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Abstract: Serine proteases are involved in many fundamental physiological processes, and control
of their activity mainly results from the fact that they are synthetized in an inactive form that
becomes active upon cleavage. Three decades ago Martin Karplus’s group performed the first
molecular dynamics simulations of trypsin, the most studied member of the serine protease family,
to address the transition from the zymogen to its active form. Based on the computational power
available at the time, only high frequency fluctuations, but not the transition steps, could be
observed. By performing accelerated molecular dynamics (aMD) simulations, an interesting
approach that increases the configurational sampling of atomistic simulations, we were able to
observe the N-terminal tail insertion, a crucial step of the transition mechanism. Our results also
support the hypothesis that the hydrophobic effect is the main force guiding the insertion step,
although substantial enthalpic contributions are important in the activation mechanism. As the N-
terminal tail insertion is a conserved step in the activation of serine proteases, these results afford
new perspective on the underlying thermodynamics of the transition from the zymogen to the

active enzyme.
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Introduction

The serine proteases are among the most studied
enzymes, with a multitude of kinetic, biochemical
and structural studies over the past four decades.!
Serine proteases cleave peptide bonds with varying
specificity and are found in eukaryotes, prokaryotes,
archaea, and viruses. They are involved in numer-
ous physiological processes in humans, including
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digestion, immune response, blood coagulation, and
homeostasis.>® Serine proteases are especially inter-
esting enzymes because they are synthesized in an
inactive zymogen form that undergoes a proteolytic
cleavage before becoming catalytically active. Cleav-
age yields a new N-terminus, Val-Ile-NH3;", that
inserts in a specific pocket, known as the “Ile cleft,”®
where the new N-terminal amino group forms a salt
bridge with a highly conserved aspartic residue.”
The most well studied member of the serine pro-
tease family, trypsin, is expressed in the pancreas as
a zymogen, and then is secreted into the small intes-
tine where it is cleaved N-terminal to the Ile-Val
site, and is thus activated, by enteropeptidase. In
the case of trypsin, a hexapeptide is released upon
cleavage (Fig. 1). In the uncleaved zymogen form of
trypsin, trypsinogen, the asp residue (Aspl94 in
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Figure 1. Cartoon representation of trypsinogen (a) and trypsin (b), outlining the activation process of the enzyme. A cleveage of
the Lys-lle peptide bond releases an hexapeptide (red tube) that allows the remaining N-terminal tail (Val-lle-NH3™) to be inserted
in a pocket. Conserved Asp194 (red sticks) interacts with either His40 (a) or the charged N-terminal tail (b). The active site resi-

dues are shown as blue sticks.

chymotrypsin notation) is oriented away from the
pocket and instead interacts with a His residue
(His40 in chymotrypsin notation). Thus the activa-
tion of trypsin can be characterized by two key
events: (i) the rotation of Aspl194 from the His40 to
the pocket, and (ii) the insertion of the N-terminal
tail in the pocket (Fig. 1). A rearrangement in the
active site is associated with those steps and the
enzyme becomes activated. The order of these two
steps is still under discussion, although the insertion
was proposed to occur faster than breaking of the
Asp194-His40 interaction.”

Many crystal structures of trypsin, resolved
either with or without inhibitors or even with a
dipeptide that mimics the inserted N-terminal tail,
shed light on the relevant conformational states
(Fig. 2). All crystal structures present nearly the
same tertiary structure except for the so-called acti-
vation domain composed of the previously mentioned
N-terminal region and three loops: Glyl142-Prol52,
Gly184 to Gly193, and Gly216 to Asn223.” The first
loop was found to be very important for binding and
recognition®® and is called “autolysis loop” for its
intrinsic susceptibility to proteolytic digestion of ser-
ine proteases.'’

The first simulation of a zymogen was reported
in 1987 by Brunger, Huber and Karplus.!' The
authors started from a structure co-crystallized with
an Ile-Val dipeptide and Pancreatic Trypsin Inhibi-
tor (PTI) that mimics the trypsin configuration
(trypsin-like) except with the N-terminal tail still
pointing toward the solvent (Fig. 2). Although this
was a fundamental work for the field, no N-terminal
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tail insertion was observed during the short (~30
ps) molecular dynamics (MD) simulation. We decided
to move forward with those fundamental simulations
by preforming extended MD as well as accelerated
MD (aMD) simulations starting from each of the
configurations shown in Figure 2. We were able to
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Figure 2. Possible mechanism of trypsin activation based on
available crystal structures. From left to right: N-terminal tail
insertion in the pocket. From top to bottom: Asp194 rotation
from His40 towards the pocket. The location of the Val-lle
dipeptide (C) as well as the presence of a salt bridge
between Lys156 and Asp194 in the trypsin-like-Lys confor-
mation (D) are highlighted.
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Figure 3. (a) Salt bridge between Asp194 and lle16 of the N-terminal tail during MD (left panel) and aMD (right panel) simula-
tions starting from trypsin-like (light and dark red), trypsin-like-Lys (light and dark blue), or Trypsin (green) configurations. (b) Ini-
tial and final snapshots of an aMD simulation where the insertion is observed. The N-terminal tail of trypsin was superimposed

as a reference and is depicted in a ghost representation.

observe, for the first time, the insertion of the N-
terminal tail in the pocket even in the absence of
Aspl194 pointing toward the pocket. The insertion
was only observed in aMD simulations, highlighting
the relevance of this methodology for studying con-
formational transitions. The insertion displaced
water molecules from the pocket to the bulk, in
agreement with a hydrophobic driving force that has
been previously proposed.'? The fact that the inser-
tion was also observed when the Asp194 was not in
the pocket, as is the case of trypsinogen, also sup-
ports the hypothesis that the salt bridge formation
does not drive the insertion event.

Results

Conformational transition associated with
activation of trypsinogen

As was done by Karplus’s group in the first compu-
tational approach to study the activation of trypsin,
we leveraged the crystal structure of trypsin co-crys-
tallized with the Val-Ile dipeptide bound in the
pocket (PDB ID 4TPI, denoted “trypsin-like” in
Fig. 2). To ensure a robust analysis of the activation
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process, we also considered another crystal structure
in a trypsin-like conformation with the N-terminal
tail still solvent-exposed; this structure, has Lys156
facing in towards the pocket, interacting with
Aspl194 instead of a the Val-Ile dipeptide (PDB ID
1TGS, denoted “trypsin-like-Lys“in Fig. 2). This
Lys156 residue has been shown to be solely responsi-
ble for the activation of other serine proteases.'®
Mutagenesis has also shown that introduction of
this residue augments the activity of some proteases
that naturally lack Lys156.*

In 400ns of two replicate MD simulations of
both trypsin-like conformations, no insertion events
were observed from either (Fig. 3). To allow the sys-
tem to more easily explore configurational space, we
performed two replicate aMD simulations from each
trypsin-like conformation. After simulating the same
number of steps as in the conventional MD cases,
we observed insertion events in two of the four inde-
pendent trajectories, along with the corresponding
salt bridge formation between Aspl194 and Ilel6, of
the N-terminal tail (Fig. 3). Noteworthy, the N-
terminal tail, including the Ile side chain, adopts the
same position as in the crystal structure of activated

Trypsinogen Activation
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Figure 4. (a) Distance between Ca of Leu119 and lle16 of N-terminal tail during MD (left panel) or aMD (right panel) simulations,
starting from the trypsinogen-like (black and grey), or trypsin (green) conformations. (b) Initial and final snapshot of an aMD sim-
ulation where the insertion was observed. The N-terminal tail of trypsinogen is superimposed as a reference and shown in a

ghost representation.

trypsin (Fig. 3). The global structure of the enzyme,
including the highly conserved Ca?"' site, was very
stable during the time scale of the simulation. Inter-
estingly, water molecules were displaced from the
pocket upon insertion of the N-terminal tail.

The Lys156-Aspl194 salt bridge of the trypsin-
like-Lys crystal structure formed and broke several
times during both conventional and aMD simula-
tions, suggesting that the barrier that separates the
two configurations is small. This result shows that
Lys156 is not as stable as N-terminal tail in the
pocket, since only the latter remains in the pocket
during all MD and aMD simulations [Fig. 3(a) right
panel].

To further probe the activation mechanism of tryp-
sin, we performed conventional and aMD simulations
starting from the actual zymogen structure (trypsino-
gen in Fig. 2). Specifically, we performed an in silico
cleavage of the initial hexapeptide to leave the -Val-Ile
NH;" N-terminal tail free to bind Asp194 in the pocket.
As observed in the other simulations described above,
no insertion events were observed in conventional MD
simulations (Fig. 4). An insertion event was observed,
however, during the aMD simulations (Fig. 4). Because
Asp194 was engaged in a stable interaction with His40
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in the zymogen state, Asp194 was not primed in the
correct orientation for salt-bridge formation with the N-
terminal tail. Surprisingly, however, we observed the
N-terminal insertion into the pocket without any salt
bridge formation. The results show again that once the
N-terminal tail is in the pocket it remains inside during
the rest of the simulation, as was also observed when
the active trypsin was used as the starting point for the
simulations [Fig. 4(a), green series]. The His40-Asp194
interaction also remains very stable either when posi-
tively charged or neutral His40 was used. With the
insertion event observed from the trypsinogen configu-
ration, water molecules were again displaced from the
hydrophobic pocket. It is important to mention that
because the Aspl94-Ilel6 distance used previously
would not be a good coordinate to monitor the insertion
from trypsinogen, we used the distance between Ile16
and the Ca of Leull9 located in the bottom of the
pocket.

Thermodynamics of pocket solvation

Based on the recurring observation of water mole-
cules expelled upon the N-terminal tail insertion, we
decided to perform a complete analysis of water mol-
ecules presence in the pocket (Fig. 5). To begin with,
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Figure 5. Density of water molecules (O atom) calculated
by GIST calculations during restrained MD simulations
(orange). The number of water molecules in a cylinder
located in the pocket (blue) was also included in the figure
for either restrained MD or MD simulations (bold). The N-
terminal tail, Asp194 and Lys156 residues are shown as
reference.

we simply counted the number of waters in the
pocket either wusing MD simulations clustered
according to Figure 2, or using MD simulations
restrained to a representative structure for each
conformation.

The number of water molecules in the pocket,
according to either the post-processed unrestrained
MD simulations or from the restrained simulations,
for each of the five conformations is shown in Figure
5. Roughly 4 or 5 water molecules are released when
the N-terminal tail is inserted in the pocket. The
one water molecule observed in simulations of the
trypsinogen-like conformation was expelled when
Aspl194 orients toward the pocket, as in the case of
trypsin. Similar results were observed between the
trypsinogen and trypsin-like conformations, where
the difference in the number of water molecules is
due to the presence of Asp194 in the pocket of the
latter. To provide visual information regarding the
water molecules in the pocket, we also compute the
water density in the pocket by using Grid Inhomoge-
neous Solvation Theory (GIST) calculations (Fig. 5).

To further probe the nature of the water mole-
cules occupying the pocket, we performed a thermo-
dynamic analysis of the solvation of the pocket of
trypsinogen using GIST (Fig. 6).'® In our analysis
we only considered restrained MD simulations to
reduce noise in the water occupancy, as suggested in
the literature.'® We performed the same analysis for
an arbitrarily chosen polar surface region of the pro-
tein as a control [see Fig. 7(b)]. Contrary to what
might be expected for a hydrophobic pocket, the sol-
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vation of the pocket is approximately as favorable as
the polar surface [Fig. 6(a)]. Specifically, there is a
substantial enthalpic contribution to the free energy
of solvation due to polar interactions between struc-
tural water molecules and the backbone of the
pocket residues [Fig. 6(a), blue series]. This
enthalpic contribution from the water—protein inter-
actions is offset by both enthalpic (water—water) and
entropic (translation and orientation of water mole-
cules) contributions. We note that the comparable
water—protein enthalpic contribution of the pocket
and the polar region is only a result of the increased
solvent-accessible surface area of the pocket com-
pared to the surface region. When the N-terminal
tail occupies the pocket, its polar backbone atoms fill
the role of the water molecules once bound to the
backbone of the pocket residues [Fig. 6(b)]. These
polar interactions between the N-terminal tail and
the pocket residues may mitigate the enthalpic loss
in water-protein interactions upon desolvating the
pocket [Fig. 6(a), blue series].

Discussion

With a wealth of available biochemical data and
applications in the laboratory, trypsin can be consid-
ered the prototypical serine protease. The activity of
serine proteases is spatially regulated, such that the
enzymes are synthesized in one part of the organism
in an inactive, or zymogen, form, and upon relocation
to their functionally relevant location, are cleaved
and thus activated. The physical mechanism of acti-
vation of serine proteases requires the insertion of a
flexible N-terminal tail into a conserved pocket; how-
ever the details of this process are unclear. Nearly
three decades ago, Martin Karplus’s group attempted
to use molecular dynamics simulations to specifically
address the molecular details of the insertion event
that activates trypsin, but found that the biological
phenomenon must occur at timescales longer than
the picosecond timescale accessible at the time.!!
With the advent of increased computational power
and a new enhanced sampling approach (aMD), we
revisited the intriguing problem of understanding
the molecular details underlying the activation of
trypsin from its zymogen (trypsinogen) form.

From our aMD simulations we observed, for the
first time, insertion events of the N-terminal tail
starting, regardless of the initial conformation.
Importantly, the insertion of the N-terminal tail
occurred with (trypsin-like and trypsin-like-Lys) or
without (trypsinogen) Aspl194 oriented towards the
pocket, suggesting that the salt bridge between
Aspl194 and the charged N-terminal tail is not
required for the insertion event.

A closer analysis of the hydration of the pocket
indicated that many structural water molecules
were released upon N-terminal insertion, suggesting
that the hydrophobic effect is the driving force of the

Trypsinogen Activation
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insertion event. It is important to note that some
water molecules in the pocket engage in stable polar
interactions with the protein backbone of the pocket,
such that their presence contributes a very substan-
tial enthalpic gain in the pocket solvation free
energy. The backbone of the N-terminal tail, once
inserted, must replace these interactions to compen-
sate this energy loss.

The salt bridge, on the other hand, is more
likely acting as a latch to complete the transition,

and could very well be involved in the subsequent
allosteric communication with the active site.
These results agree with both crystal structures®®
and kinetic experiments®!'” in which various dipep-
tides were shown to have substantial disparities in
their binding affinities for trypsin, despite their
uniform capacity to form a salt bridge with
Aspl194.

We also found that Lys156 oscillates between
either solvent-exposed (trypin-like) or forming a salt

Figure 7. (a) Cylinder and rectangle used to monitor water molecules in the pocket and perform Grid inhomogeneous solvation
theory calculations. Water molecules in the pocket and the surface of the protein are also shown. (b) In addition to the pocket
itself two more regions were calculated: waters in the bulk used as reference and an arbitrary polar surface at the C-terminus
of the protein used as a control.
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bridge with Asp194 in the pocket (trypsin-like-Lys).
Because this oscillation was observed several times in
both MD and aMD simulations, we argue that the
barrier separating both trypsin-like states is not sub-
stantial as compared to thermal fluctuations. The N-
terminal tail, on the other hand, once inserted,
remained in the pocket for the duration of both MD
and aMD simulations (hundreds of nanoseconds),
indicating that the N-terminal tail is more stable
than Lys156 inside the pocket. Although the func-
tional role of Lysl56 in trypsin, if any, remains
unclear, our results do suggest that this residue
would not act as a competitor for the N-terminal tail.

We consider this insertion event to be an illustra-
tive example of the protein folding process, in which a
“semi-folded” trypsin, with its N-terminal tail still
extended toward the solvent, must properly fold the
N-terminal tail into the pocket, and by doing so
releases internal water molecules. This process has a
clear gain in water entropy, as the waters trapped in
the pocket are expelled to the bulk, and suffers from a
loss in configurational entropy due to the configura-
tional restriction of the flexible N-terminal tail. In
general terms of a funnel landscape the protein folds
by gaining effective energy, which includes the water
entropy, and in turn losing configurational entropy.
The idea that the trypsinogen-to-trypsin transition
involves semi-folded states was indeed also suggested
by Bode et al. in 1978.18 Having observed the process
using aMD suggests promise of this method in appli-
cation to protein folding predictions.

Conclusion

Using aMD simulations we have observed the N-
terminal tail insertion that is crucial in the activation
of trypsin from its inactive zymogen state. We argue
that the expulsion of structural water molecules from
the pocket, and not the salt bridge formation with
Aspl194, drives the insertion event. Interestingly, we
identified a substantial enthalpic contribution from
the water-protein interactions in the pocket that the
backbone residues of the N-terminal tail must com-
pensate for upon insertion into the pocket. Because
the N-terminal tail insertion is a mechanistic step
conserved in the activation of the other serine pro-
teases, and the observed changes upon insertion
implicate highly conserved regions, these mechanistic
insights may indeed be evolutionarily conserved.

Methods

System preparation

Different crystal structures were used as starting
points in the MD and accelerated MD simulations: (i)
trypsinogen (PDB ID 1TGT),'® (i) trypsinogen-Like
(PDB ID 2TGA),'® (iii) trypsin-like (PDB ID 4TPI),*?
(iv) trypsin-like-Lys (PDB ID 1TGS),%° (v) trypsin (PDB
ID 1S0Q) (Fig. 2). All structures were cleaved at the N-
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terminus leaving Ilel6 as the first residue of the
sequence. All histidine protonation states were assigned
based on the immediate environment in high resolution
crystal structures,?! and cross-checked against the pro-
tonation prediction server H++.22 All histidines main-
tained the same immediate environments validating
the choice of protonation states. His23 was set up in
two different protonation states: the neutral e-
tautomer, and the positively-charged protonated state.
The Amber ff99SB force field?® with explicit TIP3P**
water molecules was used in all simulations. The mini-
mum distance between the protein and the water box
edge was 12A. Crystallographic waters were retained
as found in the original crystal structures.

Molecular dynamics simulations

MD simulations were performed using the pmemd
module within the AMBERI11 simulation package.
Periodic boundary conditions and Ewald sums were
employed for the long-range electrostatic interactions.
The SHAKE algorithm,?® and a 2-fs time step were
used for the propagation of coordinates in time in the
NPT ensemble, using the Berendsen thermostat and
barostat.2® The equilibration process was performed
by slowly heating the system from 0 to 300 K over
the course of 500 ps. We performed duplicate 400-ns
simulations of all five conformations shown in Figure
2. We also performed 200 ns of conventional MD sim-
ulations in which we restrained the configuration of
every atom of the protein for the pocket water mole-
cules analysis. Only water molecules are able to
move during this type of simulations.

Accelerated MD

All-atom molecular dynamics simulations have been
widely used to study protein conformations with great
success. The time scale of the simulations, however, is
not always sufficient to sample accurately the relevant
configurational space of the protein. This problem can
be overcome through the use of enhanced sampling
methods such as accelerated MD (aMD) which modi-
fies the classical potential energyV (r)by adding a bias
potential AV (r)depending on a pre-defined threshold
potential energy E and a tuning parameter o« that
determines how deeply the original potential energy
will be modified, as shown in Eqgs. (1) and (2) below®":

V- V(r), V(ir)>E "
V(r)+AV(r), V(r)<E
_ E-V@r)
AVO)= T E—V ) =

where V'(r) is the modified potential. The aMD
approach is especially attractive because it does not
require a priori knowledge of the reaction path. This
technique has been successfully used during the
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last years by our group to sample conformational
changes occurring on the micro- to millisecond time
scales. 2831

The implementation of aMD allows modification
of both the total potential energy (V,,;) of the sys-
tem as well as the dihedral potential energy (Vyineq)-
It is possible to modify only the first one, only the
second one or both of them at the same time; that is,
the dihedral energy is doubly modified or more
accelerated than other terms. In this work, we use
both modifications at the same time, because it has
been shown to provide good results for conforma-
tional changes in proteins. The parameters for V.,
(Eioir and ayorqr) and for Vgeq (Egineq and agipeq)
were calculated using Egs. (3) and (4) as suggested
in previous work?3%:3233;

Etotal = <Vtotal > +0total
7 (3)

ALtotal = 20 Natom

Eginea=Vainea) + %dihea * 5

4 4)
Oldihed = 5 Nres

where ngm and n,.s correspond to the total number
of atoms and residues, respectively. The average
total potential (Vi) and dihedral (Vg.q) potential
energies were extracted from a 10-ns conventional
MD simulation.

All aMD simulations were performed by employ-
ing the same setting up of conventional MD, such as
force field, time step, temperature, pressure. A
structure obtained after 10ns of classical MD simu-
lations for every system was used as starting points
for every aMD simulation. We simulate the same
number of steps for either aMD or conventional MD,
although in the case of aMD we do not report “time”
but “number of steps” because it is difficult to esti-
mate which timescale those steps correspond to in
aMD simulations

Water solvation thermodynamic contributions
We counted the number of waters within a cylindri-
cal region centered at the pocket, either using 400
ns of conventional MD simulations clustered accord-
ing to Figure 2, or 200 ns of conventional MD simu-
lations by restraining each of the conformations in
Figure 2 [Fig. 7(a)].

Pocket solvation thermodynamic parameters were
calculated using Grid Inhomogeneous Solvation Theory
(GIST) code,'® which computes the thermodynamics
contribution to the solvation free energy as water—pro-
tein enthalpy (Ewat-prot), water—water enthalpy
(Ewat-wat), translational entropy (-TAStrans) and
orientational entropy (-TASorient) within a predefined
grid region. We defined a region of (16 X 15 X 15) A3
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that includes the entire pocket to compute the four
thermodynamic parameters [Fig. 7(b)]l. The defined
region also includes the cylinder used to count water
molecules in the pocket during the MD simulations
[Fig. 7(b)].

We performed the same GIST calculation for
two more regions. The first one corresponds to the
bulk and it is used as a reference in the calcula-
tions. The second one includes a polar region of the
protein where water molecules interact strongly
with the surface [Fig. 7(b)]. A 200-ns conventional
MD simulations of trypsinogen with its structure
restrained were used to compute the thermody-
namic parameters. Convergence to within 5% error
was observed after 80-100 ns. Different grid
parameters (edges, center, etc.) result in different
estimates for the volume, however the same trends
were conserved.
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