Supplementary material

Based on the cleavage kinetic scheme (Figure S3) and steady-state approximations, Han et al. [1] we
obtain the Michaelis constant K,,, and maximum cleavage rate V., as follows:
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Here [E];otq; 1S the total enzyme concentration. Experimental studies have shown that for
heterotrimer, K,, = 0.8 + 0.08 p. Surprisingly, the homotrimer has a similar Michaelis constant,
K,, = 0.9 £+ 0.2 um. Therefore, the smaller cleavage rate of homotrimer results entirely from the
smaller maximum cleavage rate V..

Weuse k_; =5x1073s™! and k, = 1s™" inour analysis because experimental results show
that k_;~5x1073s~! [2-4]and k, = 0.11~11s™" [3-5].. Note that k_5 should be within the
same order of k_;, we have k, > k_;. Because atomistic simulations show that the homotrimer
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cleavage site is thermally stable, we assume — <« 1 for homotrimers. These assumptions lead to
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Here we have used K = . We use experimental results by Han et al. [1]

k_p+k_z+kp'
(K,,(homotrimer) = 0.9 um, and k_,,,(homotrimer) = 0.007 s™1) to solve for unknown variables
in Eq. S3 and Eq. S4.

The heterotrimer is thermally unfolded within nanoseconds and previous studies observe kk—‘* ~ 1 at
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room temperature [6], thus we are motivated to study the rate equations without assuming :—4 <1
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and neglecting all terms proportional to ;—4 at the first step. We assume that k_, is relatively small
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compared to k, and k_,, which is reasonable since we do not expect the MMP would be likely to
fold the unfolded collagen into triple helical structure and we expect once MMP binds a vulnerable

conformation of collagen it would likely cleave it. Based on these assumptions, we rearrange Eq. S1
and Eqg. S2 into
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Note that the remaining unknowns are k— and k“ All other parameters, Ky, k_;,and k, have
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been determined experimentally for homotrimers. It is worth noting that k—3

1

rate enzyme binds to the vulnerable state of collagen compared to the rate enzyme binds to the native
state of collagen. Previous studies have shown that the local conformation of the cleavage site may
provide a recognition signal for MMPs [2 7, 8] Thus, we expect that k; > k1 Because there are no

experlmental results for the values of <2 k or —, we study the values of 0 <% <100 and

1 - 1

represents the ratio of the

1076 < k — < 1. We consider an extreme case that —4 is the only different parameter between

heterotrlmer and homotrimer to study how the thermal stablllty of collagen affects the degradation
rate.
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Figure S1 | Analysis of the Michaelis constant K, (Eq. S5) and degradation rate k.., (EQ.
S6). (@) K (0) kear

The results (Figure S1) show that within the range of the values we studied, there is not much change

of K,, which is consistent with the experimental finding that

K, (heterotrimer) = K,,(homotrimer). When :—“ is small enough, the K,, remains constant. If
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both kk—‘* and % are large, a slightly smaller value of K,, is obtained which is likely the case found
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in experiments that K, (heterotrimer) = 0.8 um which is slightly smaller compared to
K,,,(homotrimer) = 0.9 um. On the other hand, large kk—“ and small £ would result in a larger
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value of K,,.
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Interestingly, the results of degradation rate reveal that increasing ﬁ, i.e. decreasing the thermal

stability, would result in a larger degradation rate. If — p t & 107 WhICh is the case of homotrimer,
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the degradation rate is slow and is not sensitive to the thermal stability —4 While when :—4 is large
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(k > 107%) as the case of the heterotrimer, the degradation rate is fast and is dependent on the

thermal stability. We find that an increase in thermal stability slows down the degradation rate.
Moreover, when the rate MMP binds to vulnerable state is larger than it binds to the naive state

ks > kq, the degradation rate is more sensitive to the thermal stability. In summary, together with the
atomistic simulations results, we find that the MMP resistance of homotrimer could be explained by
the difference in thermal stability.

Force effects

We have shown that applied force stabilizes the heterotrimer. Therefore, it is clear (Figure S1(b))
that by decreasing kk—: the applied force decreases the degradation rate. In contrast, for the
homotrimer, applied force does not slow down the degradation by improving the thermal stability of
homotrimer because the degradation rate of the homotrimer is not sensitive to the thermal stability
when kk—“ « 1 asshown in Figure S1(b). It can be also seen from Eq. S4 that the degradation rate of
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the homotrimer is not dependent to the thermal stability.
Specificity, kea/Km, calculations

Previously published data for the enzymatic degradation, using MMP-8, of reconstituted type |
bovine collagen fibrils [9] was analyzed to extract specificity data for comparison in this manuscript.
The solution to the reaction-diffusion equations governing the enzymatic erosion of insoluble
collagen fibrils has been established for several limiting cases of enzyme and substrate concentrations
[10]. For low enzyme and substrate concentrations, the condition met by the experiments described
by Flynn et al, the collagen degradation rate is

dp(t) _ k. Ekp(t)"
dt K

m

[S7]

where p, E,, k, k.. and K,, are collagen concentration, initial enzyme concentration, fibril sizing
parameter, molecular cleavage rate and Michaelis-Menten constant (Eq. 112, [10]). Rearranging Eq.
S7to

ko :_dp(t) 1
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yields an expression for specificity that is dependent upon the collagen concentration rate. The
other parameters are known and constant for the experimental series. The collagen concentration is
extracted from the observed fibril network edge intensity, which was shown to be linearly related to
the mean network fibril diameter [9]. Specifically, a 50% drop in normalized integrated fibril edge
intensity, from 0.9 to 0.4, represents a ~50% drop in mean fibril diameter, or a ~75% drop in bulk
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collagen concentration. Time points at 0.9 and 0.2 normalized integrated network edge intensity were
used for rate calculations (see figure 3 in [9]).
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Figure S2 | Structural analyses of the vicinity of cleavage site of type I mouse heterotrimer and
homotrimer with constant force applied. (a) The unit heights of heterotrimer at the vicinity of the
cleavage site. (b) The radii of heterotrimer at the vicinity of the cleavage site. (¢) The unit heights of
homotrimer at the vicinity of the cleavage site. (d) The radii of homotrimer at the vicinity of the
cleavage site.
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Figure S3 | Possible cleavage mechanisms of collagen molecules. There are two widely used
models to explain the cleavage mechanism of collagen. In the first one, path I, collagen is thermally
unfolded to a vulnerable state before the MMP binds to the collagen molecule [6]. The other one,
path I, MMP binds to and unwinds the collagen molecule before cutting it [11]. Our results show
that the heterotrimer is thermally unfolded at the cleavage site within 80 ns, indicating that it
primarily goes path I. Mechanical tests reveal that the force stabilizes the cleavage site of the
heterotrimer by refolding it into a triple helical structure and thus protects against enzymatic
breakdown.
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