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Abstract Replacing the catalytic serine in trypsin with
threonine (S195T variant) leads to a nearly complete loss
of catalytic activity, which can be partially restored by
eliminating the C42-C58 disulfide bond. The 0.69 ps of
combined explicit solvent molecular dynamics (MD) simu-
lations revealed continuous rearrangement of T195 with
different conformational preferences between five trypsin
variants tested. Among three conformational families ob-
served for the T195 residue, one showed the T195 hydroxyl
in a conformation analogous to that of the serine residue in
wild-type trypsin, positioning the hydroxyl oxygen atom for
attack on the carbonyl carbon of the peptide substrate. MD
simulations demonstrated that this conformation was more
populated for the C42A/C58V/S195T and C42A/C58A/
S195T triple variants than for the catalytically inactive
S195T variant and correlated with restored enzymatic activ-
ities for triple variants. In addition, observation of the in-
creased motion of the S214-G219 segment in the S195T
substituted variants suggested an existence of open and
closed conformations for the substrate binding pocket. The
closed conformation precludes access to the S1 binding site
and could further reduce enzymatic activities for triple var-
iants. Double variants with intact serine residues (C42A/
C58A/S195 and C42A/C58V/S195) also showed inter-
change between closed and open conformations for the
S214-G219 segment, but to a lesser extent than the triple
variants. The increased conformational flexibility of the S1
subsite, which was not observed for the wild-type, correlat-
ed with reduced enzymatic activities and suggested a possi-
ble mode of substrate regulation for the trypsin variants
tested.
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Abbreviations

MD Molecular dynamics

WT Wild-type trypsin

S195T C42/C58/S195T variant
AA C42A/C58A/S195 variant
AV C42A/C58V/S195 variant

AAT C42A/C58A/S195T variant
AVT C42A/C58V/S195T variant
PDB Protein data bank

RMSD Root mean square deviations

Introduction

The serine proteases comprise one of the most studied and
well-understood families of enzymes. Indeed, investigations
involving members of this family have been instrumental to
our current understanding of catalysis and substrate recog-
nition in enzymes. However, some aspects of their structure-
function relationships are still unclear. Biologically, serine
proteases are involved in the regulation of a number of
processes including digestion, immune responses, hemosta-
sis and protein synthesis and turnover. Additionally, many
serine proteases have been implicated as playing roles in
disease and are attractive targets in medicinal chemistry
[1-4], making a more thorough understanding of structure-
function relationships in serine proteases essential.

A large number of biochemical and structural studies
have been devoted to the catalytic mechanism of the serine
proteases, including the canonical serine protease, trypsin.
Indeed, crystallographic studies have shed light on the struc-
tural features of serine protease complexes with their sub-
strates and various inhibitors [5—12]. Trypsin is a digestive
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protease that cleaves peptide bonds at the carboxyl side of
lysine or arginine residues via a conserved catalytic triad
(D102, S195 and H57), sometimes referred to as the charge
relay system. In the currently accepted catalytic mechanism,
the hydrolysis of the peptide bond occurs in two major steps
[1, 13]. The first step, acylation, involves the imidazole
group of H57, which acts as a general base in accepting a
proton from the hydroxyl group of serine S195, increasing
its nucleophilicity. The activated hydroxyl group then
attacks the carbonyl carbon of the substrate scissile bond,
leading to formation of a tetrahedral intermediate and sub-
sequent release of the C-terminal fragment. The oxyanionic
tetrahedral intermediate is stabilized by the backbone amide
hydrogens of residues S195 and G193 (the oxyanion hole)
of the S1 binding site. In the second step, deacylation occurs
when an incoming solvent water molecule attacks the acyl-
enzyme, leading to the release of the N-terminal fragment
via the second tetrahedral intermediate [5, 9, 14]. The strong
electrostatic effect of D102 stabilizes a protonated H57
which accepts a hydrogen bond from D102. The details of
the D102 — H57 interactions, however, are still under dis-
cussion [15—-17]. Density functional theory calculations to-
gether with the ultrahigh-resolution x-ray structure of
trypsin complexed to an inhibitor suggested that D102 could
be protonated prior to the acylation step. However, when
HS57 receives the proton from the catalytic S195, the aspar-
tate becomes simultaneously negatively charged and pro-
vides additional stabilization of the H57 [17]. Stabilization
of the catalytic triad is mediated through a network of
additional H-bonds provided by several highly conserved
amino acid residues surrounding the catalytic triad, includ-
ing S214. Peptide binding, in addition to interactions with
the catalytic triad, is supported by a hydrogen bond network
between the substrate amino acid residues and trypsin resi-
dues such as D189 at the bottom of S1 binding pocket, and
the residues lining the S3-S4’ subsites at both sides of the S1
pocket [18-20].

For trypsin and most serine proteases, the catalytic reac-
tion proceeds with minor structural changes, and the con-
formational position of the catalytic triad with most of the
active site residues, is conserved. Superimposition of the
catalytic structures of bovine pancreatic trypsin inhibitor
(BPTI), one of the most extensively studied protease inhib-
itors, shows close geometries to all functional groups at
different stages of the catalytic mechanism [9, 21-23]. The
correct orientation of the S195 hydroxyl group in the en-
zyme substrate complex is essential for efficient nucleophil-
ic attack on the carbonyl of the peptide bond [18, 24]. D189,
at the bottom of the S1 pocket, is the primary determinant of
arginine and lysine specificity. Molecular dynamics (MD)
simulations have shown that the internal core of serine
proteases is usually rigid, whereas the surface-exposed
loops around the substrate-binding region are rather flexible
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[25]. The stability of the catalytic core is supported by a
highly conserved disulfide bridge (C42—C58) near the cata-
lytic triad [26].

Previously, biochemical and mutagenic studies were
carried out to address the question as to why threonine
proteases are infrequently observed in nature. Enzymatic
assays demonstrated that replacement of serine with threo-
nine (S195T variant) virtually eliminated the enzymatic
activity toward a number of substrates, including the para-
nitroanilide (pNA) and 7-amino-4 methyl coumarin (AMC)
derivatives of benzyloxycarbonyl-glycylprolylarginine
(Z-GPR). Removing the conserved disulfide bridge near
position 195 in the S195T background (C42A/C58A/
S195T (AAT) and C42A/C58V/S195T (AVT) triple variants)
restored the activity to observable rates as measured by
kea/ K [27]. The AVT variant was 20-40 fold less active than
AAT (or about half of the AAT activity based on log k¢./Ky1).
In the same work, two double variants, C42A/C58V (AV)
and C42A/C58A (AA), were tested to assess possible
destabilizing effects of removing the C42-C58 disulfide
bridge with retention of serine at position 195. Both
double variants exhibited higher activities toward the Z-
GPR-pNA (pNA) and Z-GPR-AMC (AMC) substrates,
with exception of the AAT variant, which had higher
activity than the AA variant toward the pNA substrate
[27]. Tt was suggested that removal of the C42-C58 disul-
fide bridge provides structural flexibility of H57 in T195
variants, leading to the repositioning of H57 and T195
that is essential for a functional enzyme [27].

Despite the large amount of structural information avail-
able for serine proteases provided by X-ray crystallography,
a complete understanding of the structural constraints on
and requirements for catalytic activity requires understand-
ing the dynamic properties of the enzymes. MD simulations
can provide valuable insights into the structural dynamics of
proteins that lead to conformations and features not observ-
able in static structures, thereby uniquely complementing
experimental work [28, 29]. In this work, we used MD
simulations to investigate conformational properties of tryp-
sin and S195-substituted trypsin variants with and without
the C42-C58 disulfide bridge. This work provided a struc-
tural rationale for the observed enzymatic differences and
identified structural features that should modulate the activ-
ity of S195T variants.

Methods

The MD package AMBER 11 was used for simulations
utilizing the ff99SB force field [30]. Initial coordinates for
the protein were acquired from the Protein Data Bank (PDB
code 1ANE) [31]. Trypsin variants were generated by ap-
propriate residue substitution in the 1ANE coordinates
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leading to five threonine variants (C42/C58/S195T (S1957),
C42A/C58A/S195T (AAT), C42A/C58V/S195T (AVT),
C42A/C58A/S195 (AA) and C42A/C58V/S195 (AV). To
guarantee correct hydrogen bonding with the catalytic triad,
H57 was protonated on the N§1; protonations of other
histidines were based on the optimal hydrogen-bonding
conformations. The proteins were solvated with TIP3P-
explicit water in a 10 A periodic box and seven counterions
were added to neutralize the overall charge of the system
[32]. Sodium ions were introduced by replacing water mol-
ecules at the highest electrostatic potential to compensate for
the net negative charge on the protein. A cutoff distance of
12 A was used for the coulombic interactions using the
Particle-Mesh-Ewald (PME) method using 1 A charge grid
spacing with B-spline interpolation and a sum tolerance of
10°® A [33]. The simulations were performed using a 2 fs
time step with SHAKE algorithm for X-H bonds using
periodic boundary condition. Van der Waals interactions
were modeled using the Lennard-Jones 6—12 potential
[34]. The water box was minimized first, holding the solute
fixed with a positional restraint of 100 kcal mol™" A .
Then the entire system was minimized using 500 steps of
steepest descent followed by 500 steps of conjugate gradient
minimization using the Hingerty distance-dependent dielec-
tric function. After minimization, the system was subjected
to a heating phase from 100 K to 310 K with constant
volume for 30 ps using the Berendsen thermostat with a
2 ps coupling constant [35]. The heating phase was followed
by a second equilibration phase for another 20 ps to obtain
the correct density and volume with a 20 kcal mol ™' A2
constraint on the solute. The entire system was then equil-
ibrated without any constraints on the system for a total of
500 ps. This run was done to ensure that the entire system
was stable before the production run. The additional details
on MD procedures and theory can be found elsewhere
[36-41]. A total of six proteins (five variants and wild-
type, WT) were subjected to 115 ns MD production runs
(0.69 us combined) to assess the conformational dynamics
of the proteins. One 115 ns simulation took about 12 days
on a 16 core Intel system.

The xLeap module was used to prepare the initial coor-
dinates for simulation, PMEMD as the simulation engine,
and the ptraj module of the AMBER package was utilized to
process generated trajectories [30] and VMD was the pri-
mary visualization tool [42]. Structural parameters and com-
putation of energy contributions were calculated for 11,500
snapshots at 10 ps intervals along the 115 ns trajectory for
each variant and the wild-type. Each trajectory was post-
processed to assess the energetics of the systems. Free
energy calculations were made with the molecular mechan-
ics AMBER force field and the solvation energy term and
the solvent-accessible surface (GB/SA) were based on
continuum-generalized Born equation for implicit solvation

(MM-GBSA) [43, 44]. Using an implicit solvation model,
the energy of the variants was decomposed in a pairwise
fashion allowing evaluation of the interaction energies be-
tween individual amino acids in catalytic triad (between
H57 and T195 for example). B-factors were calculated from
atomic positional fluctuations by multiplying squared fluc-
tuations by 8/3 7.

Results and discussion

In this work we used explicit solvent MD simulation to
describe conformational differences between five trypsin
variants (S195T, AAT, AVT, AV, and AA) in comparison
to a wild-type trypsin (WT). Overall, MD simulation of WT
trypsin showed good correlation between the simulation
data and values calculated from the crystal structure. MD
trajectories initiated from the crystal structure of the WT
enzyme (PDB ID: 1 ANE) rapidly reach equilibrium, and the
backbone WT root mean square deviation (RMSD) values
calculated against the crystal coordinates fell in the range of
1.61 A£0.15 A (Table 1). The secondary structure motifs
RMSD values for the WT simulations with respect to the
crystal coordinates had an average value of 1.01 A with a
standard deviation of 0.10 A. The secondary structure
motifs were comprised of « helixes and 3-strands of protein
and were assigned based on the STRIDE algorithm imple-
mented in VMD [45]. The integrity of the secondary motifs
supports the structural stability of our simulations, indicat-
ing the conformational fluctuations originate primarily from
the motions in the loops and links between the secondary
structure elements. The all-atom RMSD values for the WT
simulations were measured at 2.20 A+0.15 A.

The initial analysis of MD trajectories was focused on the
three residues forming the catalytic triad in trypsin. In the
WT simulations, D102, H57, and S195 showed stable con-
formational geometry, supporting the hydrogen bond net-
work needed for the catalytic mechanism (Fig. 1). The H57
Ne2 was clearly positioned for deprotonation of Oy of
S195. However, the average distance between HS57 Ne2
and S195 Oy during 115 ns MD simulation of WT were
higher (3.8+0.5 A) than expected for a strong hydrogen
bond interaction (2.8-3.0 A between heavy atoms). Never-
theless, the distance measured during MD simulations
agrees well with the corresponding distance in a crystal
structure (3.6 A) of the WT trypsin complexed to benzami-
dine [31]. It has been suggested that substrate binding can
reduce the distance between the hydroxyl oxygen of S195
and Ne2 of H57 [9, 14, 46]. The position of H57 in the WT
simulations was stabilized by electrostatic interactions with
nearby D102. The Nol of the imidazole ring of H57 was
hydrogen-bonded to the side chain of D102, and the average
distance between H57 Nol and Asp 102 Cy was measured
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Table 1 Average root mean square deviations (RMSD) and
corresponding standard deviations for the WT trypsin and five variants:
C42/C58/S195T (S195T), C42A/C58A/S195 (AA), C42A/C58V/S195

(AV), C42A/C58A/S195T (AAT) and C42A/C58V/S195T (AVT). For
each structure the RMSD was calculated from the initial crystal coor-
dinates (PDB: 1ANE) over 115 ns trajectory

RMSD (4) WT S195T AA AV AAT AVT

All atoms 2.20+0.15 1.96+0.14 2.37+0.19 2.50+0.26 2.35+0.19 2.06+0.14
Backbone 1.61+0.14 1.37+0.15 1.65+0.18 2.02+0.28 1.76+0.16 1.46+0.15
Backbone Ca 1.62+0.14 1.35+0.15 1.65+0.18 2.01+0.29 1.74+0.16 1.45+0.15
2" structure 1.00+0.10 0.97+0.09 1.00+0.10 1.10+0.11 1.25+0.13 1.03£0.12

at 2.47+0.16 A during the course of MD calculations. This
rotational flexibility allows both Ocl and Ooc2 to from
hydrogen bond interactions with H57 Nol. The 2.47+
0.16 A value compares favorably with distance observed
in the crystal structure of the WT protein (2.8 A). The loss of
the strong electrostatic stabilization of H57 by nearby D102
has been recognized as an anti-catalytic factor [47]. In
addition, our initial analysis monitored the distance between
S214 Oy and Aspl02 Cvy. S214 forms hydrogen bond
interaction to the D102. The distance between S214 Oy
and Asp102 Cy was measured at 3.64+0.30 A and agrees
well with the value from the crystal structure (3.68 A).
Analysis of the RMSD values was extended to the five
trypsin variants: S195T, AAT, AVT, AV, and AA (Table 1).
All six structures tend to rapidly reach a steady equilibrium
based on the time evolution plots of the RMSDs. Despite the
fact that all atoms and backbone RMSD values are very
broad measurement of the specific dynamics features, one
observation can be made for the WT and trypsin variants
based on all atoms RMSD. Larger deviations from the
crystal coordinates were measured for the AA and AV
variants (2.37+0.19 A and 2.50+0.26 A respectively,

Table 1). In contrast, S195T shows smaller RMSD values
(average at 1.96+0.14 A) than WT. These differences can be
related to the nature of the amino acid substitution. The loss
of the C42-C58 disulfide bridge in the AA and AV variants
should increase overall structural flexibility. For the S195T
variant, the replacement on the S195 residue by threonine
adds an additional 20 A® of the van der Waals (vdW)
volume into the active site. This should impose steric con-
strains on the enzyme motions, and this is reflected in the
lower average RMSDs for the S195T variant. In the AVT
triple variant, the increase in vdW volume due to replace-
ment of the alanine (A58) by valine (V58) was also reflected
in RMSD calculations (Table 1). The AVT variant has lower
positional fluctuations than the AAT variant (2.06£0.14 vs.
2.35+0.19 A respectively). In order to confirm statistical
significance of the reported RMSD differences we per-
formed t-test analysis. The statistical analysis showed that
p values for RMSD comparison of means were less that
0.0001 indicating that described differences are statistically
significant. For example, for the AA/AV comparison the 1=
128 with p<0.0001. The RMSD data agree with the previ-
ously reported higher thermostability of trypsin with

Fig. 1 Representative structure generated based on the 115 ns MD
simulation of WT trypsin showing the mutual orientation of the cata-
lytic triad (D102, H57 and S195). The H57 Ne¢2 forms a hydrogen
bond interaction with the hydroxyl oxygen of S195. D102 interacts
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with H57 and S214, facilitating proton abstraction from S195 for the
first step of the catalytic mechanism. The enzyme S1 pocket is shown
in green. D189 at the bottom of the S1 binding site is shown in red. The
C42-C58 disulfide bridge is shown by vdW surface representation
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substituted T195 relative to its S195 counterpart [27]. Initial
analysis of the hydrogen bond network for the catalytic triad
showed that all variants, including S195T, had stable inter-
actions between D102 and H57. However, distances be-
tween S/T195 and H57 and between D102 and S214 had a
very large standard deviation for variants without the C42-
C58 bridge. The observation of the large deviations in
distance measurements suggested increases in local flexibil-
ity for the catalytic triad for these variants.

Conformational flexibility of threonine 195

Visual inspection of the MD trajectories of all variants
(except S195T) revealed significant conformational motions
of the catalytic residue at the 195 position. The structural
analysis focused on the mutual orientation of residues com-
prising the catalytic triad, particularly the orientation of the
residue at the 195 position (S or T) relative to H57. It has
been suggested that, in order to display catalytic activity, the
hydroxyl group of threonine in the S195T trypsin variant
should be placed in a catalytically viable orientation similar
to that of the hydroxyl group of S195 in WT. The hydroxyl
group of the substituted threonine can then participate in the
critical hydrogen bond network needed for the catalytical
reaction [27].

In our work, MD simulations of the S195T variant with
an intact C42-C58 bridge demonstrated that the preferred
spatial orientation of the T195 residue, particularly the po-
sition of the hydroxyl group, was opposite to that observed
for the S195 residue in the WT. As expected, the steric clash
between the methyl group of T195 and the C42-C58 bridge
resulted in rotation of T195 about the Cx-Cf3 bond. In this
orientation, the methyl group of T195 occupied the position
of the hydroxyl group of S195 observed in the MD simu-
lations of the WT trypsin. The conformation of S195 in the
WT active site produced in our calculations agrees well with
reported crystallographic data [14, 31]. In this conformation,
the -OH group of S195 is positioned toward H57 and the S1
binding pocket to facilitate its interaction with the imidazole
ring of H57 and prepare Oy of S195 for nucleophilic attack
on the peptide carbonyl bound at the enzyme pocket. Based
on MD simulations for S195T, the -OH group of T195 was
positioned away from HS57, losing its essential catalytical
location observed with S195 in WT. The orientation of the
T195 or S195 -OH group relative to H57 and the substrate
S1 binding pocket can be characterized by the rotation along
the -Co-Cf3- bond (Fig. 2, top panel). The measurements for
the S195 N-Cx-C(3-Oy angle from the WT simulations
showed values in the —50°+£20° range for almost 97 % of
the simulations (over 11,100 structures out of 11,500). This
S195 N-Cx-C3-Oy angle measures at —52° in the crystal
structure. The analysis of the 115 ns MD trajectory for

S195T showed that the T195 N-Cx-C(3-Oy angle lies in
the 50°+£15° range for almost 93 % of the simulation time.
This value indicates over a 100° rotation of the T195 side
chain from the position characteristic of the S195 side chain
in WT. Based on the dihedral angle values, we can clearly
distinguish between the orientation of T195 in the S195T
variant and S195 in WT trypsin, thereby identifying at least
two conformational families for the residue in position 195.
Inspection of the MD trajectories of the trypsin variants
without the cysteine bridge (AVT and AAT variants)
revealed increased conformational flexibility of the threo-
nine residue, with continuous rotation around the Cx-Cf3
bond. Figure 2 shows time-dependent changes of the N-C«x-
Cp-Ovy dihedral angle for the T195 residue in S195T and
two triple variants (AVT and AAT), and the S195 residue in
WT and two double variants (AA and AV). Three distinct
conformational families were identified when the N-Cx-
Cp-Ovy dihedral angle was plotted as a function of simula-
tion time (Fig. 2). In addition to two conformational families
identified based on WT and S195T simulations, there is a
third conformational family with values of around 150°
(150°4£20°). This conformation was populated the least
and was noticeably observed for the AAT, AA, and S195T
variants. Based on the dihedral angle values, the identified
conformational families were assigned as A, B, and C
(Fig. 2).

To provide better visual characterization of the observed
conformational families, Fig. 3 shows representative con-
formations of the catalytic triad for WT trypsin, assigned to
conformation A (Fig. 3, panel 1), the catalytic triad in
S195T assigned to conformation B (Fig. 3, panel 2), and
the catalytic triad for the AAT variant showing all three
conformational families A, B, and C (Fig. 3, panels 3, 4,
and 5 respectively). In conformation A, the orientation of
the hydroxyl moiety of the catalytic residue in position 195
(S195 or T195 in our work) agrees well with the currently
accepted initial step in the catalytic mechanism. This con-
formation exhibits key features expected for the catalytically
active enzyme in which mutual orientation of hydroxyl
moiety of S/T195 and H57 positions the hydroxyl proton
close to Ne2 of H57. In addition, the Oy atom of the
hydroxyl group is oriented toward the enzyme active site
pocket (shown in green, Fig. 3) to facilitate nucleophilic
attack on the carbonyl carbon of the incoming substrate.
Structures in conformation A (WT with an intact C42-C58
bridge and AAT variant with the cysteine bridge removed
(Fig. 3, panel 1 and 3 respectively)) showed similar orien-
tation of the -OH group, characterized by the same dihedral
angle (N-Cx-C3-Ovy). In agreement with the initial step for
the catalytic mechanism proposed for trypsin, conformation
A could be assigned as the catalytically active conformation.

The conformation of T195 in the S195T structure (panel
2, conformation B) was clearly different from conformation
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Fig. 2 Time evolution of the N-Cx-C3-Oy dihedral angle for the
residue in the 195 position of all proteins tested (S195 N-Cx-C3-Oy
for WT, AA and AV variants and T195 N-Cx-C3-Oy for the S195T,
AAT and AVT variants). The distribution of the dihedral angle values
shows three distinct conformational families. All values between 0 and
-100° were assigned to conformation A, 0 to 100° to conformation B,

A. In this conformation, the bulky methyl group of T195
occupies the location of the hydroxyl group observed in the
catalytically active conformation. In this configuration, the
methyl group of T195, and not the Oy, would make contact
with the carbonyl group of an incoming substrate. More-
over, the location of the -OH is too far away to make
hydrogen-bond contact with H57 and would prevent forma-
tion of the essential hydrogen network that is characteristic of
the catalytic triad. This conformation, conformation B, was
also observed for the AAT variant (Fig. 3, panel 4). Owing to
the absence of the essential interaction between H57 Ne2 and
T195 Oy and the fact that the methyl group of T195 would
occupy the position of the -OH needed for catalysis, confor-
mation B was designated catalytically inactive.

The representative conformation for the third conforma-
tional family is shown on panel 5 of Fig. 3 (conformation
C). In this conformation, the orientation of the T195 side
chain places the -OH group away from the protein active
site, making it less accessible for the incoming substrate.
However, the short distance between H57 and the hydroxyl
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and all others to conformation C. Conformation A was assigned as
catalytically active, and the corresponding value of the S195 N-Cx-
Cp-Ovy dihedral angle in the crystal structure (PDB: 1ANE) was
measured at -52°. The top figure shows T195 in conformation B,
proposed to be catalytically inactive. The rotation around the Cx-Cf3
bond is indicated by the yellow arrow

group of T195 makes this conformation more suitable for
the H57-T195 hydrogen bond interaction in comparison
with catalytically inactive conformation B.

Based on MD simulations, all three conformational fam-
ilies (A, B and C) were observed for the trypsin variants, but
with significantly different populations (percent occupancy)
among different structures (Table 2). Based on analysis of
MD trajectories, conformation A was undoubtedly dominant
for WT trypsin. It was present during 96.6 % of the simu-
lation time (96.6 % percent occupancy; Table 2). In contrast,
the catalytically inactive S195T variant had a small percent
occupancy for conformation A (3.95 %), and the conforma-
tional space covered by MD simulation was predominantly
occupied by conformation B (93.83 % occupied). For the
AAT and AVT variants, conformation A was 65.62 % and
19.48 % percent occupied, respectively. The higher occu-
pancy for the catalytically active conformation A was also
observed for the AA and AV variants (87.42 and 91.70 %,
respectively). The ability of T195 in trypsin variants to
obtain similar configuration to S195 in WT correlates with
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;T .
Panel 5: AAT, conformation C

Fig. 3 Representative conformations for the catalytic triad for WT,
S195T, and AAT variants based on 115 ns MD simulations. The part of
the S1 binding pocket is shown in green. Panel 1: S195 in the WT
positions the OH group toward the S1 binding pocket, making it
accessible to incoming substrate. In this conformation (A), the OH
group of S195 can attack the carbonyl carbon of the substrate’s scissile
bond. This conformation was highly populated during MD simulation,
with almost 97 % occupancy. VAW surface of the nearby disulfide
bridge is shown in yellow. Panel 2: S195T variant with an intact C42-
C58 bridge. Steric constraints imposed by the disulfide bridge on the
methyl group pushed the OH moiety away from the binding pocket,
leading to an inactive S195T variant. In this conformation (94 %
occupied in S195T), H57 cannot accept a hydrogen bond from T195,

previously observed enzymatic activity. Variants with higher
enzymatic activity had a higher percentage of occupancy for
conformation A during MD simulation (Table 2). The last
two columns in Table 2 show enzymatic activities based on
log k../K,, toward different substrates [27]. The increase in
the catalytically inactive conformation B population corre-
lates with decreased enzymatic activity.

The conformational preferences for the N-Cx-C(3-Oy
dihedral angle observed during the MD simulations corre-
lated with the interaction energies calculated between S195
or T195 and the surrounding residues (F41-G43, H57, C58,
D102, D189, S190-G197 &V213-C220) using the MM-

A

A M CH
sy "

]
S oH

Panel 6: Mutual orientations of T195 and H57

and the methyl group of T195 positions itself toward the S1 binding
pocket. The C42A and C58A substitutions (AAT variant) provide the
extra space needed for conformational flexibility of T195, leading to
the observation of the three conformational families during MD simu-
lation: conformations A (panel 3), B (panel 4) and C (panel 5). Panel 3:
(conformation A) threonine in an orientation similar to S195 in the WT
protein. This conformation has 65 % occupancy for the catalytically
active AAT variant. In conformations B and C, the hydroxyl group of
T195 positions away from S1 binding pocket, making these conforma-
tions much less suitable for catalysis. Panel 6: schematic representation
of the mutual orientation between T195 and H57 for A, B, and C
conformational families

GBSA model. The preference toward A, between A and B
conformations, was supported by about 2.7 kJ mol™' lower
electrostatic interaction energy for the WT, AA and AV
variants. The largest contribution to the electrostatic term
came from S195 - H57 interaction. Conformation C was also
favored by electrostatic energy (2.0 kJ mol ' lower than A and
B), but has about 4.0 kJ mol " higher vdW energy term. For
the serine substituted variants, such as S195T and AVT, con-
formation B was favored by about 3.2 kJ mol ' and
4.2 kJ mol ! lower electrostatic and vdW energies, respective-
ly. The AAT variant demonstrated less correlation between the
calculated energies and observed conformational families.
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Table 2 The conformational preferences for the WT and 5 variants
based on the S/T195 N-Ca-C(3-Ovy angle. Conformation A is almost
exclusively favored by WT, AA, and AV while S195T, a largely
inactive variant, avoids this conformation. In the AAT variant, confor-
mation A was present in 66 % of the simulation in comparison with

WT for which conformation A was 97 % occupied. The last 2 columns
show log k../ Ky for WT and trypsin variants activities toward Z-
GPR-pNA and Z-GPR-AMC substrates [27]. The activity of the wild
type was assigned to 100 %

Conf. A (%) Conf. B (%) Conf. C (%)

Activity toward Z-GPR-AMC Activity toward Z-GPR-pNA

WT 96.62 3.37 0.02
S195T 3.95 93.83 222
AAT 65.62 14.51 19.87
AVT 19.48 80.51 0.01
AA 87.42 5.43 7.16
AV 91.70 7.25 1.04

100 % 100 %
<1l % <1l %
24 % 50 %
10 % 22 %
92 % 45 %
65 % 82 %

The preference toward conformation A was favored with an
electrostatic energy of about 2.1 kJ mol™' lower than in
conformation B. However, the vdW energy was about
1.8 kJ mol " lower for the B conformation.

Table 3 compares distances associated with the hydrogen
bond network characteristic for the catalytic triad in confor-
mation A for all structures used in our calculations. For
variants with S195 substituted by T195 (S195T, AAT, and
AVT), the distance between T195 Oy and H57 Ne was higher
than for the WT. The double variants (with a substituted C42-
C58 bridge, but with S195 in the active site - AA and AV)
showed distances similar or lower than the WT. The largest
distance between catalytic serine or threonine and H57 was
observed for the S195T variant, indicating movement of the
HS57 from the position observed in the WT. For all structures,
MD simulations showed stable interactions between D102
and H57, and the average distance remained close to the value
observed in the crystal structure (2.4 A).

Figure 4 summarizes the conformational characteristics
of the catalytic triad in WT trypsin and the five trypsin
variants analyzed in our computational work. Each point
in Fig. 4 represents a conformational snapshot for which the
distance between H57 and S/T159 was plotted against the
N-Ca-Cp-Ovy dihedral angle. In addition, each point was
colored according to the interaction energy between HS57
and the catalytic residue in the 195 position. Two distinct
conformational families corresponding to conformations A
and B can be found on the WT plot (Fig. 4, WT panel).
Conformation A is much more populated than B, and is
favored by low interaction energies between H57 and S195.

The area corresponding to conformation A in WT (highlighted
by a blue rectangle) was projected to the other plots to em-
phasize the conformational differences between WT and the
variants. Deviations from conformation A for the trypsin
variants correlated with reduced enzymatic activities, with
S195T being virtually inactive [27]. The majority of the
conformational snapshots for the S195T variant fell outside
the area characteristic of the WT. In comparison, AA and AV
variants had much larger populations of structures in agree-
ment with the conformational footprint for the WT. These
double variants had higher enzymatic activity than S195T
variant and triple variants, with the exception of AAT activity
toward Z-GPR-pNA (Table 2). The lower activities of the
triple variants correlated with the observation of larger con-
formational populations outside the ranges defined by the WT

(Fig. 4).

Induced flexibility of the S214-G219 segment in trypsin
variants

The conformational flexibility of T195 may only be a con-
tributing factor to the restored but still relatively low enzy-
matic activities of the S195T variants with the removed
C42-C58 cysteine bridge. To evaluate the motions of vari-
ous structural motifs in the WT and five variants, we com-
pared B-factors for individual residues. Figure 5 shows the
B-factors calculated from 115 ns MD trajectories. Whereas
relatively small values were observed for the catalytic triad
residues H57 and D102, slightly larger values were

Table 3 Averaged distances and

corresponding standard devia- Distance (4) WT S195T AA AV AAT AVT

tions for the catalytic triad in

conformation A for all proteins S/T195 Oy -H57 Ne  3.83+0.48  4.67+£0.52  3.68+0.61  3.24+0.60 4.15+0.76  3.91+0.87

tested in this work H57 Ne - A102 Cy 247+0.16  2.49+0.19  2.50+0.16  2.40+0.14  2.36+0.13  2.39+0.18
S214 Oy - A102 Cy  3.64+£0.30  3.59+0.17  3.70+0.58 4.1£0.70  4.85+1.23  5.30+0.80
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Fig. 4 Two-dimensional diagrams showing the interaction between
the catalytic S/T195 residue and H57 computed for six trajectories.
The x-axis refers to the distribution of the N-C-C(3-Oy dihedral angle
of S/T195, and the y-axis refers to the distance between the Oy of S/
T195 and the Ne of H57. Each point represents a single snapshot and is
colored according to the interaction energy value between H57 and S/
T195. There are 11,500 snapshots per each trajectory. The color map
for the energy values (sum of the vdW and electrostatic terms) obtained
from GBSA calculation is shown on the right. The plot for the WT
shows two conformational families (A and B based on dihedral angle
values), with A being clearly dominant. This conformation is favored

observed for the T195 residue, indicating observed confor-
mational rearrangements of this residue. The large concerted
motions comprise residues 18-26, 36-40, 60—64, 72-82,
95-100, 112-118, 144-154, 184-180, and 214-219
(Fig. 5). Most of these conformational motions are associ-
ated with surface-exposed loops and correlate with the po-
sition of the eight surface loops identified for the trypsin

by relatively small distances between H57 and S195, low interaction
energies (dots are mostly blue in color), and an orientation of the
hydroxyl group appropriate for catalytic action. The area
corresponding to conformation A in the WT (highlighted by a blue
rectangle) was projected to the other plots to emphasize the conforma-
tional differences between the WT and variants. The deviation from
conformation A for the mutants agrees with reduction in enzymatic
activities, with S195T being virtually inactive. Most points fall outside
the blue area. In comparison, AA and AV variants have much larger
population of structures in agreement with conformation A. These
structure shows much higher activity based on biochemical data

family. Based on the convention introduced by Perona and
Craik [18, 24], five surface loops designated A—E corre-
spond to residues 34—41, 56-64, 97-103, 143-149, and 74—
80, respectively. The other two loops, loop 1 (residues 185—
188) and loop 2 (residues 217-225), connect three (3-strands
that, together with the C191-C220 disulfide bond, form the
S1 binding pocket (residues 184-195 and 213-228). Loop

700
600
500

400

300
200

1
100

B factors values (A)

o =
PPPEPPRELPRLECV L PP P L PP

R R R R R N R R R YY)
P PP P PP PP S E O L PSP 074

Residues numbers according to the wild-type trypsin

Fig. 5 B-factors calculated for the WT and five trypsin variants (S195T, AA, AV, AAT, and AVT) based on MD simulation. Rises in simulated B-
factors are associated with the eight surface loops identified for the trypsin family. The region for the S214-G219 segment is indicated by an arrow
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Table 4 Average root mean
square deviations (RMSD) and

RMSD value for the S214-G219 backbone (A)

Waters within 5 A of S214

corresponding standard devia-

tions for the S214-G219 seg- WT
ment for WT trypsin and five S195T
variants. Second column shows AA

average number of waters mole-
cules found within 5 A of S214 AV
during the MD simulations AAT

1.34+0.25 1.20+0.81
2.09+0.48 0.88+0.71
2.00+0.27 0.51£0.63
3.18+0.71 0.29+0.61
3.46+0.76 4.00£1.62
3.18+0.54 2.02+0.95

3, residues 169-174, can be also characterized as a surface
loop associated with the S1 subsites.

The most interesting observation based on the calculated
B-factors was significant conformational movement of the
S214-G219 segment. This segment is a part of loop 2 and
belongs to the S1 subsites (S2—-S3) (Fig. 5). The S214-G219
motif includes a bulky tryptophan residue (W215) that is
located near the [3-strand that forms the enzyme active site.
Conformational motions were clearly observed for all var-
iants with a substituted C42-C58 disulfide bridge and can be
initially monitored by RMSDs for the S214-G219 residues
(Table 4). The WT structure showed minimum deviation
from the starting coordinates, and the position of this seg-
ment was similar to that observed in the crystal coordinates.
The largest RMSD values were observed for the triple
variants and indicated substantial conformational dynamics
in this part of the protein. Examination of the MD trajecto-
ries revealed that the S214-G219 motif undergoes a revers-
ible conformational change between the position similar to
the one observed in WT and a new position, in which S214-
G219 collapses onto the S1 binding pocket. In the collapsed
conformation, S214-G219 covers (or closes) the S1 sub-
strate binding pocket. Figure 6 shows the S214-G219 seg-
ment (light green) for the AAT variant in two distinct
conformations: the top figure shows the open conformation
with clear access to the S1 binding pocket (this conforma-
tion of the S1 binding pocket is almost identical to the
conformation observed in WT, as shown in Fig. 1) and the
bottom figure shows the closed conformation, with the
S214-G219 segment collapsing onto the S1 pocket. The
conformational changes in the S1 subsite correlate with the
movement of the W215 side chain, which in closed confor-
mation blocks access to D189 at the bottom of the S1 subsite
(Fig. 6, bottom). For all variants tested, the conformational
rearrangement of the S214-G219 segment was observed
during the first 20 ns of the production runs. As expected,
this type of motion is much slower than the observed con-
formational motions of T195 which occur almost instantly
at the start of the production runs.

The conformational flexibility of S214-G219 in the triple
variants correlated with solvation of S214. In the WT struc-
ture, this residue mainly interacts with D102 and several
water molecules can be found close to D102 near the

@ Springer

substrate-binding site. Removal of the conserved C42-C58
bridge, as described above, allows rotation of the T195 side
chain, leading to a catalytically active orientation of the

Fig. 6 Conformational rearrangement of the S214-G219 fragment
(light green) for the AAT variant. Top: the position of the loop is
identical to that observed in WT (open conformation). The hydrogen
bond between S214 and A102 remained intact. Botfom: displacement
of the S214-G219 fragment toward to the S1 binding site, precluding
access to the primary binding site for putative substrates (closed
conformation). In the closed conformation for the AAT variant, water
molecules can gain access near W215 and S214. Vertical (S195 Cf3 -
Y217 Cvy) and horizontal (E192 Cox -W215 Cx) measurements for the
opening of the S1 binding pockets are shown by orange arrows in the
top picture. These measurements were used to monitor the motions of
the S214-G219 fragment
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T195 hydroxyl group. Conformational flexibility of T195 is
supported by the minor displacement of H57, which also
protrudes to D102 and S214. While the interaction between
HS57 and D102 remains intact, the interaction between D102
and S214 is disrupted, leading to additional water molecules
entering the protein cavity near S214. Table 4 shows the
average number of water molecules found near S214 during
MD simulation. Based on our calculations, additional sol-
vation around S214 for triple variants induces conforma-
tional rearrangement of S214 and an increase in
hydrophilicty around W215, leading to destabilization of
mostly hydrophobic indole side chain. The presence of
additional water molecules near S214 and W215 was not
observed for the double variants (AA and AV) indicating
that removal of the C42-C58 bridge alone has smaller con-
formational impact on trypsin structure.

To characterize the movement of the S214-G219 seg-
ment, in addition to RMSD values, the distance between
S195 or T195 Cf3 and Y217 Cy and between E192 Cx and
W215 Cx were calculated from MD trajectories. These

distances represent vertical and horizontal measurements
across the S1 binding pocket (Fig. 6, orange arrows). A
closed conformation can be described by smaller distances
relative to the open conformation. The values for the WT
simulations were 13.7+1.0 A and 9.2+0.5 A for S195 C -
Y217 Cy and E192 Cx -W215 Cu distances, respectively,
and correspond to the open conformation. The S195 Cf3 -
Y217 Cy and E192 Cx -W215 C« distances for the closed
conformation in case of AAT variant for example, were
measured at 10.7£0.4 A and 6.0+0.5 A respectively.
Figure 7 summarizes the dynamic changes for the S214-
G219 segment for WT and all variants during MD simula-
tions. Conformational clustering for this figure was
achieved by plotting the distance between S195 or T195
Cf3 and Y217 Cy against RMSDs of all atoms for the S214-
G219 segment. In addition, each point on the plot was
colored by the E192 Cx -W215 Cx distance value. Similar
to Fig. 4, the area highlighted by the blue rectangle corre-
sponds to the conformational footprint of WT trypsin. Based
on the calculated values and examination of the MD

AA

AV

"
=
u

2.0
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All atoms RMSD for the $214-G219 segment (A)

18

66

(y) 0D STTM PUB 0D T6TH UIDMIQ 0URISI

6.0

12 14 16 6 8 10

12

14 16 6 8

Distance between S/T195 Cf3 and Y217 Cy (A)

Fig. 7 Two-dimensional diagrams showing the conformational
motions of the S214-G219 segment. The x-axis refers to the distribu-
tion of the distances between S195 or T195 Cf3 and Y217 Cv, and the
y-axis refers to the all atoms RMSD values for the S214-G219 seg-
ment. Similar to Fig. 4, each point represents a single snapshot and is
colored according to the distance between E192 Ca and W215 Ca.
The color map for the distances is shown on the right. Red indicates the
longest and blue the shortest distance ranges (A). There were 11,500
snapshots per trajectory. The plot for the WT shows that the S214-
G219 fragment is in the open conformation for almost all trajectory
snapshots. The area corresponding to the WT conformational family
(highlighted by a blue rectangle) was projected to the other plots to

emphasize differences between WT and variants. Values calculated for
S195T with an intact C42-C58 disulfide bridge also support an open
conformation. Note that for the S195T simulation, the structures out-
side the WT conformational family are less than 10 %. MD trajectories
for the variants with a removed C42-C58 disulfide bond revealed
considerable deviations from the geometrical properties observed for
the WT. For AAT, AVT, and AV structures, the RMSD values and
distance measurements fall outside the ranges observed for the WT and
correlate with a closed conformation of the S214-G219 motif. For the
AA variant, displacement is clearly measurable by the S195 Cf3 - Y217
Cy distance, but not by RMSD values
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trajectories, WT clearly favors an open conformation. The
S195T variant was also mostly in the open conformation,
with a smaller (less than 10 %) population outside the WT
range. For other variants examined, a large number of struc-
tures fell outside the WT footprint, indicating larger popu-
lations of the closed conformation. All variants showed
multiple conversions between open and closed conforma-
tions during the 115 ns simulations. Larger populations of
the closed conformation correlated with reduced enzymatic
activities for the triple in comparison to double variants. In
addition, high Ky, values for the AAT and AVT variants
(214 and 217.7 uM, respectively [27]) for the Z-GPR-pNA
substrate suggest that existence of the larger closed confor-
mation populations could reduce affinity of this substrate
toward triple variants. The larger populations of open con-
formations for the AA and AV variants agree with the
biochemically observed higher affinity toward the same
substrate. AA and AV Ky, values are 44.6 and 29.5 uM,
respectively; however, for the Z-GPR-AMC substrate, the
Ky values were similar [27].

The conformational flexibility at the S1 subsite was pre-
viously observed for a number of proteases. The rotation of
the W215 side chain toward the enzyme binding pocket has
been reported for the S214K and S214E variants of trypsin,
and this displacement resulted in reduced substrate recogni-
tion [11]. However, the activity of the enzyme was un-
changed in the S214A variant, suggesting size of the
substituted side chain could also play a role in substrate
recognition [11, 48]. Large conformational differences for
the W215-G219 segment leading to a closed conformation of
the binding pocket was also reported for prostasin complexed
to an inhibitor [49] and «1-typtase, which only been shown to
open by D216G mutation [50, 51]. Structures of thrombin and
thrombin variants showed the active site exists in a conforma-
tion that is either collapsed or accessible (open) to the sub-
strate. Opening and closing of the primary specificity pocket
was achieved by repositioning of the W215 side chain togeth-
er with the W215-Y217 segment, which in the closed form
prevented access to the primary specificity pocket [52, 53].
The existence of both closed and open conformations for
thrombin suggested the closed form can be converted to the
open one by specific co-factor or allosteric activators [54]. To
our knowledge, there is no structural data so far suggesting
displacement of the entire S214-G219 segment leading to a
closed conformation of the S1 binding site in the WT trypsin.
Our MD simulation showed this type of closed conformation
can exist in the trypsin variants.

Conclusions

We employed MD simulations to investigate the conforma-
tional features of five trypsin variants. Previously reported
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biochemical studies showed that replacement of S195 by
T195 at the catalytic triad leads to almost a complete loss in
catalytic activity, but removal of the C42-C58 disulfide
bond partially restored the activity of the S195T variants,
albeit with lower efficiency as compared to WT. Removal of
the C42-C58 disulfide bond also reduced the activity up to
three orders of magnitude (in k.,/Ky) of the variants with
serine at position 195 [27]. Based on our conformational
studies, we propose that one component leading to the
observed restored enzymatic activity of the S195T variants
with the substituted cysteine bridge is the conformational
flexibility of the threonine residue (T195). In order to form
the essential tetrahedral intermediate in the acylation step,
the hydroxyl group of the catalytic residue should be posi-
tioned properly for an attack on the carbonyl group of the
substrate-scissile carbonyl. Steric constraints imposed by
the C42-C58 disulfide bridge in the S195T variant resulted
in a conformation wherein the methyl group of T195 occu-
pies the essential position of the hydroxyl group observed in
the WT (a catalytically inactive conformation). Removal of
the C42-C58 disulfide bond allows the rotation along the
Co-Cf3 bond that places the hydroxyl moiety of T195 in the
catalytically active orientation. Based on MD simulations,
variants with higher enzymatic activities have a larger pop-
ulation of this catalytically active conformation. The cata-
lytically inactive conformation was clearly favored by the
S195T variant with an intact C42-C58 bridge. The observa-
tion of the conformational flexibility of the S214-G219
fragment at the S1 subsite, particularly for the variants with
the removed C42-C58 disulfide bond, suggested this frag-
ment could also modulate enzymatic activity. The dynamic
motions of the S214-G219 motif in double and triple var-
iants resulted in an exchange between open and closed
conformations for the S1 binding site. The closed confor-
mation for the S214-G219 motif precludes access to the
primary specificity pocket and could contribute to enzyme
activity. This was reflected in the lower Ky, values for the
AA and AV variants relative to the AAT and AVT variants,
which demonstrated a higher population of the closed confor-
mation during the MD simulations. Similar closed conforma-
tions for the S1 pocket were previously reported for serine
proteases with various amino acids substitutions [49, 54-57].

The chemical nature of the substrate used in biochemical
studies undoubtedly plays a vital role in substrate recogni-
tion and cleavage. Besides the primary binding site at the S1
pocket, the trypsin active site possesses multiple interaction
sites with putative substrates that control catalytic efficien-
cies toward these substrates. Detailed interpretation of the
biochemical data will require further structural studies, in-
cluding conformational studies of the substrate-enzyme
complexes. The present work provides possible insights on
the substrate recognition for a number of trypsin variants.
The dynamic motions of the S214-G219 segment, which
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lead to the conformational population with the closed S1
binding pocket observed in this study, should modulate
substrate recognition. At least two scenarios are possible:
the closed conformation obstructs binding of substrate, or
the chemical and/or structural nature of substrate facilitate
opening of the pocket leading to a formation of a substrate
enzyme complex. The observation of the open and closed
conformations for the S1 binding pocket could be a new
mode of the substrate regulation for the functional trypsin
variants tested in this work.
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