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A genetically encoded Förster Resonance Energy Transfer (FRET)-based biosensor that continuously
monitors matrix metalloproteinase 9 (MMP-9) activity was developed. MMP-9 is an extracellularly acting
endopeptidase with a prominent role in development, learning and memory, cancer metastasis, and
stroke. To assess the biological function of the protease, determining the precise kinetics and localization
of MMP-9 activity is required. The nontoxic, genetically encoded FRET biosensor presented herein is
anchored in the cellular membrane and thus provides an important advantage over currently employed
probes. The biosensor allows the study of the proteolytic activity of MMP-9 with high temporal and
subcellular resolution at the precise region of MMP-9 action on the cell. The applicability of the biosensor
both in vitro and in living cells was demonstrated by ratiometrically analyzing the cleavage of the
biosensor by a purified auto-activating mutant of MMP-9 and endogenously secreted protease in
cultured tumor and neuronal cells. The precise kinetics of endogenous MMP-9 activity was measured,
which demonstrates in a straight-forward manner the applicability of the biosensor concept.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Advances in elucidating the mechanisms that govern basic
cellular functions have allowed a shift of researchers’ attention to
cellular dynamics, creating a growing demand for methods that are
sensitive and sufficiently quick to track dynamic processes within
living cells. In the area of the subcellular spatiotemporal localiza-
tion of macromolecule interactions, Förster Resonance Energy
Transfer (FRET)-based approaches are particularly useful. Recent
years have witnessed a growth in the number and diversity of
genetically encoded FRET-based biosensors that have been devel-
oped. They can be used to study such diverse phenomena as ion
concentration [1e3], organic compound concentration [4], guano-
sine triphosphatase activity [5], protein phosphorylation [6] and
mechanical stress within a cell [7], and enable tracking these
phenomena in real time in living cells and organisms.
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Matrix metalloproteinase 9 (MMP-9) is an extracellularly
secreted 92 kDa protease that belongs to a family of zinc- and
calcium-dependent endopeptidases. It cleaves several extracellular
matrix proteins and cell adhesion molecules. Research indicates
that MMP-9 plays a significant role in the development of cancer
through its dual role of regulating angiogenesis and cleaving the
extracellular matrix, thus enabling tumors to enter metastasis [8e
10]. An increase in MMP-9 expression was observed in a number of
different tumors compared with healthy subjects, with an apparent
positive association between tumor aggressiveness and MMP-9
activity levels [11,12]. The MMP-9-regulated processing of the
extracellular matrix may also lead to the release of cytokines and
growth factors [13,14] that facilitate angiogenesis. MMP-9 activity
levels may be a prognostic factor in cancer (see review [15]).

MMP-9 appears to be one of the key regulators in synaptic
plasticity that underlies learning and memory [16e19] and the
formation and maintenance of dendritic spines that harbor excit-
atory synapses [20e22]. Several recent reports have demonstrated
the importance of MMP-9 and its pivotal functional role in physi-
ological long-term potentiation (LTP; an experimental paradigm
that mimics plasticity) in diverse brain regions [23]. Both MMP-9
protein levels and proteolytic activity were rapidly increased by
stimuli that enhance neuronal activity [17,24e26].
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Commonly employed methods of detecting the proteolytic ac-
tivity of MMP-9 such as gel and in situ zymography (based on dye-
quenched [DQ]-gelatin, a fluorogenic substrate for gelatinases), do
not allow the high-resolution localization of gelatinase activity.
Because they are freely diffusive probes, the localization of fluo-
rescence readout is limited in terms of spatial and temporal reso-
lution. Moreover, they are both gelatin-based assays, and they
detect the activity of other gelatinases, particularly MMP-2. The
expression levels of MMP-2 are much higher than those of MMP-9,
and the majority of cleavage detected by these methods reflects the
proteolytic activity of MMP-2 rather than MMP-9.

Several fluorescence-based MMP-9 activity biosensors have
been developed in recent years [27e32]. Because of the potential of
MMPs as prognostic markers of cancer, considerable work has been
performed in the area of diagnostic and analytical probes for the
detection of the proteolytic activity of MMP-9 in cancer (see Ref.
[29] for a survey of several MMP-9 activity probes and their suit-
ability for cancer detection; see Ref. [33] for a review of the
detection of MMP activity in cancer; see Refs. [28,34e36] for near-
infrared probes developed for in vivo imaging). The genetically
encoded FRET-based MMP-9 activity biosensor described herein
overcomes the limitations of the currently available biosensors and
allows the study of the fundamental physiological and pathological
roles of MMP-9 in living cells.

2. Materials and methods

The biosensor contains one donor fluorescent protein and two acceptor fluo-
rescent proteins to increase the FRET efficiency of the biosensor. The linker between
the donor and acceptor proteins contains specific MMP-9 cleavage sequence [37]
(the specificity has been tested elsewhere [27,38]). The entire biosensor is
anchored in the plasma membrane by a transmembrane domain of the platelet-
derived growth factor receptor to prevent diffusion and allow the readout of ac-
tivity with high spatial resolution.

2.1. Gene construction

The genetically encoded FRET-based MMP-9 activity biosensor was assembled
in pDisplay plasmid (Clontech). ThemTFP1 genewas amplified from the pmTFP1-N1
plasmid (Allele Biotech). The plasmid that encodes the Venus gene (a variant of EYFP
first described in Ref. [39] that carries mutations that increase the maturation rate)
was a generous gift of Jacek Jaworski, (The International Institute of Cell Biology,
Warsaw, Poland). The enzymes used for cloning were purchased either from New
England Biolabs or Thermo Scientific.

The biosensors were cloned using SLIC cloning methodology described else-
where [40]. Venus and mTFP1 were amplified with Phusion Hot Start II High Fidelity
Polymerase. The primers used for fluorescent protein gene amplification contained
long overhangs at their 50 ends that were complementary either to the pDisplay
plasmid (Venus2 and mTFP1 [forward and reverse primers, respectively]) or to the
downstream nucleotide sequence of the biosensor (Venus2 and mTFP1 [reverse and
forward primers respectively]; Venus1 [both primers]). The pDisplay plasmid was
cleaved with XmaI and SacII enzymes to generate single-stranded ends. Two re-
striction enzyme sites were introduced into the tandem construct: the NheI site
separated fluorescent proteins Venus1 and Venus2 and the AflII site was cloned
between the Venus1 and mTFP1 genes. An oligonucleotide (linker LN1) with the
following sequence was cloned into the AflII site: CTTAAGG-
GATCCCCCCGCTCTCTCTCTAAGCTTAAA-(GGAGGAACCGGTGGAACT)8-CTTAAG (the
genetic sequence of MMP-9 cleavage site is underlined). The following oligonucle-
otide (linker LN2) was cloned into the NheI site: GCTAGCGGTGGTAGCGGTGG-
TAGCGGTGCTAGT-(GGTGGTTCTGGTTCTAGA)8-GCTAGC. LN1 and LN2
oligonucleotides were composed of identical segments separated by restriction sites
(LN1 e AgeI, LN2 e XbaI) to facilitate the rapid adjustment of the length of the
linkers.

The biosensor constructed in the following fashion carried the MMP-9 cleavage
sitewithin an unstructured loop. This biosensor was referred to as a biosensor with a
loop-like linker.

The biosensor with the MMP-9 cleavage site located within the a-helical
structure was prepared by replacing the LN1 linker with the following sequence:
CTTAAGGAGGAGGAGATCAGAGAGGCCTTCAGAGTGTTCCCCAGAAGCCTGAGCCTGA-
GACACGTGATGACCAACCTGCTTAAG (the genetic sequence of the MMP-9 cleavage
site is underlined). This biosensor was referred to as a biosensor with a helical linker.

To generate the membrane-anchored mTFP1, the mTFP1 gene was amplified
with primers that carried ApaI and BglII restriction sites on 50 overhangs and cloned
in the pDisplay plasmid linearized with the same restriction enzymes. Variant
biosensors with shorter linkers were derived from a full length biosensor by the
partial cleavage of the LN1/LN2 linkers with AgeI or XbaI. Thirty-eight biosensor
variants were created.

2.2. Cell culture and transfection

HEK293 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM 4.5 g/
l glucose) supplemented with 10% FBS and 1% P/S at 37 �C in 5% CO2. Plasmids that
encoded the biosensors were purified with the Endo Free Plasmid Maxi Kit (Qiagen).
The cells were transfected with polyethyleneimine (PEI; 5 mg/ml) for 4 h. The cells
that were intended to be imaged on confocal microscope, were cultured on glass
cover slips.

Hippocampal and cortical primary cell cultures were prepared from WISTAR rat
pups as described previously [26]. Hippocampal neurons were transfected with
Effectene (Qiagen) reagent according to the protocol provided by the supplier (12-
well format) with the following modifications: the amount of the Effectene re-
agent was lowered to 5.5 ml, 200 ml of fresh growth medium was added to the
transfection mix, and the cells were incubated for 45 min with the transfection
medium, after which the old growthmediumwas returned. The cell culture reagents
were acquired from SigmaeAldrich.

2.3. Cell imaging

For Acceptor-Photobleaching (AP), the cells were fixed 2 days post-transfection
with 4% paraformaldehyde and 3% sucrose in 1� PBS. The experiments were per-
formed on a Leica SP5 microscope equipped with 63� NA (1.4) oil-immersion
objective. Images were acquired at 1024 � 1024 pixel resolution. For FRET effi-
ciency determination, the Venus was bleached with a 514 nm laser, and both pro-
teins were imaged by exciting them with a 458 nm argon laser line. Biosensors that
were determined to have the highest FRET efficiency were further analyzed using
Fluorescence Lifetime Imaging Microscopy (FLIM). To perform FLIM, we used a
Becker & Hickl system (Berlin, Germany). Two-photon time-domain images were
acquired using a TCS SP2 confocal laser scanning microscope (Leica) with a
femtosecond-pulsed Ti:Sapphire laser (Mai-Tai Spectraphysics). Time-resolved
fluorescence decay was acquired by time-correlated single-photon counting
(TCSPC) using an R3809U-50 detector (Hamamatsu Photonics, Herrsching am
Ammersee, Germany) and SPC830 acquisition board (Becker &Hickl). The FRET ef-
ficiency was calculated as the average of 10 regions of interest (ROI) per picture,
based on the double exponential fluorescence decay model fitted with the use of
SPC-IMAGE software (Becker & Hickl).

For spectral analysis, lambda stacks were acquired on a Zeiss LSM780 micro-
scope equipped with 63� NA (1.4) oil-immersion objective at 1024 � 1024 pixel
resolution. The biosensor was excited with a 458 nm argon laser, and 32 lambda
channels were acquired at 9 nm steps. The acquired datasets were analyzed using
Fiji ImageJ software by measuring the average fluorescence intensity of the plasma
membrane in each channel. Recovered biosensor fluorescence emission spectra
were normalized to the unit area.

For live-cell imaging, the HEK293 cells were cultured on Glass BottomMicrowell
Dishes (MatTek Corporation). Two days post-transfection the cells were imaged on a
Zeiss LSM780 microscope fitted with an incubator and equipped with a water-
immersion 40� objective. A single optical section of the cells was captured at
1024 � 1024 pixel resolution every 30 s, with linear unmixing of the donor and
acceptor fluorescence performed in real time. Acquisitionwas performed for 30min.
Five minutes after the start of image acquisition, the cells were either mock-treated
(with pure growthmedium) or an auto-activating (aaMMP-9) or inactive (inMMP-9)
form of MMP-9. Stimulationwas performed using MMP-9 at a final concentration of
460 ng/ml aaMMP-9 [41] and inMMP-9 [42] were designed and purified as
described previously. The data analysis was performed using custom software
within the Matlab suite. The Venus-to-mTFP1 fluorescence intensity ratio was
calculated for each pixel and plotted against the time elapsed from the start of the
experiment.

Live-cell imaging of hippocampal neurons was performed 2 days post-
transfection (9 days in vitro) using a Zeiss confocal microscope fitted with an incu-
bator and equipped with Spinning Disc. Coverslips with hippocampal neurons were
mounted in a custom-made chamber and imaged with a water-immersion 40�
objective. The biosensor was excited with a 405 nm laser line. mTFP1 and Venus
were imaged separately, with z-stacks acquired for both channels everyminute. Five
minutes after the beginning of the experiment, the cells were treated in one of the
following ways: aaMMP-9 was added to a final concentration of 400 ng/ml, mock
treatment was performed or the cells were stimulated with the cLTP mixture (i.e.,
50 mM forskolin, 50 mM picrotoxin, 0.1 mM rolipram to chemically induce LTP [43]. The
data analysis was performed using a custom software within the Matlab suite. The
Venus-to-mTFP1 fluorescence intensity ratio was calculated for each pixel, and the
time course of the ratio was plotted.

2.4. Acceptor-photobleaching/fluorescence lifetime imaging microscopy

The apparent FRET efficiency value of variant biosensors from AP data was
calculated using the following equation: EfD ¼ 1� (FDA/FD). fD is the fraction of donor
that participates in the FRET complex. FDA and FDA are the background-subtracted
and acquisition bleaching-corrected pre- and post-bleach mTFP1 fluorescence
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intensities, respectively. The acquisition bleaching-corrected post-bleach mTFP1
intensities were calculated as the following: FD ¼ FD

B.post þ FD
B.pre(FDR.pre � FD

R.post)/FDR.pre .
FD
B and FD

R refer to the mTFP1 intensities of the bleach and reference ROI, and pre and
post refer to pre-bleach and post-bleach measurements.

FRET efficiency values from FLIM data were calculated with the following
equation: EfD ¼ ADA(1 � sD/sDA)/(ADA þ AD). sD is the lifetime of the donor in the
absence of the acceptor (in our case the membrane-anchored mTFP1). sDA is the
lifetime of the FRET-based MMP-9 activity biosensor. ADA and AD are the amplitudes
of individual decay components [44]. Error values were estimated using the
Gaussian noise propagation equation:

stdE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih
ðvE=vsDÞ2Ds2D þ ðvE=vsDAÞ2Ds2DA

ir

2.5. HEK293 cell fractioning

Cell fractioning experimentswere performedusing the ProteoExtract Subcellular
ProteomeExtractionkit (Calbiochem). Themyc-taggedbiosensor (myc-tagoriginates
from the pDisplay plasmid) was detected usingWestern blot with anti-myc antibody
(Santa Cruz Biotechnologies, #sc-40). Fraction purity was tested using Western blot
with the following antibodies: anti-hsp90 (Stressgen, #SPS-771), anti-N-cadherin
(BD Biosciences, #610920), and anti-histone H3 (Abcam, #ab10799).

2.6. In vitro cleavage of the biosensor

Two days post-transfection HEK293 cells were washed once with 1� PBS,
scraped from the plate, and lysed for 1 h at 4 �C in 50mM Tris-Cl (pH 7.5), 1% Triton X-
100, 10 mM CaCl2, 0.02% NaN3 and 1 mM ZnCl2 without protease inhibitors. The lysate
was then centrifuged at 13,400 rotations per minute for 15 min at 4 �C. Equal
amounts of the cleared lysate were used in the subsequent reactions. aaMMP-9 and
inMMP-9were used at 10 mg/ml concentrations. The GM6001 inhibitor was used at a
25 mM concentration. The reactions were stopped at 30 min, 1 h, 4 h or after over-
night incubation at 37 �Cwith the addition of SDS-PAGE Sample Buffer and heated to
100 �C for 10 min. The biosensor was detected using Western blot with anti-green
fluorescent protein (GFP) antibody (MBL, #598).

2.7. Cleavage of the biosensor in the cell culture

Two days after transfection of HEK293 cells, the culture medium was replaced
by pure DMEM. The cells were incubated for 30 min with 800 ng/ml aaMMP-9 and
then fixed with 4% PFA and 3% sucrose in 1� PBS. Lambda stack images were ac-
quired as previously described.

2.8. Western blot

The detection of b-dystroglycan (bDG) cleavage in cortical neurons following
chemically induced LTP (cLTP) with the Western blot assay was performed as
described previously [26]. The cells were collected after 2, 5, 7, 10, 15, 20 or 30 min
incubation with the cLTP mixture to obtain the detailed kinetics of bDG cleavage by
endogenous MMP-9.

2.9. Statistical analysis

The statistical values are expressed as mean� standard error of themean (SEM).
The statistical analyses were performed usingMicrosoft Excel, and the datasets were
tested using Student’s t-test. Indications of significance correspond to p < 0.05 (*)
and p < 0.01 (**).

3. Results

3.11. Structure of the biosensor

The MMP-9 biosensor presented herein is a chimeric protein,
consisting of a transmembrane domain, Teal fluorescent protein, a
cleavage site specific for MMP-9, and two tandem Venus proteins
(indicated as Venus1 and Venus2 in Fig. 1A). The signal peptide at
the N-terminus of the biosensor directs the protein to the secretory
pathway. Fluorescent proteins are separated by linkers that were
optimized in length to ensure the highest FRET efficiency. The
MMP-9 cleavage site is located within the linker that separates
Venus1 and mTFP1. The c-myc tag is located at the C-terminus of
the biosensor. The MMP-9 cleavage of the biosensor leads to
conformational changes, separation of the acceptor proteins from
the donor, and a decrease in FRET observed as a drop in the
acceptor-to-donor fluorescence intensity ratio.

A screen of known MMP-9 substrates yielded neither a
consensus sequence nor a secondary structure assumed by the
MMP-9 cleavage site, but Kridel et al. [37] reported a family of short
peptides that are cleavable by MMP-9. The consensus N0-PRSLS-C0

sequence suggested therein Ref. [37] was cloned into the biosensor.
Previous work by Fudala et al. [27] showed that this sequence is
indeed recognized by MMP-9. The specificity of the cleavage
sequence was shown previously in Refs. [27,38] using human re-
combinant pro-MMP-2, pro-MMP-3, and pro-MMP-7.

To provide high differences in the acceptor-to-donor fluores-
cence ratio, mTFP1 [45] was chosen as a FRET donor for the MMP-9
activity biosensor. mTFP1, shown to have improved spectral prop-
erties compared with Cyan Fluorescent Protein, forms a more
efficient FRET pair with the Yellow Fluorescent Protein (YFP) [45].
Venus, an improved variant of YFP, was selected as the FRET
acceptor.

Although the majority of FRET-based biosensors contain one
donor protein and one acceptor protein, dual acceptors principally
improve the FRET efficiency of FRET biosensors. FRET efficiency of a
single donor and single acceptor system is defined
as:E1 ¼ kT=ðkT þ kR þ kFÞ, inwhich kT is the energy transfer rate, kR
is the rate constant of all other deactivation processes and kF is the
fluorescence decay rate. The FRET efficiency of a single donor and
two acceptors system is given by the following equation:
E2 ¼ 2kT=ð2kT þ kR þ kFÞ. Introduction of a second acceptor in a
FRET biosensor increases its FRET efficiency, because
E2 ¼ 2E1=ð1þ E1Þ � E1. Therefore, dual acceptors were incorpo-
rated into the biosensor. Because FRET efficiency is determined by
both the orientation and the distance between donor and acceptor
proteins, flexible linkers formed from several GGSGSR or GGTGGT
repeats were used to determine the optimal distance between the
donor and acceptors [46].

3.2. FRET efficiency of the biosensor: acceptor-photobleaching (AP)
and fluorescence lifetime imaging microscopy study (FLIM)

The introduction of linkers with adjustable lengths allowed the
rapid creation of biosensor variants with varied distances between
fluorescent proteins. Thirty-eight biosensor variants were gener-
ated, each with a unique distance between the fluorescent proteins
(the distance is indicated on the graph as the number of identical
hexapeptides in the LN1 and LN2 linkers; the shortest linkers had
only one repeat whereas the longest ones contained eight repeats)
and screenedwith AP to determine their FRETefficiency. Biosensors
with the highest FRET efficiency were identified with the AP
technique and analyzed using FLIM to confirm the AP-based FRET
efficiency measurements. Fig. 1B shows the FRET efficiency values
calculated from the AP experiments (red and orange bars). Of these,
six (orange bars in Fig. 1B) with FRET efficiency of at least 0.16 were
then analyzed in detail using FLIM. Table 1 provides the FRET effi-
ciency values calculated from the FLIM data. The biosensor named
7.1 in Table 1, with seven identical segments in the LN2 linker
(seven GGTGGTTCTGGTTCTAGA repeats in its DNA sequence) and
one segment in the LN1 linker (one GGAGGAACCGGTGGAACT
repeat in its DNA sequence), had the highest FRET efficiency. The
FRET efficiency determined using AP (Fig. 1C) and FLIM was found
to be EfD ¼ 0.20� 0.03 and EfD ¼ 0.23� 0.04 (Table 1), respectively.
The analysis of the fluorescence emission spectra at donor excita-
tion gathered prior to and after AP also confirmed the occurrence of
FRET in the optimized biosensor (Fig. 1C and D). The relative
contribution of mTFP1 (donor peak in Fig. 1D) increased following
AP whereas the fluorescence of Venus (acceptor peak in Fig. 1D)
significantly diminished.

Once the linker lengths were optimized, the influence of the
secondary and tertiary structures of the region that contained the
MMP-9 cleavage site on cleavage efficiency was explored. Chen
et al. [47] sought to develop genetically encoded fluorescent



Table 1
FLIM results for the biosensor variants with the highest FRET efficiencies in the AP
experiments. FRET efficiency values calculated in FLIM experiments are given. Error
values were estimated using the Gaussian noise propagation equation.

FRET efficiency of MMP-9 activity biosensor variants with

loop-like linker e FLIM data

3.1a 4.1 7.1 8.1 8.3 2.8
22 � 4% 22 � 4% 23 � 4% 19 � 4% 20 � 4% 22 � 4%

a The biosensors (e.g., 3.1, 4.1) are named as follows: the first number denotes the
number of identical repeats in the LN2 linker, the second number denotes the
number of identical repeats in the LN1 linker.

Fig. 1. The construction and optimization of the FRET-based MMP-9 activity biosensor. A e Schematic representation of the MMP-9 activity biosensors generated during the entire
course of the study. Venus proteins are separated by an LN2 linker (1e8 GGSGSR repeats), and Venus and mTFP1 are separated by an MMP-9 cleavage site (N0-PRSLS-C0) and LN1
linker (1e8 GGTGGT repeats). The c-myc tag simplifies biosensor detection in the Western blot. The signal peptide directs the biosensor toward the secretory pathway, whereas the
PDGFR-transmembrane domain anchors the biosensor within cellular membranes. B e FRET efficiency values of biosensor variants calculated from Acceptor-Photobleaching ob-
servations. Red and orange bars indicate the FRET efficiency of each biosensor variant identified by the number identical segments in each linker. Orange bars indicate biosensor
variants analyzed with Fluorescence Lifetime Imaging Microscopy. C e Acceptor-Photobleaching of a HEK293 cell that expressed the linker-length optimized biosensor (called 7.1)
with a loop-like linker. Following AP, the fluorescence of mTFP1 increased, confirming FRET. D e Fluorescence emission spectra of the biosensor imaged in 1C before and after AP.
Following AP, the relative contribution of mTFP1 increased (donor peak), whereas the contribution of Venus diminished (acceptor peak), confirming the presence of FRET. E e

Acceptor-Photobleaching of a HEK293 cell that expressed the biosensor with the a-helical linker. mTFP1 fluorescence increased following AP, confirming the presence of FRET in an
unbleached biosensor. F e Fluorescence emission spectra of the biosensor imaged in 1E. Following AP, the relative contribution of mTFP1 increased, whereas the contribution of
Venus decreased, confirming the presence of FRET in an unbleached biosensor. G e Live-cell imaging of a HEK293 cell that expressed the biosensor. The plasma membrane is visible
as a narrow band of higher fluorescence that surrounds the cell. H e Fractionation results of the HEK293 cell line that expressed the biosensor. Cytoplasmic (C), cellular membranes
(M) and nuclear (N) fractions were collected. The biosensor is present only in the cytoplasmic and cellular membranes fraction, with the majority localized in the cellular
membranes. Anti-c-myc tag antibody was used to detect the biosensor. Fraction purity was tested using the following fraction markers: hsp90 (chaperon, cytoplasm marker), N-
cadherin (transmembrane protein, plasma membrane marker) and histone H3 (DNA binding protein, nucleus marker). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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biosensors for the detection of protease activity and suggested that
the inclusion of a-helices within the cleavage region increases the
accessibility of a cleavage site to proteases. The biosensor with a
loop-like LN1 linker was modified by placing the MMP-9 cleavage
site between two a-helices. Care was taken to ensure that the a-
helical linker had an identical length to the loop-like LN1 in terms
of amino acid number. The biosensor with an a-helical linker has
higher acquisition-bleaching-corrected apparent FRET efficiency
compared with the biosensor with the loop-like linker, which was
found to be 0.26 � 0.02 (result based on AP; Fig. 1E and F). The
fluorescence emission spectra of the biosensor with the a-helical
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linker gathered before and after AP (Fig. 1F) also confirmed the
presence of FRET. Given the higher FRET efficiency exhibited by the
biosensor with the a-helical linker, it was used in further studies.

3.3. Cellular membrane localization

As expected from the PDGF receptor anchor employed, the
MMP-9 activity biosensor was localized at the plasma membrane.
This was confirmed by direct visualization using confocal micro-
scopy of living HEK293 cells that expressed the biosensor (Fig. 1G)
and through cell fractionation followed by Western blot analysis of
the collected fractions (Fig. 1H). Three fractions were collected:
cytoplasm (C), cellular membranes (M), and nucleus (N). Fraction
purity was tested using fraction markers: hsp90 (chaperon, cyto-
plasm marker), N-cadherin (transmembrane protein, plasma
membrane marker) and histone H3 (DNA binding protein, nucleus
marker). The biosensor was detected using anti-GFP antibody.
Densitometric analysis of the Western blot data revealed that
87 � 6% of the biosensor was located within cellular membranes
and a small percentage was located in the cytoplasm. No biosensor
was observed in the nucleus.

3.4. In vitro biosensor cleavage

The MMP-9 activity biosensor was cleaved in vitro by a recom-
binant auto-activating (aa) MMP-9 (Fig. 2A). A gradual decrease in
the level of the full-length biosensor was observed over time, with
approximately 50% cleaved within 1 h (Fig. 2A, lower panel).
Cleavage was blocked by the addition of a broad-spectrum MMP
inhibitor, GM6001 (Fig. 2C). Densitometric analysis of the control
lane (Fig. 2B) revealed that the biosensor was already partially
cleaved (14.2 � 0.4%; value normalized to the intensity of a full
Fig. 2. In vitro cleavage of the biosensor with an a-helical linker. A e Time course (30 min, 1
and quantification (lower panel; black bars, normalized intensity of a full-length biosensor b
biosensor). Auto-activating MMP-9 cleaved the biosensor. B e Time course of baseline cleava
and time course of biosensor incubation with inMMP-9. A slight increase in the amount of c
panel) in both the baseline and inMMP-9 experiments, most likely caused by endogenous
GM6001 on biosensor cleavage by MMP-9. GM6001 at a concentration of 25 mM blocked the
anti-GFP antibody. In the quantification plots, intensity was normalized to the full-length bio
subtracted from the cleavage product intensities in the 30 min, 1 h, 4 h and overnight clea
length biosensor band) in transfected but otherwise untreated
HEK293 cells. This in vitro basal cleavage of the biosensor with the
a-helical linker was not attributable to the spontaneous degrada-
tion of the protein (incubation with GM6001 blocks cleavage). A
slight increase in the amount of a cleaved form of the biosensor was
observed over time (Fig. 2B, baseline part of the gel). Basal cleavage
was likely caused by endogenous MMP-9 present in the HEK293
extract used as a source of the biosensor. Inactive (in) MMP-9 did
not cleave the biosensor (Fig. 2B), demonstrated by the similarity of
the time course of MMP-9 cleavage to baseline cleavage.

The cleavage of the biosensor upon MMP-9 treatment was
verified in fixed HEK293 cell cultures. Fluorescence emission
spectra collected from the plasma membrane of biosensor-
expressing HEK293 cells (Fig. 3, inset) incubated with aaMMP-9
for 30 min confirmed that the biosensor was cleaved in the
cellular membrane (Fig. 3). The biosensor cleavage could be
observed as a change in the emission spectrum of the biosensor
within the membrane. Treatment with aaMMP-9 resulted in a shift
of the spectrum toward shorter wavelengths, a decrease in the
contribution of Venus fluorescence (acceptor peak) to the fluores-
cence signal, and a corresponding increase in mTFP1 contribution
(donor peak).

3.5. Biosensor cleavage in living cells

To verify whether the biosensor is cleaved in living cells, live-cell
imaging of HEK293 cells was performed (Fig. 4). MMP-9 induced
cleavage of the sensor was observed as a decrease in the Venus-to-
mTFP1 fluorescence intensity ratio (intact, high ratio; cleaved, low
ratio) in Fig. 4A and B. This method, based on measurements of the
emission ratio after single short-wavelength excitation, is optimal
in terms of the signal-to-noise ratio, if only relative changes of the
h, 2 h, 4 h, and overnight cleavage) of aaMMP-9 cleavage of the biosensor (upper panel)
and on the corresponding gel lane; gray bar, normalized intensity of a cleaved form of a
ge of the biosensor by any proteases present in the cell extract (left part of the picture)
leaved biosensor was observed over time (quantification plots in the lower part of the
MMP-9 present in the cell extract. C e Effect of the broad-spectrum MMP inhibitor

activity of both aaMMP-9 and endogenous MMPs. The biosensor was detected with the
sensor in the control lanes. The intensity of the cleavage product in the control lane was
vage lanes prior to normalization.



Fig. 4. Live imaging of a HEK293 cells that expressed the biosensor with an a-helical linker. T
is shown. A e Fluorescence intensity ratio values across the cell surface at different time-po
(low ratio values) colors. A map that correlates the fluorescence intensity ratio values (OY axi
is to the left. Darker colors indicate that the fluorescence intensity was closer to background l
to the culture at the 5 min time-point. Notice the gradual shift of the colors toward cold
Fluorescence intensity ratios of cells mock-treated (gray line), treated with inMMP-9 (red li
intensity ratio calculated for time-points before the start of the treatment. Each line rep
fluorescence intensity ratios of cells treated with aaMMP-9. No such decrease was observed
SEM values. N ¼ 60. (For interpretation of the references to color in this figure legend, the

Fig. 3. Treatment of HEK293 cells that expressed the biosensor with an a-helical linker
with aaMMP-9 caused a shift of the fluorescence emission spectrum of the biosensor
toward shorter wavelengths indicating cleavage of the biosensor. Fluorescence emis-
sion spectra were collected from fixed cells. The emission spectrum of a biosensor
cleaved by aaMMP-9 had a larger contribution of mTFP1 fluorescence, with a dimin-
ished contribution of Venus compared with the emission spectrum of a biosensor that
was not cleaved by MMP-9. Inset e Maximum projection of a representative lambda
stack of a HEK293 cell that expressed the biosensor. The white rectangle indicates an
approximate region of interest (ROI) from which the emission spectrum was acquired.
The right part of the inset shows a magnified view of the ROI. For each cell, three ROIs
were used to calculate the average emission spectrum. Error bars represent SEM
values. N ¼ 32.
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ratio are of interest [48]. Fluorescence intensity ratio values across
the cell surface at different time points of the experiment are
indicated by red-shifted (high ratio values) and blue-shifted (low
ratio values) colors (Fig. 4A) and in normalized Venus-to-mTFP1
fluorescence intensity ratio traces (Fig. 4B). The fluorescence in-
tensity ratio began decreasing several minutes after the addition of
aaMMP-9. Mock treatment with pure medium (Fig. 4B) or treat-
ment with inMMP-9 (Fig. 4B) did not lead to a change in the Venus-
to-mTFP1 fluorescence intensity ratio, which remained relatively
constant throughout the experiment (Fig. 4B).

The experiment was repeated with rat hippocampal neurons
treated with aaMMP-9 or stimulated with the cLTP mixture (see
Materials and Methods) to evoke endogenous MMP-9 release. The
addition of aaMMP-9 to the cell culture (Fig. 5A; the colors corre-
spond to the value of the fluorescence intensity ratio, with a higher
ratio indicated by red-shifted colors and a low ratio indicated by
blue-shifted colors) closely mirrored the results obtained with the
HEK293 cell line. The decrease in the Venus-to-mTFP1 intensity
ratio following aaMMP-9 treatment became statistically significant
compared with mock treatment 9 min after the addition of MMP-9
onward (p< 0.05 at 9 min after stimulation, p< 0.01 at 14 min after
stimulation). The cLTP protocol that selectively upregulates MMP-9
gelatinase activity [26] also led to the cleavage of the biosensor
(Fig. 5B). cLTP-induced cleavage of the biosensor achieved statisti-
cal significance compared with mock treatment 10 min after the
addition of the cLTP mixture (p < 0.05 at 10 min after stimulation,
p < 0.01 at 21 min after stimulation), whereas the response of the
biosensor to aaMMP-9 and cLTP remained similar until 25 min after
aaMMP-9 and cLTP treatment, when they began to differ
he time course of acceptor-to-donor fluorescence intensity ratios upon cell stimulation
ints of the experiment are indicated by red-shifted (high ratio values) and blue-shifted
s) with the color assigned to that value and fluorescence intensity in that pixel (OX axis)
evels. Warmer colors indicate higher fluorescence intensity ratios. aaMMP-9 was added
er hues (lower ratio values), indicating cleavage of the biosensor by aaMMP-9. B e

ne), or treated with aaMMP-9 (black line) were normalized to an average fluorescence
resents an averaged intensity ratio of three cells. Notice the gradual decrease in the
in cells that were either mock treated or treated with inMMP-9. Error bars represent
reader is referred to the web version of this article.)



Fig. 5. Live-cell imaging of hippocampal primary neurons that expressed the biosensor with an a-helical linker. A e Magnified view of a neuron treated with aaMMP-9. Colors
indicate fluorescence intensity ratios (for precise descriptions of the colors, see the color map to the left). Notice the gradual shift of colors toward colder hues, indicating biosensor
cleavage. B e Fluorescence intensity ratios of cells mock-treated (gray line), incubated with aaMMP-9 (black line), or undergoing cLTP (green line). The data were normalized to the
averaged ratio prior to stimulation. aaMMP-9 and endogenous MMP-9 (release caused by cLTP) caused a decrease in the Venus-to-mTFP1 intensity ratio, indicating biosensor
cleavage. Each line represents an averaged intensity ratio of three cells. Error bars represent SEM values. N ¼ 35. t-tests were performed to assess the statistical significance of
aaMMP-9 and cLTP treatments compared with the mock treatment). aaMMP-9: 0.01 < p< 0.05 for 13e17 min, p< 0.01 for 18e34 min; cLTP: 0.01< p < 0.05 for 14e24 min, p< 0.01
for 25e34 min. C e Kinetics of bDG cleavage upon cLTP stimulation of a primary culture. MMP-9 cleavage of the 43 kDa protein led to the release of a 30 kDa partial cleavage
product. GAPDH was given as a loading control. Cleavage products first appeared 10 min after cLTP stimulation, supporting the results obtained in the live-cell imaging of hip-
pocampal neurons stimulated with the cLTP mixture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

M. Stawarski et al. / Biomaterials 35 (2014) 1402e14101408
significantly (p < 0.02 at 25 min after treatment, p < 0.01 at 27 min
after treatment).

To support the MMP-9 activity kinetics data upon cLTP obtained
with the use of the biosensor, MMP-9 kinetics were further
measured using the b-dystroglycan (bDG) cleavage assay. bDG was
identified previously [41] as an in vivo substrate of MMP-9 that is
cleaved in response to enhanced neuronal activity. Szepesi et al.
[26] observed bDG cleavage following the upregulation of endog-
enous MMP-9 activity caused by chemically induced LTP, providing
an easy way to verify the MMP-9 kinetics obtained with the
biosensor. bDG cleavage in primary cultures after cLTP was first
observable approximately 10min after the beginning of stimulation
(Fig. 5C), which is consistent the biosensor cleavage kinetics
following cLTP in living neurons.

4. Discussion

In the present study, a biosensor that measures the enzymatic
activity of MMP-9 was described. The biosensor utilizes a cyan
fluorescent protein mTFP1, that possesses superior spectral
properties compared with CFP [45], namely increased brightness
and improved spectral overlap with Venus. mTFP1 serves as an
energy donor, and two Venus proteins serve as energy acceptors.
The distance between fluorescent proteins was optimized to
maximize the effective FRET efficiency. Through AP- and FLIM-
based FRET analysis of several biosensor variants that differed in
the distance between fluorescent proteins, we determined that an
LN2 linker that contains seven GGSGSR repeats between Venus1
and Venus2 and an LN1 linker that contains the MMP-9 cleavage
site and one hexapeptide GGTGGT repeat are optimal. This
biosensor variant, internally referred to as 7.1, was found to have
EfD ¼ 0.20 � 0.03 (AP data) and EfD ¼ 0.23 � 0.04 (FLIM data). The
effect of a secondary structure of the linker on MMP-9 cleavage
efficiency was also investigated. The MMP-9 protease cleaved the
biosensor more efficiently when the cleavage site was located
within the a-helix. Unexpectedly, the biosensor with the a-helical
linker displayed a higher FRET efficiency (EfD ¼ 0.26 � 0.02) than
the biosensor with a loop-like linker, which likely results from
different secondary structures assumed by loop-like and a-helical
linkers, with the latter being more compact and thus bringing the
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donor and acceptors closer to each other. The MMP-9 cleavage site
cloned into the biosensor was based on a consensus sequence of a
large group of MMP-9-cleavable peptides [37]. The specificity of the
cleavage site was shown previously [27,38], using human recom-
binant MMP-2, MMP-3, and MMP-7.

We demonstrated that the proteolytic activity of MMP-9 leads
to the release of dual Venus proteins from the cell membrane and
a decrease in the Venus-to-mTFP1 fluorescence intensity ratio.
The biosensor was present predominantly in cellular membranes
(87 � 6%) and cleaved by MMP-9 in the in vitro assay. We showed
that the cleavage was not attributable to spontaneous degrada-
tion of the biosensor, and it can be blocked by the addition of a
broad-spectrum MMP inhibitor. The baseline cleavage of the
biosensor was observable in untreated lysate. Cell lysis was
performed without protease inhibitors of any kind, and the
observed cleavage may be caused by endogenous MMP-9 present
in the HEK293 cell lysate. The data suggest that this baseline
cleavage was blocked by a broad spectrum MMP inhibitor
GM6001.

To image MMP-9 activity, fluorescence emission spectra were
collected from cell membranes of HEK293 cells that expressed the
biosensor. The cells were treated with the aaMMP-9, fixed, and the
fluorescence emission spectra were collected. These spectra
differed from those recorded from untreated cells. The contribu-
tion of mTFP1 to the fluorescence signal increased, implying
cleavage of the biosensor. The effect of MMP-9 on the structure of
the biosensor was also followed by live-cell imaging microscopy.
The treatment of HEK293 cells with aaMMP-9 led to a steady
decrease in the Venus-to-mTFP1 fluorescence intensity ratio,
whereas mock treatment with pure medium and treatment with
inMMP-9 did not lead to any significant changes in the ratio. We
previously reported that the cLTP protocol [26] selectively upre-
gulated MMP-9 gelatinase activity at 10 min post-stimulation.
Additionally, Niedringhaus et al. [49] observed enhanced
neuronal activity of cultured hippocampal neurons following cLTP.
Live-cell imaging performed with rat hippocampal neurons
transfected with the biosensor following cLTP revealed the
detailed kinetics of MMP-9 activity that closely mimicked the ki-
netics of bDG cleavage as observed using Western blot. The
ratiometric method based on calculating the acceptor-to-donor
emission ratio after a single-wavelength excitation, revealed sta-
tistically significant upregulation of endogenous MMP-9 activity
9 min after cLTP stimulation.

Understanding various functions performed by MMP-9 under
physiological conditions (e.g., extracellular matrix remodeling,
angiogenesis and synaptic plasticity) and pathological conditions
(e.g., malignant progression of tumors and epilepsy) requires tools
that enable the assessment of its proteolytic activity. Recent years
have witnessed the development of numerous functional imaging
techniques that provide the means to localize and measure MMP-9
activity in living cells. All of these methods depend on an exoge-
nously applied fluorescent probe that can be cleaved by MMP-9. A
genetically encoded, membrane-anchored, FRET-based MMP-9
activity biosensor might be better suited to elucidate the role of
the proteolytic activity of MMP-9 in physiological and pathological
processes.

The genetically encoded FRET-based biosensor of MMP-9 ac-
tivity began to be recognized [50] as a tool that is essential for
understanding the molecular mechanics of long-term memory
storage. The biosensor described herein responds to this need.
Recent studies have shown that MMP-9 plays a critical role in the
physiology of the brain. Although probes such as DQ-gelatin have
been useful for studying that aspect of the role of MMP-9, they do
not offer the required spatiotemporal resolution needed to answer
numerous questions that have since arisen.
5. Conclusions

We have developed a nontoxic genetically encoded MMP-9 ac-
tivity biosensor that is anchored in the cellular membrane and thus
has an important advantage over currently employed probes. Our
approach to detect MMP-9 activity overcomes the current gener-
ation of MMP-9 activity probes that lack the resolution needed to
reveal the precise function of MMP-9 within the organism. The
biosensor enables the study of the proteolytic activity of MMP-9
with high temporal and subcellular resolution at the precise re-
gion of MMP-9 action on the cell. The biosensor functionality was
demonstrated both in vitro and living cells.
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