
INTRODUCTION

Enzymatic degradation of collagen, the main structural protein in the body, is the primary 

symptom of several prevalent pathologies, such as cancer and autoimmune diseases. 

The matrix metalloprotenases (MMPs) constitute a class of enzymes that act 

cooperatively to digest collagen, which is quite resistant to decomposition by most other 

enzymes. ñCollagenasesò MMP-1, MMP-8, MMP-13, cleave collagen to form 

characteristic ı - Ĳ fragments to which isfurther digested by MMP-9 under inflammatory 

conditions. Although the synergetic action of MMP-8 and MMP-9 has been previously 

demonstrated, molecular-level mechanistic information on the process is lacking. In this 

work, single-molecule imaging by AFM has allowed isolating the key steps in the overall 

breakdown of collagen-II from an intact triple helix to gelatin. Furthermore, previously 

unobserved enzyme functions have been identified, and intra-molecular structural 

changes in the working enzyme revealed. 
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Experimental

Images of collagen processed by MMP-8 and MMP-9 were acquired under 

ambient conditions using a Veeco MMAFM microscope and Olympus AC240 

probes. Gel analysis and CD spectroscopy complemented these measurements.

The following interactions were studied:

1) MMP-8 ïto investigate the characteristic cleaved lengths and determine 

whether any unwinding occurs in this step.

2) MMP-9 (wild type) on intact collagen, and on collagen pre-treated with MMP-8. 

3) MMP-9MutE  (mutant lacking enzymatic activity)

The reactions were quenched at successively longer times, and a drop of the 

solution dried on freshly cleaved mica. Enzymatic action of MMP-9 on collagen 

adsorbed  on mica was also examined. Concentrations were adjusted to obtain 

several tens of molecules in a 1 x 1 ɛm2 frame size. 

CONCLUSIONS

The images in this study reveal key features of collagen digestion by matrix metalloproteinases :

1) MMP-8 cleavage at a single point leaves the triple-helix structure intact.

2) MMP-9 destabilizes/unwinds the triple helical structure of collagen prior peptide hydrolysis activity.

3) Mutant MMP-9 lacking enzymatic activity can induce local collagen unwinding

4) MMP-9 initially binds to various positions on the collagen, but with time migrates to the relaxed tails.

5) MMP-9 lobe-lobe distance shorter for bound than for free enzyme.

Our results indicate that cleavage by MMP-8 destabilizes the collagen, and creates ñloading zonesò used for more 

efficient binding of MMP-9 at the tails of the processed collagen molecule. Various stages of the reaction could be 

directly visualized upon binding of MMP-9, such as loosening of the triple-helical structure, and conversion of the 

collagen into a gelatin-like structure. Observation of unwinding by the mutant indicate that unwinding and proteolysis 

are distinct and independent steps, in contrast to processing by other MMPs where these events occur consecutively. 

Furthermore, during interaction with collagen, the MMP-9 itself undergoes significant conformational changes 

resulting in a more compact protein domain organization. Such protein domain conformational transitions mediate the 

conversion of collagen to a gelatin-like form which undergoes proteolysis by this enzyme. This study gives insights to 

long sought molecular mechanisms proposed for collagen proteolysis. 

Figure 1. Action of MMP-8 showing splicing of collagen into Ĳ and ı length segments (A)  SDS-PAGE 

gel (B) AFM image - ( C ) ïAfter heat denaturing of cleaved collagen at 70o C. (D) Histogram of lengths 

from AFM images. Scale bar for inset 50 nm. Circular Dichroism measurements (not shown) showed that 

the triple helix structure is unperturbed by the splicing. Color bar for this and all images  0 ï5 nm.

Figure 3. Structural changes in 

MMP-9 during enzymatic action. 

(A) Resolved lobes of MMP-9 at 

terminus of collagen. Inset, lobes 

seen on free MMP-9. Histogram 

shows difference in lobe-lobe 

distance for free (grey) and bound 

(black) states. Arrows 1 and 2 

indicate bound MMP-9 and intact 

collagen, respectively.

Figure 4. Unwinding activity by the latent MMP-9MutE mutant at 5 minutes incubation time. Right panel shows 

statistical analysis of the deformed width (Black = wild type MMP-9,  after 5 minutes incubation, gray = mutant 

after 10 minutes incubation). 
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Figure 2.ïAction of wild-type MMP-9 on collagen fragments.  (A/B) ïillustrate the 

binding preference for terminal sites. (C,D) demonstrate the enzymatic activity leading 

to patches of digested collagen. Arrows show MMP-9 (1), intact collagen (2), 

gelatinized collagen (3). Histograms in B indicate a migration of MMP-9 position to 

terminus with incubation time. Histograms in D show the growth of deformed collagen 

area with incubation time ïgrey, 0.5 minutes incubation; black, 5 minutes .


