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Abstract

Water soluble matrix metalloproteinases (MMPs) have been regarded as diffusing freely in the 

extracellular matrix. Yet multiple MMPs are also observed at cell surfaces. Their membrane-

proximal activities include sheddase activities, collagenolysis, bacterial killing, and intracellular 

trafficking reaching as far as the nucleus. The catalytic domains of MMP-7 and MMP-12 bind 

bilayers peripherally, each in two different orientations, by presenting positive charges and a few 

hydrophobic groups to the surface. Related peripheral membrane associations are predicted for 

other soluble MMPs. The peripheral membrane associations may support pericellular proteolysis 

and endocytosis. The isolated soluble domains of MT1-MMP can also associate with membranes. 

NMR assays suggest transient association of the hemopexin-like domains of MT1-MMP and 

MMP-12 with lipid bilayers. Peripheral association of soluble MMP domains with bilayers or 

heparin sulfate proteoglycans probably concentrates them near the membrane. This could increase 

the probability of forming complexes with membrane-associated proteins, such as those targeted 

for proteolysis.
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1. Introduction

The earliest clues that soluble MMPs might bind near cell surfaces came from their affinities 

for heparin, which is derived from the heparin sulfate chains radiating from proteoglycans 

(HSPGs) embedded in plasma membranes. Woessner and colleagues proposed that several 

MMPs bind HSPGs based on heparin extraction of MMP-2, 7, 9 and 13 from the uterus [1], 
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affinities of MMP-1, 7 and 13 for heparin-Sepharose [2–4], heparin binding localized to the 

hemopexin-like (HPX) domains of MMP-1, 2 and 9 [5–7], and potential binding sites at 

basic residues of the MMP-1, 2, 7 and 13 catalytic domains [1]. Interactions of 

glycosaminoglycans (GAGs) and HSPGs with metalloproteinases such as MMP-1, 2, 7, 9, 

13, and 16 were reviewed [8–10]. Effects of GAG interactions with selected MMP, ADAM, 

and ADAMTS enzymes in compartmentalization, activation, and linkage to substrates from 

cell surfaces continue to receive attention [9–19], but are topics outside the emphasis of this 

article.

MMP-9 is found expressed on the surface of activated polymorphonuclear neutrophils 

(PMNs) where it is highly active on protein substrates including elastin, collagen IV, gelatin, 

and α1-proteinase inhibitor [20]. Similarly, most MMP-8 secreted by activated PMNs is 

present on the plasma membrane, with about 40% of the bound protease in higher molecular 

weight forms and 60% in processed forms [21]. There the active fraction digests collagens I 

and II and α1-proteinase inhibitor [21]. PMN-bound MMP-8 and -9 are readily inhibited by 

small inhibitors but are less sensitive to TIMP protein inhibitors by up to two orders of 

magnitude [20, 21]. When bound to colon cancer cells, MMP-7 is also active and susceptible 

to inhibition by small inhibitors, but less so by TIMP-2 [22, 23]. These results imply that 

MMP-7, 8 and 9 bound to cells have open active sites, but with partial steric obstructions 

nearby that are absent from the enzymes free in solution. MMP-12 exhibits activity at the 

surface of activated macrophages, but not in the surrounding aqueous milieu [24]. In 

contrast, it is the latent zymogens of MMP-7, 8 and 12 that are found free in solution [21, 

23, 24].

The plasma membrane, visited by these and other soluble MMPs, is characterized by a 

phospholipid to cholesterol ratio of 1:1, which promotes a mixture of liquid ordered and 

disordered phases of the bilayer [25]. The predominance of glycospingholipids (GSL), 

sphingomyelin (SM), and phosphatidylcholine (PC) on the external leaflet of the plasma 

membrane and on the luminal leaflet of the Golgi is maintained by lack of transport of these 

lipids to the cytosolic leaflet [25]. MMPs may in principle encounter the GSL, SM, and PC 

in the Golgi during secretion and on cell surfaces once secreted. Phosphatidylserine (PS) and 

phosphatidylethanolamine (PE), however, are transported to the cytosolic face of the plasma 

membrane and Golgi by P4 ATPases [25]. The plasma membrane is divided into 

compartments by the molecular skeleton of actin filaments (on the cytosolic face) to which 

some transmembrane proteins are anchored like picket fences rising out of the extracellular 

face [26]. MT1-MMP may contribute to such picket fences, as it is anchored to F-actin in 

invadopodia and podosomes [27, 28]. Within the compartments defined by actin and the 

attached pickets lie lipid rafts and domains of dynamic protein complexes [26]. This article 

considers some simplified, dynamic protein complexes.

The best understood plasma membrane regulation of the activation of an MMP regards the 

maturation of proMMP-2. At tumor cell surfaces, membrane type 1 (MT1) MMP activates 

proMMP-2 to active MMP-2 [29], via a ternary complex with TIMP-2 [30, 31]. Similar 

ternary complexes containing either TIMP-2 or TIMP-3 enable MT3-MMP to activate 

proMMP-2 on the surface of cultured cells [32]. Chondroitin sulfate proteoglycans also 

serve to connect MT3-MMP with proMMP-2 in order to activate the latter [14]. Perhaps 
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analogously, the tetraspanin CD151 activates proMMP-7 on carcinoma cells [33]. Specific 

interactions of MMPs with many components of cell surfaces extend beyond HSPGs [11, 12, 

14, 34–36], tetraspanins [33, 37, 38] and TIMP bridging to MT-MMPs [30, 32] to include 

integrins [39–43], low-density lipoprotein receptor-related proteins (LRPs) [44, 45], other 

proteins, and cholesterol sulfate (CS), as reviewed [46, 47]. MMP-7 associates with lipid 

rafts and their sulfated lipid components CS and the sulfoglycolipid SM3 when binding 

cancer cell lines and inducing the cells’ aggregation and aggressiveness [48]. Binding of CS 

was confirmed, but so was HSPG binding, in an independent study analyzing high affinity 

binding of MMP-7 (matrilysin) to cancer cells [23]. Anionic lipids are required for the high 

affinity of MMP-7 for vesicles [49, 50]. This article considers a few functional implications 

of peripheral interactions of MMPs with cell membrane bilayers, the interfaces of MMP 

catalytic and hemopexin-like (HPX) domains for lipid bilayers, and possibilities for lipid 

bilayer interactions with additional soluble MMP domains.

2. Influences of peripheral membrane interactions on MMP activities

2.1. Sulfated lipids and proteolysis by MMP-7

Numerous proteins are shed from the surface of colon cancer cells when MMP-7 binds the 

cells and CS is present in their plasma membranes [48]. MMP-7 bound to cancer cells via 

CS or the sulfoglycolipid SM4 (sulfatide) in their plasma membranes hydrolyzes markedly 

increased amounts of laminin-332 (laminin-5) and fibronectin because these substrates also 

bind the sulfated lipids CS and SM4 [51, 52]. This promotes detachment of the cancer cells 

from surfaces coated by laminin-332 or fibronectin, and ensuing homotypic aggregation of 

the cells. Since both the cell detachment and aggregation are relevant to metastasis, the 

authors proposed CS interactions with MMP-7 as a target for therapeutic development [51].

2.2. Pericellular collagenolysis

MMP-8 is also known as collagenase-2 and neutrophil collagenase. 92% of the type I 

collagenase activity of MMP-8 in mice is present at the plasma membranes of activated 

neutrophils [21]. The collagen-invasive activity of MT1-MMP requires tethering to the cell 

surface by a transmembrane anchor, which is a C-terminal transmembrane helix [53–55]. An 

alternative view has been that dimerization of MT1-MMP is critical to its pericellular 

collagenase activity [56]. The dependence of the pericellular collagenase activity of MT1-

MMP on membrane anchoring and dimerization might be related, in that transmembrane 

helices routinely dimerize [57–59]. In the absence of the transmembrane helix, the collagen 

triple-helical peptidase activity of the ectodomain of MT1-MMP is enhanced by 50% by the 

addition of bilayered micelles called bicelles [60], i.e., bicelles with a lipid composition 

conferring the morphology of sheets with holes like “Swiss cheese” [61]. The study 

localized bicelle binding to the HPX domain [60].

MT1-MMP sheds CD44 and syndecan-1, which promotes cell migration [62, 63]. The 

transmembrane anchor of MT1-MMP could help in positioning the catalytic domain 

strategically to digest these key HSPGs. Analogous to the anionic membrane-associated 

MMP-7 digestion of laminin-332 / laminin-5 [51, 52], MT1-MMP also digests laminin-5 to 

stimulate cell motility [64–66].
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2.3. Maturation of prothrombin by MMP-12 at membranes

The catalytic cleft of MMP-12 being open and active when bound to bilayers and cell 

membranes [24, 67] suggests the hypothesis of MMP-12 digesting membrane-associated 

physiological targets. At inflamed sites in vivo, i.e., murine peritonitis, MMP-12 inactivates 

antithrombin and activates prothrombin to thrombin, a key factor in blood coagulation, and 

thereby enhances the rate of coagulation [68]. Prothrombin and the coagulation cascade 

associate with membranes, where they are active. The associations require physiological 

[Ca2+] and are fostered by PS in the membranes [69–72]. To test if MMP-12 activation of 

prothrombin is aided by membranes, the emergence of the proteolytic activity of thrombin 

was monitored using a thrombin-specific colorimetric substrate. Small unilamellar vesicles 

(SUVs) of DMPC increase, in a concentration-dependent fashion, the amount of thrombin 

activity released by MMP-12-dependent maturation of human prothrombin (Fig. 1). 

Saturating additions of SUVs of 100 to 300 μM DMPC monomers increase the initial 

velocity of thrombin activity by 2.5-fold, at the enzyme concentrations and incubation times 

used. This suggests more efficient maturation of prothrombin by MMP-12 on the liposomes, 

as well as the pertinence of the association of these enzymes with plasma membranes.

2.4. How might membranes aid proteolysis by MMPs?

The increases of MMP-7 digestion of matrix proteins co-localized with it at sulfolipids [51, 

52], as well as liposome-enhanced MMP-12 maturation of prothrombin (Fig. 1), appear to 

be cases of membrane bilayers bringing peripherally associated MMPs together with 

substrate proteins for more productive collisions. Localization on the plasma membrane 

could fit one of two general hypotheses regarding the mechanistic value. The early and 

dominant general hypothesis in molecular biophysics has been the acceleration of diffusion 

by reducing the dimensionality, thereby expediting the search for specific targets [73–75]. 

This hypothesis may apply to the nonspecific 1D diffusion of proteins sliding on DNA to 

specific sites [76, 77]. Reduced dimensionality has been invoked to account for peripheral 

proteins gliding on a 2D membrane to meet specific partners [78, 79]. However, the 

hypothesis of molecular encounters hastened by diffusion in two dimensions rather than 

three was criticized as resulting in only small to no advantage, and even retardation of 

encounters [80]. A strong alternative hypothesis argues that membrane localization increases 

the interactions of proteins and signal transduction by concentrating dilute proteins 

tremendously in a smaller volume near the membrane [81]. The latter hypothesis generalizes 

to both sides of the plasma membrane and probably to other membrane organelles. This 

concept may apply to the formation of multiple MMP complexes with substrates or 

receptors at membranes. In cases of co-localization on a membrane patch such as a lipid raft, 

acceleration of encounters by 2D diffusion within the patch is considered likely to enhance 

rates of association [81]. Since the plasma membrane is partitioned into many patches < 300 

nm in breadth [26], the hypothesis of accelerated diffusion potentially applies widely to 

cells.

2.5. MMP internalization, trafficking, and peripheral membrane interactions

Macrophage-secreted MMP-12 enters cells infected by respiratory viruses and then appears 

in the nucleus. There it acts as a transcription factor upon the NFKBIA promoter to drive the 
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transcription of many gene products [82]. Live cell imaging using MMP-12 catalytic domain 

tagged with a membrane-responsive fluor placed at membrane-binding sites offers Insight 

into this internalization and trafficking [67]. Labeled MMP-12 fluoresces brightly not only 

on the plasma membrane, but also accumulates especially in a perinuclear membrane 

network and on the nuclear envelope where it accumulates within 5 min after addition at 

37 °C. MMP-12 is distributed similarly in HeLa cells incubated on ice to impede 

internalization, with the bulk of the fluorescence emitted from vesicles in the cytoplasm and 

a smaller portion emitted from features (invaginations or vesicles) at the plasma membrane 

(Fig. 2). The cold impeding the ingress of MMP-12 suggests endocytosis [67]. Similarly, 

proMMP-7 binds the plasma membrane of colon cancer cells, is internalized, and 

accumulates in cytoplasmic vesicles within 5 min after addition [50]. Since GSL, SM, and 

PC are enriched on the luminal face of endosomes [25], MMPs are likely to meet these 

lipids during endocytosis. Live cell imaging of the development of membrane-responsive 

fluorescence suggests the participation of peripheral membrane interactions of MMP-7 and 

12 in endocytosis.

The internalization of soluble MMP-7 and -12 within 5 min [50, 67] is faster than the 

internalization of transmembrane-anchored MT1-MMP in 30 to 45 min [83], GPI-anchored 

MT4-MMP in 45 to 60 min [84], or GPI-anchored MT6-MMP which is also slow [85]. 

Deletion of the transmembrane helical anchor of MT1-MMP is disruptive to trafficking and 

recycling [83]. In contrast, MMP-12 and MMP-7 lack such an anchor to depend on. MT1-

MMP undergoes endocytosis by both clathrin-dependent and caveolin-dependent pathways 

[86]. Endocytosis of MT4-MMP proceeds by neither pathway, but rather through early 

endosomes via the pathway of clathrin-independent carriers/GPI-enriched early endosomal 

compartments [84]. Soluble MMP-13 is rapidly endocytosed by association of its HPX 

domain with LRP-1 [87]. How other soluble MMPs undergo endocytosis will require 

investigation.

MMP-12 accumulates within the nucleus of a live cell within 3 to 12 min after addition [67]. 

This is consistent with MMP-12 acting as a transcription factor [82]. Likewise, proMMP-7 

binds HeLa cell surfaces, is internalized, accumulates with membranes in the cytoplasm, and 

continues into the nucleus. Endosomal membranes fusing with other membranes can be 

hypothesized for delivery of soluble MMPs to other membrane compartments. MMP-1*, 2*, 

3*, 9, 13*, 14 and 26 are also observed in nuclei, as reviewed [88]. They and MMP-7, 8*, 

and 11 digest nuclear proteins [88]. Those marked with an asterisk have a putative nuclear 

localization signal (NLS), as do seven other MMPs not listed [89]. MMP-3 traffics to the 

nucleus, requiring its NLS [89]. Nuclear MMP-3 boosts transcription at the CTGF promoter 

[90]. MT1-MMP (MMP-14) also traffics inward and reaches the nucleus where it binds the 

p110δ promoter and dampens the macrophage immune response via wide effects on 

transcription and translation [91]. The presence of MMPs in the nucleus, their NLS 

sequences, and predictions that other soluble MMPs bind membranes (see below) raise the 

question of mechanisms of trafficking to the nucleus.
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3. Interfaces with lipid bilayers

MMP-12 catalytic domain and proMMP-7 each visit two distinct orientations in binding the 

head group region of bilayers [50, 67], according to NMR measurements using spin-labeled 

bicelles [92].

3.1. Dual modes of MMP-12 binding to bilayers

The β-sheet of MMP12 catalytic domain faces the bilayer such that the loops connecting β-

strands make contact with the DMPC head groups [67]. Choline head groups make contact 

with the hydrophobic moieties in the side chains of the S-shaped III–IV loop and the IV–V 

loop connecting β-strands IV and V (Fig. 3A). Arginine residues 117, 127, and 165 appear 

to form transient salt bridges with phosphate groups in the head groups (Fig. 3A). Asn119 

(I-A loop) and Thr154 (II–III loop) may donate fleeting hydrogen bonds. Overall, these 

polar contacts with the bilayer are distant from the active site, while the hydrophobic 

contacts with choline head groups are nearer to the active site (Fig. 3A). In contrast, the 

mode of MMP-12 binding near the α-helices is entirely polar and closer to the active site 

(Fig. 3B). Lysine side chains at opposite extremes of this so-called α-interface each form an 

apparent salt bridge with the phosphate of a DMPC head group [67], at left and right in Fig. 

3B. Transitory hydrogen bonds appeared to be donated by side chains from the V-B loop 

(His206 and Ser207) and side chains from the S1’ loop (Lys241, Tyr242, Asn246, and 

Arg249) to the phosphoesters of the head groups (Fig. 3B).

3.2. Charge-switched partial insertion of proMMP-7

The binding of proMMP-7 to zwitterionic bicelles is analogous to that of MMP-12 via its β-

interface, but is more superficial in the case of proMMP-7. Three of the four corresponding 

loops of proMMP-7 superficially touch the bilayers without net charge: the I-A loop 

(Arg98), the II–III loop (Trp129), and the III–IV loop (Arg140) (Fig. 3C). The arginine 

residues appear to form salt bridges with DMPC phosphates while Trp129 contacts 

hydrophobic choline head groups (Fig. 3C). The lack of contact with the IV–V loop is 

related to the angle of approach of the β-face of MMP-7 differing by > 30° from that of 

MMP-12 (c.f. Fig. 3A). ProMMP-7 is slowed more modestly in its tumbling by small, 

zwitterionic bicelles [50] than is the MMP-12 catalytic domain [67]. The smaller, more 

superficial interface of proMMP-7 with zwitterionic bilayers correlates with greater 

transiency.

When proMMP-7 encounters anionic lipids in bilayers, particularly those with greater 

negative charge from sulfate or phosphate groups, the enzyme associates more tightly with 

the bilayer [50], with reports of IC50 and apparent KD values for CS ranging from low μM to 

low nM [23, 49, 52]. Upon binding bicelles doped with CS, the zymogen slows in rotational 

diffusion in proportion to the [CS] and draws roughly 11 Å closer to the bilayer, buries 3.6-

fold more of its surface area with the bilayer, and rotates nearly 80° [50]. This rotation of the 

β-α-β at the back of the catalytic domain presents to the lipid head groups five basic side 

chains (Lys87, Arg92, Arg107, Arg125, and Lys126), polar Tyr96 and Asn114, and 

hydrophobic Ile103 (Fig. 3D). With CS present, the side chains of Trp129 and Ile103 reach 

into the hydrophobic interior of the membrane [50]. The side chains of Ile103, Arg107, 
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Arg125, and Trp129 are required for association with the anionic lipids CS, sulfatide (SM4) 

or cardiolipin [52, 93], in excellent agreement with NMR and fluorescence results [50]. The 

wide and tight interface with CS present features the remarkable ordering and shifting of 

lipid head groups out around the inserted Trp129 and Ile103 side chains [50]. What favors 

this partial insertion? The CS molecules exert an electrostatic pull on seven or eight basic 

residues on the back of the MMP-7 catalytic domain, e.g., the sulfate group of one CS 

molecule and five basic residues draw as close as possible (Fig. 3D). This CS molecule 

appears to be drawn into a hydrogen bond with Tyr96 and a polar contact with the partial 

positive charge at the N-terminal end of the long helix nearby. Lys87, Arg92, Arg107, 

Asn114, Arg125, and Lys126 seem to engage in favorable but transient hydrogen bonds 

and/or salt bridges with phosphoester portions of the DMPC head groups [50]. The 

hydrophobic contacts of Trp129 and Ile103 with the fatty acyl chains are also energetically 

favorable. However, the electrostatic attraction between anionic bilayers and highly basic 

MMP-7 dominates this interface. MMP-7 is attracted to other anionic lipids as well, 

including the PS and sphingosine 1-phosphate signaling molecules [50]. This electropositive 

region of MMP-7 must also be attracted to the polyanionic GAG chains of 

glycosphingolipids, which are confined to the apical surfaces of epithelial cells [25] where 

MMP-7 also localizes [1].

3.3. Allostery between bilayer interfaces and the active site of MMP-7

Binding of lipids triggers long-range communication with the MMP-7 active site. A zinc-

chelating, competitive inhibitor decreases MMP-7 affinity for CS and cardiolipin [52]. The 

inhibitor and anionic lipids bind on opposite sides of the domain. Binding of proMMP-7 to 

small bicelles, with or without CS embedded in them, results in auto-activation of the wild-

type enzyme and alteration of the structure of the E195A-inactivated enzyme; the cysteine 

coordination of the catalytic zinc that maintains latency is lost [50]. NMR spectra suggest a 

path of long-range communication from Trp129 in the bilayer interface to the active site and 

affected cysteine [50].

3.4. Shared characteristics of the bilayer interfaces

Basic residues making polar contacts with head group phosphoesters accounts for the largest 

share of attraction between bilayers and MMP-7 or MMP-12 (Fig. 3). Basic residues for 

recognizing phosphate groups also stand out in the structural characterizations of 

intracellular signaling proteins called conditional peripheral membrane proteins, which have 

basic pockets to bind specific phosphoinositides, or flat basic surfaces to bind a variety of 

phosphoinositides promiscuously [79]. Other types of lipid-binding proteins nonspecifically 

recognize general properties of membranes such as the negative charge of the inner leaflet of 

the plasma membrane [79]. MMP-7 and MMP-12 likewise prefer anionic lipids, apparently 

nonspecifically [50, 67], but present on the outer leaflet of plasma membranes accessible by 

MMPs. For example, CS is present in skin [94] and cancerous lesions [95, 96]. PS exposure 

is a signature of apoptosis [97]. The importance of charge complementarity to MMP-12 

association is evident from its sensitivity to salt [67]. The breadth of the membrane 

interfaces of MMP-7 and -12 of about 2400 and 2500 Å, respectively [50, 67], may support 

their charging-sensing properties.
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3.5. Switching and adjustability of bilayer binding orientations

The dramatic charged-based switching in the binding of MMP-7 to lipid bilayers (Fig. 3) 

may trigger its attack upon proteins of the cell surface (exemplified by fibronectin and 

laminin-332) by the anionic lipids CS, sulfatide, and cardiolipin [48, 51, 52, 93]. The 

association with CS (and other anionic lipids) appears to rotate the pro-enzyme around 75°, 

to point the active site away from the bilayer surface for widest accessibility (Figs. 3D, 4A). 

CS recruits a partial insertion of the pro-enzyme into the bilayer, drawing it in toward the 

bilayer by at least 10 Å (Fig. 4A). This accounts for the slowing of its tumbling by CS and 

implies increased residence time of the enzyme on the bilayer [50]. The CS-induced changes 

in orientation [79] and increases in activity upon protein substrates at membrane surfaces 

[52, 93] support the hypothesis that CS increases productive collisions of MMP-7 with CS-

recruited substrate proteins.

MMP-12 association with its bilayers by its α-face imposes some steric conflict upon the 

accessibility of the unprimed subsites of the active site (Figs. 3B, 4B), i.e. near His206, 

Ser207, Lys241, and Tyr242. Bilayer association with MMP-12 by its β-face leaves the 

active site more accessible (Figs. 3A, 4C) to membrane-associated protein substrates. The 

active site is better separated from the membrane surfaces and nearly parallel to them (Fig. 

4C), and can face a protein neighbor on the membrane. This mode of binding might support 

membrane-proximal activities such as the activation of prothrombin (Fig. 1). The membrane 

association should also concentrate the MMP-12 at the membrane, thereby increasing the 

number of productive collisions with membrane-associated substrates, following the 

“piggyback” mechanism postulated for many signaling complexes [81].

Striking adaptability in the orientations of binding membranes is highlighted by steric 

competition of TIMP-2 and bilayers for both the α and β membrane interfaces of MMP-12 

[67] (Figs. 4B,C). MMP-12 catalytic domain seems to respond by rolling away on the 

membrane to accommodate TIMP-2 occupying part of each membrane interface [67] (Figs. 

4B,C). To relieve the steric clash between bilayer and TIMP-2, the MMP-12/TIMP-2 

complex may rotate on the membrane (i) at the α-face more than 30° away from the conflict 

with the C-terminal domain of TIMP-2 (Fig. 4B) and (ii) at the β-face more than 10° away 

from the conflict with the AB loop of TIMP-2 (Fig. 4C). It is unclear whether the enzyme 

inherently rocks and rolls on fluid bilayers or hops and rebinds in orientations altered by a 

bound TIMP inhibitor. ProMMP-7 appears to rotate, slide, and bob on the bilayer surface 

[50]. The reorientations of MMP-12 promoted by TIMP-2 are larger than the smaller 

simulated fluctuations of proMMP-7.

4. Hypothesis that soluble domains from multiple MMPs interact with 

bilayers

4.1. Catalytic domains

The practice and benefit of including the lipid-mimicking detergent Brij-35 in proteolytic 

activity assays of MMPs in vitro [98] might hint at the possibility that several soluble MMPs 

tend to interact with lipids. Nonspecific interactions of proteins with membrane bilayers can 

be predicted from atomic-resolution structural coordinates using web servers named 
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Positioning of Proteins in Membranes (PPM) [99–102] or Membrane Optimal Docking Area 

(MODA) [103, 104]. The interfacial residues predicted by MODA are marked in Fig. 5 and 

agree with the interfaces predicted by PPM, except where noted. MMP-7 is predicted to bind 

bilayers using its II–III loop and V-B loop (orange in Fig. 5A), which are two of the three 

loops making superficial contacts with zwitterionic head groups in the NMR structure (Fig. 

3C; PDB: 4MZH). Two other catalytic domains with forecasts of binding bilayers via the β-

face, i.e. the loops around the β-sheet, are those of MMP-2 and 13 (Fig. 5A). However, PPM 

predicts that MMP-13 binds instead by the α-face, similarly to MMP-12 bound by its α-face 

to the bilayer (Fig. 3B). MMP-1 is predicted to bind using the α-face as well (Fig. 5B). 

Analogous to bilayer-MMP-12 complexes [67] (Fig. 3A,B), stromelysins 1 and 2, i.e. 

MMP-3 and 10, are predicted to bind bilayers by both the α-face and β-face (Fig. 5B). 

Judged against MMP-12 and proMMP-7, the predictions constitute only a subset of the 

interactions measured experimentally.

The catalytic domains of MT1-MMP and MT3-MMP are also predicted to bind bilayers, but 

with less agreement between the servers’ predictions regarding their orientation. MODA 

predicts that both enzymes should bind by the β-face, and MT1-MMP also by the α-face. 

PPM predicts that both enzymes bind by the α-face. Coordinates of GPI-anchored MT-

MMPs are not yet available for structure-based predictions. Treatment of GPI-anchored 

MT6-MMP with phosphatidylinositol-specific phospholipase C liberates the enzyme from 

cell surfaces [85], casting doubt on the sufficiency of its domains to associate peripherally 

with membranes. Membrane interactions of the catalytic domain of MT1-MMP are 

supported by assays using SUVs composed of DMPC. The catalytic domain sediments 

together with SUVs (Fig. 6A). FRET assays indicate that tryptophan side chains of MT1-

MMP catalytic domain draw near to the pyrene quencher attached to the head group of 

phosphatidylethanolamine (PyPE) embedded in SUVs of DMPC, increasingly as the 

concentration of these labeled SUVs is raised (Fig. 6B).

4.2. Hemopexin-like domains

The HPX domain of MT1-MMP also interacts with SUVs in assays, reaching near to 

saturation by 500 μM DMPC monomers (Fig. 6C,D). One formulation of bicelles also binds 

the ectodomain, HPX domain, and its blades III and IV, distal from the collagen binding site 

[60](Fig. 7A). Preliminary modes of binding to blades III and IV were proposed, but differ 

from preliminary modes of binding suggested by paramagnetic NMR using small disc-like 

bicelles (Marcink and Van Doren, unpublished). These results suggest that previous 

assumptions stating that the catalytic and HPX domains of MT1-MMP radiate away from 

the cell membrane may need to be reconsidered. The soluble domains of MT1-MMP may be 

located part-time on the membrane surface.

The HPX domain of MMP-12 kills gram-positive and gram-negative bacteria and binds 

bacteria in phagolysozomes of macrophages [105]. (At pH 4.8 to 5.7 typical of 

phagolysozomes [106], MMP catalytic domains unfold while HPX domains remain stable). 

The bactericidal activity of the MMP-12 HPX domain suggests the distinct possibility that 

the domain may interact with bacterial membranes since antimicrobial peptides are often 

judged by their ability to destabilize membranes of their targets. To test for bilayer 
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association, we prepared Nanodiscs, which are trusted and homogeneous bilayers confined 

to small discs [107–111]. The Nanodiscs broaden away amide NMR peaks of 

MMP-12(F171D/E219A) for at least 11 residues in blades III and IV, and the peak of 

another residue in blade II (Fig. 7B). The Nanodisc-induced NMR line broadening in blades 

III and IV of MMP-12 is similar to the line broadening of blades III and IV of MT1-MMP 

by DMPC/CHAPS bicelles (c.f. Fig. 7A). The bilayer-affected location in the MMP-12 HPX 

domain in blade II adjoins its β-hairpin loop critical for killing bacteria. This loop has the 

sequence of KDDK that is unique to the MMP-12 subfamily [105] and marked in Fig. 7B. 

The partial overlap of the KDDK loop with the bilayer-perturbed region raises the question 

of the nature and extent of the relationship between bactericidal activity and the interface for 

binding lipid bilayers.

The flexible linkers between the pairs of membrane-interacting catalytic and HPX domains 

of MMP-12 and MT1-MMP should enable their peripheral membrane interactions to adapt 

to membrane curvature that they might encounter in caveolae, clathrin-coated pits, and 

endosomes.

Conclusions

Peripheral membrane associations of soluble domains of MMPs appear to be coupled to 

pericellular proteolysis, endocytosis, and intracellular trafficking. The pericellular 

proteolysis includes cases of sheddase and maturase activities and collagenolysis. Binding of 

membrane components by soluble MMP-7, MMP-12, and MMP-13 is associated with the 

endocytosis of each. This appears analogous to the importance of membrane anchoring of 

MT-MMPs in endocytosis, but the mechanisms of endocytosis are diverse. The intracellular 

trafficking of MMP-7 and MMP-12 manifests association with membrane compartments as 

well. Bacterial killing by the HPX domain of MMP-12 can be hypothesized to be related to 

binding of membrane components of bacterial envelopes. Since the assembly of MT-MMPs 

upon membranes heavily influences their function, the possibility of transient associations of 

their soluble domains with bilayers complementing the transmembrane anchors should now 

be considered. Attraction of basic side chains to anionic lipids and phosphate moieties in 

lipid head groups are emerging themes in peripheral associations of soluble MMP domains 

with membranes. The modes of binding can adjust, especially in response to charge. Anionic 

lipids increase pericellular proteolysis by MMP-7, probably by increasing productive 

collisions. Peripheral membrane associations are predicted from the structural coordinates of 

the catalytic domains of several soluble MMPs. The HPX domains of MT1-MMP and 

MMP-12 bind bilayers as well. Peripheral association of soluble MMP domains with 

membrane components concentrates the MMPs and may accelerate their local diffusion, 

which may increase the effective affinity of their transient complexes with substrates and 

receptors formed at the membrane.
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Abbreviations

CS cholesterol 3-sulfate

DMPC dimyristoylphosphatidylcholine

FRET Förster resonance energy transfer

HPX hemopexin-like

LRP low-density lipoprotein receptor-related protein

MMP matrix metalloproteinase

MT1-MMP membrane type 1 MMP

NLS nuclear localization sequence

NMR nuclear magnetic resonance spectroscopy

PyPE 1,2-dioleoyl-sn-glycero-3-phospho-[N-1-pyrenesulfonyl] ethanolamine

SM3 lactosylceramide 3′-sulfate

SM4 sulfatide or 3-O-sulfogalactosylceramide

TIMP tissue inhibitor of metalloproteinases
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Highlights

• Peripheral membrane associations couple MMPs to pericellular proteolysis 

and trafficking

• Multiple MMP catalytic domains and some hemopexin domains may bind 

lipid bilayers

• Basic residues of some MMPs recruit them to anionic groups of lipids

• The bilayer associations are dynamic and adaptable but concentrate MMPs 

with partners
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Fig. 1. 
Maturation of prothrombin by MMP-12 is increased by lipid bilayers, exemplifying the 

hypothesis of membranes drawing soluble MMPs together with protein substrates. The 

emergence of thrombin activity is evident as increased A405 upon digestion of thrombin-

specific substrate S-2238 (100 μM). Human prothrombin (400 nM) was inactive until 

proteolytically activated by 16 h of incubation with human MMP-12 catalytic domain (5 

nM) at 37 °C in 20 mM Tris·HCl (pH 7.3), 100 mM NaCl, 5 mM CaCl2, and 100 μM ZnCl2. 

The increases of proteolytic activation by MMP-12 by increasing additions of DMPC 

liposomes (SUVs) are plotted in blue, pink, green, and navy blue.
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Fig. 2. 
MMP-12 bound to vesicles of a HeLa cell. Human MMP-12(G155C) catalytic domain (100 

nM) labeled with a membrane-sensitive fluor was incubated with HeLa cells in DMEM 

without phenol red for 2 h on ice to slow membrane trafficking. After extensive washing 

with PBS on ice and fixing with 4% paraformaldehyde, cells were imaged with a Zeiss LSM 

510 Meta confocal microscope. (A) At left is shown an optical slice through a HeLa cell. At 

right is shown a cell volume rendering (using Imaris Scientific software) through a series of 

slices each separated by 0.35 μm in the Z-direction. (B) A YZ section through the Z-stack of 

slices is pictured and shows bright vesicles with labeled MMP-12 at the periphery of the cell 

profile.
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Fig. 3. 
Dual modes of binding of the catalytic domains of MMP-12 and MMP-7 to bicelle mimics 

of lipid bilayers. The complexes of DMPC bilayers with MMP-12 catalytic domain at the 

(A) β-interface (PDB ID: 2MLS) or (B) α-interface (PDB: 2MLR) are pictured. The 

proMMP-7 complexes with (C) zwitterionic DMPC bilayer (PDB: 2MZH) or (D) DMPC 

doped with anionic CS (green sticks; PDB: 2MZI) are depicted. In (C,D), the pro-domain is 

brown and the catalytic domain cyan. The color code by atom type is: nitrogen blue, oxygen 

red, phosphorus gold, sulfur yellow, lipid carbon gray, MMP-12 carbon green, and MMP-7 

carbon cyan or brown. A black sphere marks the zinc in the active site. Side chains of amino 

acids with lipid contacts in the experiment models are plotted with spheres. Phospholipid 

carbons with apparent hydrophobic protein contacts are plotted with gray spheres. 

Phosphoesters with apparent polar contacts with the enzyme are plotted with heavier sticks. 

The fatty acyl chains of DMPC are omitted for clarity, apart from acyl carbons touching 

Trp129 and Ile103 in (D).
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Fig. 4. 
Adaptability of orientations of MMP-7 and 12 on DMPC bilayers. (A) The complexes of 

zwitterionic bilayers with proMMP-7 (cyan) and anionic bilayers with proMMP-7 (magenta) 

are superimposed in order to show the rotation and partial insertion induced by adding 

cholesterol sulfate (CS, pink) to the bilayers. The catalytic domain of MMP-12 is colored 

with its contacts with TIMP-2 inhibitor protein in purple and its contacts with small disk-

like bicelles containing DMPC at the α-face (B) and β-face (C). Arrows symbolize minimal 

rotations of the catalytic domain in order to relieve the steric conflict with the TIMP-2 

bound. The density of DMPC molecules is higher in panel A because it plots two bilayers 

superimposed.
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Fig. 5. 
Predictions that catalytic domains of several soluble MMPs bind membrane bilayers via 

similar interfaces. The bilayer binding sites proposed by the MODA server [103] (http://

molsoft.com/~eugene/moda/modamain.cgi) from structural coordinates are plotted with side 

chains. (a) Catalytic domains predicted to interact with bilayers via the same loops 

emanating from the β-sheet (the β-face) are represented by MMP-2 (PDB ID: 1QIB), 

MMP-7 (2Y6D), MMP-13 (1XUC) colored green, orange and blue, respectively. (b) 

Catalytic domains also predicted to interact with bilayers using loops of the α-face include 
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MMP-1 (2TCL) in cyan, MMP-3 (1CIZ) in violet, and MMP-10 (3V96) in cyan, violet and 

yellow, respectively.
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Fig. 6. 
Evidence for association of the soluble domains of MT1-MMP with liposomes. The catalytic 

(A) and HPX (C) domains (10 μM and without linker sequences) were incubated with SUVs 

composed of DMPC (1 mM in monomers) for 1 h at 25 °C in 20 mM Tris·HCl (pH 7.2), 150 

mM NaCl and 10 mM CaCl2. The mixtures were sedimented by ultracentrifugation at 

180,000 × g for 20 min at 4°C. The pellets were suspended in 1/8th of the original sample 

volumes for SDS-PAGE. Quenching of intrinsic Trp fluorescence emission by PyPE-

containing SUVs detects proximity [112] to the catalytic (B) and HPX (D) domains, held 

constant at 10 and 5 μM, respectively. Incubations were 30 min at 25 °C in the buffer listed 

above. The PyPE was present at 2 mol% and DMPC at 98 mol%. Excitation was at 275 nm 

with emission measured with a BioTek Synergy MX plate reader.
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Fig. 7. 
Functional sites and bilayer-affected sites of the HPX domains of (A) MT1-MMP and (B) 

MMP-12. Red spheres mark amide groups with NMR peaks severely broadened by addition 

of (A) sheet-like DMPC/CHAPS bicelles to 1% (w/v) [60] or (B) Nanodiscs. The Nanodiscs 

(100 μM) were prepared from DMPC and MSP1D1 to encircle the bilayer, resulting in discs 

with diameters near 10 nm [107, 111]. Full-length MMP-12(F171D/E219A) was present at 

167 μM at 300 K in 25 mM Tris-HCl (pH 7.2), 10 mM CaCl2, 0.15 M NaCl, and 0.1 M 

acetohydroxamic acid. NMR peak assignments available [113] were used to interpret 15N-

TROSY NMR spectra collected at 800 MHz. The blades of each β-propeller are labeled with 

Roman numerals. Side chains of functional binding site are plotted in cyan. (A) Shaded dots 

plot the side chains of the HPX domain of MT1-MMP that bind the collagen triple-helix 

[114]. The large sphere in gold marks a sodium ion. (B) The side chains of the hairpin loop 

critical to the bactericidal activity of the MMP-12 HPX domain [105] are plotted with sticks. 

The large sphere in gray marks a calcium ion.
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