 (HAPhe(Tmd)AhxLys(Bio)NH2) and ML28 
(Hydroxamic acid-Phe(Tmd)-Ahx-Lys(Bodipy-Tmr)-peptide) were synthesized as 
described by Leeuwenburgh 28. A non-biotinylated control probe ML29, lacking the biotin 
or fluorescent moiety, was synthesized in the same manner (see Fig. 1).  
Second generation probes PPG1 and PPG3 were synthesized according to the schemes 
depicted in figure 2. In these probes the trifluoroazirine photocrosslinker moiety is 
transferred from the amino acid residue in the P’2 to the residue in the P’1 position.   
 
 
 
 
 
 
 

                                                 
1 Details of the synthesis will be reported in the thesis of Paul Geurink (Leiden University) 
and a manuscript that is presently in preparation. 
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Figure 1:  
Chemical structures of biotinylated, photoactivatable inhibitors (ML22) and (PPG3), 
BODIPY-TMR conjugated fluorescent, photoactivatable inhibitor (ML28) and the non-
labelled photoactivatable control probes (ML29) and (PPG1). 
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a Reagents and conditions: a) i. 20% piperidine/DMF, ii. Fmoc-Lys(Mtt)-OH, HCTU, 
DiPEA, NMP; b) i. 1% TFA/DCM, ii. Biotin-OH, HCTU, DiPEA, NMP; c) i. 20% 
piperidine/DMF, ii. Fmoc-Ahx-OH, HCTU, DiPEA, NMP; d) i. 20% piperidine/DMF, ii. 
Fmoc-Phe-OH, HCTU, DiPEA, NMP; e) i. 20% piperidine/DMF, ii. compound 8, DiPEA, 
NMP; f) TFA:H2O:TIS 95:2.5:2.5, HPLC purification, 2.3%. 

 
Figure 2:  
Top panel: synthesis route of the protected, pentafluorophenol-activated intermediate (8)  
Middle panel: conversion to the photoactivatable building block for solid-phase synthesis of the PPG 
series (equivalent to PPG1) (10) 
Lower panel: solid-phase synthesis of biotinylated inhibitor probe PPG3 (16) 
 
Determination of IC50 values 
 
The affinity of the photoactivatable probes for ADAM and MMP proteases was determined 
in a competitive enzyme activity assay monitoring conversion of the fluorogenic substrate 
Mca-PLAQAV-Dpa-RSSSR-NH2 (R&D systems) by recombinant ADAM-9, -10 and -17 
in presence of increasing concentrations photoactivatable probe. For MMP-9 and MMP-12 
inhibition of the conversion of fluorogenic substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
NH2 (Bachem, Bubendorf, Switzerland) was determined. Measurements were performed in 
Costar White 96-well plates (Corning, Schiphol-Rijk, The Netherlands), where each well 
contained either 10 ng ADAM-17, 100 ng ADAM-10 or 200 ng ADAM-9 and a final 
concentration of 10 μM substrate in a final volume of 100 μL ADAM assay buffer (25 mM 
Tris pH 9.0, 2.5 µM ZnCl2, 0.005% w/v Brij-35). Inhibition of MMP proteolytic activity 
was determined with 10 ng of MMP-9 or MMP-12 per well with a final concentration of 2 
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μM substrate in 100 μL MMP assay buffer (50 mM Tris pH 7.4, 0.2 M NaCl, 10 mM 
CaCl2, 2.5 μM ZnCl2, 0.05 % (v/v) Brij-35). Proteolysis rates were followed by measuring 
fluorescence (λex,em = 320, 440 nm) increase using a Fluostar Optima plate reader (BMG 
Labtech, Offenburg, Germany) at 37°C. Six-point inhibition curves (0-10 μM) were plotted 
in Origin 7.0 (Micronal) and IC50 values were determined by sigmoidal fitting. 
 
Labelling of active recombinant metalloproteases by biotinylated, photoactivatable 
inhibitors ML22 and PPG3  
 
Recombinant MMP catalytic domains and recombinant ADAM ectodomains were 
incubated with photoactivatable biotinylated inhibitor probe ML22 or PPG3 in 96-well 
plates (Costar White). Each well (final volume 30 μL) contained 4 pmol enzyme and a final 
concentration of 250 nM (unless indicated otherwise) inhibitor probe in MMP or ADAM 
assay buffer. The plate was irradiated by UV light under a CAMAG universal UV lamp 
(20W, distance to plate 4 cm) with a 366 nm filter for 30 minutes. The reaction was stopped 
by adding 10 µL 5× non-reducing SDS-PAGE sample buffer.  
 
Western blotting 
 
Samples were analyzed by SDS-PAGE on 0.75 mm thick 12.5% polyacrylamide gels. 
Electrophoresis was carried out at 20 mA per gel using a mini-Protean III electrophoresis 
system (Bio-Rad, Veenendal, The Netherlands). The proteins were transferred to an 
Immun-Blot PVDF membrane by wet Western blotting in a mini Trans-blot cell at 350 mA 
for 60 minutes in 25 mM Tris, 190 mM glycine with 20% v/v methanol. Membranes were 
blocked overnight at 4°C in TBST (25 mM Tris buffer pH 7.5 containing 150 mM NaCl, 
0.05% v/v Tween-20) supplemented with 5% w/v non-fat dried milk (Protifar Plus, 
Nutricia, Zoetermeer, The Netherlands) and incubated for 1 hour in a 1:1500 dilution of 
streptavidin-alkaline phosphatase (0.67 μg/ml) in TBST supplemented with 1% non-fat 
dried milk. Biotinylated proteins were visualized by staining with an NBT/BCIP substrate 
solution (0.1 M Tris buffer, pH 9.5 containing 5 mM MgCl2, 0.15 mg/ml BCIP and 0.30 
mg/ml NBT). 
 
Effect of TIMPs on labelling 
 
Aliquots of 4 pmol ADAM-10 and ADAM-17 were incubated overnight at 4°C with 
different molar equivalents of recombinant TIMP-3 in assay buffer, and 4 pmol aliquots of 
MMP-9 and MMP-12 were incubated overnight with an equimolar concentration of 
recombinant TIMP-1. Control aliquots were also kept at 4°C overnight. Photoactivatable 
inhibitor ML22 was added to TIMP-incubated and control ADAM-10 and -17 aliquots to a 
final concentration of 250 nM. Photoactivatable inhibitor PPG3 was added to TIMP-
incubated and control aliquots of MMP-9 and MMP-12 to a final concentration of 200 nM. 
Labelling and analysis were performed as above. 
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Competition with non-biotinylated photoactivatable inhibitors 
 
The control photoactivatable probes ML29 and PPG1 were structurally similar to inhibitor 
probes ML22 and PPG3, respectively, the main difference being the absence of the biotin 
moiety (see Figure 1). Aliquots of 4 pmol ADAM-9 and -10 in assay buffer were 
preincubated for 15 minutes with 2.5 μM of the control inhibitor under UV irradiation. 
Positive controls were treated the same, but without control inhibitor added to the solution. 
Next, photoactivatable probe ML22 was added to a final concentration of 250 nM. 
Labelling and analysis were performed as above. This procedure was repeated for MMP-9 
and MMP-12, were the enzyme solutions were preincubated with 400 nM control probe 
PPG1 and subsequently labelled with inhibitor probe PPG3 at 200 nM. 
 
Preparation and labelling of lung carcinoma cellular proteomes 
 
Lung carcinoma cell line A549 (ATCC, Manassas, VA, USA) was cultured in 75 cm2 
culture flasks (Corning Costar, Cambridge, MA, USA) in RPMI 1640 culture medium with 
l-glutamine (Cambrex, Vervier, Belgium) with addition of 10% Fetal Calf Serum (FCS; 
Cambrex), penicillin (10,000 U/mL) and streptomycin (10,000 μg/mL). Cells were grown 
(37°C, 5% CO2) to 80-90% confluence (determined by light microscopy) and then split or 
used for analysis.  
Cells were serum starved for 24 hours and subsequently either stimulated with phorbol 12-
myristate 13-acetate (PMA) at 50 ng/mL for 2 hours or left for 2 hours without stimulation.  
Cells were harvested in ice-cold lysis buffer (50 mM Tris pH 7.4, 200 mM NaCl, 10 mM 
CaCl2, 2.5 μM ZnCl2, 2% (w/v) CHAPS) and incubated on ice for 1 hour with regular 
vortex mixing. Insoluble material was removed by centrifugation at 20.000 x g and the 
supernatant was used for the experiments. 
Stimulated cell lysate supernatants were incubated with 1 μM photoactivatable probe 
ML22 and irradiated as described above. A control lysate was treated identically but 
without addition of probe.  Protein labelling was analyzed by Western blotting as described 
above. 
The same lysates were also incubated with BODIPY-TMR conjugated probe ML28.  
Lysates of basal and PMA-stimulated cells were incubated with 1 µM of probe PPG3 and 
analyzed as above. 
 
Labeling of cell lysate samples with ML28 and fluorescence scanning detection 
 
Cell total proteome samples prepared as described above were incubated with 1 µM of 
photoactivatable probe ML28 and labeled by UV irradation at 366 nm for 30 minutes as 
described earlier for labeling with ML22. The reaction was stopped by adding non-reducing 
SDS-PAGE sample buffer and the samples were analyzed by gel electrophoresis as 
described above (10% polyacrylamide gel). The gels were scanned using a Biorad FX pro 
fluorescence imager with λex at 532 nm and λem filtered through a 555 nm long pass filter.  
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Pull-down of labelled, biotinylated proteins 
 
Cell lysate labelled with probe ML22 and control lysate (40 μL each) were incubated with 
20 μL streptavidin-agarose beads (ImmunoPure Immobilized Streptavidin, PIERCE) for 30 
minutes in a cooled shaking incubator (Eppendorf Thermomixer, 4ºC, 1200 rpm). 
Supernatants were collected and beads were washed once with 1 mL lysis buffer, 2-times 1 
mL washing buffer with Tween (50 mM Tris pH 7.4, 200 mM NaCl, 10 mM CaCl2, 2.5 μM 
ZnCl2, 0.05 % v/v Tween-20) and 5-times 1 mL washing buffer without Tween. All 
washing steps were performed in an Eppendorf thermomixer for 10 minutes at 1200 rpm 
and 15ºC. Beads were sedimented by centrifugation (3 minutes at 3000 x g). Wash fractions 
were collected. Beads were boiled for 15 minutes with 30 μL of non-reducing sample 
buffer for SDS-PAGE and sedimented by centrifugation. The supernatants were collected. 
Original samples, supernatants formed after incubation of lysates with beads, second wash 
fractions and the fractions obtained after boiling were analyzed by SDS-PAGE on 10% 
polyacrylamide gels followed by Western blotting as described above. Immunodetection 
was performed by incubation with a monoclonal anti-ADAM 10 antibody (clone 163003, 
R&D systems) at 1 μg/mL in TBST with 1% Protifar for 2 h, and alkaline phosphatase 
conjugated goat-anti-mouse IgG (Sigma-Aldrich) at 0.67 µg/mL in TBST with 1% Protifar. 
ADAM 10 bands were visualized with NBT/BCIP.  
 
 
Labelling of urine from a kidney-graft recipient 
 
An aliquot of fresh urine from a transplant patient that visited the clinic for a check-up was 
obtained with informed consent of the patient, kindly provided by Wynand Meelenhorst, 
Dept. of Pathology, University Medical Center Groningen. 
The urine was centrifuged at 20,000 xg for 5 minutes to remove debris, and subsequently 
labelled with 1 µM probe PPG3. A control aliquot was treated the same with omission of 
PPG3. Both samples were analysed by SDS-PAGE and biotin Western blot as described 
above. 
 
Results and discussion 
 
Characterization of first generation probe ML22 
 
The design of first-generation probe ML22 was a result of earlier successful experiments 
with the novel reversible hydroxamate-based probes, which yielded a highly effective 
broad-spectrum inhibitor with IC50 values comparable to, or even below those of 
commercially available inhibitors like TAPI-228,29. Incorporation of a UV-reactive 
trifluoroazirine moiety on the P’2 position was hypothesized to enable photocrosslinking 
and thus covalent, irreversible labelling of active metalloproteases. 
Both probe and control compound retain their high inhibition efficacy compared to the 
basic reversible inhibitor ML5, as shown in table 1 although introduction of the 
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trifluoroazirine group increased IC50 values for all three tested ADAMs. The IC50 values are 
still within the nM range, and probe ML22 seems particularly effective in inhibiting MMP 
catalytic activity. 
 
 
Table 1: IC50 values (nM) of photoactivatable inhibitor probe ML22 and control probe ML29 (see 
figure 1). For comparison the values of the non-functionalized inhibitor ML5 are included. Values 
were determined in a standard enzyme inhibition assays with recombinant enzymes. nd: not 
determined. 
 

 MMP-9 MMP-12 ADAM-9 ADAM-10 ADAM-17 

ML5 nd 5.27 nd nd 10.7 

ML22 25.1 3.60 148 114 20.6 

ML29 nd nd 22.2 48.8 4.32 

 
To test whether photocrosslinking is effective and to determine the conditions necessary for 
optimal covalent tagging some preliminary experiments were carried out. From the first 
tests with recombinant ADAM proteases it was apparent that labelling of ADAM10 was 
most efficient (see figure 3b). Figure 3a shows that the labelling process is dependent on 
UV irradiation, as expected. Figure 3 further shows that labelling was dependent on 
irradiation time, and that maximum crosslinking is reached after 30 minutes. This finding 
was confirmed by mass spectrometric analysis of a solution of ML22 after different 
incubation times, which showed that after 30 minutes only photolyzed probe remained in 
the sample (data not shown). A third observation was that the required concentration of 
probe to achieve maximum labeling is actually much lower than the 2.5 µM that was 
originally used, as a labeling concentration of 0.5 µM already yields the same band 
intensity. Additional experiments show that even lower concentrations are still tolerated, 
with even 100 nM still giving a good signal (data not shown). For further experiments a 
concentration of 250 nM was chosen as a compromise. For later labeling of biological 
samples the concentration of probe was increased to 1 µM since the total concentration of  
protein is expected to be much higher.  
Figure 3a shows the effect of denaturing the enzyme prior to incubation with the 
photocrosslinker probe. In lane 8 (after denaturation) the intensity of the biotinylated, and 
thus labelled ADAM10 was strongly decreased. A more detailed study (figure 3b) 
cvonfirmed that all three tested ADAM proteases showed clearly decreased labelling after 
the enzymes had lost their tertiary structure due to denaturation. This is an indication that 
the labelling is indeed dependant on strong interaction with the catalytic pocket of the 
enzyme, since the crosslinking process itself is non-selective, and could also occur by 
nucleophilic attack of the carbene moiety to amino acids in the denatured enzyme. 
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Figure 3:  
a) Biotin blot of recombinant ADAM-10 ectodomain labelled with 2.5 µM photoactivatable inhibitor 
probe ML22. The effect of UV irradiation time at 366 nm is shown (lanes 1-5 resp. 0; 5; 15; 30; 60 
minutes) as well as the effect of competition with 100 µM reversible MMP inhibitor TAPI-2 (lane 6). 
Lane 7 shows labelling at 0.5 µM ML22 for 30 minutes. Lane 8 shows decreased labelling of ADAM-
10 after denaturing by preboiling the sample in a 2% SDS solution. 
b) Effect of denaturation on labelling of ADAM proteases with inhibitor probe ML22. Aliquots of 4 
pmol ADAM-9, -10 and 17 were labelled with 0.25 µM ML22 in either native form, or after 
denaturation by boiling in 2% SDS for 5 minutes (D). 
 
Competition with a known reversible inhibitor with high affinity towards metalloproteases 
did however not yield the anticipated result (Fig. 3A, lane 6). Since one of the competing 
inhibitors in this experiment is actually covalent while the other is reversible, this may 
indicate favourable kinetics (Kon/Koff) for ML22 (no off rate once it is covalently bound) 
over the reversible inhibitor (TAPI-2) preventing effective competition.  
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Figure 4: 
A) Biotin blot of recombinant ADAM-17 and -10 incubated with increasing molar equivalents of 
TIMP-3 overnight prior to photoaffinity labelling with probe ML22.  
B) Biotin blot of recombinant ADAM-9 and -10 labelled with 250 nM photoactivatable probe ML22, 
with (+) and without (-) preincubation with 2.5 µM non-biotinylated, photoactivatable control probe 
ML29. 
 
To further substantiate that labelling is not only dependant on an intact three-dimensional 
protein structure but in particular on a functional active site, aliquots of ADAM-10 and 
ADAM-17 were incubated with their endogenous inhibitor TIMP-3 prior to photoaffinity 
labeling. Figure 4a shows a concentration-dependant decrease of labelling in the presence 
of TIMP-3, which is indicative of competition between TIMP-3 and the photoactivatable 
probe. At a two-fold molar excess neither ADAM-10 nor ADAM-17 are detectably 
labelled. The ability of the endogenous inhibitor to decrease the labelling of ADAMs 
demonstrates the specificity of the probe for the active enzyme.  
TIMP-3 is a rather bulky protein compared to the small size of the inhibitor probe, which 
could imply that most binding sites for the probe are simply shielded off and the probe 
cannot access these sites. To prove that labelling is indeed active site-specific, a non-
biotinylated control of the photoactivatable probe was synthesized (see figure 1). Pre-
incubation with an excess of this inhibitor should occupy the available binding sites and 
thus preclude labelling with the biotinylated probe. Since detection by Western blotting is 
based on the biotin-streptavidin interaction, enzyme labelled with only control inhibitor will 
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not be visible. Figure 4b shows a clear decrease of labelling of both ADAM-9 and ADAM-
10 after preincubation with a 10-fold molar excess of control probe, further indicating that 
labelling of these ADAMs with the biotinylated probe is indeed active site-specific. These 
results show also that the lack of competition with a high-affinity, reversible inhibitor were 
most likely due to the fact that the photoactivatable probe binds irreversibly to the active 
site. Taken together, these experimental results demonstrate that the photoactivatable probe 
ML22 binds to the active site of the tested metalloproteases.  
 

 
 
Figure 5:  
Biotin blot of 10 recombinant MMP proteases (4 pmol each; numbers above the lanes correspond to 
the respective MMP), and 4 recombinant ADAM proteases (ditto) labelled with 250 nM of 
biotinylated, photoactivatable inhibitor ML22.  
 
By testing a wider range of metalloproteases, we subsequently wanted to investigate 
whether ML22 is a truly family-wide, activity-dependent photoaffinity label. Activity-
dependent photoaffinity labelling of metalloproteases on a family-wide scale requires a 
probe that interacts with the active site of any MMP or ADAM. So far such a probe has not 
been described in the literature. The results shown in figure 5 demonstrate that ML22 labels 
several active ADAM proteases resulting in the covalent incorporation of biotin, but as 
shown in figure 5, this does not hold true for all MMPs nor for ADAM-8. Interestingly, 
efficiency of photolabelling does not correlate with the measured IC50 values (see Table 1) 
indicating that there are additional structural factors involved in arriving at an efficient 
photoactivatable probe that is capable of labelling the entire family of MMPs and ADAM 
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proteases. To investigate this further, a new synthetic approach was developed to produce 
the PPG series of inhibitors.  
 
Characterization of second generation probe PPG3 
 
To facilitate family-wide labelling a new probe (PPG3; see Figures 1 and 2 for details) was 
designed by placing the photoactivatable trifluoroazirine group in the P’1 rather than in the 
P’2 position. Based on the 3-dimensional structures of metalloprotease inhibitor complexes, 
it is hypothesized that the photocrosslinker on this position enters the hydrophobic S’1 
pocket in the catalytic site of MMPs 30. This should bring the photoactivatable group into 
more intimate contact with the enzymes. Since the labelling mechanism, a nucleophilic 
attack after activation of the photolabile group by UV irradiation to generate a carbine, is 
by nature not selective, close proximity to amino acids in the active site is critical for 
efficient labelling to avoid inactivation of the reactive carbene through reaction with water. 
Transfer of the photocrosslinker moiety to the P’1 position resulted indeed in improved 
labelling efficiency for most MMPs although there were still gradual differences (Figure 6). 
The labelling of ADAM-10 increased further, while labelling of ADAM-9 and -17 was 
comparable. ADAM-8 was also labelled, albeit at a lower yield. The efficient labelling of 
all tested MMPs (10 types) and ADAMs (4 types) makes PPG3 an excellent candidate for 
family-wide labelling of these classes of enzymes. It is noteworthy that most labelled 
MMPs resulted in multiple bands upon SDS-PAGE analysis. This is likely due to 
degradation (auto-proteolysis) prior to or during photoaffinity labelling. Further 
experiments are planned to investigate this. 
 
 
Table 2: IC50 values (nM) of photoactivatable inhibitor probe PPG3 and control probe PPG1. 
Values were determined in a standard enzyme inhibition assays with recombinant enzyme ND: not 
determined. 
 

 MMP-9 MMP-12 ADAM-10 ADAM-17 

PPG3 24.2 12.5 54.1 490 

PPG1 ND 9.38 ND 530 
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Figure 6: 
Biotin blot of 10 recombinant MMP proteases (4 pmol each; numbers above the lanes correspond to 
the respective MMP), and 4 recombinant ADAM proteases (pmol each; numbers above the lanes 
correspond to the respective MMP) labelled with biotinylated, photoactivatable inhibitor PPG3.  
 
Inhibition data show again a rather poor correlation between inhibitor affinity as expressed 
in IC50 values (Table 2) and photolabelling efficacy. IC50 values determined for MMP-9 
and -12 and for ADAM-10 and -17 show that PPG3 is more potent against MMP-12 than 
against ADAM-10 while ADAM-10 is more strongly labelled. Comparison of the IC50 
values between ML22 (Table 1) and PPG3 shows furthermore that the lower IC50 value for 
ML22 does not translate into more efficient photolabelling rather the contrary. While 
ML22 is a better inhibitor of MMP-12 and ADAM-17 activity than PPG3, labelling of 
MMP-12 with PPG3 is stronger and labelling of ADAM-17 is not decreased. The inhibition 
constant of PPG3 for MMP-9 is similar to that of ML22 but labelling is more efficient with 
PPG3. Another interesting observation when comparing labelling of MMP-9 in figures 5 
and 6 is the decreased autocatalytic degradation of MMP-9, indicating that PPG3 is in fact 
an inhibitor with strong binding properties., or that one of the autolytic fragments is 
preferentially labeled by PPG-3. 
This lack of a clear correlation of IC50 values and labelling yield confirms the greater 
importance of placing the photoactivatable trifluoroazirine in close proximity to amino 
acids in the enzymes’ active sites rather than trying to increasing inhibitor affinity. More 
work is ongoing to probe this structure-labelling efficiency relationship further to arrive of 
more effective, family-wide photoactivatable probes. 
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Activity-dependence of photoaffinity labelling with PPG3 
 
To prove that labelling with of MMPs with PPG3 is activity-dependent, we followed a 
similar strategy as for ML22. MMP-9 and -12 were incubated with a twofold molar excess 
of TIMP-1 prior to labelling with the probe. Figure 7a  shows that pre-incubation with 
TIMP-1 completely inhibited the labelling of both MMP-9 and MMP-12, indicating that 
labelling by PPG3 was selective for the catalytically active isoform of the enzyme and that 
it is possible to distinguish free active enzyme from TIMP-complexed, inactive MMP. 
The effect of competition with a non-biotinylated control probe (PPG1) was also 
investigated. As shown in figure 7b, preincubation with a 2-fold molar excess of competing 
probe is capable of preventing labelling with PPG3 almost completely, as compared to the 
10-fold excess that was necessary in the case of ML22 and its control ML29. This is a 
further indication that the PPG probes have higher crosslinking efficiency and that less of 
the probe is lost due to non-productive photolysis of the inhibitor. The fact that a 2-fold 
excess completely inhibits binding of PPG3 to the recombinant enzymes makes also a 
strong point for the site-specificity of the probes, since many places for non-selective 
reaction with the enzyme would still be available after preincubation with PPG1. 
 

 
Figure 7: 
A) Biotin blot of recombinant MMP-9 and -12 incubated with a two-fold molar excess of TIMP-1 
overnight prior to photoaffinity labelling with 200 nM probe PPG3.  
B) Biotin blot of recombinant MMP-9 and -12 labelled with 200 nM photoactivatable probe PPG3, 
with (+) and without (-) preincubation with 400 nM non-biotinylated, photoactivatable control probe 
PPG1. 
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Labelling of proteins in complex proteomes with probe ML22 
 
To test the applicability of the probes, functional proteomics labelling experiments were 
performed in detergent-based total cell lysates of a human lung carcinoma cell line (A549 
cells) stimulated with phorbol 12-myristate 13-acetate (PMA). This matrix was chosen as a 
“model sample” since previous experiment had already demonstrated the presence of 
several (catalytically active) metzincins, such as ADAM-10 and ADAM-17. 
Early experiments using the non-denaturing surfactant Triton X-100 for solubilisation of 
membrane-anchored proteins (such as ADAMs) yielded disappointing results, which was 
explained by an unknown interference of Triton with the photocrosslinking process (as 
demonstrated by labelling of recombinant ADAM-10 in increasing concentrations of Triton 
X-100, data not shown). After switiching to CHAPS for solubilisation of membrane 
proteins several bands were visualized on a biotin blot as shown in figure 8a. One 
interesting observation is the presence of three intense bands in both the labelled and the 
unlabeled sample, which correspond to endogenously biotinylated proteins. Since the 
staining method is based on streptavidin-biotin binding it is unable to discriminate between 
naturally biotinylated proteins and proteins that are biotin conjugated due to the inhibitor 
probe. 
Mass spectrometric analysis of a pull-down experiment with immobilized streptavidin 
revealed that the endogenously biotinylated proteins were mainly CoA carboxylases 
involved in the cellular energy metabolism. The presence of these highly abundant 
biotinylated proteins interfered with the mass spectrometric identification of photolabelled 
proteins, since the chromatograms were ‘flooded’ with tryptic peptides resulting from the 
naturally biotinylated proteins. 
To demonstrate that labelling of endogenous ADAM proteases is in fact possible in a 
complex proteome with these probes (as was already shown by the group of Cravatt using 
different probes 24), a similar pull-down experiment was performed on labelled and 
unlabeled A549 lysate. The bound and unbound fractions were subsequently analysed by 
ADAM-10 Western blot as shown in figure 8b. ADAM-10 is only recovered in the bead 
fraction after labelling with ML22 and no unlabeled ADAM-10 binds to the streptavidin 
beads. The amount of recovered ADAM-10 was very low, when compared to alternative 
analysis methods where more than half the ADAM-10 is actually in the catalytically active 
isoform (As determined by activity-based enrichment, see chapter 4). This may be an 
indication that the crosslinking yield is relatively low, leaving most active ADAM-10 
unreacted, and invisible to detection. 
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Figure 8:  
A) A lysate of A549 cells stimulated with phorbol 12-myristate 13-acetate (PMA) was labelled with 
(+) and without (-) the photoactivatable probe ML22. Biotinylated bands were visualized by Western 
blotting with alkaline phosphatase conjugated streptavidin staining. Labelled bands are marked with 
an asterisk. 
B) Lysates of PMA stimulated A549 cells were labelled with (left lanes) and without (right lanes) the 
photoactivatable probe ML22 and a pull-down was performed with streptavidin-conjugated 
Sepharose beads. Proteins were eluted from the beads by boiling in non-reducing SDS sample buffer. 
1: original lysate; 2: supernatant after incubation with streptavidin beads; 3: final wash fraction; 4: 
supernatant obtained after boiling of the beads. ADAM-10 was visualized by immunoblotting with a 
monoclonal anti-ADAM10 antibody and alkaline phosphatase staining only after labelling with 
ML22 (see arrow). 
C) Fluorescence scan of an SDS-PAGE gel of a lysate of PMA stimulated A549 cells after 
photolabelling with and without 1 µM of the BODIPY-TMR conjugated inhibitor probe ML28. The 
gel was scanned using a fluorescence imager (λex 532, λem 555 nm long pass). 
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The labelling of several proteins by ML22 was confirmed by the results from an 
experiment where an A549 lysate was labelled with 1 µM ML28, a structurally identical 
counterpart of ML22, except for the conjugated fluorescent dye BODIPY-TMR as reporter 
molecule instead of biotin (see figure 1 for structure). Figure 8c shows four distinct 
fluorescent bands in the sample incubated with ML28. The very prominent band around 70 
kDa was not visible in the anti-Biotin Western blot (figure 8a) most likely since it was 
shielded by the presence of intense bands from endogenously biotinylated proteins. This 70 
kDa band is selectively labelled since the binding can be outcompeted with both EDTA 
(indicating the process is metal-dependent) as well as by an excess of control probe ML29 
(data not shown).  
The labelling pattern obtained with ML28 is somewhat different than with ML22. two 
higher molecular weight bands are visible, one of which may correspond to the upper band 
in Fig. 8A at about 125 kDa, while the lower band at 50-60 kDa seems to have disappeared. 
This effect may be due to a subtle difference in selectivity due to the presence of the rather 
bulky fluorophore in the molecule, although it is not possible to compare the two results 
exactly due to the use of different molecular weight markers. 
 
Labelling of proteins in complex proteomes with probe PPG3. 
 
To investigate if the improved labelling yield of the PPG series of probes towards MMPs 
could also be demonstrated in a complex biological sample, CHAPS-based lysates of basal 
and PMA stimulated A549 cells were incubated with 1 µM of PPG3 and subsequently 
analysed by SDS-PAGE and biotin Western blot. 
 
One interesting observation from figure 9 is the presence of many more naturally 
biotinylated proteins, but absence of the differentially detected, labelled bands in the higher 
MW region that were labelled with ML22. The band around 37 kDa that was also observed 
in the ML22 labelled lysate was most prominent in this case. When increasing the contrast 
of the lower molecular weight region several less intense bands became visible in the 
sample treated with PPG3. An interesting fact about this experiment is the stronger 
labelling of the 37 kDa protein by treatment of the cells with PMA indicating upregulation 
or activation. Phorbol esters are known to activate PKCδ, and experiments in another type 
of epithelial cells (16HBE) have shown that this activation leads to an increased release of 
TNF-α from the cell membrane (a process that was not observed in A549 cells under 
identical conditions). Since this process is strongly dependent on ADAM-17 (and to a lesser 
extent ADAM-10) it was hypothesized that PMA treatment could lead to an activation of 
metalloproteases in the cell, but this was not observed on the protein level in either cell line. 
Our result based on activity-dependent photoaffinity labelling may shed more light on the 
mechanism of TNF-α release. 
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Figure 9: 
Biotin blot of total cell lysates of basal (BAS) and PMA stimulated A549 cells after incubation with 
(+) and without (-) 1 µM photoactivatable inhibitor probe PPG3. The higher contrast zoom of the 
lower molecular weight region shows several bands visible in the labelled lysate. 
 
The task of identifying the 37 kDa protein has so far not been completed and is again 
complicated by the presence of large amounts of naturally biotinylated proteins. Several 
experiments were carried out to remove naturally biotinylated proteins from the cell lysates 
prior to analysis, but for unknown reasons complete depletion of biotinylated protein using 
immobilized streptavidin was impossible (as judged from anti-biotin staining of Western 
blotted samples prior to and after preclearing). 
 
To investigate if the novel probe PPG3 could be useful in clinical samples, a preliminary 
experiment was carried out using fresh urine of proteinuria patients with various diseases 
where metalloprotease activity could be implicated (with patient consent, kindly provided 
by Wynand Melenhorst, Dept. of Pathology, University Medical Center Groningen). Figure 
10 shows the labelling obtained in the urine of a patient visiting the clinic for a check-up 
after kidney transplantation. The blot shows labelling of 2 distinct bands around 70 kDa, 
the anticipated molecular size of most active full length ADAM proteases. Identification of 
the labelled protein was in this case not complicated by interference of naturally 
biotinylated protein, but the total amount of the protease in the sample was probably too 
low since no  database identification was achieved. This experiment showed, however, that 
labelling of protein in clinical samples is possible, and may be a good starting point for 
further studies. 
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Figure 10: 
Biotin blot showing labelling of proteins in urine of a kidney-transplant patient with 1 μM PPG3. 
Biotinylated bands were visualized by Western blotting with alkaline phosphatase conjugated 
streptavidin staining. 
 
 
Conclusions 
 
Functional proteomic tools can provide valuable additional information that complements 
results obtained with generic proteomics techniques. In this chapter two novel activity-
based, photoactivatable inhibitor probes that label MMP and ADAM proteases were 
characterised.  
Placing the photoactivatable trifluoroazirine group in the P’1 position of the inhibitor PPG3 
proved to enhance labelling efficiency significantly relative to the first generation inhibitor 
ML22 (trifluoroazirine group in the P’2 position), especially with respect to the labelling of 
MMPs. This second generation probe selectively labels catalytically active members of 
both enzyme families and may therefore provide a valuable tool for development of 
activity-based methods for the analysis of these enzymes in biological samples.  
The results obtained with both probes show that there is little correlation between measured 
IC50 values and the suitability of a given probe to be an effective photoaffinity label. 
Further experiments to study the actual kinetics of enzyme-inhibitor interactions may prove 
useful to optimize probes, since it likely that a slow off-rate is beneficial to efficient 
photoaffinity labelling. This in combination with the developed library synthesis approach 
(see chapter 4) holds promise to arrive at further improved photoactivatable inhibitors. 



Chapter 3 
 

112 

The biotin moiety incorporated in the probe provides not only the possibility for 
visualization but also for enrichment of labelled ADAMs through pull-down with 
immobilized streptavidin or avidin beads. Although far from trivial, this opens the way to 
the identification of labelled proteins by proteolytic digestion and mass spectrometry. The 
problem of interference of naturally biotinylated proteins in the sample still poses a major 
hurdle. 
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