DR GREGG B. FIELDS (Orcid ID : 0060001-7126-1601)

Article type.... Special Issue Article

Characterization and regulation of MT1-MMP cell surface-associatedactivity

Sonia Pahwa (pahwa.sonia@gmail.c8fhylanishabrat8howmick
(manishabrata.bhowmick@sial.coff)Sabrina Amatamar.sabrina@gmail.cotfif Jian Cao
(jian.cao2@nih.govj' Alex Y. Strongin (strongin@SBPdiscovery.ofgRafael Fridman
(rfridman@med.wayne.ed{i)Stephen JWeiss(sjweiss@umich.edy)and Gregg B. Field$'

®Departments of Chemistry and Biology, Torrey Pines Institute for MoleculaieStuelort St.
Lucie, FL 34987USA

dDepartment.of Chemistry 8iochemistry, Florida Atlantic University, Jupiter, BB458USA
*Departmerg of Medicine/Cancer Prevention and Pathology, Stony Brook University, Stony
Brook, NY 11794 USA

9Cancer Research Center, Sanf@&arnham Prebyd/edical Research Institute, La ligl CA
92037 USA

"Department-of Pathology and the Karmanos Cancer Institute, Wayne State Unidesivit,

Ml 48201USA

'Division of Molecular Medicine &Genetics, Department of Internal Medicine, and the Life
Sciences lnstitute, University of Michigan, Ann Arbor, Ml 48108A

IThe Scripps-Research Institute/Scripps Florida, JupiteB3a58USA

PPresent address: 8. Food and Drug AdministratioSijlver Spring, MD 20993JSA
“Present addresMilliporeSigma,Burlington, MA 01803USA

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/cbdd.13450

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/cbdd.13450�
https://doi.org/10.1111/cbdd.13450�
https://doi.org/10.1111/cbdd.13450�
mailto:pahwa.sonia@gmail.com)�

'Present address: NIH Center for Scientific Review, Bethesda, MD 20882

*Corresponding author. Department of Chemistry &Biochemistry, Florida Atlantic
University, 5353 Parkside Drive, Building MC17, Jupiter, FL 3345&dt: fieldsg@fau.edu.

Abstract

Quantitative” assessment MfT1-MMP cell surfaceassociatedoroteolytic activity remairs
undefined'Presentl, MT1-MMP was stablyexpresed and a celbased FRET assay developed
to quantify activity towardsyntheticcollagenmodeltriple-helices.To estimate the importance
of cell surfaceslocalization and speciitructuraldomains onMT1-MMP proteolysis,activity
measurementaere performedusing a series of membraranchoredMT1-MMP mutantsand
compareddirectly with those ofsoluble MTEMMP. MT1-MMP activity (k.o/Kym) On the cell
surface wagl.84old lower compared with soluble MTMMP, with the effectargely manifested
in kear Deletion of theMT1-MMP cytoplasmic tail enhanced cell surface activityth both kg
and Ky valuesvaffectedwhile deletion of the hemopexitke domainnegatively impa&d Ky,
and increasedgk. Overall,cell surfacdocalization of MTEMMP restrick substrate binding and
protein coupled motions (based on changes in bqthakd Ky) for catalysis Comparison of
soluble andcell surfadeound MT2MMP revealed 129old lower activity on the cekurface
The celtbased assay was utilized femall molecule and tripiaelical transition state analog
MMP inhibitors, whichwere found to functiosimilarly in solutionand atthe cell surfaceThese
studies provide, the firguantitativeassessmentsf MT1-MMP activity and inhibitionin the

nativecellularenvironment of the enzyme.

Keywords, Cell-based Asay,Proteasdnhibitor, Collagenolysis, Mtrix MetalloproteinaseCell
SurfaceProteolysis.

The_guantification otell surfaceassociategroteaseactivity, along with the evaluation of
inhibitor poteney,is often performed using isolated enzyme and substfsdea result the
contribution of the cell surface environment to tegulation of proteolytic activitys negated
Membrane typel matrix metalloproteinase (MTMMP) is a member of the matrix

metalloproteinase (MMP) gene familgultidomainenzyme that arecharacterized byn N-
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terminal propeptide domain, a zioordinating active sitevithin the catalytic(CAT) domain,
and aC-terminal henopexinlike (HPX) domain(1). However, unlike secreted membefsthe
MMP family, MT1-MMP is distinguished bythe presence of a short transmembranil)
domain and a cytoplasmic t4iCT) that serve to localize thenzymeto discrete regions of the
plasma membranghile providing access to thetracellularcompartmentl).

Although MT1-MMP can hydrolyze a variety of substrai@y, one of its most important
functions ‘is'the serve as a pericellular, interstiti@lagenasehat plays keyroles in events
ranging fran~mesenchymal stem cell differentiation and adipose tissue development to
carcinoma cell proliferation, invasion, angetastasigl, 3-6).MT1-MMP collagenolytic activity
has also beensimplicated in facilitating secondary infecif@ndnterestingly, even thougkT1-
MMP serves asan interstitial collagenase, in similarsfaon to several secreted MMRAs(,
MMP-1, MMP-8, and MMR13), only MT1-MMP activity is critical for conferring cells with
tissueinvasive propertie$8-14).Hence,the plasma membrane environmappears toegulate
MT1-MMP, collagenolytic activity. While quantitative assessment$ MT1-MMP catalytic
acivity at the=cell surfacehouldclarify the potential influenceand effects that the membrane
environmentelicits on catalytic activity under native conditions, such determinations have
remained-problematisee below)

Visualization of membranbound active MT1-MMP has been achieved Wiuorescence
resonance energy transfer (FREMaging of surfacenchored sensors. An initial MINIMP
sensor was created using theys@ro-Lys-Glu-Ser-Cys-AsnLeuPheVal-LeuLys-Asp
sequence gderived from the MMMMP cleavage site in proMMR (15).The FRET pair was an
Enhanced“€yan l&orescenceProtein (ECFP, the fluorophore) and Yeellow Fluorescence
Protein variant (YPet, the quenchdf)5). A second generation sensor was created using the
sequence, Y¥5-Arg-Pro-Ala-His-LeuwArg-Asp-Ser-Gly and the FRET pair mOrange2
(fluorophore)..and mCherry (quencheyjelding a biosensor that was largely insensitive to
MMP-2- or, MMP-9-dependent hydrolysig16). To improve the biosensor’'selectivity, a
pentapeptide~library was screened, and shesorCyPetSerLeu-Ala-Pro-Leu-Gly-Leu-GIn-
Arg-Arg-YPet, (where Cyan Fluorescence Protein variant (CyPet) was the fluoroptase)
found to be more selective for MIMMP compared with other MMPs, with the exception of
MMP-9 (17) A further optimized MIMMP probe was developed based on the sequence AHLR
(Cys-Arg-Pro-Ala-His-Leu-Arg-Asp-SerGly) with Gly-Gly-SerGly-Gly-Thr linkers flanking
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each side of the sequenard ECFPand YPetas a FRET pai(18). MT1-MMP activity was
favored over MMP2 and MMP-9 as well as the membrataachored MMPsMT2-MMP and
MT3-MMP. However, theinsufficient selectivityof sensors that are based on short linear
peptides @l not allowfor the precisejuantiication ofcellular MT1-MMP activity under native
conditions,.and the recorded changedluorescence were not sufficiently robustfor routine
analysis.

A morerecent biosensor for MIMIMP was created usingseparate donor and acceptor that
assembledin“situ (19). Specifically, a monobody (PEbodyyas developed to bindo R-
phycoerythrin R-PE) dye. The PEbodywas fused with ECFP analso inserted intothe cell
membraneAn=MT1-MMP labile sequencéCys-Arg-Pro-Ala-His-LeuArg-Asp-SerGly) was
incorporatedetween the ECFP and the PEbody. MMWP hydrolysis resulted in a decrease in
FRET. Images)wereeported to be clearghan for the ECFP/YPet sens(i5). The ECFP
PEbody/RPE biosensor was used to study the localization and mobility of-MW™MP, but not
to quantify,activity. Interestingly, this study found that MIVIMP mobility was restricted by
inhibition partners (19).

Imaging of"MTEMMP activity on the surface of human mesenchymal stem cells was
achievediusing a thretmensional PE@iydrogelthatincorporaed the MMP substrateéDabcyl-
Gly-Gly-PreGIn-Gly-lle-Trp-Gly-Gin-Lys(fluorescein)Ahx-Cys (20). The relative change in
fluorescence was quantified, but no kinetic parameters were reported. The segadngasunot
specific for MTEMMP.

For thespurpose ofinalyzing cellsurface proteolyticenzyme, ane wouldideally utilize
substratestthatorrespond to thamost prominent activityof a targeted proteasés such,
synthetic triplehelical peptide (THP) substratésat modelnterstitial (typeslll) collagen have
been developed foconvenient, continuouactivity-monitoring assays FRET THPs (THPs)
have typically. used7-methoxycoumarin-4-ylgcetyl (Mca) as a fluorophorehat in turn, is
efficiently .quenched by2,4-dinitrophenyl Dnp) moieties (21, 22). ThesefTHPs have been
employed tesdiscriminate MMP family memigein kinetic assaym vitro, as well as in transfer
FRET assays,in cultured cellsdditionally, we have described an situ (nontransfer) MMP
cell-based assay using FRET peptide subst(at®s

In the presenstudy,MT1-MMP was stablyexpressdin cellsanda celtbased FRET assay

used to quantifycell surfaceassociategrotease activitygndits kinetic parametersio determine
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the effect of the cell surface anthe individual MT1-MMP domains on catadys, activity
comparisons werenadeusing soluble(i.e., transmembrangeleted)MT1-MMP and surface
bound MTEMMP mutants Given recent, and often contradictory, reports regarding the role of
the MT1:MMP CT, CAT domain, andHPX domain in regulating proteolytic activitii4, 24-
30), we alse.assessed the enzymatic propeotfiddT1-MMP following (i) deletion of the CT
[MT1-MMP(ACT)], to determinef a lack ofenzyme internalization, partitioning into lipid rafts
and/or 'CT posttranslation modificatianodulates activity (i) deletion of the HPX domain
[MT1-MMP(AHPX)], to determine the role of the HPX domain in eliface collagenolysis,
and (i) replacement of the MFMMP CAT domain with the MMPL CAT domain MT1-
MMP(MMP-1+€AT)], to determine if the MT-MMP CAT domain is optimal for ceburface
collagenolysis#(Figw 1) Activity of the soluble and celbound forms ofMT2-MMP were
evaluated for comparison to MAMMP. Finally, the effectof two distinct classes ahhibitors

on cell surfacéT1-MMP proteolysisvasexamined.

1. Experimental Section
1.1.Methods ‘andmaterials

Cell culture reagents were obtained from Invitrogen unless otherwise s&tseward
chemicalsswere of analytical or molecular biology grade and purchased from Fisher Scientific.
Antibodies were purchased from EMD Millipore and Piefidee triplehelical sibstrate fTHF
[(Gly-Pro-Hyp)s-Gly-Pro-Lys(Mca)Gly-Pro-GIn-Gly~Cys(Mob)Arg-Gly-GIn-Lys(Dnp)-Gly-
Val-Arg-(Gly=Pro-Hyp)s-NH] and thetriple-helical peptide inhibitolGly¥{PO,H-CHy}lle -Tyr
THPI [(Gly=Pro-Hyp)s-Gly-mepFlp-Gly-Pro-GIn-[Gly ¥(PO,H-CH,)lle]-Tyr-Phe GIn-Arg-Gly-
Val-Arg-Gly-mepFlp-(Gly-Pro-Hyp)-Tyr-NH,, where mep = 4nethylproline and Flp =4
fluoroproline] were synthesized inhouse using methodsdescribed previously(31-35)
Marimastat.a norselectiveinhibitor of MMPs (36, 37),was purchasedrom Sigma. Tissue

inhibitor of metalloproteinase Z(MP-2) wasobtainedrom Abcam €atalog #ab39314).

1.2.Cell culture and transfection

COS1 cells (CRL-1650 wereobtaired from ATCC. Human MCF/ breast carcinoma cells
that express low levels of MTMIMP and negligible levels of MMH8 wereculturedas described
previouslyin Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal calf serum (FCS)
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(38, 39).The pgasmid constructfor producinghumansoluble MTXMMP (MT1-MMP without
its TM domain and CT, designated SM-MMP) was described previous{40, 41).The pCDNA
3.1 dasmids containinghumanwild-type MT:-MMP (WT-MT1-MMP), MT1-MMP with its
cytoplasmic tail deletefMT1-MMP(ACT)], MT1-MMP with the HPX domain deletedT1-
MMP(AHP X)}szand MT1-MMP in which the entire CAT domain was replacedh the CAT
domain ofhumanMMP-1 [MT1-MMP(MMP-1 CAT)] havealsobeen describe@4, 28). The
MT1-MMP(MMP-1 CAT) constructwas composed of MMR. Metl to Tyr260 with the g-
LeuSer-SerAalArg-Asn-Arg-Gin-Lys-Arg sequence inserted between theo Rnd CAT
domains, land MT-MMP Gly284 to Val582(28, 42) The inserted sequence allows for furin
activationof the resulting chimerg2). All pCDNA 3.1 plasmids containing WWMT1-MMP
and mutantsvereused for stable transfectiai MCF-7 cells Control cellsveretransfected with
the original pCDNA3.1 plasmidMCF-7 cellswere stably transfected usingttemeGENE 9
Reagen(Roche)followed by isolation of single colonies aftei64veeks of gedicin selection.
Transfected_cellsvere routinely grown irselective mediun{DMEM supplemented with 10%
FCSand 0:55-mg/mL getiein).

The MT2MMP construct (Metl to Val669 witan HA tag (human influenza hemagglutinin
residues98.06) in the linker 2 region (between Glu584 and Pro585) heeen described
previously«(*, 43).

1.3.Solubleprotein production and detection

To generate soluble MTWMP, sMT1-MMP was transientlytransfected in COS3 cells.
TransfectedSc@S 1 cellswere cultured for 56 in serumfree OptiMEM. Conditioned medim
was collécted concentrated20-fold, and dsaled using Ultracel-30K centrifugal filters
(Millipore,, catalog# UFC903024. Concentrated samplesere pooledand dialyzed against
TSB buffer(50.mM Tris, 50 mM NacCl, 10 mM Cag;10.05% Bri;35, pH 7.5)usingthe Slide-
A-LyzerDialysis Cassette 20KThermo Scientific, product # 6610@yernightat 4 °C. Protein
samples were" resolved byreducing 12% SDSpolyacrylamieg gel electrophoresis and
transferred*onto a PVDF membrafidhe membrangas blocked with 5% noifat dry milk in
PBS plus 0.1% Tween(PBST)for 1 h at ambientemperature and then probed wi anti
MT1-MMP HPX domain mAb (Millipore, catalog# MAB3317) for 16 h at 4 °C.After
extensive washing with PBS the membranewvas reprobedusing goat antimouse 1gG
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conjugated with horseradish peroxidas&®P) (Millipore, catalog # AP124Rn PBST for 1 h at
ambienttemperature. The blatas developed in a SuperSigfialest Pico Chemiluminescent
Substrate (Therm8cientific).

To generate soluble MTRIMP, MT2-MMP Metl to Asn625 with ail-terminal His tag was
stably transfected InMCF-7 cells as described13, 43). FBS free media was collected,
concentrated, and buffer exchandedl B buffer. The protein was then isolated using His trap
resin, eluted'with 100 mM imidazole and dialyzed overnight in TSB buffer.

MT1-MMP“and MT2MMP wereactivated by incubation dhe proMT-MMP in TSB buffer
with 0.1 ug/mL of rhTrypsin3 for 1 h(proMT1-MMP) or 2 h (proMT2MMP) at 37°C (44).
After MT-MMRP, activation, remaining trypsii activity was quenched by addition dfmM
AEBSF (R&DrSystems) and incubation for 15 min at room temperature. Immediately after
activation the enzyme was diluted in c@liB buffer. Enzyme aliquots were kept on wet ice and

used the same day.

1.4.Cell extraet preparation from stably transfectedcells

Stably transfecteMCF-7 cells withWT-MT1-MMP or its mutants were cultured selective
medum. Fer. Western blot analysis, the cultured cells were directly lysed o%-thell tissue
culture platesising 200uL/well of RIPA buffer with potease inhibitor acktail (Sigma, catalog
# P8340) A tissue culture celscrapemwas applied to each well anell lysates wereollected
with a pipette andkept on ice After centrifugation, the protein content of tha@pernatanta/ias
guantified ooy“the Pierce BCA Protein Assay Kit (Thermo Scientific) carriednowiplicate in
wells of a 96well plate. MT1-MMP productionwas confirmed byesternblot as described
above usingnAbs againseitherthe MTI-MMP CAT domainor theMT1-MMP hinge domain
(Millipore,, catalog # ab60® and ab6004, respectivglyand goat antrabbit IgGHRP
(Genescript, atalog # A00098) as a secondanytibody.p-actin mAb BA2R (Pierce, catalog
#MAS5-15739) was used ad@adingcontrd.

1.5.Solubleenzymeassay

Substrate stock solutions were prepared abuarconcentrations TSB buffer containing
0.5% DMSQ MT1-MMP and MT2MMP assays were conducted in T88ffer by incubating a
range of substrate concentratig@530 uM) with 7 and 9nM enzyme, respectivelat 37°C.
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Fluorescence was measured amutiwell plate fluorimeter (Biotek Synergy Hilsing iexcitation

= 324 nm andiemission= 405nm. The @ame kinetic assay wasdsorun in OptiMEM mediaas
opposed to TSBuffer and showed naleviation in the kindgic parameters (data not shown).
Rates of hydrolysis were obtained from plots of fluoresceacses time, using data points from
the linear peortion of the hydrolysis curedone The slope from these plots was divided by the
fluorescencehange corresponding to complete hydrolysis and then multiplied by the substrate
concentration'to obtain rates of hydrolysis in unitgMfisec The relationship between the rate
of hydrolysis“and sudirate concentration for the MWIMP/fTHP-9 pair for which individual
kinetic parameters were determined was fountbliow the MichaelisMenten modelKinetic
parameters were evaluated by Linewed®erk, EadieHofstee, and Hané#&/oolf analyses.
Data werevadditionally analysed using nonlinear regreseimsite hyperbolic binding model
with GraphPadjPrism Software.All the values reported are mean + SD (n38MP substrate
cleavage sites were established by MATDF MSand found to be consistent with previously
published data31 ).

1.6.Cell surface bound enzymeassay

The inssitu enzyme assays were run \Wwells of a 384well tissueculture teaed opaque
microplate«(Greiner Bi®ne catalog #781080).To minimize platebased differences, the same
plate type was used for both soluble and cell surface bound enzyme &tabiysiransfected
cells with“passage number 3 to 8 were used in the aGelly.(6 x 10°well) were seeded in
OptiIMEM Medium andthen incubated overnight at 3T in a CO, incubatorbefore the assay
The assaysswere carried out in serfnee OptiMEM with fTHR9 dissolved in the same media
with 0.5% DMSOQOin atotal volume of 6Q.L. Proteolytic activity was determined by calculating
the percentage, increase in fluorescence compared to the background signal provided by th
corresponding.dilution of the substrates with no cells using a multiwell plate fluorigaster
described_previolg). Estimation ofthe active MT1-MMP and MT2MMP enzymelevels was
performedbyTIMP-2 titration (31). Cells (6 x 10%well) were incubated wita 1.5200 nM
concentration,range of TIMPB. By accounting for active protease concentrations, enzyme
kinetics will not be affected by different levels of protein expresdibe.ate of hydrolysis was

calculated as described abord. the values reported areesan + SD (n=3).
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1.7.Inhibition assay

Stock solutions oGly¥{PO,H-CHa}lle -Tyr THPI, marimastatand fTHR9 were prepareih
OptiMEM mediawith 0.5% DMSO Inhibitorswere preparedver a 1 nM to .M concentration
range. @lls (6 x 1G/well) were seedeth wells ofa 384well plate Inhibitors were added to the
wells and ineubation proceeded for 45 mat 37 °C.After incubation, 15.M of fTHP-9 was
addedto the wells and fluorescence was recorded for 3@in and an mcrease inrelative
fluorescence unit¢RFU) determined as described aboV€s, values weredeterminedusing
GraphPad Prism Software

2. Results

Soluble MT:-MMP (sMT1-MMP; Figure 1) wasisolated from the media ac€OS1 cells
transiently transfectedith the sMIr'1-MMP cDNA. As expectedsMT1-MMP wassecreted as
both proenzymé65 kDa) andactivated(57 kDa) forms(Figure 2)(40, 45, 46).The proenzyme
form of sMEL-MMP was then activatedusing rhTrypsin-3for 1 h, followed by trypsi8
inactivaton by addition of AEBSF.Trypsin activation ofproMT1-MMP generates a&ingle
productat theN-terminusstarting withTyr112 (47) Thiscleavage site identical to thalbserved
following “the,cellular activation of proMT1-MMP by the transGolgi-associated serine
proteinaséurin (40). FollowingTIMP-2 titration 160 nM of theactive enzyme was detectad
the sMT1-MMP sampleg40% of total protein) (Table 1)nitially, the singlestrandednodified
Knight substrate [Mcays-ProLeu-Gly-LewLys(Dnp)Ala-Arg-NH;] servedas a control to
assess acfivityHydrolysis of the substrate by sSsMMMP proceeded witlkca/Ky = 38,560 M
'sec!, Ky ="21°3uM, and kq = 082 sec¢'. The recordedk.a/Ky valuewas2.6-3.7fold higher
comparedto prior ke./Ky Vvalues obtained withother SMT1-MMP samples (Tyr**%Glu>*®
expressed iRichia pastoris) andsimilar FRETsubstrate (48).

Kineticsparameters (K keas and ka/Kyv) werenext determinedor hydrolysis ofthe triple
helical substratsTHP-9 by sMT1:MMP using a 384well plate format For sMT1-MMP
hydrolysis=of fTHR9, ka/Km = 45,130 M'sec!, Ky = 18.6 M, and ku = 0.9 sed were
recorded (Table). To quantify the catalytic activity ofcellular MT1-MMP, MCF7 cellsthat
express little, if any, endogenous MMMP, were engineered tstably expresshe wild-type
proteinase High levels of MTIMMP were confirmedin transfectedcells relative tomock

transfected cellas determinedby Western blottingFigure 3) wherein63-and 42kDa protein
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bandswere detectedgcorresponthg to the active enzyme andis autocatalyticallygenerated
inactive fragment, respective{¢9, 50). The levels of MTIMMP stably expressed in the MECF
cellswere similar to those observed fdDA-MB-231 cells (data not showrthe latter ofwhich
endogenously expressMT1-MMP (51). Farameters such as optimal cell number amitable
media for the,assay weseibsequentlhestablishedWhen the cell number was varied between
1.25 x 16.to 10 x 1d MT1-MMP-transfectants/weland activity measured using fTHP
activity peaked at B x 10 cells/well (data not shown)For estimation othe levels ofactive
enzymemobilized tothe cell surfacethe hydrolytic activity of6 x 1G cellsivell was titrated
with increasing concentrationef TIMP-2 (52). Under tlkese conditions,WT-MT1-MMP
transfectantsswere estimated to expre@s28 nM active proteinasewhereascontrol cells
expressed=0.96 nM of active metalloproteinaseactivity, likely representing endogenous
proteases produced by MCrcells (e.g., MT2MT6-MMPSs) that arealsoinhibited by TIMR2
(Table 1). With_the endogenouactivity treated as backgroundtabletransfection ofMICF-7
cells resulted irthe expression of approximatel§.95 x 16 active MTEMMP moleculegell
((1.32 x 1@mdles/l) x (60 x 1¢P L) x (6.022 x 16° molecules/molp/(6 x 1G cells). This
number is‘comparable to those reported in prior studies using imaging appréachesample,
using thesMP3653reporter & PEGliposome possessing a hydroxamic acid for MdR)eting
and carbexyfluorescein for imagintr quantification MT1-MMP transfection of MCF cells
resulted in~1.1x 1¢° molecules/cel(53). MT1-MMP concentrations on uterus carcinoma SiHa
cell surfaceswvere determined using gold nanoclusters containing -WFZp (sequence \&-
Cys-Tyr-His=Trp-Lys-His-LeuHis-Asn-Thr-Lys-Thr-PheLeu) (54), whereMT1-AF7p binds to
the MTEMMR“MT -loop” region. MTEMMP concentration was 5.282.47 x 10® moles per
cell (3.1647.51 x 1DMT1-MMP molecules/ce)l

Kinetic,analyses demonstrated thW&T-MT1-MMP displayed aKy = 15.1uM (Table 2), a
value similar to,that observed witMIT1-MMP (i.e., 18.6uM). Interestingly thekc./Ky value
for themembrandethered enzymeas4.84old lower relativeto thatdetermined fothe soluble
enzyme (able 3, based primarily oma ko for WT-MT1-MMP that wasdecreased-fold
relative tothat,of SMT1-MMP. Theseresultssuggesthat under similarexperimental conditions
the membran@anchoredenzyme is lesgfficient collagenolytically compared with the soluble
proteaseAs the effect is primarily a function of.k membrandound MTEXtMMP may have
limited conformational flexibility a parameter #t restrictsthe coupled motiongequired for
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catalysig55).

To identify putative effects of the individual MIMIMP domainson catalytic activityMT1-
MMP mutants MT1-MMP(ACT), MT1-MMP(AHPX), and MTtMMP(MMP-1 CAT)) (see
Figure 1)were eactstably expressd in MCF7 cells and the active protease levels quantliyd
TIMP-2 titration MT1-MMP(ACT) transfected cellglisplayed a 2@old increase othe active
enzymeat.the/cell surfaceelative to the wild-type construct(Table 1) These results are
consistentwith™prior studies demonstrating that deletion of the CT delays endocytosis and
consequenthallows the mutant enzymt accumulatet the cell surface, likely in the lipid raft
compartmen(56, 57), but contradict reports suggesting that Bh€1-MMP CT plays a required
role in regulating proteolytic activity at the cell surfg@8, 58). MCF-7 cells expressiny1T1-
MMP(AHPX) alsodisplayed highelevels of bound TIMF2 whencompared taells expressing
WT-MT1-MMP (Table 1) likely due todecreasedT1-MMP endocytosisas theHPX domain
can regulate MT-MMP internalization as a function of iiateractiors with the tetraspanins
(50). Interestingly cells expressindMT1-MMP(MMP-1 CAT) also had higher levelsof the
active enzymercompared withT-MT1-MMP cells (Table 1)This may be due tthe reduced
ability of the MMR1 CAT domain to support the autocatalytic cleavafgéhe chimem from the
cell surface,compared with the native MVMIMP construct(see Figure 328, 49).

The_aetive enzyme concentrations at the cell surface differed (Table 1), whslerave
blotting showed similar levels of protein production (Figure 3). However, the Westésngre
for cell lysates, and thus included both cell surface bound and internalized eBaytimglation
of cell surface,proteings0) followed by Western blot analysis revealed higher levels of cell
surface MTEMMP(ACT) protein compared with WMT1-MMP (datanot shown).

The kinetic parameters werext determined for fTHF hydrolysisby each of theMT1-
MMP mutarts (Table 2)Deletion ofthe CT resulted in a smalecreasén the Ky compared to
the wild-type.enzyme, whereag.kwas substantially increasddence, the MTIMMP CT does
not play a required role in controlling the enzyme’s catalytic actiByycontrast, in the absence
of the HPX.dmnain the Ky valueincreaseccompared with the wildype enzymesupportingan
important relefor this domainin the bindingto the collagertriple-helix (25, 28, 45)while the
Kcat Valueincreased significantlyNevertheless, these results demonstrate that the HPX domain,
while capable of modulating MTMMP activity, is not required for the expression of
collagenolytic activity(28). When the CAT domain of MFMMP was replaced with that of
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MMP-1, fTHP-9 hydrolytic activity was likewise retained although with-Bol increase in Ig

and a 50% decrease i Table 2). Hence, though the structure of the chimeric enzyme may be
negatively impacted bypotential domain clashes betwedT1-MMP and MMR1, the
membraneanchored construct retains significant enzymatic activity against the-hapéal
substrate, highlighting the fact that cell surface collagenolytic acipatyse is not a unique
characteristic of the MFMMP CAT domain(14, 28).

To examine' the effects of the cell surface on another MMP, the activity ofNAMR in
solution and“in“cells was compared. MVMP was found previously to catalyze the hydrolysis
of fTHP-9 (31).In this case, soluble MFTRIMP was found to have much greater activity
towards fTHR9than cell surfacbound MT2MMP (Table 2).

Finally,*to compardhe efficacy ofsyntheticinhibitors towardssoluble versus membrane
boundMT1-MMP, we utilized wo well-characterizedMP inhibitors. Marimastatis a small
moleculehydroxanatethat chelates the active site?Z1§59), whereasGly¥{PO,H-CHy}lle -Tyr
THPI is a\transibn state (phosphinate) analog that interacts with both the active site and
secondaryshinding sites (exosite$MT1-MMP (60). Marimastatexhibitedan I1G,= 19 = 3 nM
for the soluble” enzyme anah ICso = 36 £ 8 nM for membrane-boundVT-MT1-MMP as
determined.in theell-based assayGly¥{PO,H-CH}lle-Tyr THPI hadan ICso = 20 +4 nM
with the_seoltbleenzyme andin 1G, = 36 +6 nM with the membrane-bountvVT-MT1-MMP.

Thus, the potenciesof both inhibitors were decreased-fa2d whencomparing the cekurface
bound to the solubl®rm of MT1-MMP.

3. Discussion

Evaluating enzymdinetics of proteinases tethered the cell surfaceelative to tlose of
soluble proteinasecan provideinsight irto the roles of the membrane microenvironmeint
regulating.catalytic activity (61). To this end, w useda series ofmembraneanchored and
soluble forms_of MT1-MMP to define the role ofthe cell surfaceand individual protease
domainson:-MT1-MMP activity and catalytic efficiency. Enzyme activity was measuxed a
cell-compatible FRET assawherebyan increase in fluorescence upon hydrolysis adtbfor
therapid kinetic evaluation dhe MT1-MMP proteolytic activityin an intact cell systenin the
past, THP substrate models dfiple-helical collagen have allowed for significant advanceraent
in the characterizatiorof collagenolysis(60, 62-64). The use offTHP-9 is based & high
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selectivity for MT1-MMP and MMR8 compared with other collagenolytic MMPass a
consequence of the presence of Cys(Molihe R’ subsite(31). Structural analyses of MMP'S
binding pockets indicatethat MT1-MMP canbetteraccommodatealge hydrophobic residues
compared. withMMP-1, based on th&rg?* residue in MMP1 versusLeu in MT1-MMP (65,
66). MT1-MMP. is thus considered to have a deep, tufikel S, pocket, while MMR1 has a
shallow S"pocket(67). Indeed, fTHP-9 was hydrolyzedat a rate36<old higherby MT1-MMP
compared “with"MMPL (31). Further, n contrast to MTAMMP, fTHP-9 is a veryinefficient
substrate forMMR2 and MMR9 (31). As MMP-2 and MMR9 possess an intermediaieed
S’ pocket (67),these proteinasamay not efficiently accommodate the Cys(Mob) sofhain.
Based on_these advantageous parameiBrP-9 was used as preferredsubstrateo quantify
the collagenolytic activity of various MTIMP formsin our current study

SolubleMT2-MMP exhibited a higheactivity than cell surface bourtoteinasgTable 2)
an expected resuiiven thattethering of the proteinage the cell surface restricits diffusion to
the solublesubstrate(26). However, the difference was manifested almost entirelyqip k
suggestinghatithe cell surface modulatié® coupled motions for catalys{s85). Protein motions
and catalytic activityare likelylinkedin collagenolytic MMPswith prior studiesupportingthe
existencesofultiple coupled conformational states in MMP-1 (60, 63, 68).

Soluble"MT2MMP was found to process fTH® at a similar k/Ky value as MTIMMP
(Table 2). This differs from the collagenolytic activities of these enzymes, where soluble MT1
MMP has‘much greater activity towards type | collagen than-MNP (69). The difference in
activity between soluble and cell surface bound NWI@P was greater than the difference for
these two MEFAMMP constructs (Table 2). In thisase, hhe difference between the MA2MP
constructavas manifested in both.gand Ky. The results suggest that MMMIMP is a far less
efficient collagenolytic enzyme than MIMIMP when bound to the cell surfacghis result is
consistent with_observations for type | collagen invasion by -C@8lls transiently transfected
with MT1-MMP.or MT2-MMP (13).

The MTIEMMP constructsevaluatedherein allowed for the examination ofthe roles of
severalindividual domais onthe overall collagenolyticactivity of MT1-MMP. It has been
shown previously thai'T1-MMP undergoes clathridependent internalization mediatéd the
CT (70-72).Howeve, the MTEMMP CT has also been shown to interact with intracellular

binding partners, such as the FAK30Cas complex, and to undergo posttranslational
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modifications, including Tyr and Thr phosphorylation, Lys ubiquitination, and Cys
palmitoylation (73-77)While the CThas been reported to negatively regule¢d-mediated
MT1-MMP proteolytic activity (29, 58), this domain did not play eequired role in directly
regulating_ proteolytic activity andhé measured K values were not significantly different
between WIMT1-MMP and MTEMMP(ACT) (Table 2). The enhanced activity of MT1
MMP(ACT),compared with WAMT1-MMP may be the result dhe internalization of the latter
in acomplexwithsubstrate reducing as a result, thebserved hydrolysigatefor the wild type
enzyme. hragreementvith these findingsCT deletion hagreviouslybeen shown to enhance
the type Il collagemvasive ptential of epithelial as well as mesenchymal cell populati@ds
28, 78). Ins addition, replacement of the CT and th® domain of MTEMMP with the
glycosylphesphatidylinositol anchor of MIMMP enhancedDCK cell invasion in a three
dimensional type tollagen matrix79).

The MT1:-MMP HPX domain has been reported to play critical roles in a range of functions,
including “the formation of MTIMMP homodimers, MTAMMP+.CD44 and MT1
MMPstetraspanin heterodimerizati, and MTiIMMPstype | collagen binding interaction,

25, 45, 80-83)However, deletion of the HPX domaimly slightly reduce the k./Ky valueof

the mutant.enzyme relative WT-MT1-MMP (Table 2). The reduction was entirely due to a
increasedy value. In solution, deletion of the HPX domainly reduced MTiIMMP activity
towards the triplénelical substrate fTHR5 3.5fold (i.e., ka/Kn = 26,700 M'sec' for soluble
MT1-MMP.versus 7,660 Msec' for soluble MT1-MMP(aHPX)) (84). Interestingly,despite
changes iprcatalytic activity, these results are consistent with previous studies demonstrating the
ability of MTI-MMP(AHPX) to support collagenolytic and tissirevasive activities when
expressed in COS cells or fibrobla¢igt, 28) Thus, our data support the contention tinat
triple-helicase and collagdninding activities of the HPX domaiplay contributory, but not
absoluteyolesfor MT1-MMP function in intact cell system28). Most likely, the HPX domain
serves as a.‘modulator” of the CAT domainy enhancing activity through coupled motions (as
discussed_earlierandbr dampening activity of hyperactive CAT domai(@5). Additional
support forsthis latter notion is provided by the observation that the-MNP CAT domain
alone exhibits a 5:@.5fold higher catalytic activity towards sing#randed synthetic substrates

compared with the soluble full-length enzyme (48, 86).
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In our efforts to identify potentially unique properties associated with the-MWP CAT
domain, we refjaced the wildlype CAT domain with that of secreted interstitial collagenase,
MMP-1. MT1-MMP(MMP-1 CAT) hada ~4.2fold reduced activity compared with \WMWT1-
MMP (Table 2).This reduction was a result @oth an increased\Kvalue and a decreaseghk
value. As previously reported, soluble MMPhal reduced activity towards fTHPB compared
with soluble MTEIMMP (31). The magnitude othe difference was greater for the soluble
enzymes, “but'the comparison is not straightforward, as the nweaumded includedhe MT1-
MMP HPX*"domain (while the soluble MMP has its native HPX domain).Though the
collagenolytic activity of MTIMMP(MMP-1 CAT) is abouta half of that of WT-MT1-MMP
(28), ths resultis consistent with previous studieemonstratingthat the collagerinvasive
activity of fibroblasts though retained to a significant degremas decreased when the MMP
CAT domainwassubstituted fothe MT1-MMP CAT domain(14).

Contributions from secondary binding sites within the MMIWP CAT domain and/or other
cell surface_biomolecules (such as integrins) raisp promote MTEIMMP collagenolysi(1,
87). The need«for proper interaction of IFIMMP with cell surface partners giggested by a
recent studyofsithe 163170 loop region within MTAMMP CAT domain This MT (membrane
type)doop=region is present ithe CAT domain of MTAMT6-MMPs, butis absenin all other
MMPs. Deletion of this loohas been reported to resirtthe mislocalization of MTEMMP
relative topl integrin adhesion complex@sth subsequent decreasan collagenolyticactivity
(88). However, these results stand in contrast with earlier reports that tHeddTegion does
not play asrequired role in MTMMP-dependent collagenolys(28) and further widies are
required toresolve these discrepancies.

Finally, the present approadckllowed for the evaluaton of the effectiveness gbroteinase
inhibitors at the, cell surface. Both small molecule and 4mintein inhibitors were found to be
active towards, cell surface tripkelical peptidase activity, albeit with recht efficiency
compared_ with'inhibition in solutionThe inhibition of MMP cell surface activity has been
qguantified_previouslysing fluorescektonjugated gelatif89). However, gelatin is a substrate
for multiple*proteases, and MMPs werepressed on the surface of yeast q@®, which are
quite different from mammalian cell surfacés several selective and/or secondary binding site
(exosite) MTEIMMP inhibitors have been describ€d, 90-92),the evaluation of activity at the

cell surface will allow for examination of such inhdss in a more nate-like environmentThis
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will also facilitate the development of inhibitors that may act indirectly on MMWP activity.

For exampleMT1-MMP activity has been reported to be enhanced by tetrasp@&iing3)and
bilayer membrarge(94, 95) and thus inhibitors may be designed to mitigate those interactions.
MT1-MMP inhibitors have been described tltasruptthe associatn of the enzyme witlp
integrin subuhits on theell surfacg88, 96).

The present celbased assagould potentiallybe improvedoy creaing a celtsurface bound
substrateTo achieve this goaljdid-like alkyl chainscan be attached to thé&l-terminus of the
MT1-MMP substratd THP-9. We have previously used this approachktabilizef THPs (31, 32
97). An MMP-12 FRET substratkas been anchored to the cell surfaieepalmitoylation (98).
The previouslywdiscusseeiCFP/Ypet mOrange2/mCherrngndECFRPEbody/RPE MT1-MMP
biosensorall incorporatedhe transmembrane domainpiateletderived growth factor receptor
to promote cellisurface anchoriigs, 16, 19)Quastirreversible insertion into membranes can
also be achieved via peptide modification by cholestevberebycholesteryl chloroformater
cholest-5en-3-yl bromoacetatés used to attach cholestertl the N-terminus ofthe peptide or
the side chaimof a Cys residuerespectively(99, 100).With a surface bound substrate, one can
minimize diffusion effects and increase the local enzymeesubstoateentration A potential
drawbackuis that the surface bound substrate might disrupt interactions bdteeszyme and
native cell=surface binding partners (see above). Future studiede designed to evaluate
soluble versus cebBurface bound substes in the MTIMMP cell-based assay described herein
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Figure Legends

Figure 1. Sehematic illustration of MT-MMP constructsDomains of MTIMMP are
propeptide (Pro) in green, catalytic (CAT) in blue, hinge (Hinge) in purple, hemolgdexin-
(HPX) in burgundy, transmembrane (TM) in blue, and cytoplasmic tail (CT) in red. Blue
prodomain.and orange CAT domain represent MMP-1.

Figure 2. Protein expression, production, and purification of soluble MMP (sMT1-MMP).

(A) SDSPAGE analysis of purified protein. Protein was run on 12% SDS-PAGE gel under
reducing.eonditions and (B) analyzed by Western blot withMifitti-MMP HPX domain mAb.

Gel and Western blot analyses showed the proenzyme (65 kDa) and active (57 kDa) forms of
sMT1-MMP.

Figure 3. Western blotting of transfected ME&#Fcells. MCF7 cells stably transfected with the
original p¢DNA3.1 plasmid (Control) or WMT1-MMP, MT1-MMP(ACT), MT1-
MMP(AHPX), ot MT1-MMP(MMP-1 CAT) were lysed and samples identified by Western
blotting with.antiMT1-MMP (A) CAT domain mAb or (B) hinge domain mAb. Western blot
analysis showed the active (63 kDa) and autodegraded (42 kDa) forms RIMAfMMP or
MT1-MMP(@aCT), as well as the active forms of MMMP(MMP-1 CAT) (56 kDa) or MT1-
MMP(AHPX) (42 kDa). In the case of MTIMMP (AHPX), the protein observed at 63 kDa is
natural production of WMT1-MMP by MCF-7 cells.The lowest MW degradation product in
the WT-MT1-MMP and MT:MMP(ACT) samples (~18 kDa)robablycorresponds tthe
autocatalytically generated Tyrl-B2a255 MT1MMP, which is inactive and does not bind
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TIMP-2 (101). The other degradation products observed in the MMR(ACT) sample (MW
~31-35 kDa)may be relatetb nonautocatalytic processingithin the HPX domair{101).

These fragments woulak released from the cell surfgd®). Results shown are representative
of three or more experiments performed. As observed previousiyyWIFMMP, MT1-
MMP(ACT),.and MTIMMP(MMP-1 CAT) exhibit similar mobility in Western blot analysis
(28, 41). The loading control wasactin.

Tablel: TIMP-2 titration for active enzyme evaluation.

MT -MMP Variant MT -MMP (nM) per well
Mock cells 0.96 + 0.09
WT-MT1-MMP 2.28 +0.18
MT1-MMP(ACT) 4.46 +0.24
MT1-MMP(AHPX) 3.38+0.18
MT1-MMP(MMP-1 CAT) 3.32+0.18
WT-MT2-MMP 4.61 +0.283

Enzyme coneentrations were determined as descriliexpi@rimental Sectionl.6.

®Althoughthe determinedell surfaceenzyme concentratiorsre only ~24 times greater than the
value forthe inhibitor (1.4 nM(52)), they are comparable to that determined by a different method for
MT1-MMP'expressed in the same cell liigeeResult$ (53).

Table 2: Kinetic parameters fofTHP-9 hydrolysis bysecretedand membraneanchoredMT -
MMP.

MT -MMP _Variant K (uM) KeadKm (M sec?) Keat (S€C)
SMT1-MMP 186+ 1.4 45130 + 6641 0.84
WT-MT1-MMP 15.1+2.2 9315 + 3262 0.14
MTI-MMP(aCT) 11.2+0.79 19060 + 1760 0.21
MT1-MMP(AHPX) 23.4+29 8430 + 608 0.2
MT1-MMP(MMP-1 CAT) 36.8 + 4.4 2237 + 367 0.08
SMT2-MMP 2.41+1.0 43180 +51.1 0.1 +0.032

This article is protected by copyright. All rights reserved



WT-MT2-MMP 6.95 +0.81 3336 £51.1 0.03 +£0.003

Kinetic parameters were determined as describeBxjmerimental Section 1.5 and 1.6. Results are
presented as meanSD, as indicated. Statistical comparisons were performed wittwageanalysis of

variance (ANOVA) using SigmaPlot v12.5 (SPSS, Inc., Chicago Statistical significance was defined
as* p< 0.05and** p<0.001.
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