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ABSTRACT. The dynamic process of synthesis and degradation of extracellular matrix molecules, including
various collagens, is important in normal physiological functions and pathological conditions. Existing
models of collagen enzymatic degradation reactions are derived from bulk biochemical assays. In this
study, we have imaged in real-time individual collagen | molecules and their proteolySikoblyidium
histolyticumcollagenases in phosphate-buffered saline (PBS) with atomic force microscopy (AFM). We
have also imaged the likely binding and unbinding of collagenase molecules to single triple-helical collagen
I molecules and subsequent proteolysis of subsets of the collagen molecules. The proteolysis of collagen
molecules was inhibited by reduced calcium and acidification. Results from AFM study of collagen
proteolysis are consistent with SBBAGE biochemical assays. The real-time proteolysis of single collagen

I molecules followed simple Michaelis-Menton kinetics previously derived from bulk biochemical assays.
This is the first report of imaging real-time proteolysis of single macromolecules and its inhibition on a
molecular scale. A strong correspondence between the kinetics of proteolysis of single collagen molecules
and the kinetics of proteolysis derived from bulk biochemical assays will have a wide applicability in
examining real-time enzymatic reactions and their regulation at single molecule structural level. Such
real-time study of single molecule proteolysis could provide a better understanding of the interactions
between proteases and target proteins as well as proteases and protease inhibitors.

The proteolysis of extracellular matrix (ECM) proteins on individual collagens. More over, there is very little direct
plays a crucial role in many physiological and pathological three-dimensional (3D) structural information about the
processes in regulating the integrity of tissue boundaries. binding of collagenase to collagen molecules.

Regulated proteolysis is important in cell migration, angio-  An atomic force microscope (AFM) can be used for real-
genesis, immune responses, and tumor cell metastasis ( time and high-resolution imaging of hydrated biological
3). Collagens are the major structural components of the specimens ranging from single molecules to whole cells and
ECM, accounting for approximately 25% of total protein in tissues {1—-13). AFM has been used to examine interactions
mammals. Collagens are synthesized early in embryonic between individual macromolecules, such as recefligand
development and are major constituents of diverse tissueand antibody-antigens interactions, DNA hybridization, and
types, such as skin, tendon, blood vessels, cartilage, boneprotein binding to DNA and RNA14—17). Atomic force
and basal laminas. Many studies have been carried out tomicroscopy has also been used to image single collagen
characterize the structural and biochemical properties of molecules 18) and binding of human factor 1X to collagen
collagens, and over 25 collagen subtypes have been identifiedV molecule at specific siteslg).

(4). The triple-helical structure of collagen has been studied  In the present study, we have imaged individual collagen
with X-ray diffraction () and single collagen molecules have | molecules, collagencollagenase complexes, and real-time

been imaged with electron microsco@; (7). A variety of proteolysis of single triple-helical collagen | molecules by
bacterial and tissue collagenases (matrix metalloproteinases)Clostridium histolyticuntollagenase. Our results provide the
and their inhibitors, have been characterizéd3, 8-10). first structural images of the proteolysis of single collagen

Proteolysis reactions of collagens by collagenase aremolecules.
typically monitored by SDSPAGE analysis of end products.
However, such studies only provide statistical information EXPERIMENTAL PROCEDURES

regarding population dynamics. Very little information is  \aterials. Type | collagen was extracted from rat tail
available for the real-time proteolytic activity of collagenases tendon, using method by Brodsky and Eikenbe®§){with
three rounds of acid solubilization in 0.5 M acetic acid
*To whom correspondence should be addressed. Neurosciencefollowed by high salt precipitation. Solubilized triple-helical
Research Institute, University of California, Santa Barbara, CA 93106. collagen was stored in 0.01 M acetic acid &4 and purity

Telephone: (805) 8932350. Fax: (805) 893-2005. E-mailh @ \yas confirmed with SDSPAGE. PurifiedC. histolyticum
lifesci.ucsh.edu. ) )

" Supported by NIH grants EY09736 (H. L.), EY066570(D. C.), Collagenase (827 U/mg) was purchased from Worthington
GMO056290 (R.L) and grants from Santa Barbara Cottage Hospital. Biochemical Co. (Freehod, NJ). It is composed of two
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separable but very similar collagenases and is free of none |

nonspecific proteinase activity, according to the manufac- \-
turer. o -‘x\_,:

Collagenase AssaAcid-solubilized collagen | (1Q:g)
was incubated with kg C. histolyticumcollagenase (827
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U/mg) for 2 h atroom temperature in 3 different buffers: 205kD = "

(1) PBS containing 1 mM C4, 1 mM Mg?*, pH 7.4; (2) al o o

Cé&"- and Mg*-free PBS with 3 mM EDTA, pH 7.4; (3) it q_hh

PBS containing 1 mM Cd, 1 mM Mg?", pH 4.0. The total | I?’-!_ -

volume of the reaction was 50L. Electophoresis SDS & . B a— dcoibgrame
sample buffer was then added to the collagen/collagenase :

mixtures and heated for 10 min at 80. The proteins were . o

separated by electrophoresis on 6% sodium docecyl sulfate- 27 = & od :

polyarylamide gels (SDSPAGE) under nonreducing condi- ; f &

tions @1). Prestained molecular weight markers (Biorad, 60 - ’

Hercules, CA) were run parallel to the samples. Protein bandsFIGURE 1: Digestion of rat tendon collagen | k. histolyticum

were visu.alized after staining with Coomassie Brilliant Blue  o|jagenases. Samples were separated on a 6% polyacrylamide gel
R-250 (Biorad, Richmond, CA). under nonreducing conditions. Collagen | (Z§) was incubated

: ; ; ; with C. histolyticuncollagenases (ig) for 2 h at room temperature
Atom|c Fprce Microscopykor atomic force MICrOSCOPY,  1'bBS with T mM C& and 1 mM Mg (lane 2), C&*- and Mg+-
acid-solubilized rat tendon collagen | was diluted t62D free medium with 3 mM EDTA (lane 3), and PBS with 1 mM
ug/mL in phosphate-buffered saline (PBS) (Life Technolo- Ca*, 1 mM Mg?*, pH 4.0 (lane 4). Undigested collagen | (lane 1)
gies, Grand Island, NY) containing 1 mM &aand 1 mM and collagenases alone (lane 5) are also shown. Positions of
Mg?*. Diluted collagen | was absorbed to a freshly cleaved Molecular weight markers are indicated on the left.
mica surface at room temperature for2 min. The mica RESULTS

surface was then thoroughly rinsed with PBS and imaged

by AFM under PBS. The lower concentrations—@ ug/ The proteolysis of collagen | bg. histolyticumcollagen-
mL) of collagen | were only used when we intended to image ase was carried out and proteolytic products were analyzed
isolated single collagen | molecules. by SDS-PAGE (Figure 1). A triple-helical collagen |

For AFM imaging, we used a Nanoscope |ll Multimode molecule is composed of twal chains and one2 chain,
with an Extender electronics module for phase imaging and two of the 3 chains are cross-linked. When undigested
(Digital Instruments, Santa Barbara, CA). All samples were collagen | is separated on SDS-PAGE, four distinct bands
imaged in tapping mode ugjra D scanner (maximum scan appear (Lane 1): cross-linkedl—ol andol—o2 dimers,
size~ 11 um) and silicon nitride tips (20@m long with ol monomer, and2 monomer. The puriﬁed:_. histolyticum _
nominal spring constant-0.06 N/m). Multiple driving collagenases separated mtq two clearly defined bands of size
frequencies between 5 kHz to 80 kHz were tested, and the™115 kD and~100 kD, which correspond to type and
best images were obtained with a tapping frequency aroundo-collagenase, respectively (Lane B))( Each of the type
28 kHz with a tip oscillating amplitude of 68120 nm. The - and o-C. hlstolyt_lcumco_llagenases makes at least four
scan rates were set between 2 and 3 Hz and the proportionaf!€2vages on a triple-helical collagen | molecule, all at
and integral gains were set between 1 and 3. Height andd's.t'nCt S|t§s 10). In the presence of 1 mM Ca after 2 h
amplitude images, and sometimes along with phase imagesOf incubation at room temperature, & of collagen | was

of the samples, were simultaneously recorded. Images Showncompletely cleaved into small fragments€0 kD) with no

in this manuscript were flattened off line and occasionally clearly dlstlngU|shapIe bands Othir than the_ coIIagenases
i . e (Lane 2). However, in Gd- and Mg *-free medium with 3
were zoomed and low-pass filtered using the Digital Instru-

ments Nanoscope Il software program in order to highlight mM EDTA, the C. histolyticumcollagenase activity was
o P prog 9NIIt Simost entirely inhibited (Lane 3). The activity df.
specific features.

histolyticumcollagenases also exhibited strong pH depend-
Perfusion of Collagenaselo image the proteolysis of  ence collagenase activity was significantly inhibited at pH
collagen by collagenase, PBS containi@g histolyticum 4.0 (Lane 4).
collagenase was perfused on-line, while imaging with AFM,  \nhen 12 ug/mL collagen | was absorbed to a freshly
over collagen-coated mica with a peristaltic pump (Rainin ¢jeaved mica surface for1—2 min, many isolated single
Instruments, Emeryville, CA). PBS containing collagenase cojlagen | molecules were attached to the mica. Figure 2
was perfused for approximately 1 min at a rate of 2 mL/min shows an amplitude mode image of single collagen |
before perfusion was stopped. This ensured that the fluid molecules imaged in PBS on mica. Single collagen |
covering collagen on mica was replaced with the new molecules appear approximately 300 nm long with a height
perfusion buffer, since the chamber volume is less than 0.1 thickness) of +-2 nm. These spatial features are consistent
mL. The samples were continuously imaged during and after with measurements from previous studigsl@). The widths
fluid change 22). Perfusion of fluid introduced noise in the  of imaged collagen | molecules are between 6 and 14 nm,
AFM image and often caused the tip to disengage; when and this widening is likely due to probe-tip-induced broaden-
this occurred, the tip was immediately re-engaged after theing, commonly observed in the images of isolated macro-
fluid change was completed. molecules.
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of these particle-bound collagen molecules subsequently
broke down at the binding sites (thick arrows). Some of the
bound particles dissociated from the collagen molecules (thin
arrow). These particles bound to collagen are most likely to
be the individual collagenase molecules, which later either
dissociated from the collagen molecule or digested the
collagen at the cleavage sites.

For comparison, Figure 6 shows a phase-mode image of
singleC. histolyticuncollagenase molecules on mica in PBS.
In Figure 6, background noise was intensified due to imaging
in the phase mode and does not represent collagenase
molecules.

C. histolyticumcollagenases are €a and pH-dependent
(Figure 1;23, 24). The inhibitory effects of Cd-free/EDTA
and acidic pH on collagenase reactions were imaged in real-
FiGURE 2: Single triple-helical collagen | molecule as imaged by time. When the collagenases#)/mL) were perfused over
tapping mode atomic force microscope in amplitude mode, three collagen | in calcium-free (with 3 mM EDTA) buffer, little

collagen molecules are seen in the left portion of the image. The 4o qradation of collagen molecules was observed even after
scanned area is 0/ x 0.6 um. The inset magnifies one of the

collagen molecules. Amplitude mode imaging highlights the leading 30 Min (Figure 7A and B) which indicates the calcium-
edge and darkens the trailing edge of the molecules. dependent inhibition of proteolysis. Twenty minutes after 1

ug/mL C. histolyticumcollagenases were reintroduced in
When 20ug/mL collagen was absorbed to freshly cleaved pBS containing 1 mM G4, the collagen | molecules on
mica for~1—2 min, significantly more collagen molecules  the mica substrate were completely degraded (Figure 7C).
were attached to the substrate. Many collagen moleculeswhenC. histolyticuncollagenases (&g/mL) were incubated
appeared to overlap each other and form a random meshworkyith collagen | molecules on mica in PBS at pH 4.0, only a
one to two molecules deep (Figure 3A). AFM imaging of small fractions of collagen | molecules were degraded after

this collagen meshwork showed that collagen | molecules 30 min (Figure 8A and B). However, after the pH was raised
were firmly attached to the mica substrate in PBS and could o 7.4, the collagen molecules were promptly degraded

be imaged in tapping mode for up 2 h without much (Figure 8C).
alteration in the positioning of the collagen molecules.

The proteolysis of collagen | bg. histolyticumcol- DISCUSSION
lagenases was imaged in real-time. Figure 3 shows results ] ) ]
from one such experiment: collagen | molecules were [N the present study, we have imaged real-time proteolysis
imaged prior to, during, and after;&/mL C. histolyticum of single coIIagen I mo_lec_ules tfy._ hlstolytlcurrcollagenases
collagenase was added. PBS containingnL collagense &S well as the likely binding of single collagenases to _smgle
was perfused over collagen-coated mica for approximately collagen molecule; and subsequent collagen degradayon. The
1 min, as indicated by the arrows besides Figure 3B, at acollagen proteolysis was €a and pH-dependent, consistent
flow rate of 2 mL/min. Four minutes after the addition of With biochemical assays.
collagenase, some collagen | moleculeg%) were already Collagen fibers are the fundamental structural elements
cleaved (Figure 3C). In Figure 3C, some smaller globular of extracellular matrix and some tissues. They are resistant
structures began to appear in the image. These structure$o many nonspecific proteinases. Higher organisms produce
are likely to be collagenase-digested collagen fragments andwo types of tissue collagenases (matrix metalloproteinases),
collagenase molecules bound to collagen molecules ornamely, the fibroblast-type and the neutrophil-type. Tissue
deposited on mica. After incubation with collagenase for 20 collagenases can degrade collagen fibrils of type I, I, and
min, the collagen | molecules were almost entirely digested [l interstitial collagens by cutting the triple-helical collagen
(Figure 3F). The image sequence in Figure 3 represents themonomers at a single cleavage site, and splitting the
best complete sequence obtained in our present studymolecules into two fragments, one-fourth and three-fourths
qualitatively similar sequence of images were obtained in Of the original length. The intricate dynamic balance be-
five other similar experiments. When higher concentrations tween the synthesis of collagen and production of tissue
of collagenase (10100 ug/mL) were added, the collagen collagenases and collagenase inhibitors has significant
degradation was much faster: the collagen | molecules wereimplications for physiological functions and many pathologi-
almost completely degraded in 2 min or less, within a single cal conditions {—3).
image frame (data not shown). The bacteriumC. histolyticumproduces at least seven

Figure 4A and B show an enlarged view of a portion of subtypes of different collagenase, all are metalloproteinases.
Figure 3B and C, the time lapse between these images wasThese collagenases are categorized into two different classes,
approximately 4 min. These images clearly show that class | and Il, according to their sequence homologies and
individual collagen | monomers were cut by collagenases. biochemical and proteolytic propertie8, (25. Purified C.
Some of the digested molecules are indicated by the arrows histolyticum collagenases used in this study contain pre-

Figure 5A—C show an enlarged view of another portion dominantly a~115 kD collagenase and @100 kD col-
of images shown in Figure 3AC. Some globular particles  lagense (Figure 1), presumably tyfeand J-collagenases
bound to some collagen molecules appeared soon after(8). Type f-collagenase is a class | collagenase, and
addition of collagenase, as indicated by the arrows. Many d-collagenase belongs to class II. Unlike tissue collagenase,
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Ficure 3: Continuous digestion of collagen | [6y. histolyticumcollagenase imaged by tapping mode atomic force microscope in height
mode. The images were 532 512 pixels, scanned at 2 Hz from top to bottom, and the scanned areamsx22 um. Each image took
approximately 4 min to capture. These images show the collagen molecules (A) before addition of collagegasé ) 1(B) during and
immediately after collagenases addition, (C) 4 min, (D) 8 min, (E) 16 min, and (F) 24 min after collagenase was added. The start and stop
time for perfusing collagenases were indicated by two arrows in panel Figure 3B.

Ficure 4: A higher magnification view of digestion of single collagen moleculebyistolyticumcollagenase (enlargement of middle
left portion of Figure 3B and C). (A) Right after collagenase was added, (B) four minutes later. Stoppage of collagenase inflow was visible
by the ripple line across the top of (A). A few of the collagen molecules, as some marked by arrows in A) were clearly degraded in (B).

Image size: Jum x 1 um.

C. histolyticumcollagenases cleave collagens at multiple the SDS-PAGE in Figure 1 as well as AFM images Figures
sites: each of the class | and class @l histolyticum 3 and 4.

collagenases make at least four cuts on each triple helical We have observed globular particles bound to triple-helical
collagen | monomer at distinct sitesld). Collagen | collagen | molecules immediately after the perfusion of
molecules could eventually be degraded into nine small collagenases (in-82 min, Figure 5). Although we cannot
fragments using both classes@fhistolyticuncollagenases  entirely rule out the possibility that some of these bound
in our experiments, which is consistent with data shown by particles are cleaved collagen fragments, we concluded that
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Ficure 5: Close-up view of collagenase binding to collagen | molecules (enlargement of lower central portion of Figi@E 3bllagen

I molecules (A) before, (B) immediately after collagenase addition, and (C) 4 min later. In (B), three globular particles were bound to
collagen molecules as indicated by the arrows, two collagen molecules (thick arrows) were broken at these sites, while one particle (thin
arrow) dissociated from collagen 4 min later in C. Image area:ut6x 0.6 um.

ferent types of collagen, Th&, value varies for the
hydrolysis of different types of collagen: it is between 2
and 12uM for various subtypes o€. histolyticumcolla-
genases and between 0.82 andid/Bfor tissue collagenases.
The rate constant of collagen hydrolygig is between 250
and 2100 hr! for C. histolyticumcollagenases and 32
350 hrt for tissue collagenase®,(26, 27. Type S C.
histolyticumcollagenase activity is temperature dependent,
it has Km = 4-12 uM and kea = 500-2100 hr? for
hydrolysis of soluble rat type | collagen, and at 5, Kn,
FIGURE 6: Phase mode image of single histolyticumcollagenase (? 4 uM and kza ~ 1000 hr., Kinetic parameters for type
molecules on mica in PBS: (A) scan sizeu® x 2 um, a portion -collagenase are not currently available, bqt c_)ther g:las.s Il
(0.6um x 0.6um) indicated by dashed lines is enlarged and shown (types € and &) collagenases have very similar kinetic
in (B). (B) has the same image size as Figure-8# Background properties as typg-collagenase9). Since the bulk{90%)
noises were intensified due to imaging in the phase mode and doof the collagenases is the type (Lane 5, Figure 1) and
not represent collagenase molecules. because of the similar kinetic properties of class | an@.ll
histolyticumcollagenases, the two-enzyme reaction of type
- ando-C. histolyticuncollagenases are approximated with
a single enzyme reaction model.

The proteolysis of collagens by a single collagenase can
e written as the following chemical reactions:

k al
C+E<=CE-“P+E
1

the majority of these particles are collagenase molecules for
the following reasons: (1) these collagen-bound particles
appeared soon after the addition of collagenase (within 1
min) when little proteolysis of collagen had occurred (Figure
9; (2) most these collagen molecules subsequently broke at
the binding sites; (3) the particles are similar in size compared
to single collagenase molecules on mica (Figure 6).

C. histolyticuncollagenases are metalloproteinases, which i i
require ZA+ and C&" for their proteolytic activity 8). C. where C, E, and CE are collagen | monon@rhistolyticum
histolyticumcollagenase activities are inhibited by chelation Cllagenases, and collagecollagenase complex, respec-
of C&", and their activity is temperature and pH dependent Uvely, and P is the concentration of cleaved collagen
(23, 24. Our data confirm the Ca- and pH-dependent fragments; their concentrations are denoted as [C], [E], and
properties ofC. histolyticumcollagenases (Figures 1, 7, and [CEl: @ndki, k-1, and ke, are the rate constants of the
8). The proteolysis of collagen Hg. histolyticumcollagenase ~ €actions.

was completely inhibited by the removal of La(with These reactions can also be expressed in the form of
EDTA, Figures 1 and 7), and this €adependent inhibition ~ following ordinary differential equations:

is reversed when Ca was added back (Figure 7C). A diC]

previous study showed that at pH4.5 C. histolyticum —— = —Kk,[C][E] + k_,[CE] @)
collagenase activity was inhibited by approximately 30% dt

compared to neutral pH24); our data (Figures 1 and 8) d[CE]

indicate that at pH 4.0 this inhibition is much more significant 9 K [CIE] — (k_; + k.o)[CE] 2

(>50%). Such a higher level of inhibition could partly be
due to differences in experimental conditions, such as buffer, |n our experiments, the initial conditions are {€0)] =
temperature, etc. Co and [CE(=0)] = 0, where G is the amount or concentra-
Though tissue collagenases and bacterial collagenases bintion of collagen coated on the mica surface. Since there was
different sites on the collagen helix, they have similar kinetic a large volume of collagenase containing buffer compared
properties in recognizing collagens. For hydrolysis of dif- to the amount of collagen present, we can reasonably assume
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FicUrRe 7: Inhibition of C. histolyticuncollagenase in the C&free/EDTA PBS imaged by tapping mode atomic force microscope. Collagen

I molecules (A) prior to and (B) 30 min after they were perfused withgImL C. histolyticumin calcium-free PBS containing 3 mM

EDTA. Little collagen degradation was seen.(C) 30 min afte*'@ee/EDTA PBS was replaced with g/mL C. histolyticumin PBS
containing 1 mM Ca. Collagen molecules was completely digested after fien@a added back. In this experiment, the solution change
made between (A) and (B) caused AFM tip to disengage. The tip was re-engaged, before (B) was obtained, at a slightly different location
on mica. Scan size: @Zm x 2 um.

Ficure 8: Inhibition of C. histolyticumcollagenase by low pH. Collagen | molecules (A) prior to and (B) 30 min after they were perfused
with 1 ug/mL C. histolyticumin PBS at pH 4.0. Most collagen molecules were digested (C) 30 min after pH was returned to 7.4, collagen
molecules were completely digested. Scan sizen2x 2 um.

: + + k[E
the concentration of free collagenase, [E], to be constant. ;_ = Koy Koo F K[E] +

With this assumption, equations (1) and (2) can be solved 2 1

analytically 2 Vs ke KED? — dkok (€]

[cm = The amount/concentration of undigested collagen mol-
33 1+ Koy + keat = Ke[E] et 4 ecules, including those that form complexes with collagenase,

is given by [C()] + [CE(t)]. The open squares in Figure 9
are the experimental data of [J(+ [CE(t)], the number of
intact collagen monomers on the imageck 2 xm? mica
> surface area, shown in Figure 3&. Whenk., is set between
\/ (Koy + ke T Ky [E])” — 4koky[E] 500 hrtto 2000 hrt (9), the best estimate &€, = (k_1 +
Coki[E] Kea)/ ki is 0.9-3.8uM by the nonlinear least-squares fitting
[CE®)] = 01 (e Mt e—zzt) of the exp(eir)ime(r;t?;)dIa;t;;;\fC Withl(t)%% ﬁn?lygcal solutioln of
2 _ ) equations an . al = r, the previously
\/(k‘l +kea T K[ED” — Ak [E] measured value fg8-C. histolyticumcollagenase at r.t9y,
the best fit of the experimental data givks, = 1.9 uM.
where This best fit K.y = 1000 hr, K, = 1.9 uM, [E] = 20 nM
(2 ug/mL and MW= 100kD), andk-_1 = k) is plotted (solid
K_; + Ky + Ky [E] line) in Figure 9 against the experimental data (open squares).
1= 5 - The dashed line in Figure 9 represents a solution for§E]
100 nM (~10 ug/mL collagenase) with the sanig, and
1 \/(k_l + Ky + kl[E])2 — 4kk,[E] kea Which is consistent with our observation that collagen
2 molecules were completely degraded within 2 min when
higher concentrations (3aL00«g/mL) of collagenase were
and added. These data are consistent with previously measured

2 \/(k—l + kcal + kl[E])Z - 4k2k1[E]

1— k—l + kcal - kl[E] e_lzt
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Ficure 9: Experimental data fitted with known kinetic parameters
of collagenases. The experimental data points (squares) were th
total number of intact collagen | molecules in individual captured
AFM images, as some of them were shown in Figure-8BSince

it took about 4 min to capture each image, their time points are

Lin et al.

dissociate from collagen molecules without cleavage. Our
current experiments do not have the temporal resolution to
resolve the first few seconds of the reactions and obtain the
values fork_; andkq, but atomic force microscope is an
ideal tool to study proteinprotein interactions at the
molecular level using other approachéd-16).

The present study provides the first images of single
protein molecules being digested by a proteinase. By
experimenting with different parameters, such as collagen-
plating density, collagenase concentration, scanning speed,
etc., it should be possible to obtain better images of
collagen-collagenase complexes. The rate constant of col-
lagen hydrolysigk., has been measured to be between 3 and
250 hr? for various tissue collagenase, @4, 25, which
suggests that the reaction time for a single collagen cleavage
ranges between 15 s to several minutes. The current AFM
should be capable of capturing multiple snapshots of the

%lower collagenolysis reaction of single collag@ollagenase

complexes. It should also be possible to image proteolysis
and synthesis of more complex extracellular matrix mol-

average values. The fitted curves are the solutions of equations (1)ecules. With future improvement in image stability at a

and (2), [COIH[CE(®)], with K, = 1.9 uM, Keay = k-3 = 1000
hr-l. The solid line has [E]= 20 nM, which resembles the
experimental condition~2 ug/mL collagenase). The dashed line
represents [Ef 100 nM (~10 ug/mL collagenase) witK, = 1.9
uM andk., = 1000 hr?; at this concentration, collagen molecules
were promptly digested within a single fram&4min).

kinetic parameters. In our experiment§, histolyticum
collagenases exhibit a slightly higher affinity (lowy, 1.9

vs 4 uM) or higher rate of hydrolysisk{,) compared to
previous data of typg collagenase9), which could be
attributed to our under-estimation of the kinetic properties
of type 6 C. histolyticumcollagenase.

higher scanning speed, even the dynamics of the fast
collagenolysis reactions can be unveiled at the scale of single
molecules using atomic force microscopy. The multimodal
imaging capability of AFM 28) will also allow for direct
structure-function correlation studies of these macromol-
ecules.
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