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ABSTRACT The trypsin-like serine proteases
comprise a structurally similar family of proteins
with a wide diversity of biological functions. Mem-
bers of this family play roles in digestion, hemosta-
sis, immune responses, and cancer metastasis. Bo-
vine trypsin is an archetypical member of this family
that has been extensively characterized both func-
tionally and structurally, and that preferentially
hydrolyzes Arg/Lys–Xaa peptide bonds. We have
used molecular dynamics (MD) simulations to study
bovine trypsin complexed with the two noncovalent
small-molecule ligands, benzamidine and tranyl-
cypromine, that have the same hydrogen-bond do-
nating moieties as Arg and Lys side-chains, respec-
tively. Multiple (10) simulations ranging from 1 ns to
2.2 ns, with explicit water molecules and periodic
boundary conditions, were performed. The simula-
tions reveal that the trypsin binding pocket resi-
dues are relatively rigid regardless of whether there
is no ligand, a high-affinity ligand (benzamidine), or
a low-affinity ligand (tranylcypromine). The ther-
mal average of the conformations sampled by benza-
midine bound to trypsin is planar and consistent
with the planar internal geometry of the benzami-
dine crystallographic model coordinates. However,
the most probable bound benzamidine conforma-
tions are �25° out of plane, implying that the ob-
served X-ray electron density represents an average
of densities from two mirror symmetric, nonplanar
conformations. Solvated benzamidine has free en-
ergy minima at �45°, and the induction of a more
planar geometry upon binding is associated with �1
kcal/mol of intramolecular strain. Tranylcypro-
mine’s hydrogen-bonding pattern in the MD differs
substantially from that inferred from the X-ray elec-
tron density. Early in simulations of this system,
tranylcypromine adopts an alternative binding con-
formation, changing from the crystallographic con-
formation, with a direct hydrogen bond between its
amino moiety and the backbone oxygen of Gly219, to
one having a bridging water molecule. This result is
consistently seen with the CHARMM22, Amber, or
OPLS-AA force fields. The trypsin–tranylcypromine
hydrogen-bonding pattern observed in the simula-
tions also occurs as the crystallographic binding
mode of the Lys15 side-chain of bovine pancreatic
trypsin inhibitor bound to trypsin. In this latter
cocrystal, a bridging crystallographic water does
reside between the side-chain’s amino group and

the trypsin Gly219 backbone oxygen. Furthermore,
the trypsin–tranylcypromine simulations sample two
different stable noncrystallographic binding poses.
These data suggest that some of the electron density
ascribed to tranylcypromine in the X-ray model is
rather due to a bound water molecule, and that
multiple tranylcypromine binding conformations
(crystallographic disorder) may be the cause of
ambiguous electron density. The combined trypsin–
benzamidine and trypsin– tranylcypromine results
highlight the ability of simulations to augment pro-
tein–ligand complex structural data by deconvolut-
ing the effects of thermal and structural averaging,
and by finding energetically optimal ligand and
bound water positions for weakly bound ligands.
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INTRODUCTION

The trypsin-like serine proteases comprise a structur-
ally similar family of proteins with a wide diversity of
biological functions. Members of this family include diges-
tive enzymes1,2; leukocyte proteins that promote inflamma-
tion and mucous secretion,3 and play roles in controlling
infection4,5 and in causing pulmonary6 and hepatic dis-
ease7; complement proteins8–11 that provide innate hu-
moral immunity; hemostatic proteins12; tryptases, which
play roles in asthma13 and in influenza infection14; neurop-
sin, which may be involved in neural plasticity15; neu-
rosin, which degrades �-synuclein, whose aggregation is
seen in synucleinopathies such as Parkinson’s disease16;
prostate-specific antigen, which is clinically useful as a
diagnostic for prostate cancer17; and urokinase-type plas-
minogen activator and plasminogen, which degrade extra-
cellular matrix and facilitate cancer metastasis.18 These
proteins are all able to perform the identical catalytic
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chemistry of hydrolyzing peptide bonds. The mechanism
employs nucleophilic attack of a peptide bond by a serine
side-chain that is part of a “catalytic triad” of residues
comprised of serine, histidine, and aspartic acid, whose
side-chains form a hydrogen-bond network.19

The biological activities of trypsin-like serine proteases
are, in most cases, a product of their enzymatic activity.20

Proteins that are hydrolyzed by the trypsin-like serine
proteases include those that are converted into peptides
during digestion, proproteins that are converted to active
forms,21 and G protein–coupled protease-activated recep-
tors whose cleavage reveals covalently attached peptide
agonists.13,22 Part of the wide range of biology carried out
by this family of enzymes is due to differential localization.
For example, the hemostatic protein thrombin is found in
the blood, while the digestive enzyme chymotrypsin is
secreted into the digestive tract. The trypsin-like serine
proteases’ varying hydrolytic specificities for particular
protein–peptide substrates are another reason for their
functional heterogeneity, as can be seen in the examples of
trypsin, chymotrypsin, and elastase. While these three
enzymes all catalyze peptide bond hydrolysis, trypsin
preferentially hydrolyzes peptide bonds immediately after
positively charged side-chains, chymotrypsin after bulky
aromatic side-chains, and elastase after small neutral
side-chains.23

Bovine trypsin is an archetypical member of the trypsin-
like serine proteases. It has been extensively character-
ized, both functionally and structurally [160 structures
containing bovine trypsin or its proenzyme form trypsino-
gen were listed in the Structural Classification of Proteins
(SCOP) database24 as of 7/2004]. Among the crystal struc-
tures of bovine trypsin (subsequently referred to herein as
“trypsin”) are two complexes with the small-molecule
ligands, benzamidine and tranylcypromine. Both benzami-
dine and tranylcypromine contain a single phenyl ring,
and both have a net �1 charge at neutral pH [Fig. 1(a)].
Trypsin’s specificity for cleaving Lys–Xaa or Arg–Xaa
peptide bonds is reflected in these ligands’ structures: The
�1 net charge of benzamidine is due to an amidine
functional group, similar to the guanidinium moiety of Arg
side-chain, and the �1 net charge of tranylcypromine is
due to an amino group, like that on Lys side-chain. Per the
cocrystal structures of these ligands with trypsin,28,29

their binding modes are nearly identical [Fig. 1(b)]. Both
ligands in their respective crystal structures form direct
hydrogen bonds to the Asp189 side-chain and to the
Gly219 backbone oxygen (chymotrypsin numbering of
Hartley and Kauffman30). Despite these structural similari-
ties, benzamidine and tranylcypromine have substantially
different binding affinities. Benzamidine binds quite
strongly with a Ki of 0.018 mM31 in contrast to tranylcypro-
mine, whose Ki is 13 mM29 (��G � 4 kcal/mol).

With the aim of furthering understanding of bound
ligand mobility, water structure in the binding site, and
the effects of ligand binding on trypsin conformational
flexibility, we have used molecular dynamics (MD) simula-
tions to study bovine trypsin and its complexes with
benzamidine and tranylcypromine. The simulations uti-

lize explicit solvent with periodic boundary conditions and
include all protein, ligand, and solvent degrees of freedom.
Analysis of the data shows that trypsin’s binding site is
rigid, and that this rigidity is ligand independent. Benza-
midine acquires intramolecular strain with binding, but
nonetheless does retain some internal mobility. The MD
data suggest two noncrystallographic binding modes for
tranylcypromine, along with an additional bound water
position. These latter findings are discussed in the context
of a trypsin–bovine pancreatic trypsin inhibitor cocrystal
whose structure supports the simulation results.

MATERIALS AND METHODS

The trypsin–benzamidine and trypsin–tranylcypromine
X-ray crystal structures28,29 [Protein Data Bank (PDB)

Fig. 1. Benzamidine and tranylcypromine. (a) Chemical structures.
Chemtool25 is used to create this and all other 2D representations. (b)
Crystallographic binding modes. The cocrystal structures of benzamidine
and tranylcypromine with trypsin (PDB IDs: 3ptb and 1tnl, respectively)
are least-squares aligned using the trypsin C� atoms. Heavy-atoms for the
two ligands and for Asp189 and Gly219 are shown. Spheres correspond
to ligand nitrogen atoms, Asp189 side-chain oxygens, and the backbone
oxygen of Gly219. The benzamidine cocrystal is in white, and the
tranylcypromine cocrystal is in black. VMD26 and Tachyon27 were used to
create this and all other 3D representations.
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IDs: 3ptb and 1tnl, respectively] serve as the starting point
for the MD simulations. Simulations are done with the
CHARMM molecular mechanics program32 and the
CHARMM22 force field,33 and use the TIP3P water mod-
el34 modified for the CHARMM force field. Benzamidine
and tranylcypromine atom types and the associated Len-
nard–Jones nonbonded parameters are assigned based on
CHARMM22 atom-type definitions, and partial charges
are taken from the Ligand–Protein Database35 (Supple-
mentary Material). Adiabatic quantum mechanical energy
profiles for rotation about the bonds to the phenyl moieties
of benzamidine and tranylcypromine are calculated at the
HF/6-31G*//HF/6-31G* level using Spartan.36 The corre-
sponding benzamidine torsion is empirically fit to repro-
duce the quantum mechanical data, the tranylcypromine
torsion is fit to the quantum mechanical data using the
least-squares method with singular value decomposi-
tion,37 and other missing ligand bonded parameters are
based on the minimum energy geometries from the Har-
tree–Fock calculations and similarity to CHARMM22
bonded parameters (parameters are available from the
authors upon request).

Missing trypsin–benzamidine cocrystal structure atoms
are placed using force field equilibrium geometries. Based
on inspection of adjacent residues, His40 and His91 are
protonated at the � position, and His57 is protonated at the
� position. All crystallographic waters are retained, and
additional water molecules are added so as to create a
truncated octahedron, with a minimum of a 14-Å water
layer between the octahedron edges and the nearest solute
atoms. The complete solvated system consists of 38,969
atoms: 3220 protein atoms, 18 benzamidine atoms, 1 Ca2�

cation, and 35,730 water atoms (Fig. 2). The solvated
trypsin–tranylcypromine system is created by first delet-
ing benzamidine from the trypsin–benzamidine system,
followed by adding tranylcypromine coordinates from the

trypsin–tranylcypromine cocrystal structure after least-
squares alignment of the trypsin molecules’ C� atoms. The
system consisting of trypsin without a ligand is created by
deleting benzamidine from the trypsin–benzamidine sys-
tem. Thus, apart from the ligands, all three systems have
the same number of particles and initial coordinates.

Periodic boundary conditions are used,38 and the SHAKE
algorithm39 is employed to constrain bonds to hydrogen
atoms to their equilibrium values and keep the water
geometry rigid. Electrostatic interactions are smoothly
truncated to 0 kcal/mol at 12 Å using atom-based force
shifting, and Lennard–Jones interactions are smoothly
switched to 0 kcal/mol at 12 Å using a sigmoidal function
between 10 Å and 12 Å.40 Since it was not known a priori
whether the nonbonded energy terms alone were sufficient
to maintain coordination geometry on the nanosecond time
scale, the structural Ca2�, located a distant 20 Å from the
binding pocket, was kept near its crystallographic position
using restraints to adjacent protein atoms. Harmonic
restraints with force constants of 10*(particle mass)
kcal*mol�1*Å�2*amu�1 are applied to all protein heavy-
atom positions, and the systems are energy minimized
with 100 steps of the steepest descent algorithm.41 They
are then equilibrated with 20-ps of MD simulation at a
temperature of 298 K, 1 atm of pressure, and with har-
monic restraints on protein backbone heavy-atom posi-
tions using force constants of 5*(particle mass)
kcal*mol�1*Å�2*amu�1. This is followed by another 80 ps
of equilibration employing unrestrained MD simulation at
the same temperature and pressure. A timestep of 2 fs is
used for integration of the equations of motion with the
leapfrog version of the Verlet integrator,42 constant tem-
perature is maintained by reassigning velocities, if the
average kinetic temperature of the system over 200 dynam-
ics steps drifts 	5 K from the target temperature, and
constant pressure is achieved by a Langevin piston,43 with
a mass of 10 amu and a collision frequency of 100 ps�1. All
subsequent MD simulations are performed at 298 K using
the above thermostat method and at constant volume. The
constant volume systems have as dimensions the final
dimensions of the truncated octahedra at the end of the
100-ps constant pressure equilibration trajectories. The
minimum dimension of a truncated octahedron is the
distance from the centroid of one hexagonal face to the
centroid of the opposite hexagonal face; this minimum
dimension is 79.4387 Å, 79.3821 Å, and 79.2602 Å, respec-
tively, for the trypsin–benzamidine, trypsin–tranylcypro-
mine, and unliganded trypsin constant volume simula-
tions. Three 1-ns MD production simulations are performed
on both of the trypsin–ligand systems, starting from the
final snapshots from the respective equilibration MD
trajectories but with different random initial velocities so
as to generate different trajectories. A single 1-ns control
production simulation is performed on the unliganded
trypsin system. Snapshots for subsequent analysis are
taken every 100 dynamics steps during the production
phase of the simulations.

Fig. 2. Solvated trypsin–benzamidine system.
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RESULTS AND DISCUSSION
Trypsin

Trypsin experiences little drift from the X-ray crystallo-
graphic coordinates during the seven 1-ns production
phase MD simulations. The 3 trypsin–benzamidine, 3
trypsin–tranylcypromine, and 1 unliganded trypsin trajec-
tories all maintain backbone root-mean-square deviation
(RMSD) values in the range of 0.75–1.25 Å relative to the
X-ray crystal structure coordinates (Fig. 3). Three of the 7
trajectories’ RMSD values have plateaued by 500 ps and a
fourth’s by 800 ps, and thereafter fluctuate between 1.0 Å
and 1.25 Å. A fifth samples RMSD values 
 1.0 Å in the
500- to 800-ps interval and returns to a value � 1.0 Å by its
end. A fluctuation to 1.50 Å backbone RMSD is seen near
the end of one of the trypsin–benzamidine trajectories.
The fluctuation is transient, and the trypsin structure
returns to a backbone RMSD of 1.09 Å within 80 ps. The
close similarity to the X-ray structure maintained by all 7
simulations is indicative of a rigid, stable protein struc-
ture, in agreement with previous experimental and simula-
tion work.28,29,44–51

Trypsin’s rigidity is confirmed in greater detail in a
residue-by-residue analysis of the nanosecond time scale
positional fluctuations. Figure 4 shows the root-mean-
square (RMS) fluctuations about the average atomic posi-
tions of the backbone atoms averaged over each residue.
The average positions of trypsin backbone atoms are
calculated from the MD snapshots after least-squares
alignment with the trypsin–benzamidine cocrystal struc-
ture backbone atoms. The fluctuations are small, and
there is no difference in the fluctuations seen in the
unliganded trypsin, trypsin–benzamidine, and trypsin–
tranylcypromine systems except for the two cases denoted
by the arrows.

The peak at the dashed arrow is due to motion at the tip
of a solvent-exposed loop toward the end of one of the 3
trypsin– benzamidine simulations, and is the same motion

as that which registers as the previously mentioned fluctua-
tion to 1.50 Å backbone RMSD. The largest fluctuation
value in this peak corresponds to Ser147, whose B-factors
are 26 Å2 in the trypsin–benzamidine cocrystal and range
from 45 Å2 to 49 Å2 in the trypsin–tranylcypromine
cocrystal, and which is located a distant 13 Å from the
ligand binding site. Large B-factors such as these can be
indicative of thermal motion in individual molecules,
averaging of data across conformationally heterogeneous
molecules in the crystal (“disorder”), or a combination of
these.52 The residues Gly142 through Pro152 are one of 3
loop regions in the trypsin “activation domain.” In the
proenzyme trypsinogen, these activation domain loops are
disordered.53–55 After cleavage of the N-terminal hexapep-
tide of trypsinogen to form trypsin, the new N-terminus
residue Ile16 is able to bind to a pocket formed by the
activation domain loops, which become ordered.56 The
observed fluctuation may represent residual mobility in
the Gly142 through Pro152 loop.

The peak at the dotted arrows is due to a minor
conformational change in a solvent-exposed loop that is
most prominent in 1 of the 3 trypsin–tranylcypromine
simulations. The largest value in this peak is from Thr98,
which is located at the tip of this loop, 14 Å from the ligand
binding site, and whose B-factors are 10 Å2 in the trypsin–
benzamidine cocrystal and range from 15 Å2 to 17 Å2 in the
trypsin–tranylcypromine cocrystal. These B-factors are
not particularly large; therefore, this region is well ordered
and static in the crystalline form. A possible contributor to
this crystallographic structural stability is a hydrogen-
bonded crystal contact between the loop’s Asn97 backbone
oxygen and the side-chain of Lys159 of an adjacent trypsin

Fig. 3. Trypsin backbone RMSD relative to X-ray crystal structure:
tryp � 1 MD trajectory of unliganded trypsin; tryp-b � 3 MD trajectories of
trypsin–benzamidine; tryp-t � 3 MD trajectories of trypsin–tranylcypro-
mine. All MD snapshots are least-squares aligned with the backbone
atoms of the 3ptb trypsin X-ray crystal structure coordinates. Data from
every 10,000th MD step (20 ps) are shown. Fig. 4. Trypsin residues’ backbone atom RMS fluctuations in MD

simulations: tryp � unliganded trypsin; tryp-b � trypsin–benzamidine;
tryp-t � trypsin–tranylcypromine. For tryp-b and tryp-t, data from three
1-ns production trajectories are combined. Solid vertical lines indicate
trypsin residues within 3 Å of both benzamidine and tranylcypromine in
their respective MD average structures. Dashed vertical lines indicate
residues within 3 Å of benzamidine in the MD average structure. Dotted
vertical lines indicate residues within 3 Å of tranylcypromine in the MD
average structure.
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molecule in both the cocrystal structures. The absence of
this crystal contact would be expected to decrease the
structural stability of the loop, and the observed fluctua-
tion in the simulation data likely reflects this.

In contrast to the 2 solvent-exposed loops’ mobility,
residues within 3 Å of the ligands, denoted by vertical lines
in Figure 4, show little mobility. These proximal residues’
fluctuations are also independent of the binding affinity of
the ligands, or even their presence. The binding pocket’s
observed rigidity is in line with crystal structures of
unliganded trypsin (2ptn57), trypsin–benzamidine (3ptb28),
and trypsin–tranylcypromine (1tnl29) wherein these resi-
dues are neatly superimposed after least-squares align-
ment of the proteins’ backbone atoms. The same trend in
fluctuations is evident in the side-chain atoms (data not
shown).

Benzamidine

Benzamidine’s amidine group is chemically similar to
the guanidinium moiety of the Arg side-chain. This chemi-
cal similarity is reflected in the identical hydrogen-
bonding pattern to trypsin exhibited by benzamidine and
the Arg15 side-chains of protein inhibitors of trypsin
(4tpi,58 1ejm,59 and 1f2s60). Hydrogen bonding involves
the backbone oxygen of Gly219, both side-chain oxygens of
Asp189, the Ser190 side-chain oxygen, and a crystallo-
graphic water (Fig. 5). As anticipated from its high binding
affinity, benzamidine maintains this hydrogen-bonding
pattern throughout the three 1-ns production simulations.
Additionally, the crystallographic water molecule hydro-
gen-bonded to benzamidine is not exchanged for another
water molecule during any of the 3 MD simulations.

Benzamidine has a single internal rotational degree of
freedom about the bond connecting its amidine and phenyl
moieties. The 0 K quantum mechanical potential energy
profile for rotation of this dihedral � (crystallographic
naming: C2–C1–C7–N1) calculated while developing mo-
lecular mechanics parameters for benzamidine showed a
minimum at �45° (and identically at �45°, �135°, and

�135° due to symmetry), in contrast to the X-ray crystal
structure value of �2.1°. A 2-ns MD simulation of solvated
benzamidine revealed that the quantum mechanical
minima were retained in bulk water at 298 K using the
molecular mechanics model, as � values of 	45° and 	135°
were sampled with the highest probabilities. In contrast,
when bound to trypsin, the conformations sampled with
the highest probabilities had � values of 	25° [Fig. 6(a)].
Based on the torsional energetic profile, this decrease in �
upon binding represents approximately �1 kcal/mol of
strain. The geometries of benzamidine with � values of 0°,
25°, and 45°, which correspond to crystallographic, MD
bound most probable, and MD unbound most probable
conformations, are substantially different [Fig. 6(b)].

The MD simulations did not include effects on the
electronic structure of benzamidine due to the presence or
absence of trypsin, since a molecular mechanics force field
was employed and the benzamidine parameters were
identical for bound and unbound trajectories. Despite this,
the Coulomb and Lennard–Jones fields in the trypsin
binding pocket force the bound benzamidine to be 20°
closer to planar than when unbound. It is possible that
electronic effects cause a further change in the free energy
profile for rotation about � and lead to a minimum at or
close to 0°, in line with the X-ray coordinates. However, a
free energy minimum at � � 0° for benzamidine bound to
trypsin is not required to produce a crystallographically
determined electron density that is best fit by nearly
planar benzamidine coordinates. With two nonplanar free
energy minimum conformations related by mirror symme-
try (e.g., � � 	25°), rapid thermal interconversion be-
tween conformations and/or spatial averaging across com-
plexes in the crystal containing one or the other
conformation would lead to planar electron density. Using
the combined � data from the three 1-ns trypsin–
benzamidine MD simulations [Fig. 6(a)], the average value
of � is �1.7°, in close agreement with the crystallographic
coordinates. Furthermore, atomic displacements caused
by � � 	25° relative to � � 0° are on the order of 1 Å;

Fig. 5. Benzamidine hydrogen-bonding to trypsin. Coordinates are from 3ptb. Heavy-atoms for benzami-
dine (black), and Asp189, Ser190, and Gly219 (white) are shown. Small solid spheres correspond to
benzamidine nitrogen atoms and trypsin oxygen atoms. The large transparent sphere is a crystallographic
water. Thin dotted lines represent hydrogen bonds.
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therefore, B-factors for this density would be expected not
to be large, and indeed they are not (19.86 Å2).28 The
current results show that molecular mechanics parameter-
ization using the 0 K quantum mechanical potential
energy surface for rotation about � yields results consis-
tent with the X-ray data, though the gas-phase quantum
mechanical and solvated unbound molecular mechanical
data have minima at 	45° and 	135°, not at 0° and 180°.50

In addition to decreasing the most probable value of �
from 	45° when unbound to 	25° when bound, the trypsin
environment also prevents sampling of the conformation-
ally equivalent values of 	155°. In none of the three 1-ns
trypsin–benzamidine trajectories does benzamidine sample
� values other than those near 	25°; that is, no ring flips

are seen. In contrast, multiple ring flip events occur in the
single 2-ns simulation of solvated benzamidine, and �
values about 	45° and 	135° are sampled. Quantitative
conclusions cannot be drawn from this observation, but it
is evident that trypsin increases the barrier for ring
flipping.

Five other trypsin–benzamidine complexes were found
in a search of the PDB: 1bty, 1tio, 2tio, 1ce5, 1j8a. The �
values for the equivalent benzamidine atoms in these 5
structures range from �6.6° to �18.0°. The mean � value
for the set is �11.5°, with a standard deviation of 4.3°.
Including 3ptb in the set decreases the mean to �9.9° and
increases the standard deviation to 5.4°. No correlation
between the � values and the resolution, benzamidine
heavy-atom B-factors, temperature of data collection, or
presence of an adjacent crystallographic phosphate mole-
cule was found, and all structures were orthorhombic
(P212121). Though all the crystallographic values are
closer to planar than the unbound trypsin free energy
minima at 	45° and the bound free energy minima at
	25°, they are all slightly negative. A simple estimate
based on the observed � frequency histogram and the
scaling required to induce an asymmetry in probabilities
consistent with an average value of �9.9° suggests that
the free energy difference between positive and negative �
values in the bound state is approximately the thermal
energy RT at 298 K (0.6 kcal/mol).

Tranylcypromine

Tranylcypromine shares benzamidine’s phenyl group
but provides a hydrogen-bonding moiety in the form of an
amino group instead of an amidine. The only PDB struc-
ture of trypsin–tranylcypromine (1tnl) includes hydrogen
atom coordinates and shows direct hydrogen bonds from
tranylcypromine’s amino moiety to one of Asp189’s side-
chain oxygens and to Gly219’s backbone oxygen [Fig. 1(b)].
These two residues satisfy the hydrogen-bonding potential
of 2 of the 3 amino group protons. There are no hydrogen-
bond acceptor atoms within 3.0 Å of the third proton, and
of the 2 hydrogen-bond acceptors within 3.5 Å, 1 forms an
NOH : O angle of 59.8° and the other an H : OOC angle of
86.3°, which rules out these as forming weak, long hydro-
gen bonds. It is also not possible that this proton hydrogen-
bonds to disordered water whose electron density is not
seen, since there is no room to insert a water molecule.
Therefore, based on the crystallographic coordinates, this
third tranylcypromine amino group proton is a buried
unsatisfied hydrogen-bond donor.

During the first 20 ps of the MD equilibration phase,
tranylcypromine undergoes a change in its orientation in
the binding pocket. Most notably, the tranylcypromine
amino group moves from being hydrogen-bonded to one of
Asp189’s side-chain oxygens to being hydrogen-bonded to
the other. This change from the crystallographic binding
pose also causes the loss of the amino group’s hydrogen
bond to Gly219. Crystallographic water 415 (HOH415)
undergoes a 3.54 Å translation in this 20-ps timespan to
move from its initial position to the position formerly
occupied by the tranylcypromine amino group. In this new

Fig. 6. X-ray crystallographic and MD conformations of benzamidine.
(a) � torsion angle (atoms C2–C1–C7–N1 of benzamidine in the 3ptb
trypsin–benzamidine X-ray cocrystal structure) probability histogram from
MD data. Data are combined from three 1-ns simulations of benzamidine
complexed with trypsin and are binned in 5° increments. Solid vertical
lines correspond to the Hartree–Fock minimum energy conformations;
dashed vertical lines correspond to the most probable � values from a
single 2-ns MD simulation of solvated benzamidine; the dotted line
corresponds to the � value of benzamidine in the trypsin–benzamidine
cocrystal structure; and the dotted dashed line corresponds to the
average � value determined from the histogram data. For benzamidine
complexed with trypsin, the X-ray crystal structure value of � is �2.1°, the
MD average value of � is �1.7°, and the MD most probable values of � are
the bins �25° to �30° and �25° to �20°. (b) � torsion angle: � � 0.0°
(white), �25° (gray), and �45° (black).
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position, HOH415 acts as a hydrogen-bond acceptor to
tranylcypromine and a hydrogen-bond donor to Gly219,
thereby converting the crystallographic direct hydrogen
bond between tranylcypromine and Gly219 to a bridged
hydrogen bond (Fig. 7).

In its crystal pose, HOH415 serves as a hydrogen-bond
donor to Ser217 O and Lys224 O, and a hydrogen-bond
acceptor for Gln221 N. Ser217 compensates for loss of
hydrogen bonding to HOH415 by orienting its carbonyl
oxygen into the bulk solvent during the course of the 100
ps of equilibration. The Lys224 backbone oxygen is hydro-
gen-bonded to HOH562, as well as to HOH415 in the
crystal structure. Lys224 backbone oxygen’s hydrogen-
bonding potential is satisfied despite the loss of a hydrogen
bond to HOH415 during equilibration by maintaining a
hydrogen bond to HOH562. Backbone alignment of the
0-ps and 100-ps conformations from the equilibration
phase shows a 0.89 Å displacement of HOH562. This small
displacement allows it to maintain a hydrogen bond with
Lys224, while also forming a new hydrogen bond with the
amide hydrogen of Gln221, which shows a 1.07-Å displace-
ment. The formation of the Gln221 : HOH562 hydrogen
bond compensates for the loss of a hydrogen bond between
Gln221 and HOH415 due to HOH415’s movement.

The conformational changes in tranylcypromine and
HOH415, completed in the first 20 ps of the equilibration
phase, occur while there are positional restraints on the
protein backbone heavy atoms. These restraints keep
sampled trypsin conformations very close to those in the
crystal structure: The residues within 5 Å of HOH415 at 0
ps (Tyr172, Asp189, Gly216 to Gln221, Lys224, and Pro225)
have an all-atom RMSD of 0.83 Å when comparing the 0-ps
conformation with the 20-ps conformation. The significant
tranylcypromine and HOH415 motion during this times-
pan shows that the crystallographic positions for tranyl-
cypromine and HOH415 are not stable in the field gener-
ated by the crystallographic protein coordinates.
Examination of crystal contacts shows that there are none
involving the ligand, thereby ruling them out as a source of
the difference between the simulation and crystallo-
graphic model ligand conformations.

To rule out the possibility of bias caused by creating the
solvated trypsin–tranylcypromine system by using the
protein and crystallographic water coordinates from 3ptb
(see Materials and Methods section), a second solvated
trypsin–tranylcypromine system was built directly using
the trypsin, crystallographic water, and tranylcypromine
coordinates from 1tnl and rerun with the same equilibra-
tion protocol. The heavy-atom RMSD for the trypsin
coordinates of 3ptb and 1tnl is 0.78 Å, and 1tnl’s crystallo-
graphic water molecules 269 and 395 are located at the
same positions as 3ptb’s 415 and 562, respectively; thus,
the starting conformation of the second system was very
similar to the first, and no structural artifacts in the first
were apparent upon visual inspection (subsequent refer-
ences to 1tnl water numbers will be immediately followed
by the 3ptb numbering in brackets for clarity). The snap-
shot at 20 ps of equilibration showed identical changes in
the positions of tranylcypromine and HOH269 [415] com-
pared to the previous simulation, that is, tranylcypromine
amino group motion away from Gly219, leading to loss of
the direct hydrogen bond and insertion of HOH269 [415] to
form a bridging hydrogen bond. These changes in tranyl-
cypromine and water structure were maintained to the
end of the 100-ps equilibration.

To rule out force field bias, we reran the equilibration
protocol (as detailed in the Materials and Methods section)
on the system constructed directly from the 1tnl coordi-
nates using the Amber61 and OPLS-AA62,63 force fields as
implemented in the CHARMM simulation package. Tranyl-
cypromine parameters appropriate for Amber were as-
signed using Antechamber,64 with partial charges aver-
aged to obtain identical charges on chemically equivalent
atoms, OPLS-AA tranylcypromine parameters were ob-
tained from the OPLS-AA database, and dihedral parame-
ters for rotation about the bond to the phenyl ring were fit
for each force field, as described in the Materials and
Methods section. Both the Amber and OPLS-AA simula-
tions exhibited the same change in tranylcypromine amino
group and HOH269 [415] positions by 20 ps of equilibra-
tion as in the simulations with the CHARMM22 force field,
and once formed, this tranylcypromine : HOH269 [415] :
Gly219 hydrogen-bond network persisted to the end of

Fig. 7. Insertion of bridging water between tranylcypromine and
Gly219 during MD equilibration: 0-ps (white) and 20-ps (black) conforma-
tions are shown. The crystallographic water molecule undergoes a 3.54 Å
displacement to form a bridging hydrogen bond between tranylcypromine
and Gly219, whose direct hydrogen bonding is lost due to a 2.55 Å
displacement of the tranylcypromine amino group. Tranylcypromine
nitrogen and trypsin oxygen atoms are shown as spheres. The snapshots
have been least-squares aligned using all trypsin backbone atoms.
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these 100-ps equilibrations. This consistency of results
regardless of the choice of force field is not unexpected
given that current biomolecular force fields are similarly
accurate.65

Finally, to test for the possibility that the protein was
insufficiently restrained while relaxing the other degrees
of freedom, we reran the equilibration protocol (1) with
restraints on all trypsin heavy atoms and (2) with re-
straints on all trypsin and tranylcypromine heavy atoms.
With restraints on all trypsin heavy atoms for the full 100
ps, the change in tranylcypromine conformation and the
formation of the insertion of the bridging water is com-
pleted by 20 ps and maintained to 100 ps, while the
all-atom RMSD for the 0-ps and 100-ps trypsin conforma-
tions is only 0.43 Å, providing further evidence that
tranylcypromine and HOH269 [415] are not stable in the
field generated by the crystallographic trypsin coordi-
nates. With restraints on all trypsin and tranylcypromine
heavy atoms during the first 20 ps, the direct hydrogen
bond between tranylcypromine and Gly219 is predictably
enforced. Nonetheless, HOH269 [415] moves 0.97 Å away
from its 0-ps position and in the direction of the tranylcypro-
mine amino group and Gly219 O, showing that it has a
clear energetic preference for association with these moi-
eties, though further motion is prevented by steric hin-
drance from the restrained degrees of freedom. Restraints
are released at 20 ps, and by 100 ps the tranylcypromine :
Gly219 direct hydrogen bond is lost, and is instead bridged
by HOH269 [415], as also occurs in all the other equilibra-
tion trials.

Having ruled out bias due to starting conformation, use
of a particular force field, and choice of restraints while
relaxing the solvent as possible causes of the loss of direct
hydrogen bonding between tranylcypromine and Gly219,
and insertion of a bridging water molecule between them,
we analyzed the production MD data to investigate whether
this new geometry was a stable one. Of the three 1-ns
production trajectories, 2 retain a tranylcypromine confor-
mation for their full duration, very similar to that at the
end of the equilibration phase, including the bridging
water molecule. The third does so for the first 80 ps, after
which the tranylcypromine amino group goes from having
hydrogen bonds to HOH415 and one of the two Asp189
side-chain oxygens to having hydrogen bonds to both
Asp189 side-chain oxygens. At 500 ps into this third
trajectory, tranylcypromine undergoes a 180° rotation
about its longest axis, and in this conformation, the steric
bulk of the methylene group in the 3-membered ring
prevents any approach of HOH415 to within hydrogen-
bonding distance of the amino group. Despite these differ-
ences with the other two trajectories, this trajectory also
maintains the HOH415 : Gly219 hydrogen bond for its
duration in place of the crystallographic direct tranylcypro-
mine : Gly219 hydrogen bond.

Figure 8 illustrates the sampled tranylcypromine confor-
mations during production MD in the context of the
tranylcypromine X-ray coordinates, as well as X-ray coordi-
nates from a trypsin–bovine pancreatic trypsin inhibitor
(BPTI) cocrystal (2ptc28). BPTI is a 58–amino acid protein

inhibitor to trypsin, whose Lys15 side-chain occupies the
same binding pocket as benzamidine and tranylcypro-
mine. MD average structure i is from the combined data of
two 1-ns trajectories, and is essentially the same as the
conformation at the end of the equilibration phase (com-
pare to black conformations in Fig. 7). MD average struc-
ture ii is from the final 500 ps of the third 1-ns trajectory.
Apparent in Figure 8 is the similarity in the hydrogen-
bond patterns of i, ii, and BPTI Lys15, and the difference
between them and the tranylcypromine X-ray binding
mode. In particular, the former 3 all lack a hydrogen bond
to Gly219, while sharing very similar positioning of their
amino groups in the binding site. Additionally, the bridg-
ing water molecule seen in the simulations (Fig. 7) occu-
pies the same site as crystallographic water HOH414 in
the trypsin–BPTI cocrystal (Fig. 8), in contrast to the
trypsin–tranylcypromine cocrystal coordinates in which
the ligand amino group occupies the electron density at
this position. Finally, the preservation of the internal
geometry of tranylcypromine in the 2 average structures
implies that tranylcypromine samples 2 distinct binding
modes, and not a broad continuum of probable conforma-
tions, for were the latter the case, there would be distor-
tions in the internal geometries of the average structures.
This is confirmed by the small values of the isotropic RMS
fluctuations about the average coordinates of tranylcypro-

Fig. 8. X-ray crystallographic and average MD conformations of
tranylcypromine, and the X-ray crystallographic conformation of BPTI
Lys15, all complexed with trypsin. Structures are least-squares aligned
using trypsin C� atoms from the trypsin–BPTI cocrystal (2ptc). Tranylcypro-
mine and BPTI Lys15 X-ray crystal structure coordinates are in white, and
average coordinates from MD simulations are in black (i) and gray (ii).
Also in white are trypsin Asp189, Ser190, Gly219, and the 2 crystallo-
graphic water sites proximal to BPTI Lys15, all from the trypsin–BPTI
cocrystal. Tranylcypromine and BPTI Lys15 side-chain nitrogen atoms,
and Asp189, Ser190, and Gly219 oxygen atoms are shown as small solid
spheres; water sites are shown as large transparent spheres.
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mine heavy atoms, which are in the ranges 0.44–0.82 Å for
i and 0.43–1.07 Å for ii.

The simulations, along with the trypsin–BPTI cocrystal,
suggest that the electron density attributed to the tranyl-
cypromine amino group may rather be due to a bound
water molecule. In the simulations, the replacement of the
tranylcypromine amino group with a water molecule re-
quires motion of a nearby crystallographic water, since
bound tranylcypromine occludes access of bulk water to
this position, and the time scale of the simulations pre-
cludes an unbinding–binding event that could allow for
such access. An alternative to movement of a current
crystallographic water is that of an additional bound water
molecule placed at this position. To evaluate this possibil-
ity, we ran 3 additional MD trajectories of trypsin– tranyl-
cypromine, each of length 1.2 ns. For the starting conforma-
tion of these three, we used the same starting conformation
as previously but changed the coordinates of one of the
bulk water molecules located at the edge of the truncated
octahedron to those of the water molecule occupying the
same site as HOH414 in the first of the average structures
discussed above, and thereby increased the number of
bound water molecules by one. After 2000 steps of minimi-
zation, the system was simulated in the NVT ensemble,
using the same dimensions as for the previous 3 simula-
tions, and as before different random velocities were
assigned at 0 ps so as to obtain 3 different trajectories.
Harmonic restraints on backbone heavy-atom positions
were in effect during the 0-ps–20-ps interval, and were
subsequently released. At 200 ps, the temperature window
for velocity reassignment was decreased to 	 0.5 K to
maintain tighter temperature control, and the simulations
were continued another 1 ns. The previous 3 trajectories
that did not include the extra water in the binding pocket
were continued for another 1.2 ns each, and during the last
1 ns, the temperature window for these trajectories was
also decreased to 	 0.5 K.

As anticipated, in all 3 trajectories in which an extra
water molecule was added to the binding pocket, tranyl-
cypromine underwent a conformational change from its
crystallographic pose to that of i, while there were still
restraints on the protein atoms. Furthermore, all 3 trajec-
tories maintained this tranylcypromine conformation for
their duration. In 2 cases, the additional water molecule in
the binding pocket maintained its position, while in a
third, it simply exchanged positions with HOH415, provid-
ing further evidence that this position may be occupied by
a bound water molecule. The continuation of the 3 previ-
ous trajectories without the extra water molecule in the
binding pocket demonstrated the structural stability of
conformations i and ii, for the 2 trajectories with tranyl-
cypromine in conformation i at the end of the first nanosec-
ond maintained this conformation for the subsequent 1.2
ns, and the third trajectory, which had tranylcypromine in
conformation ii at 1 ns, maintained conformation ii for the
subsequent 1.2 ns.

Based on the rapid conformational rearrangement of
tranylcypromine in all the simulations, we suggest that
the crystallographic binding pose be reconsidered. The

crystallographic direct hydrogen bond between the tranyl-
cypromine amino group and Gly219 is not stable in any of
the simulations. Furthermore, the position occupied by
this amino group in the crystallographic binding mode is
occupied by a bound water molecule in 5 of the 6 nanosec-
ond scale trajectories, and these 5 trajectories also share
the same binding mode for tranylcypromine, conformation
i in Figure 8. From the MD conformational data and the
comparisons to the crystallographic binding mode of BPTI
Lys15, we propose conformation i, with a water molecule
located between tranylcypromine amino group and Gly219,
the position currently occupied by tranylcypromine amino
group in the X-ray structure, as an alternate model for
fitting to the X-ray electron density. Placing an additional
bound water molecule in the crystal structure is simpler
than moving an already placed bound water and requiring
subtle structural rearrangements to maintain hydrogen-
bond networks, and the placement of an additional bound
water in the binding pocket is not contraindicated based on
comparison of the average energies for these two alterna-
tives calculated from snapshots of the tight temperature
control portions of the trajectories. Conformation ii, though
less populated than conformation i, is also much more
stable than the crystallographic binding pose and may also
contribute to the experimentally observed electron den-
sity. This additional contribution could lead to difficulty in
finding a single ligand conformation that accounts for the
observed electron density.

The free energy of protein–ligand binding reflects a
balance between protein–ligand and solvent–ligand inter-
actions. Tranylcypromine’s charge is more localized than
benzamidine’s, and this would lead to a more favorable
solvent–ligand interaction energy for tranylcypromine.
Additionally, the two distinct noncrystallographic binding
poses that tranylcypromine is seen to assume are likely a
reflection of its poorer structural–energetic complementa-
rity with the binding pocket compared to benzamidine.
Multiple binding modes for the low-affinity tranylcypro-
mine may be a cause of ambiguous electron density with
respect to positioning of the ligand, despite the 1.9-Å
crystal resolution. The simulation results provide alter-
nate, energetically preferred conformations to the crystal-
lographic model tranylcypromine coordinates, and sug-
gests reassignment of some electron density, currently
ascribed to tranylcypromine’s amino moiety, to a crystallo-
graphic water.

CONCLUSIONS

We have used MD simulations to study bovine trypsin
complexed with two basic noncovalent small-molecule
inhibitors, benzamidine and tranylcypromine. Benzami-
dine, which has hydrogen-bonding donor capacity identi-
cal to Arg side-chain, is found to preferentially sample two
conformations having nonplanar internal geometries with
equal probability. These conformations have torsion angles
of 	25° in contrast to the nearly planar X-ray crystallo-
graphic benzamidine coordinates. The MD and X-ray data
are nonetheless consistent, since the observed X-ray elec-
tron density is necessarily an average, and the thermal
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average structure from the MD is planar. Tranylcypro-
mine, which has hydrogen-bonding donor capacity identi-
cal to Lys side-chain, samples two conformations similar to
each other. Both of these conformations’ hydrogen-bonding
patterns are the same as that of the BPTI Lys15 side-chain
seen in a trypsin–BPTI cocrystal. This hydrogen-bonding
pattern differs substantially from that in the trypsin–
tranylcypromine X-ray structure coordinates: In the tryp-
sin–tranylcypromine X-ray structure, the tranylcypro-
mine amino group is placed in an area of high electron
density directly adjacent to the backbone oxygen of trypsin
Gly219, while in the trypsin–BPTI cocrystal structure,
this position is occupied by a water molecule that bridges
the trypsin Gly219 backbone oxygen and the BPTI Lys15
side-chain amino group. This bridging water is seen in MD
of trypsin–tranylcypromine even though the simulations
are started from the trypsin–tranylcypromine cocrystal
coordinates, and occurs in simulations using three differ-
ent molecular mechanics force fields.
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