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Based on the widely applied fluorogenic peptide FS-6 (Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-

NH2; Mca = methoxycoumarin-4-acetyl; Dpa = N-3-(2,4-dinitrophenyl)l-α,β-diaminopropionyl) a 

caged substrate peptide Ac-Lys-Pro-Leu-Gly-Lys*-Lys-Ala-Arg-NH2 (*, position of the cage 

group) for matrix metalloproteinases was synthesized and characterized. The synthesis implies 

the modification of a carbamidated lysine side-chain amine with a photocleavable 2-nitrobenzyl 

group. Mass spectrometry upon UV irradiation demonstrated the complete photolytic cleavage of 

the protecting group. Time-resolved laser-flash photolysis at 355 nm in combination with 

transient absorption spectroscopy determined the biphasic decomposition with τa = 171 ± 3 ms 

(79%) and τb = 2.9 ± 0.2ms (21%) at pH 6.0 of the photo induced release of 2-nitrobenzyl group. 

The recombinantly expressed catalytic domain of human membrane type I matrix 

metalloproteinase (MT1-MMP or MMP-14) was used to determine the hydrolysis efficiency for 

the caged peptide before and after photolysis. It turned out that the cage group sufficiently 

shields the peptide from peptidase activity, which can be thus controlled by UV light. 

Introduction 

The use of caged compounds for the light triggered release of 
biologically active compounds has been demonstrated for many 
cases.1-3 The development of fully optical control for effector 
activation has proven to be useful in a number of applications 
where in situ modulation of substrate concentration with spatial 
and temporal resolution is important.3-5 In specific cases, fast 
decomposition of photoactivated compounds has allowed to 
overcome the temporal limitations imposed by rapid mixing 
techniques.6 However, the application of light triggered 
activation of the large group of hydrolytic enzymes called 
peptidases is a yet underrepresented issue. An important class 
of peptidases is comprised by the zinc-dependent matrix 
metalloproteinases (MMPs), of which more than 20 different 
isoforms are expressed in humans. They play a major role in the 
degradation and remodeling of extracellular matrix substrates 
and are, therefore, involved in processes like wound healing, 
bone resorption, embryonic development, tissue development 
etc.7-10 Consequently, diseases like arthritis, rheumatism, and 
cancer are often linked to MMP dysfunction.6,8 Even if MMPs 
share the zinc binding motif conserved sequence 
HEXGHXXGXXH and show essentially identical three 
dimensional structure, their substrate specificity is very 
different.11 Therefore, the design of pharmaceutically 
applicable MMP inhibitors requires the detailed knowledge 

about the substrate-enzyme interaction and their catalytic 
process. 
Recently, the study of the role of water dynamics on the 
substrate-enzyme interaction of the membrane type I matrix 
metalloproteinase (MMP14 or MT1-MMP) revealed a strong 
coupling between water and protein motion being crucial for 
the substrate recognition.10,12,13 MT1-MMP has been reported to 
cleave several types of collagen, e.g. type I, II, III collagens, 
and to hydrolyze a variety of different substrates such as κ-
elastin, gelatin, β-casein, and other extracellular matrix 
components.14 The active site contains a catalytic zinc atom 
bound to three hystidines and exposed to the solvent. The 
structure of the substrate binding site is characterized by a 
pocket located next to the zinc atom called "S1 pocket", which 
is probably a determining factor of substrate specificity. This 
hydrophobic pocket has different depth among MMP isoforms 
and dictates the substrate docking.15 The suggested catalytic 
mechanism of action for MMPs involves the nucleophilic attack 
of water molecule polarized by the catalytic Zn2+ and the 
conserved glutamate on the scissile bond at close-to-neutral pH. 
For this to happen, a substrate must be bound and form a 
Michaelis complex.6,16 Even if several specificity studies using 
collagen-model peptides have been published11, the specific 
mechanism of MMPs-substrate interaction and recognition 
remains an important unresolved issue. Here we report on the 
design and synthesis of a MT1-MMP caged substrate peptide. 
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The products of light decomposition are characterized by mass 
spectrometry. Laser-flash photolysis experiments allow 
determining an upper limit for substrate release by light. The 
applicability of the photolabile caged MT1-MMP is 
demonstrated by fluorescence and HPLC detection. 

Materials and Methods 

Materials 

The expression plasmid for the catalytic domain of human 
MT1-MMP (residues 112–292) was transformed into 
Escherichia coli BL21(DE3) (Novagen). Expression and 
purification of the enzyme was carried out as described 
previously.17  

Synthesis of nitrobenzyl-L-lysine 

Synthesis of 2-nitrobenzylcarbonyl chloride (3) (3.13 g light 
brown crystals). 1.68 g (11 mmol) of 2-nitrobenzylalcohol (1) 
and 4.36 g (22 mmol) of diphosgen (2) were dissolved in THF 
and refluxed for 2 h. The solvent was removed under reduced 
pressure at 50°C. mp 59°C (from 3:2 diethyl ether/pentane); 
m/z 169 (M+, 17%), 152 (2), 136 (44), 125 (37), 121 (11), 104 
(32), 99 (12), 91 (72), 78 (100), 63 (74), 51 (49), 44 (26), 39 
(17), 30 (5); NMR: δH(500 MHz; CD2Cl2; (CH3)4Si) 5.73 (2 H, 
s, CH2), 7.59 (1 H, m, Ph-C4H), 7.66 (1 H, m, Ph-C5H), 7.75 (1 
H, d, Ph-C6H), 8.18 (1 H, d, Ph-C3H); δ¹³C(400 MHz; CDCl3; 
CDCl3) 67.8 (CH2), 125.4 (Ph-C3), 128.8 (Ph-C4), 129.6 (Ph-
C6), 130.1 (Ph-C1), 134.2 (Ph-C6), 147.2 (C–NO2), 147.5 
(COCl). 

 
Scheme 1 Synthetic route for the preparation of N

2
-(9-fluoromethoxycarbonyl)-

N
6
-2-nitrobenzyloxycarbonyl-L-lysine as a precursor for peptide synthesis. 

Synthesis of N2-(9-fluoromethoxycarbonyl)-N6-2-
nitrobenzyloxycarbonyl-L-lysine (5) (2.8 g, 15.5% light yellow 
crystals). All steps were carried out in the dark. 12.33 g (33.5 
mmol) of N2-(9-fluoromethoxycarbonyl)-L-lysine (4) (Fmoc–
Lys–OH) (Bachem) was suspended in 200 mL of DMF and 
incubated with 1.1 g (33.5 mmol) of 3 and 4.63 g (33.5 mmol) 
of K2CO3. The mixture was stirred for 6 h at 50°C. Afterwards 
600 mL of CH2Cl2 were added and extracted with saturated 
NaHCO3 solution and twice with saturated NaCl solution. Upon 
filtration the solution was dried over MgSO4 and the solvent 
removed under reduced pressure. The brown liquid was 

dissolved in 95:5 CH2Cl2/CH3OH and purified by silica gel 
chromatography. Elution was achieved with 85:15 
CH2Cl2/CH3OH. NMR: δH(400 MHz; d6-DMSO; (CH3)Si4) 
8.08 (1 H, d, C3H–CNO2), 7.86 (2 H, d, Fmoc-C4/5H), 7.77 (1 
H, t, Fmoc-C9H), 7.30 (2 H, m, Fmoc-C2/7H), 7.40 (4 H, m, 
Fmoc-C1/3/6/8H), 7.6 (3 H, m, Ph-C4/5/6H), 5.33 (3 H, s, NH), 4.2 
(3 H, m, Fmoc-CH2/Lys-Cα), 3.32 (broad, OH), 3.16 (2 H, s, 
CH2–C–CNO2), 3.95 (2 H, m, Lys-CεH2), 1,6 (2 H, m, Lys-
CβH2), 1.38 ( 2 H, m, Lys-CδH2), 1.26 (2 H, m, Lys-CγH2). 

Peptide Synthesis 

The peptides Fluo-LK, Fluo-KK, KK, and Ø-KK presented in 
Scheme 2 were synthesized by standard solid phase synthesis 
(SPS; Rink amide ChemMatrix, Aldrich) using Fmoc chemistry 
and N-methylpyrolidon as the solvent. In case of the caged 
peptide Ø-KK the coupling efficiency of the modified Lys was 
84.7%, as estimated from UV absorption of the fulvene adduct 
formed upon removal of the Nδ-Fmoc protecting group with 
25% piperidine/DMF for 20 min at room temperature. For the 
synthesis of Ø-KK and the fluorogenic peptides FS-1 and FS-6 
care was taken to minimize exposure to light. All peptides were 
purified by C18-RPC (Phenomenex Gemini C18, 110 Ǻ, 5 µm, 
250 mm × 21.2 mm) using HPLC and a linear gradient of 
CH3CN from 0 to 90% in 0.1% trifluoroacetic acid (TFA). 
Peptides were characterized by ESI MS: Fluo-LK: m/z Found: 
1263.7 [M + H]+. Calc.: 1263.6; Fluo-KK: m/z Found: 1278.6, 
Calc.: 1278.7; KK: m/z Found: 938.6, Calc.: 939.6; Ø-KK: m/z 
Found: 1117.7, Calc.: 1117.6; For Ø-KK: λmax(water)/nm 266 
(ε/dm3 mol-1 cm-1 3914); 
 

                          Dnp 

                          | 

Fluo-LK: Mca-Lys-Pro-Leu-Gly~Leu-Lys-Ala-Arg-NH2 
 

                          Dnp 

                          | 

Fluo-KK: Mca-Lys-Pro-Leu-Gly~Lys-Lys-Ala-Arg-NH2 
 

 

KK:  Ac-Lys-Pro-Leu-Gly~Lys-Lys-Ala-Arg-NH2 

 

                      Ø 

                      | 

Ø-KK:  Ac-Lys-Pro-Leu-Gly~Lys-Lys-Ala-Arg-NH2 

 

 

FS-1:     Mca-Pro-Leu-Gly~Leu-Dpa-Ala-Arg-NH2 

 

 

FS-6: Mca-Lys-Pro-Leu-Gly~Leu-Dpa-Ala-Arg-NH2 

 
Scheme 2 Substrate peptides for MT1-MMP referred to in this study. Mca = 

methoxycoumarin-4-acetyl; Dnp = 2,4-dinitrophenyl; Ø = 2-

nitrobenzyloxycarbonyl; Dpa = N-3-(2,4-dinitrophenyl)-L-α,β-diaminopropionyl. 

~ denotes the hydrolyzed peptide bond. 
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Enzyme kinetics of fluorescent peptide substrates 

Enzyme kinetic parameters were determined by monitoring the 
increase in fluorescence intensity of Mca due to the decrease of 
FRET quenching18 by Dnp upon hydrolysis of the fluorogenic 
peptides Fluo-KK and Fluo-LK with a 96-well plate reader 
connected to a fluorescence spectrophotometer (Varian Cary 
Eclipse) at 25°C. Fluorescence at λem = 400 nm was monitored 
upon excitation at λex = 340 nm. To measure the rate of 
substrate cleavage, enzyme was added to the reaction mixture 
in 50 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM CaCl2 and 
varying concentrations of fluorescent substrate (2 - 15 µM). 
The kinetic data were fitted by a pseudo-first-order reaction rate 
(Eq. [1]) using ORIGINLAB 8.6 (Microcal) 

Eq. 1             F(t) = Fmax[1-e-kt] + F0 

where F(t) is the fluorescence at time t, F0 and Fmax  are the 
initial and the final fluorescence intensities, respectively, and k 
is the pseudo-first-rate constant k = [E]tot (kcat/KM).19 
Concentration of MT1-MMP and fluorescent substrates was 
determined by UV-VIS absorption (ϵ275 nm = 35410 M-1 cm-1 
and ϵ410 nm= 7500 M-1 cm-1 for the enzyme and fluorogenic 
substrates respectively).20 

Analysis of the hydrolysis of non-fluorescent peptides 

2.5 µM MT1-MMP in 50 mM Tris/HCl (pH 7.4), 100 mM 
NaCl, 5 mM CaCl2 was incubated with 1 mM of either KK or 
Ø-KK for 2.5 h at 25°C. Aliquots of 150 µL were taken every 
30 min and immediately frozen in liquid nitrogen. 
Quantification of peptides was performed by C18-RPC 
(Phenomenex Gemin, C18, 110 Ǻ, 5 µm, 250 mm × 4.6 mm) 
using HPLC and absorbance detection at 202 and 265 nm. A 
linear gradient of CH3CN from 0 to 90% in 0.1% TFA, 1.0 
ml/min was applied.   

Laser Flash Photolysis 

The kinetics of Ø-KK photodecomposition were studied by 
means of  transient absorption.21 A solution of Ø-KK in 50 mM 
Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM CaCl2 at 25°C in a 
quartz cuvette was photo excited by the third harmonic (λ = 355 
nm) of a nanosecond, Q-switched Nd:YAG laser (Surelite II – 
10, Continuum, FWHM 5 ns, 10 mJ)22 which entered the 
cuvette at 90° to the detection beam. The monitoring beam was 
provided by the cw output of a 75 W Xe arc lamp (Oriel) that 
was filtered with a 405 nm interference filter. The beam was 
then passed through a monochromator (Oriel MS257), its 
intensity monitored by a 5-stages photomultiplier (Applied 
Photophysics) and digitized by a digital oscilloscope (LeCroy 
LT374). The experiment was repeated with Ø-KK in N2 
saturated water whose pH was adjusted by adding small 
amounts of concentrated NaOH or HCl solutions, and in 10 
mM 2-(N-morpholino)ethanesulfonic acid (MES)/NaOH (pH 
6.0) 

Design of a photocaged MMP substrate 

According to the nomenclature of Schechter and Berger23, the 
main subsite for substrate recognition in MMPs is the 
specificity pocket S1´.6,24 As the structure of S1´ varies between 
MMP family members, modification of the P1´ side-chain 
allows the modification of substrate specificity.10,25-27 Thus, it 
was our aim to inhibit substrate cleavage by a sterically 
demanding modification of P1’ using a photocleavable group so 
that photolytic release provides the substrate peptide. 
A widely used substrate peptide for the study of MMP reaction 
kinetics is the fluorogenic peptide FS-6 (see Scheme 2)20 with 
the non-natural amino acid N-3-(2,4-dinitrophenyl)-L-α,β-
diaminopropionyl (Dpa) as the quencher group in position P2’. 
It was previously demonstrated that substitution of Dpa by N6-
2,4-dinitrophenyl-L-lysine (Lys(Dnp)) results in a substrate for 
MT1-MMP10 termed Fluo-LK (Scheme 2). We determined the 
enzyme kinetic constants for Fluo-KK applying Michaelis-
Menten kinetics (Fig. 1). As a result, both the secondary rate 
constant kcat/KM as well as the Michaelis constant KM are 
comparable to the values obtained for FS-6 (Table 1), 
indicating that substitution of Dpa by Lys(Dnp) is well 
tolerable. 

 
Fig. 1 (A) Kinetic parameters kcat and KM were obtained for the hydrolysis of 

different concentration of Fluo-LK (blue line) and Fluo-KK (red line) by MT1-MMP 

in 50 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM CaCl2 at 25°C. Data were fitted 

by the Michaelis-Menten equation. (B) Hydrolysis of Fluo-LK (blue line) and Fluo-

KK (red line) by MT1-MMP. ([E0] = 0.35 µM in 50 mM Tris/HCl (pH 7.4), 100 mM 

NaCl, 5 mM CaCl2 at 25°C, [S] = 10 µM). First-order rate constants, kobs, were 

obtained by fitting eq. [1], second order rate constants kcat/KM were calculated 

from kobs/[E0] (see Table 1). 
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For the modification of the P1’ side-chain, the insertion of a 
chemical functionality is mandatory. Because a structure of 
MT1-MMP with a substrate peptide or product peptides is 
currently not available17, a superposition of its inhibitor bound 
X-ray structure (PDB code 1BQQ)28 with the X-ray structure of 
MMP12 containing the two product peptides Pro–Gln–Gly and 
Ile–Ala–Gly in the catalytic site (PDB code 2OXZ)29 was 
performed (Fig. 2). It should be noted that MMP12 and MT1-
MMP share a high degree of similarity in the active site 
architecture. Fig 2 suggests that the side-chain of P1’ of the 
product peptide Ile–Ala–Gly is directed toward the interior of 
S1’. However, S1’ is comprised of a very deep pocket, much 
larger than it would be required to host the isobutyl side-chain 
of P1’, suggesting that a long side-chain with a functional 
group like Lys could substitute this position and still the peptide 
being cleaved. To the best of our knowledge, despite large 
efforts in the design of optimal synthetic substrate for MMPs, 
Lys in P1´ was usually not considered.10,30  

Table 1 Second-order rate constant kcat/KM, Michaelis constant KM for the 
hydrolysis of Fluo-LK and Fluo-KK in comparison to commercially available 
fluorogenic peptides (FS-1 and FS-6, see Scheme 1) for MT1-MMP at 25 °C. 

Substrate                       pH                   kcat/KM (M-1 s-1)                KM (µM)                               

FS-120 7.5 3.9 × 105 n.d 
FS-620 7.5 1.3 × 106 7.9 
Fluo-KKa   7.4 (0.7 ± 0.5) × 105 36 ± 15 
Fluo-KKa    6 (0.11 ± 0.02) × 104 40 ± 18  
Fluo-LKa     7.4 (2.2 ± 0.2) × 106 5.7 ± 1.3 

n.d. not determined. 

 

Fig. 2 Superposition of the X-ray structure of MT1-MMP (PDB code 1BQQ)
28

 with 

that of MMP12 (PDB code 2OXZ)
29

 with soaked in product peptides Pro–Gln–Gly 

(P1 and P2) and Ile–Ala–Gly (P1’ and P2’). 

To test if Lys can be inserted into site P1’, the peptide Fluo-KK 
was synthesized as a derivative of Fluo-LK (Scheme 2). As can 
be seen in Fig. 1, Fluo-KK is a reasonable substrate for MT1-
MMP. Determination of the enzyme kinetic constants 
demonstrates that its affinity and specificity are approx. one 
order of magnitude smaller compared to Fluo-LK (Table 1). 
However, the parameters are very similar to another widely 
applied MMP substrate peptide FS-1 (see Scheme 2). As a 
result, Lys at P1’ can indeed be used and the amine group is 

available for modification with a photoremovable protecting 
group. 

Results and discussions 

Synthesis of a caged substrate peptide 

In comparison to the direct coupling of the 2-nitrobenzyl group 
to a side-chain amine, linkage via a carbamido group requires 
less synthetic effort and higher yields are obtained. Such a 
peptide was previously reported to release an inhibitory peptide 
against the calmodulin dependent protein kinase II upon 
photoactivation.31 Scheme 2 shows that the synthesis of the 
caged Fmoc-L-lysine 5 requires only two steps of decent yield 
and can be easily inserted as a resin in routine SPS as was 
demonstrated here in the case of Ø-KK. 
ESI MS demonstrated the integrity of Ø-KK (Fig. 3). Moreover, 
upon UV irradiation the mass peak corresponded to the peptide 
without the cage group (KK, Scheme 2), demonstrating that 
photoconversion was indeed obtained. 

 
Fig. 3 ESI MS of Ø-KK before (green) and after photolysis (black). 1mg of Ø-KK 

was dissolved in 3 mL of 5 mM N-ethylmorpholine/acetic acid (pH 7.4). 

Photocleavage was performed through irradiation at 366 nm (8 W, ≈1.2 mW/m
2
) 

for 1 h. Ø-KK: m/z: obs. 1117.7, calc. 1117.6; KK: m/z: obs. 938.8, calc. 939.6. The 

inset shows the absorption spectrum of Ø-KK. 

Mechanism of photolysis  

A usable caged compound requires a significantly reduced 
inhibitory activity and fast recovery of the activity after 
cleavage of the photolabile group by light.1,4,32,33 On the basis 
of previous experimental evidence on related systems, we 
propose that the release mechanism of the photocleavable group 
is described by Scheme 3. Experimental evidence for this 
mechanism will be presented and discussed in the following 
section. 
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Scheme 3 Reaction mechanism of the photolysis of Ø-KK. 

Flash photolysis experiments indicate that the photogenerated 
nitronic acid intermediates 6 of 2-nitrobenzyl compounds undergo 
deprotonation in water at neutral pH with rates in the 107-108 s-1 
range.34-36 The deprotonation rate is essentially determined by the 
pKa of the particular nitronic acid intermediate, with the more acidic 
compounds having higher dissociation rates.37-39 For instance, the 
nitronic acid generated by photolysis of 2-nitrobenzaldehyde has a 
pKa value of 2.1±0.1 with a deprotonation rate exceeding 108 s-1, 
whereas for 1-(2-nitrophenyl)ethyl sulfate (caged sulfate) the pKa of 
the corresponding nitronic acid is 3.69 ± 0.05, with a deprotonation 
rate of (1.58 ± 0.09) × 107 s-1.21 The decomposition reaction 
proceeds from 6 through the bicyclic intermediate 7. The lifetime of 
this intermediate can be very different depending on the leaving 
group and is dramatically increased in the presence of a buffer at 
neutral pH.21,40,41 Upon decomposition of 7, the carbamidated 
peptide 9 is autoconverted to the final product KK under protonation 
of the Lys nitrogen and the release of CO2. The carbamate 
decarboxylation occurs with a rate of 109 to 106 M-1 s-1 which was 
determined for numerous different carbamidates at pH 6.8-13.0.42 
Detailed studies of the caged glutamate N-1-(2-
nitrophenyl)ethoxycarbonyl-L-glutamate revealed that the 
decarboxylation is not rate limiting between pH 5 and 8.43 Fig 4 
shows the absorbance changes at 405 nm of a buffered (pH 7.4) 
aqueous solution of Ø-KK, following a single, 15 mJ laser pulse at 
355 nm. For comparison, Fig 4 also shows the signal observed after 
photolysis of caged sulfate under identical conditions. After a fast, 
unresolved rising phase due to formation of the nitronic acid, we 
observe a slower rising kinetics characterized by a lifetime of (96±9) 
ns. This transient is most likely associated with deprotonation of the 
nitronic acid to give the aci-nitro anion, as suggested by studies on 
related compounds.44,45 Similarly, the rise in the signal measured on 
caged sulfate occurs with a lifetime of (64 ± 7) ns, as previously 
reported.21 At about 1 µs, equilibrium is reached for the aci-nitro 
intermediate for both compounds. The aci-nitro intermediates for    
Ø-KK and for caged sulfate decay with lifetimes of (840 ± 20) ms 
and (61 ± 1) ms, respectively. This sets a lower limit for the release 
of 9 in well buffered neutral solutions. When the aci-nitro 
intermediate was monitored in N2 saturated water (pH 5.8), decay 
was found to occur through a biexponential relaxation, with lifetimes 
(3.9 ± 0.1) ms (31%) and (414 ± 15) ms 69%). In a buffered solution 
at lower pH (10 mM MES/NaOH, pH 6.0) a similar biexponential 

behavior was obtained (τa = (171 ± 3) ms (79%); τb = (2.9 ± 0.2) ms 
(21%)). The reason for the biexponential relaxation is at present not 
understood and will require future investigations.  

 
Fig. 4 Time resolved absorbance changes at 405 nm following exposure to 15 mJ 

laser shots for caged sulfate (green) and Ø-KK in 50mM Tris/HCl (pH 7.41), 100 

mM NaCl, 5 mM CaCl2 (blue) and in 10 mM MES/NaOH (pH 6.0) (grey). The cyan 

curve shows the aci-nitro transient absorbance for Ø-KK in nitrogen saturated 

water (pH 7.0). Red solid lines are the results of a fit to an exponential rise in the 

nanoseconds and a mono- or bi-exponential decay in the long milliseconds. For 

the cases of Ø-KK in nitrogen saturated water and in MES buffer it was not 

possible to observe the rise of the signal in the nanoseconds, due to intense 

scattered light. See text for fitting parameters. 

Using caged sulfate as an actinometer, and considering that the 
chromophoric properties of Ø-KK and caged sulfate are essentially 
identical, the absorbance changes at 1 µs can be used to estimate 
yield for formation of the aci-nitro intermediate. Using the yield 
determined for caged sulfate (0.47) we can estimate an upper limit 
for the yield of the aci-nitro intermediate of Ø-KK as 0.24±0.05. 
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Cleavage of non-fluorescent peptides  

 
Fig. 5 HPLC profiles upon incubation of MT1-MMP with KK and Ø-KK (A) before 

addition of the enzyme, (B) after 30 min and (C) after 2.5 h. The peaks were 

assigned as follows: (1) KK, (2) Ø-KK, (3) KK fragment Ac–Lys–Pro–Leu–Gly or 

Leu–Lys–Ala–Arg–NH2, (4) Ø-KK fragment Lys(Ø)–Lys–Ala–Arg–NH2. (D): product-

substrate ratio versus incubation time.  

The qualitative comparison of the hydrolysis rate for the case of 
the caged and non-caged substrate is important to demonstrate 
the utility of Ø-KK as caged-compound in experiments in 
presence of an enzyme. This study was done by time course 
C18-RPC measurements of the MT1-MMP + Ø-KK + KK 
mixture. Simultaneous detection of absorbencies at 202 nm and 
265 nm allowed distinguishing between peptide containing a 2-
nitrobenzyl group and those without. Assignment of the peaks 
was performed by chromatographic separation of KK and Ø-
KK. The peaks corresponding to the product peptides were 
obtained from the extended incubation of KK and Ø-KK with 
MT1-MMP in the dark. 
Fig. 5A shows the chromatogram of the intact substrates before 
addition of the enzyme in which KK and Ø-KK are well 
separated. Fig. 5B and C exhibit the chromatogram of a sample 
upon incubation with MT1-MMP for 30 min and 2.5 h, 
respectively, at 25°C. An additional peak is observed after 30 
min and corresponds to one the of KK fragments. After 1 h, a 
fourth peak appeared with absorption at 265 nm, that has been 
attributed to the Lys(Ø)–Lys–Ala–Arg–NH2 fragment of Ø-KK 
(Scheme 2). The time course of the peptide cleavage is shown 
in Fig.5 (bottom) demonstrating that Ø-KK cleavage is 
occurring with a much smaller rate compared to KK (>10-fold) 
and can be neglected in presence of uncaged compound. 

Despite the negligible hydrolysis of the caged-substrate 
compared to the KK-substrate, the fact that the protein 
preserves a slight ability to cleave the caged-peptide indicates 
that the caged-peptide is still able to get into the active pocket 
and get cleaved. This is demonstrated by the presence of peak 4 
in Fig. 5A, corresponding to the peptide fragment bound to the 
cage group. At this stage it seems difficult to assess whether the 
decreased activity is due to a weaker binding of the substrate or 
to a lower enzymatic activity at the binding site. However, it 
seems plausible that entrance and exit from the active site is 
possible but hampered by steric hindrance of the cage group, 
resulting in a high inhibition of hydrolysis. The hypothesis that 
the caged-peptide may act as an inhibitor due to non-specific 
interaction in other sites of the protein is very unlikely. 

Conclusions 

In the present study, a new caged-peptide for the study of 
enzyme-substrate interactions of MMPs was synthesized and 
characterized. Enzyme kinetic studies demonstrated that the 
substrate resin P1’, which is typically Leu can be substituted by 
Lys and being still effectively cleaved. The introduction of the 
Lys5 amine function allowed the attachment of a photolabile o-
nitrobenzyl group in the substrate peptide Ac–Lys–Pro–Leu–
Gly–Lys–Lys–Ala–Arg–NH2. The new compound Ø-KK 
(Scheme 1) is easy to synthesize and highly soluble in water. 
ESI MS demonstrated that light induced removal of the 
nitrobenzyl group was successful and that no significant side 
reaction had occurred. The kinetics of photodecomposition after 
nanosecond laser photolysis has been characterized by time-
resolved transient absorbance spectroscopy. The protolytic 
dissociation of the aci-nitro compound 6 through the bicyclic 
intermediate 7 is pH dependent and occurs with τa = 171 ms in 
buffered solutions at pH 6.0. At this pH, a second faster decay 
(21%) occurs with τb = 2.9 ms (Fig 4). 
Analysis of the enzymatic hydrolysis by MT1-MMP using C18-
RPC demonstrated that the cleavage of the caged-substrate can 
be neglected in presence of the non-caged peptide. This 
demonstrates that Ø-KK is sufficiently sterically hindered to 
allow incubation and activation by UV light. 
To the best of our knowledge, this is the first light-controlled 
caged peptide suitable for matrix metalloproteinases.  

Acknowledgements 

This work is supported by the Cluster of Excellence RESOLV 
(EXC 1069) funded by the Deutsche Forschungsgemeinschaft 
and the Max Planck Society. We are grateful for the technical 
assistance of Heinz-Werner Klein, (MPI for Coal Research, 
Mülheim, Germany) and Nina Breuer (MPI for Chemical 
Energy Conversion, Mülheim, Germany). 

Notes and references 

a Max Planck Institute for Chemical Energy Conversion, Stiftstrasse 34-
36. D-45470 Mülheim an der Ruhr, Germany. 
b Department of Life Sciences, University of Parma, Parco Area delle 
Scienze 11A, I-43124 Parma, Italy.  

Page 6 of 18Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  

c Department of Physics and Earth Sciences, University of Parma, Parco 
Area delle Scienze 7A, I-43124 Parma, Italy. 
d NEST, Istituto Nanoscienze, CNR, Piazza San Silvestro 12, 56127 Pisa, 
Italy. 
e Department of Physical Chemistry II, Ruhr University Bochum, 
Universitätstrasse 150, D-44780 Bochum, Germany. 
* To whom correspondence should be addressed.  
Elena Decaneto: telephone, +39-208-306-3684; e-mail, 
elena.decaneto@cec.mpg.de.  
Cristiano Viappiani: telephone, +39-0521-905208; fax, +39-0521-
905223; e-mail, cristiano.viappiani@fis.unipr.it. 
 
 
1. Y. Tatsu, Y. Shigeri, S. Sogabe, N. Yumoto and S. Yoshikawa, Solid-

Phase Synthesis of Caged Peptides Using Tyrosine Modified with a 
Photocleavable Protecting Group: Application to the Synthesis of 
Caged Neuropeptide Y, Biochem. Biophys. Res. Commun. , 1996, 
227, 688-693. 

2. S. R. Adams and R. Y. Tsien, Controlling Cell Chemistry with Caged 
Compounds, Annu. Rev. Physiol., 1993, 55, 755-784. 

3. A. P. Pelliccioli and J. Wirz, Photoremovable protecting groups: 
reaction mechanisms and applications, Photochem. Photobiol. Sci., 
2002, 1, 441-458. 

4. G. C. R. Ellis-Davies, Caged compounds: photorelease technology 
for control of cellular chemistry and physiology, Nat. Meth., 2007, 4, 
619-628. 

5. H. T. Yu, J. B. Li, D. D. Wu, Z. J. Qiu and Y. Zhang, Chemistry and 
biological applications of photo-labile organic molecules, Chem. Soc. 

Rev., 2010, 39, 464-473. 
6. S. Abbruzzetti, E. Grandi, C. Viappiani, S. Bologna, B. Campanini, 

S. Raboni, S. Bettati and A. Mozzarelli, Kinetics of acid-induced 
spectral changes in the GFPmut2 chromophore, J. Am. Chem. Soc., 
2005, 127, 626-635. 

7. C. Tallant, A. Marrero and F. X. Gomis-Rüth, Matrix 
metalloproteinases: Fold and function of their catalytic domains, 
Biochim. Biophys. Acta, 2010, 1803, 20-28. 

8. G. Murphy and H. Nagase, Progress in matrix metalloproteinase 
research, Mol. Aspects Med., 2008, 29, 290-308. 

9. R. N. Visse, H., Matrix metalloproteinases and tissue inhibitors of 
metalloproteinases: structure, function, and biochemistry., Circ Res., 
2003, 92, 827-839. 

10. M. Grossman, B. Born, M. Heyden, D. Tworowski, G. B. Fields, I. 
Sagi and M. Havenith, Correlated structural kinetics and retarded 
solvent dynamics at the metalloprotease active site, Nat. Struct. Mol. 

Biol., 2011, 18, 1102-1108. 
11. H. Nagase and G. B. Fields, Human matrix metalloproteinase 

specificity studies using collagen sequence-based synthetic peptides, 
Biopolymers, 1996, 40, 399-416. 

12. M. Heyden and M. Havenith, Combining THz spectroscopy and MD 
simulations to study protein-hydration coupling, Methods, 2010, 52, 
74-83. 

13. S. J. Kim, B. Born, M. Havenith and M. Gruebele, Angew. Chem. Int. 

Ed. Engl., 2008, 47, 6486-6489. 
14. A. Jabaiah and P. S. Daugherty, Directed Evolution of Protease 

Beacons that Enable Sensitive Detection of Endogenous MT1-MMP 
Activity in Tumor Cell Lines, Chem. Biol., 2011, 18, 392-401. 

15. H. Nagase, R. Visse and G. Murphy, Structure and function of matrix 
metalloproteinases and TIMPs, Cardiovasc. Res., 2006, 69, 562-573. 

16. V. Pelmenschikov and P. E. M. Siegbahn, Catalytic mechanism of 
matrix metalloproteinases: Two-layered ONIOM study, Inorg. 

Chem., 2002, 41, 5659-5666. 
17. H. Ogata, E. Decaneto, M. Grossman, M. Havenith, I. Sagi, W. 

Lubitz and M. Knipp, Crystalization and preliminary X-ray 
crystallographic analysis of the catalytic domain of membrane type 1 
matrix metalloproteinase, Acta Crystallogr., 2014, F70, 232-235. 

18. G. B. Fields, Using Fluorogenic Peptide Substrates to Assay Matrix 
Metalloproteinases, Methods Mol Biol, 2000, 151, 495-518. 

19. R. C. Wahl., Anal. Biochem., 1994, 383–384. 
20. U. Neumann, H. Kubota, K. Frei, V. Ganu and D. Leppert, 

Characterization of Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2, a 
fluorogenic substrate with increased specificity constants for 
collagenases and tumor necrosis factor converting enzyme, Anal. 

Biochem., 2004, 328, 166-173. 
21. S. Abbruzzetti, S. Sottini, C. Viappiani and J. E. T. Corrie, Kinetics 

of proton release after flash photolysis of 1-(2-nitrophenyl)ethyl 
sulfate (caged sulfate) in aqueous solution, J. Am. Chem. Soc., 2005, 
127, 9865-9874. 

22. S. Abbruzzetti, E. Crema, L. Masino, A. Vecli, C. Viappiani, J. R. 
Small, L. J. Libertini and E. W. Small, Fast events in protein folding: 
structural volume changes accompanying the early events in the N--
>I transition of apomyoglobin induced by ultrafast pH jump., Biophys 

J. Jan., 2000, 78, 405– 415. 
23. I. Schechter and A. Berger, On the size of the active site in proteases. 

I. Papain, Biochem. Biophys. Res. Commun., 1967, 27, 157-162. 
24. C. M. Overall and O. Kleifeld, Towards third generation matrix 

metalloproteinase inhibitors for cancer therapy, Brit. J. Cancer, 2006, 
94, 941-946. 

25. H. Matter and M. Schudok, Recent advances in the design of matrix 
metalloprotease inhibitors, Curr. Opin. Drug. Discov. Devel., 2004, 
7, 513-535. 

26. J. M. Chen, F. C. Nelson, J. I. Levin, D. Mobilio, F. J. Moy, R. 
Nilakantan, A. Zask and R. Powers, Structure-Based Design of a 
Novel, Potent, and Selective Inhibitor for MMP-13 Utilizing NMR 
Spectroscopy and Computer-Aided Molecular Design, J. Am. Chem. 

Soc., 2000, 122, 9648-9654. 
27. S. P. Gupta and V. M. Patil, Specificity of Binding with Matrix 

Metalloproteinases,Matrix Metalloproteinase Inhibitors,Springer, 
2012. 

28. C. Fernandez-Catalan, W. Bode, R. Huber, D. Turk, J. J. Calvete, A. 
Lichte, H. Tschesche and K. Maskos, Crystal structure of the 
complex formed by the membrane type 1-matrix metalloproteinase 
with the tissue inhibitor of metalloproteinases-2, the soluble 
progelatinase A receptor. , EMBO J., 1998, 18, 5238-5248. 

29. I. Bertini, I. Calderone, M. Fragai, C. Luchinat, M. Maletta and K. J. 
Yeo, Snapshots of the Reaction Mechanism of Matrix 
Metalloproteinases, Angew. Chem. Int. Ed., 2006, 45, 7952-7955. 

30. J. Berman, M. Green, E. Sugg, R. Anderegg, D. S. Millington, D. L. 
Norwood, J. Mcgeehan and J. Wiseman, Rapid Optimization of 
Enzyme Substrates Using Defined Substrate Mixtures, J. Biol. 

Chem., 1992, 267, 1434-1437. 
31. Y. Tatsu, Y. Shigeri, A. Ishida, K. Isamu, H. Fujisawa and N. 

Yumoto, Synthesis of caged peptides using caged lysine: Application 
to the synthesis of caged AIP, a highly specific inhibitor of 

Page 7 of 18 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

calmodulin-dependent protein kinase II, Bioorg. Med. Chem. Lett., 
1999, 9, 1093-1096. 

32. Y. Shigeri, Y. Tatsu and N. Yumoto, Synthesis and application of 
caged peptides and proteins, Pharmacol. Ther., 2001, 91, 85-92. 

33. S. Walbert, W. Pfleiderer and U. E. Steiner, Photolabile Protecting 
Groups for Nucleosides: Mechanistic Studies of the 2-(2-
Nitrophenyl)ethyl Group, Helv. Chim. Acta, 2001, 84, 1601-1611. 

34. R. A. McClelland and S. Steenken, Pronounced solvent effect on the 
absorption spectra of the photochemically produced 2,4-dinitrobenzyl 
carbanion, Can. J. Chem., 1987, 65, 353-356. 

35. S. J. Atherton and B. B. Craig, Laser photolysis of 2,6-dinitrotoluene 
in solution, Chem. Phys. Let., 1986, 127, 7-12. 

36. M. Schwörer and J. Wirz, Photochemical Reaction Mechanisms of 2-
Nitrobenzyl Compounds in Solution, I. 2-Nitrotoluene: 
Thermodynamic and Kinetic Parameters of the aci-Nitro Tautomer, 
Helv. Chim. Acta, 2001, 84, 1441-1458. 

37. M. Gutman and E. Nachliel, The dynamic aspects of proton transfer 
processes, Biochim. Biophys. Acta, 1990, 1015, 391-414. 

38. M. Carcelli, P. Pelagatti and C. Viappiani, Determination of the pKa 
of the Aci-Nitro Intermediate in o-Nitrobenzyl Systems, Isr. J. 

Chem., 1998, 38, 213-221. 
39. S. Abbruzzetti, M. Carcelli, D. Rogolino and C. Viappiani, 

Deprotonation yields, pKa, and aci-nitro decay rates in some 
substituted o-nitrobenzaldehydes, Photochem. Photobiol. Sci., 2003, 
2, 796-800. 

40. A. Barth and J. E. T. Corrie, Characterization of a new caged proton 
capable of inducing large pH jumps, Biophys. J., 2002, 83, 2864-
2871. 

41. J. E. T. Corrie, T. Furuta, R. Givens, A. L. Yousef and M. Goeldner, 
Photoremovable Protecting Groups Used for the Caging of 
Biomolecules, in Dynamic Studies in Biology, Wiley-VCH Verlag 
GmbH & Co. KGaA, 2005, pp. 1-94. 

42. M. Caplow, Kinetics of carbamate formation and breakdown, J. Am. 

Chem. Soc., 1968, 90, 6795-6803. 
43. J. E. Corrie, A. DeSantis, Y. Katayama, K. Khodakhah, J. B. 

Messenger, D. C. Ogden and D. R. Trentham, Postsynaptic activation 
at the squid giant synapse by photolytic release of L-glutamate from a 
'caged' L-glutamate, J. Physiol., 1993, 465, 1-8. 

44. M. Schwörer and J. Wirz, Photochemical reaction mechanism of 2-
nitrobenzyl compounds in solution. 1. 2-Nitrotoluene: 
Thermodynamic and kinetic parameters of the aci-nitro tautomer, 
Helv. Chim. Acta, 2001, 84, 551-606. 

45. Y. V. Il'ichev and J. Wirz, Rearrangements of 2-Nitrobenzyl 
Compounds. 1. Potential Energy Surface of 2-Nitrotoluene and Its 
Isomers Explored with ab Initio and Density Functional Theory 
Methods, J. Phys. Chem. A, 2000, 104, 7856-7870. 

 

 

Page 8 of 18Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

Scheme 1 Synthetic route for the preparation of N2-(9-fluoromethoxycarbonyl)-N6-2-

nitrobenzyloxycarbonyl-L-lysine as a precursor for peptide synthesis.  
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Fig. 2 Superposition of the X-ray structure of MT1-MMP (PDB code 1BQQ)28 with that of MMP12 (PDB code 
2OXZ)29 with soaked in product peptides Pro–Gln–Gly (P1 and P2) and Ile–Ala–Gly (P1’ and P2’).  
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Fig. 1 (A) Kinetic parameters kcat and KM were obtained for the hydrolysis of different concentration of 
Fluo-LK (blue line) and Fluo-KK (red line) by MT1-MMP in 50 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM 

CaCl2 at 25°C. Data were fitted by the Michaelis-Menten equation. (B) Hydrolysis of Fluo-LK (blue line) and 

Fluo-KK (red line) by MT1-MMP. ([E0] = 0.35 µM in 50 mM Tris/HCl (pH 7.4), 100 mM NaCl, 5 mM CaCl2 at 
25°C, [S] = 10 µM). First-order rate constants, kobs, were obtained by fitting eq. [1], second order rate 

constants kcat/KM were calculated from kobs/[E0] (see Table 1).  
112x153mm (600 x 600 DPI)  
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Fig. 3 ESI MS of Ø-KK before (green) and after photolysis (black). 1mg of Ø-KK was dissolved in 3 mL of 5 
mM N-ethylmorpholine/acetic acid (pH 7.4). Photocleavage was performed through irradiation at 366 nm (8 

W, ≈1.2 mW/m2) for 1 h. Ø-KK: m/z: obs. 1117.7, calc. 1117.6; KK: m/z: obs. 938.8, calc. 939.6. The 
inset shows the absorption spectrum of Ø-KK.  

61x45mm (600 x 600 DPI)  

 

 

Page 12 of 18Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

Scheme 3 Reaction mechanism of the photolysis of Ø-KK.  
21x2mm (600 x 600 DPI)  

 

 

Page 13 of 18 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

Fig. 4 Time resolved absorbance changes at 405 nm following exposure to 15 mJ laser shots for caged 
sulfate (green) and Ø-KK in 50 mM Tris/HCl (pH 7.41), 100 mM NaCl, 5 mM CaCl2 (blue) and in 10 mM 

MES/NaOH (pH 6.0) (grey). The cyan curve shows the aci-nitro transient absorbance for Ø-KK in nitrogen 
saturated water (pH 7.0). Red solid lines are the results of a fit to an exponential rise in the nanoseconds 
and a mono- or bi-exponential decay in the long milliseconds. For the cases of Ø-KK in nitrogen saturated 
water and in MES buffer it was not possible to observe the rise of the signal in the nanoseconds, due to 

intense scattered light. See text for fitting parameters.  
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Fig. 5 HPLC profiles upon incubation of MT1-MMP with KK and Ø-KK (A) before addition of the enzyme, (B) 
after 30 min and (C) after 2.5 h. The peaks were assigned as follows: (1) KK, (2) Ø-KK, (3) KK fragment 

Ac–Lys–Pro–Leu–Gly or Leu–Lys–Ala–Arg–NH2, (4) Ø-KK fragment Lys(Ø)–Lys–Ala–Arg–NH2. (D): product-
substrate ratio versus incubation time.  
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