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ABSTRACT: Cystine-knot peptides have remarkable stability against protease
degradation and are attractive scaffolds for peptide-based therapeutic and diagnostic
agents. In this work, by studying the hydrolysis reaction of a cystine-knot inhibitor
MCTI-A and its variants with ab initio QM/MM molecular dynamics simulations, we
have elucidated an amide rotation hindrance mechanism for proteolysis resistance: The
proteolysis of MCTI-A is retarded due to the higher free energy cost during the rotation
of NH group around scissile peptide bond at the tetrahedral intermediate of acylation,
and covalent constraint provided by disulfide bonds is the key factor to hinder this
rotation. A nearly linear correlation has been revealed between free energy barriers of the
peptide hydrolysis reaction and the amide rotation free energy changes at the protease−
peptide Michaelis complex state. This suggests that amide rotation hindrance could be
one useful feature to estimate peptide proteolysis stability.

Cystine-knot peptides, also known as knottins and
characterized by at least three disulfide bonds, have

emerged as promising candidates for the development of
peptide-based therapeutic and diagnostic agents.1−5 Different
from some other classes of peptide molecules, one of the most
attractive feature of cystine-knot peptides is their remarkable
proteolytic resistance. In fact, some cystine-knot peptides, such
as BPTI and MCTI-A,6−8 are known to be very potent
canonical serine proteinases inhibitors, which bind to the
enzyme active site in a substrate manner but can resist
proteolysis ranging from hours to even years.9−12 This poses a
classic puzzle that confronts fundamental principle of enzyme
specificity.
Two main mechanistic hypotheses have been put forward to

explain canonical serine proteinases inhibitors’ surprising lack
of reactivity: one is the Laskowski mechanism,11−13 and the
other is clogged mechanism.14−16 Although both mechanisms
have tried to account for the effect of conformational
constraints on the proteolytic resistance, no direct evidence
has been provided, and there is no quantitative relationship
revealed between geometry factors and the slow-down of
kinetic hydrolytic rate.6,7 In this work, by employing Born−
Oppenheimer ab initio QM/MM molecular dynamics simu-
lations17,18 and umbrella sampling,19,20 a state-of-the-art
approach to simulate biological reactions, we have discovered
a novel amide rotation hindrance mechanism regarding how
disulfide constraint leads to proteolysis resistance. Furthermore,
we have uncovered a nearly linear correlation between free
energy barriers of the peptide hydrolysis reaction and the amide

rotation free energy changes at the Michaelis complex (EI
state).
Our study initially focuses on a cystine-knot peptide MCTI-

A, a potent trypsin inhibitor of the squash family with 28 amino
acid residues. The scheme of its cystine-knot motif with
disulfide bonding pattern is presented in Figure 1, in which the
first three cysteine residues (C3, C10, C16) form disulfide
bonds with the last three cysteine (C20, C22, C27) in a
consecutive manner, respectively, and the red ribbon indicates
the peptide ring of MCTI-A connected by Cys3-Cys20 and
Cys10-Cys22 disulfide bridges. In the high-resolution crystal
structure of the binding complex formed by porcine β-trypsin
with the MCTI-A inhibitor (PDB ID: 1MCT),8 as shown in
Figure S2, it interacts with trypsin active site like the
corresponding hexapeptide substrate Cys3-Pro4-Arg5-Ile6-
Trp7-Met8. Previously, we have studied the acylation reaction
of the scissile bond between Arg5-Ile6 for the same trypsin−
hexapeptide complex21 by employing B3LYP/6-31+G* QM/
MM MD simulations17,18 with the pseudobond approach.22−24

The calculated overall free energy barrier of 16.9 kcal/mol
indicates that this hexapeptide can be easily acylated by porcine
β-trypsin, consistent with other theoretical studies that this is a
substrate.25,26 This sets the stage for us to probe how the
cystine-knot peptide can resist proteolysis.
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The first task is to employ the same simulation protocol to
computationally characterize the corresponding acylation
reaction of full-length cystine-knot peptide MCTI-A catalyzed
by porcine β-trypsin. The detailed computational protocol is
presented in the Supporting Information. Our computational
results (Figure 2 and Table S1) indicate that the acylation

reaction of MCTI-A hydrolyzed by trypsin shares a similar
catalytic mechanism as the hexapeptide substrate (SUB)21 but
has a significantly high reaction barrier of 25.3 kcal/mol in
comparison with 16.9 kcal/mol for the hexapeptide. The
acylation reaction of MCTI-A would be about one million
times slower than SUB, which is consistent with experimental
results that MCTI-A is a potent inhibitor of porcine β-trypsin
and its strong resistance to hydrolysis mainly comes from the
acylation stage. Interestingly, as shown in Figure 2, MCTI-A
and SUB have almost the same free energy barrier (16.2 vs 16.3

kcal/mol) for the initial nucleophilic attack step, in which
His57 acts as a general base accepting a proton from Ser195,
and the OG atom of Ser195 attacks the carbonyl carbon atom
of substrate Arg5 to form a metastable tetrahedral intermediate
INT. Thus, our simulation results do not support one
explanation of Laskowski mechanism that the proteolysis
resistance comes from the failure to form the reactive
nucleophilic attack complex at the reactant state of the
acylation stage.27,28 Meanwhile, although the leaving of C-
terminal product fragment is hindered by the 3−20 disulfide
and the NH2 group of cleaved MCTI-A is in excellent position
to reattack the acyl CO (see Figure 2, EA1 state), the free
energy barrier for the reverse reaction is 5.2 kcal/mol higher
than the forward one. Thus, our study does not support the
clogged mechanism either, in which the reverse reaction of the
acylation is suggested to more rapidly occur to reform the
peptide bond.14−16

Figure 2 clearly indicates that the main difference between
MCTI-A and SUB comes from the free energy change between
INT and TS2*: It is 9.8 kcal/mol for the MCTI-A, while it is
only 2.0 kcal/mol for the substrate. From INT to TS2*, the
main atomic motions involve both a subtle reorientation of the
His57 ring and the rotation of the leaving group around the
scissile C−N bond, which is defined as ω angle in Figure 3. It

should be noted that reorientation of the His57 ring only
involves the enzyme, which is the same between MCTI-A and
the SUB. Meanwhile, from Table 1, we can see that torsion
angle ω of the scissile C−N bond adopts a very similar value of
∼140° at TS2*, while it is quite different at INT (∼170° for
MCTI-A versus ∼160° for SUB). Even at the reactant state, we
can see that the torsion angle ω of the scissile C−N bond,
which would favor the planar due to its sp2 character, is easier
to be deviated from 180° in the SUB than in the MCTI-A.

Figure 1. Illustration of the cystine-knot structure for MCTI-A
complexed with trypsin. MCTI-A is shown in cartoon mode, while
trypsin is in surface mode. The red ribbon indicates that two pairs of
disulfide bridges (3−20 and 10−22) form an amino acid residue ring.

Figure 2. Free energy profile for acylation reaction of the trypsin-
catalyzed MCTI-A and SUB hydrolysis. The structures for MCTI-A−
trypsin at the reactant, intermediate, and product states are also
illustrated.

Figure 3. Deviation of active site at TS2* state from INT state along
the reaction path. INT state is colored by element, and TS2* state is
colored red. The whole structure is shown in stick mode, except that
the transferring H atom is shown in sphere. Torsion angle ω: CA−C−
N′−CA′ is defined to monitor the rotation of the scissile peptide
bond.
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These results suggest a novel amide rotation hindrance
mechanism regarding how the disulfide constraint leads to
proteolysis resistance: The proteolysis of the cystine-knot
peptide MCTI-A is retarded due to the higher free energy cost
for the inevitable rotation of scissile peptide bond in the
acylation reaction, and covalent constraint provided by disulfide
bonds is the key factor to hinder the rotation of the amide
bond.
To further examine this novel hypothesis as well as to

elucidate the role of disulfide bond, we carried out
corresponding simulations to two mutants of MCTI-A: C3S/
C20S and C16S/C27S. The two mutants have similar
conformation and hydrogen-bond networks as the wild type,
except for the newly formed H bond with the introduced
serine, as illustrated in Figure S3 and Table S2. Their binding
affinity is only a little weaker than the wild type by 0.6 ± 0.3
and 1.2 ± 0.2 kcal/mol, respectively, by thermodynamic

integration. (For calculation details, see the Supporting
Information.) In comparison with the wild type, both mutants
demonstrated enhanced flexibility, as shown in Figure S4.
Because Cys3-Cys20 is the closest disulfide bond to the scissile
bond, which would be expected to provide the strongest
conformation restraint, the C3S/C20S mutant should lead to
the lower barrier than the C16S/C27S mutant. As expected, the
results in Figure 4a and Table S3 indicate that C3S/C20S
mutant and C16S/C27S mutants have almost the same free
energy barrier (∼16 kcal/mol) for the initial nucleophilic attack
step as the wild-type MCTI-A and SUB, but they have different
barriers for TS2*. The free energy barriers at TS2* are 25.3,
23.1, 21.5, and 16.9 kcal/mol for MCTI-A (three disulfide
bonds), C16S/C27S mutant (two disulfide bonds, the removed
disulfide bond is the farthest to the scissile bond), C3S/C20S
mutant (two disulfide bonds, the removed disulfide bond is the
closest to the scissile bond), and hexapeptide substrate (zero

Table 1. Change of Torsion Angle ω/Degree during Acylation Reaction for Inhibitors and Substrate Based on B3LYP/6-31+G*
QM/MM MD Simulations

ω/degree EI/ES TS1 INT TS2*

wild type 178.8 ± 7.9 174.1 ± 7.6 170.7 ± 7.6 140.4 ± 5.4
C3S/C20S 177.1 ± 6.9 174.1 ± 7.3 170.0 ± 6.3 141.0 ± 6.4
C16S/C27S 178.2 ± 7.2 174.4 ± 6.3 169.2 ± 6.5 139.8 ± 5.3
SUB 173.5 ± 8.3 162.9 ± 7.4 160.5 ± 8.3 140.0 ± 5.5

Figure 4. (a) Free energy profiles of acylation reaction for trypsin−SUB and trypsin−inhibitors. (b,c) Correlation between the free energy for the
torsion angle ω rotating to 140° at the reaction complexes and the free energy barrier in acylation step for trypsin−SUB and trypsin−inhibitors. (b)
Rotation free energy changes are calculated from QM/MM-MD simulations. (c) Rotation free energy changes are from classical MD simulations. (d)
Correlation between the free energy for the torsion angle ω rotating to 140° at the reaction complexes from classic MD simulations and the
experimental reactive free energy barrier for trypsin−BPTI and its variants.
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disulfide bond), respectively. From EI to TS2* state, the
carbonyl carbon transforms from trigonal to tetrahedral, and
correspondingly the ω angle changes from near-planar to
∼140° for all inhibitors and substrate, as reported in Table 1,
which further supports the amide rotation hindrance
mechanism.
Our next task is to directly elucidate the relationship between

the rotation of the amide bond (the ω angle) and the acylation
reaction barrier. Here we have calculated free energy change of
the scissile amide bond rotation (the ω angle) at the protease−
peptide Michaelis complex state for all four peptides with both
ab initio QM/MM molecular dynamics simulations and
classical MD simulations with umbrella sampling. As shown
in Figure 4b,c, for both simulations with difference theoretical
treatment of the scissile amide bond rotation there is a nearly
linear correlation between the free energies for amide bond
rotation free energy change from the planar to 140° and free
energy barriers for reaction. This directly indicates that
conformational constraints coming from disulfide formation
lead to the hindrance of the rotation of the amide bond, which
is directly correlated to the higher acylation reaction barrier.
Meanwhile, in Figure 4c, rotation free energy change is
calculated with Amber11 molecular dynamic package29 and
amber99SB30,31 force fields, which is quite straightforward to be
carried out and can be used as a parameter to predict the
hydrolysis rate for MCTI-A-like inhibitors easily.
To examine whether this finding can be applied to other

cystine-knot inhibitors, we calculated the rotation free energy
changes of ω angle of BPTI using classical MD simulations and
compared the results with the corresponding experimental free
energy barrier6 derived from transition-state theory,32 as shown
in Figure 4d. Our calculations show that there is also a strong
correlation between the rotation energy change and exper-
imental free energy barrier for the hydrolysis reaction, as shown
in Figure 4d. This suggests that amide rotation hindrance could
be one useful feature to estimate peptide proteolysis stability of
cystine-knot peptides.
In summary, our work has suggested an amide rotation

hindrance mechanism regarding how disulfide constraint leads
to proteolysis resistance in cystine-knot peptides: The rotation
of the scissile amide bond is hindered due to conformation
constraint from the disulfide bonds, which leads to the higher
free energy cost during the rotation of scissile peptide bond that
takes place at the tetrahedral intermediate of the acylation
reaction. By revealing a nearly linear correlation between free
energy barriers of the peptide hydrolysis reaction and the amide
rotation free energy changes calculated at the protease−peptide
Michaelis complex state, we suggest that amide rotation
hindrance could be one useful feature to estimate peptide
proteolysis stability. It should be noted that the peptide
proteolytic resistance is more general and not only limited to
the cysteine-knot peptides. For those proteolytic-resistant
peptides and proteins that do not contain any Cys-Cys
disulfide bonds, such as cyclic peptides33 and EGLIN C,34

their respective proteolytic resistance mechanisms remain to be
elucidated.
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