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Molecular Dynamics Simulations of Protein-Tyrosine Phosphatase 1B.
l. Ligand-Induced Changes in the Protein Motions
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ABSTRACT Activity of enzymes, such as protein tyrosine phosphatases (PTPs), is often associated with structural changes
in the enzyme, resulting in selective and stereospecific reactions with the substrate. To investigate the effect of a substrate
on the motions occurring in PTPs, we have performed molecular dynamics simulations of PTP1B and PTP1B complexed with
a high-affinity peptide DADEpYL, where pY stands for phosphorylated tyrosine. The peptide sequence is derived from the
epidermal growth factor receptor (EGFRggg_g93)- Simulations were performed in water for 1 ns, and the concerted motions in
the protein were analyzed using the essential dynamics technique. Our results indicate that the predominately internal
motions in PTP1B occur in a subspace of only a few degrees of freedom. Upon substrate binding, the flexibility of the protein
is reduced by ~10%. The largest effect is found in the protein region, where the N-terminal of the substrate is located, and
in the loop region Val'®8-Gly2°°. Displacements in the latter loop are associated with the motions in the WPD loop, which
contains a catalytically important aspartic acid. Estimation of the pK, of the active-site cysteine along the trajectory indicates
that structural inhomogeneity causes the pK, to vary by approximately =1 pK, unit. In agreement with experimental

observations, the active-site cysteine is negatively charged at physiological pH.

INTRODUCTION

Phosphorylation and dephosphorylation are recognized to
be important regulatory events, particularly in those path-
ways that control cell growth and differentiation. Proper
cellular functions are regulated by a balanced action of
protein phosphatases and kinases (Fisher et al., 1991; Stone
and Dixon, 1994; Walton and Dixon, 1993). Protein phos-
phatases (PPs) belong to a diverse group of proteins that is
classified according to their substrate specificities for phos-
phorylated serine, threonine, or tyrosine residues (Krueger
et al., 1990; Barford, 1995; Fauman and Saper, 1996).
Understanding of the physiological functions of phospha-
tases has made much progress as a result of the determina-
tion of the three-dimensional crystal structures, including
the open (substrate not bound, hereafter referred to as “un-
complexed” structure) and closed (substrate bound; here-
after called “complexed” structure) conformers. These
three-dimensional structures of PPs revealed that although
very diverse in size, sequence, and structural organization,
the catalytic PPs domain is highly conserved and usually
contained within a ~250-residue segment (Mourey and
Dixon, 1994). This domain is the only structural element
that has amino acid sequence identity among all PTPs from
bacteria to mammals (Zhang et al., 1994a,b) and contains
the essential residues of the substrate binding site (Stuckey
et al., 1994; Barford et al., 1994). This binding pocket is
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primarily composed of the phosphate binding loop (P-loop)
with the common active site motif (H/V)CX R(S/T) (X
denotes any amino acid residue). Biochemical investiga-
tions using chemical modifications and site-directed mu-
tagenesis have established that the cysteinyl residue within
the consensus motif is essential in the catalytic reaction and
carries out the nucleophilic attack on the phosphate moiety.
Active-site thiolates are also found in other hydrolases. For
instance, in papain (Lewis et al., 1981) and dienelactone
hydrolase (Pathak and Ollis, 1990), the active Cys is stabi-
lized by ion pairing to nearby histidines, a structural ar-
rangement that is not observed in tyrosine and serine/thre-
onine phosphatases. The only invariant and positively
charged residue in the vicinity of the active cysteine (Cys>'”
in PTP1B), which has an important function in stabilizing
the binding of the phosphate moiety, is the consensus se-
quence arginine (Arg?*' in PTP1B). Generally, this residue
is immediately followed by a Ser or Thr residue, which
facilitates the breakdown of the phosphotyrosine-enzyme
transition state (Zhang et al., 1995; Zhao and Zhang, 1996;
Pannifer et al., 1998). Adjacent to the consensus sequence is
a flexible binding loop, which upon binding of the substrate
moves several Angstroms toward the active site to trap the
oxyanion and to bring an aspartic acid in position (closed
conformation). The amino acid sequence of this loop is
quite diverse, except for the WPD sequence that includes
the catalytic aspartic acid residue and a tryptophan residue
near the hinge region of the loop.

The hydrolysis of phosphotyrosine involves several steps,
including binding of the substrate, activation of the protein
tyrosine phosphatase (PTP) (i.e., closing of the binding
loop), formation of a covalent phosphoenzyme intermedi-
ate, and release of the product (Zhang, 1990; Guan and
Dixon, 1991; Wo et al., 1992; Cho et al., 1992). The present
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study focuses on the first two steps, and the objective of this
study is to examine the dynamics and structural changes in
the protein tyrosine phosphatase PTP1B upon binding of a
peptide-based substrate, DADEpYL. The DADEpYL se-
quence is derived from the epidermal growth factor receptor
(EGFRyg5_993), Which is dephosphorylated by PTP1B in
cells. The analysis does not consider the transition state,
where the active Cys is covalently bound to the phosphate
and the oxygens of the phosphate group form a planar
arrangement. To determine the protein dynamics in the free
and bound states, we have applied the essential dynamics
analysis technique (Amadei et al., 1993), which allows us to
analyze molecular dynamics trajectories and to identify
collective motions in proteins. The essential dynamics anal-
ysis technique has previously been used to correlate essen-
tial motions in lysozyme (Amadei et al., 1993), in thermo-
lysin (van Aalten et al., 1995), in SH3 binding domain (van
Aalten et al., 1996), in cellular retinol binding protein (van
Aalten et al., 1997), and in lipases (Peters et al., 1996, 1997)
with their biological function. Several common features
emerged from these studies. Generally, there are only a few
large concerted motions in proteins originating from the
flexibility of loops and/or secondary structural elements
such as hinge-bend motions that facilitate binding and re-
lease of the substrate.

Although much information about the location and the
nature of the catalytic center as well as the substrate binding
pocket and the structural basis for activation has been ob-
tained from crystallograhic studies and kinetic measure-
ments (Barford, 1995; Barford et al., 1994; Zhang et al.,
1994b), no attempt has been made to describe the large
collective motions in PTP1B. To investigate the importance
of protein flexibility for substrate binding, we have per-
formed molecular dynamics simulations of PTP1B and
PTP1B complexed with a hexapeptide. The results pre-
sented here focus on the collective motions occurring in the
protein, using the C,, coordinates (Amadei et al., 1993) of
PTP1B and the PTP1B-complex. Thus substrate atoms are
not included in the essential dynamics analysis. This anal-
ysis allows us to identify regions in the protein, which are
affected by substrate binding and are of interest for sub-
strate/inhibitor design. Our results indicate that there are
pronounced differences in the dynamics of the binding
pocket and in a region opposite the binding cleft. Some
regions in the binding pocket show changes in flexibility
when the dynamics of the uncomplexed enzyme is com-
pared to that of the complexed enzyme. These regions have
been further analyzed on an atomic level, and the dynamic
and energetic properties of the binding pocket and the
collective motions between residues in the substrate and the
protein are presented in part II (Peters et al., unpublished
observations). As mentioned above, the nucleophilicity of
the active-site cysteine is important for the enzymatic ac-
tivity; therefore we have estimated the pK, for this side
chain along the molecular dynamics trajectories.

Volume 77 July 1999

METHODS

High-resolution crystal structures of the PTPIB structure
complexed with tungstate at 2.8 A resolution and the
PTP1B/DADEpYL-NH, complex (active cysteine mutated
to serine) at 2.6-A resolution (Jia et al., 1995; Barford et al.,
1994) were used as models for the open (“uncomplexed,” no
substrate bound) and closed (“complexed,” substrate bound)
structures, respectively. Both structures were obtained from
the Protein Data Bank at Brookhaven (Bernstein et al.,
1977). The entry codes are 2hnq and Iptu for the uncom-
plexed and complexed PTPs, respectively. Before the sim-
ulations were performed, the serine (215) was replaced with
an ionized cysteine, using the WHAT IF modeling program
(Vriend, 1990). The reason for modeling the cysteine side
chain as a thiolate is based on the experimentally observed
low pK, value (Peters et al., unpublished observations). The
N-terminal of the 2hnq structure was extended using the
Iptu structure as a template. We have modified the peptide
in the crystal structure from DADEpYL-NH, to DADEpYL
by adding a negatively charged C-terminus (COO™).
Molecular dynamics simulations were performed for
PTPI1B (2hnq) and for the PTP1B-peptide complex (1ptu) in
periodic boundary conditions, using explicit SPC water,
which was taken from a liquid equilibrium configuration
(Berendsen et al., 1981). Simulations were run for 1 ns, by
applying the charged version of the GROMOS force field
(Van Gunsteren and Berendsen, 1987). To neutralize the
systems, water molecules at the lowest electrostatic poten-
tial were replaced by sodium ions. The systems were com-
posed of 8079 (2hnqg) and 7222 (1ptu) atoms. Simulations
were started from the crystallographic PTP1B structures and
subjected to a steepest descents energy minimization until
no significant energy change could be detected (<0.01
kJ/mol). This was followed by a 5-ps startup run, taking the
initial velocities from a Maxwellian distribution and using a
temperature coupling constant of 0.01 ps and a pressure
coupling constant of 0.05 ps (Van Gunsteren and Be-
rendsen, 1987). The nonbonded pair list was updated every
10 fs, and the nonbonded interactions were truncated at 8 A
and 10 A, respectively. The SHAKE algorithm (Ryckaert et
al., 1977) was applied to constrain the bond lengths to their
equilibrium positions, and the equations of motion were
solved using the Verlet algorithm (Allen and Tildesley,
1989). Simulations were performed with a time step of 2 fs,
and coordinates were saved every 0.05 ps. Examinations of
the molecular structures and analyses of the trajectories
were carried out using the WHAT IF modeling program
(Vriend, 1990). Evaluation of several geometric properties
(radius of gyration, number of hydrogen bonds, root mean
square displacement, accessibility, number of residues in
random coil conformation, number of strained dihedrals)
indicated that 300 ps (uncomplexed PTP1B) and 150 ps
(PTP1B-peptide complex) were required for equilibration.
The remaining 700 ps of the trajectories (i.e., from 300 to
1000 ps) were used for the subsequent essential dynamics
analysis. The essential dynamics method has been described
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several times in the literature, and the reader is referred to
Amadei et al. (1993) and Balsera et al. (1996). Briefly, the
method is based on the diagonalization of the covariance
matrix (Ichiye and Karplus, 1991), which yields a set of
eigenvectors and corresponding eigenvalues. The eigenvec-
tors represent a direction in a high-dimensional space, de-
scribing concerted displacements of atoms. The eigenvalues
represent the mean square fluctuation of the total displace-
ment along these eigenvectors. Motion within the subspace
can be studied by projecting the trajectory onto the individ-
ual eigenvectors. This dot product provides information
about the time dependence of the conformational changes.

pK,s were computed using the so-called single-site titra-
tion model modified by Antosiewicz et al. (1994). In this
macroscopic approach, ionization is represented as the ad-
dition of =1 proton charge to a single atom in each titratable
group. The electrostatic field at the titrating site is calculated
by numerically solving the finite-difference linearized Pois-
son-Boltzmann equation, using an incomplete Cholesky
preconditioned conjugate gradient method as implemented
in the UHBD program (Madura et al., 1995; Davis et al.,
1991). The apparent pK,s and protonation state as a function
of pH were computed by employing the “hybrid procedure”
developed by Gilson (1993), which is based on separation of
ionizable groups into clusters. The interaction between ion-
izing charges within a cluster is treated exactly, whereas the
intercluster interactions are approximated. This method
yields both accurate energies and fractional charges (Gilson,
1993). A detailed description of the parameters used in the
calculations has appeared elsewhere (Peters et al., unpub-
lished observations). Recently, an improvement in the ac-
curacy of pK, predictions was proposed (Demchuk and
Wade, 1996). This technique operates with two classes of
ionizable sites, which can be distinguished using a criterion
based on desolvation energy. A Z, value given by

er = Sign(ApKa,Coulomb(Eimerior))ApKa(Ginterior) (1)

is computed for each ionizable site of interest from four pK,
calculations (using the single-site titration method described
above) at two extreme protein dielectric constants, €. ior
(78.5 and 3; Demchuk and Wade, 1996). The magnitude of
Z 1s derived from ApK, (€, erior)> the difference between
the computed pK,s at a high and a low dielectric constant.
ApK, coutomb(Einterior) 18 the corresponding pK, difference
when the charges are considered to be immersed in a ho-
mogeneous dielectric of zero ionic strength. Thus one class
of mostly solvent exposed residues was identified (Z., >
—1.6) for which the best pK,s are calculated if the protein
dielectric constant is close to that of the aqueous solvent.
For another set of mostly buried residues it was shown
(Z.s < —1.6) that a relatively low dielectric constant (in the
range 10-20) gave the best results. According to the crite-
rion defined above and applied to the x-ray structures of
PTPI1B, the active-site cysteine belongs to the first class of
residues, i.e., the group for which the best pK,s are calcu-
lated with a high dielectric constant. The resulting pK, is 1.6
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pK, units above the experimentally determined value. For
comparison we have calculated the pK, for this residue,
using a low dielectric constant. The resulting pK, is closer
to the experimentally determined pK,, but this methodology
underestimates the experimental pK,. Clearly, both ap-
proaches result in a pK, that is over- or underestimated,
yielding pK,’s with similar accuracy. We therefore have
applied both methodologies to calculate the pK, along the
trajectories and to estimate the influence of structural inho-
mogeneity on the pK, of the active Cys.

RESULTS AND DISCUSSION

Molecular dynamics simulations of the uncomplexed
PTPIB structure and the PTP1B-DADEpYL complex (Fig.
1) were performed using explicit SPC water and applying
periodic boundary conditions. Simulations were carried out
for 1 ns, where 300 ps (uncomplexed PTP1B) and 150 ps
(PTP1B-peptide complex) were used for equilibration. Root
mean square displacement (rmsd) with respect to the start-
ing structure, accessible surface area (ASA), and radius of
gyration are displayed in Fig. 2. As shown in Fig. 2, the
rmsd for the uncomplexed PTP1B is larger than for the
complexed structure. A slight increase is observed, but the
other geometrical properties are stable and fluctuating
around a constant value. Relatively large fluctuations in the
ASA data are observed in both structures, indicating that the
overall flexibility of side chains at the protein surface is
similar.

The resulting trajectories were used in the essential dy-
namics analysis (Amadei et al., 1993; van Aalten et al.,
1995; Peters et al., 1996). Note that no substrate atoms were
included in the analysis because we only focus on the
changes in enzyme dynamics resulting from the presence of
the substrate. Motions along eigenvectors corresponding to
large eigenvalues are mainly large-amplitude, anharmonic
fluctuations. The harmonicity of the motion along an eig-
envector can be estimated by comparing the probability
distribution for the displacements along these eigenvectors
with an ideal Gaussian distribution derived from the eigen-
value of the corresponding eigenvector (Amadei et al.,
1993). The correlation coefficients resulting from this com-
parison and the eigenvalues as a function of eigenvector
index are displayed in Figs. 3 and 4, respectively. As shown
in Fig. 3, ~85% of the total positional fluctuations are
described by the first 50 eigenvectors. This number of
eigenvectors is an order of magnitude larger than observed
for other proteins; e.g., for thermolysin it has been shown
that taking the first 10 eigenvectors represents ~95% of the
total motion of the protein (Amadei et al., 1993; van Aalten
et al., 1995). This indicates that the fluctuations in PTP1B
are more complex, so that more eigenvectors are needed to
describe the motions. However, as observed for several
other proteins (Amadei et al., 1993; van Aalten et al., 1995;
Peters et al., 1996), the actual number of eigenvectors is
much smaller than the original 3N-dimensional configura-
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FIGURE 1 Ribbon structure of PTP1B complexed with the peptide
DADEpYL. The color coding corresponds to the important components of
the catalytic site. The active site motif, the HCX;R loop, and the WPD loop
are colored gray. The central helix is colored brown. The active Cys, the
conserved Arg, and the essential acidic Asp are shown in stick modus and
are colored yellow, green, and red, respectively. Atoms of the substrate are
displayed in stick model and colored as follows: carbons, green; nitrogens,
blue; oxygens, red; hydrogens, white. (Top) The active Cys, the conserved
Arg, and the essential acidic Asp are shown in stick models and colored
yellow, green, and red, respectively. (Botfom) Regions (not including the
WPD loop) that show relatively large displacements (yellow), increase
(red) and decrease (green) fluctuations upon substrate binding. See text for
more details.

tional space formed by the Ca coordinates (3N Ca; N =
297). This shows that most of the internal motions of these
enzymes are confined within a subspace of very small
dimensions. This is also reflected in the correlation coeffi-
cients shown in Fig. 4. The coefficient reveals that most of
the motions can be described by Gaussian distributions (i.e.,
fluctuations are harmonic). Nonharmonic (non-Gaussian)
fluctuations are only observed at small eigenvector indices,
and the coefficient approaches ~0.95 after 10 eigenvectors.

To investigate the effect of a bound peptide substrate on
the dynamics of the PTP1B, we have performed a combined
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analysis of the trajectories (van Aalten et al., 1995) of the
uncomplexed PTP1B and the PTP1B-substrate complex.
The covariance matrix was constructed from the C, coor-
dinates from the two trajectories and subsequently diago-
nalized. The analysis yields a set of eigenvalues and corre-
sponding eigenvectors, in which each pair describes
independent motions in the subspace. The fluctuations
within these subspaces can be studied by projecting the
trajectory onto the individual eigenvectors. This dot product
provides information about the time dependence of the
conformational changes. The average and mean square fluc-
tuations of these projections as a function of eigenvector
indices are shown in Fig. 5, and the corresponding absolute
values of the components of the eigenvectors are displayed
in Fig. 6. The average value shown in Fig. 5 4 provides
information about the structural changes (i.e., static shifts)
upon binding of the substrate. The two curves are symmet-
rical around zero, because the analysis was performed on
the combined trajectories of the two simulations. Structural
differences are computed with respect to an average struc-
ture calculated from the combined trajectories. Significant
differences are only observed in the subspace spanned by
the first eigenvector. Visualization of the motions along
eigenvector 1 revealed that the structural changes originated
from the displacement of the WPD loop, which moves
toward the active Cys as the substrate binds. As indicated by
the absolute value of components of the first eigenvector
(Fig. 6 A), this movement results in several structural
changes in PTP1B. The most significant shifts (absolute
values > 0.09 nm) are observed in the loop regions Asp'!-
Ala'’, Val''*-Ser''®, Thr'”7-Pro'®>, Val'®%-Gly**°, and
Asp?*®-Pro**'. As the WPD-loop (Thr'”’-Pro'®®) moves
toward the substrate, the loop Thr*®*-Asp?®° located oppo-
site the WPD loop moves backward causing the displace-
ment of the segment Asp''-Ala'’. The displacement ob-
served in the flap Val''*-Ser''® widens the binding groove
and provides more space for the substrate to the binding
pocket. The most pronounced effect is seen in the region
Val'?8-Gly**?, which is located between the a-helix follow-
ing the WPD loop and the B-strand, where the active cys-
teine is located. Both the a-helix and the B3-strand show only
small fluctuations, indicating that the displacement of the
WPD loop is mediated by the structural changes in the loop
region Val'?®-Gly**’. This segment, which is well exposed
to the solvent, contains several polar residues and two
glycines contributing to the flexibility of the segment.

For eigenvector indices greater than 1, significant differ-
ences are found in mean square fluctuations (Fig. 5 B),
which reflects the differences in the protein dynamics ob-
served in the uncomplexed PTP1B and in the PTP1B-
substrate complex. Motions in the subspaces spanned by
eigenvectors 3 and 4 are predominantly found in the un-
complexed PTP1B, whereas motions along eigenvectors 2
and 5 are mainly observed in PTP1B complexed with the
peptide. Visualization of the motions along several eigen-
vectors indicates that as observed for other proteins, the
catalytic residue Cys?'> (Fig. 1) is relatively rigid (Fig. 6 B).
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FIGURE 3 Cumulative normalized eigenvectors determined from the C,
coordinate covariance matrix of the trajectory obtain from the simulation of
the uncomplexed PTP1B and PTP1B-peptide complex.

Fluctuations of the WPD loop are seen along several eig-
envectors (Fig. 6 B), but these are relatively small in com-
parison to the other fluctuations. In the uncomplexed
PTPIB, fluctuations in the WPD loop are oscillatory in
nature, and no full opening and closing of the loop were
observed, as suggested by recent experiments (Lohse et al.,
1997). However, this is not surprising, because typical mo-
tions of peptide loops occur on a much longer time scale
(1077 to 10~ ' s) (Wade et al., 1993, 1994; Kempner, 1993;
Philippopoulos et al., 1995; Falzone et al., 1994; Williams
and McDermott, 1995). Fig. 6 B shows the absolute values
of the components of the eigenvectors 2—6. Both the un-
complexed PTP1B and PTPIB complexed with the sub-
strate show relatively large fluctuations, and the differences
in the protein dynamics are localized in certain regions of
the enzyme. This is surprising because larger effects of
inhibitors bound to proteins have been found, for instance,
for lipases (Peters et al., 1997). As indicated by the magni-
tude of the mean square fluctuations shown in Fig. 5 B, the
most pronounced effects are seen in the subspaces spanned
by eigenvectors 2 (complexed PTP1B) and 3 (uncomplexed
PTPIB). In Fig. 6 C, the absolute values of the components
of these two eigenvectors are compared. Substrate binding
reduces the motions in the Pro*'=%°, Glu®’-val'%®, Lyslzg—
Lysm, Leu!®0-Thr!®, Pr0179-Gly182, and Leu'%?-Ser?®,
whereas an increase in fluctuations is observed in the seg-
ments Leu®-His” and Asp®*>-Asp?*’, as well as in the
N-terminal and C-terminal regions. The region Leu®®-His**

FIGURE 2 Selected geometrical properties. (4) Root mean square dis-
placement, (B) radius of gyration, and (C) accessible surface area as a
function of simulation time for the uncomplexed PTP1B and the PTP1B-
peptide complex. Surface accessibilities were calculated with DSSP soft-
ware (Kabsch and Sander, 1983).
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recognition and binding. Internal protein motions are gen-
erally governed by flexible loops or links and are correlated
with the positions of glycines in the protein structure. To
locate hinge bending regions in the PTP1B, we have applied
a moving window superposition method (van Aalten et al.,
1996). Rmsds calculated from the minimum and maximum
structures of the motions occurring in different subspaces as
a function of residue number are shown in Fig. 7. The
positions of glycines and prolines in PTP1B are indicated by
the filled or open circles. There is no apparent correlation
between the flexibility of the protein and the position of the
prolines. However, noticeable rmsd values are observed
close to glycines. In particular, the glycines 106, 183, 218,
220, 223, and 259 are closely located to hinge bending
regions. Structural sequence alignment of PTP1B, Yersinia
PTP, VHR, and low-molecular-weight PTP (Yuvaniyama et
al., 1996) reveals that most of the glycines are not conserved
in these structures, suggesting that glycines may or may not
have an important role in the function of these proteins.
Important functional roles of glycines have been observed
earlier, in which single-site mutations of glycines or of

C-alpha eigenvector index

FIGURE 5 (4) Average values and (B) mean square fluctuations of the
projections of the separate trajectories onto the eigenvectors extracted from
the C, coordinate covariance matrix of the concatenated trajectories as a
function of the eigenvector index.

nonglycine residues at other sites to glycines can have
remarkable effects on the enzyme action and can be lethal.
Mutations involving glycines have been linked to protein
stability (Matthews, 1987; Hecht et al., 1986; Berndt et al.,
1993), reduced catalytic activity (Jancso and Szent-Gyor-
gyi, 1994; Wilkinson et al., 1983), changes in enzyme
specificity (Vermersch et al., 1990), or diseases such as
lipoprotein lipase deficiency (Henderson et al., 1992; Busca
et al.,, 1996), hemolytic anemia (Vulliamy et al., 1988),
Alzheimer’s disease (Mann et al., 1992), or insulin resis-
tance (Almind et al., 1996). This suggests that the absence
of conserved glycines in the different structures causes
different protein flexibility and hence different modes of
substrate recognition. The only conserved glycines are
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FIGURE 6 Absolute value of the components of eigenvectors
(4) 1, (B) 2-6, and (C) 2 and 3. Eigenvectors were computed
from the C, coordinate covariance matrix of the concatenated
trajectories as a function of coordinate number. (4) Structural
changes between the uncomplexed and complexed structures.
(B) Motions observed in the subspaces spanned by eigenvectors
2-6. (C) Motions predominantly found in the complexed (eig-
envector 2) and uncomplexed (eigenvector 3) structures. The
location of the WPD- and p-loops are shown in 4. The hori-
zontal solid line in 4 corresponds to an absolute value of 0.07.
See text for more details.
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FIGURE 7 Output from the moving window superposition method, us-
ing the minimum and maximum structures observed in the subspaces
spanned by eigenvectors 2 and 3. Positions of glycines and prolines are
indicated by the filled and open circles, respectively.

found in the vicinity of the active Cys, which probably
provide a certain flexibility of the active Cys to shift it to the
correct positions relative to the phosphate moiety of the
substrate, so that the catalyzed reaction may take place.
The structural inhomogeneity may not only influence
substrate binding, but may also change the electrostatic
environment of an ionizable side chain, causing the proto-
nation state (pK,) of that site to vary over a wide range. This
variation could be important because pK, shifts have been
linked to enzymatic catalysis, substrate binding, and pro-
tein-protein association (Warshel and Russel, 1984;
Warshel and Aqvist, 1991; Antosiewicz et al., 1994; Honig
and Nicholls, 1995). We have applied the single-site titra-
tion method (Antosiewicz et al., 1994) and calculated the
pK,s along the two trajectories. Furthermore, we have ap-
plied the Z; criterion (Eq. 1) to the x-ray structures to
determine which value of the dielectric constant is most
appropriate. For the x-ray structures in the present investi-
gation, the Z  values are close to 20, which indicates that a
high dielectric constant should be applied. However, the
resulting pK, is overestimated when compared to the ex-
perimentally determined value. Therefore, we have per-
formed two calculations of the pK,’s, using a low as well as
a high dielectric constant. The ionization state of titratable
groups may change upon substrate binding or be sensitive to
structural inhomogeniety. To estimate the effects of both
factors, we have calculated the pK, values along the two
molecular dynamics trajectories. The pK,s were estimated
by calculating the pK, every 20 ps of the 600-ps trajectory,
using the single-site titration model (Antosiewicz et al.
1994). Calculations were performed with and without sub-
strate present to estimate 1) the effect of the substrate on the
pK, of the active cysteine and 2) the influence of flexibility
on the pK, of the active cysteine. The time variations of the
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pK, data for Iptu with and without substrate present are
shown in Fig. 8. The average pK,’s for the active-site Cys
are 5.5 = 0.8 (e = 20, with substrate), 2.4 = 1.1 (e = 20,
without substrate), 8.0 = 0.2 (e = 78.5, with substrate), and
6.4 = 0.2 (e = 78.5, without substrate). The pK, computed
in the presence of the substrate is in good agreement with
the experimentally determined pK, of 5.57, which is based
on the k_,/K,, versus pH rate profile (Lohse et al., 1997).
The observed change in pK, due to substrate binding stems
from the electrostatic contribution of the substrate. In our
calculations the methodology based on the Z. criterion
overestimates the pK, values. We would expect that the pK,
of the active Cys during the formation of the transition state
is further reduced, because in the structure used in the
simulations, the oxygens in the phosphate moiety are in a
tetrahedral conformation, whereas upon the formation of the
transition state, the oxygens take a planar conformation and
form hydrogen bonds with the backbone hydrogen atoms of
the p-loop (Jia et al., 1995). This effectively stabilizes the
thiolate, further causing a lowering of the pK,. Excluding
the substrate from the calculations and varying the dielectric
constant (Demchuk and Wade, 1996) lead to an over- or
underestimation of the experimentally determined pK,.
Similar effects were found for the open structure. The
calculations yield average pK,’s of 1.7 = 1.3 (¢ = 20) and
6.5 £ 0.2 (e = 78.5). As observed for different proteins
(Bashford et al., 1993; Warshel and Aqvist, 1991), protein
dynamics can have a significant influence on the charge
state of a amino acid. Structural variation close to the active
Cys has been observed in Yersinia PTP (Juszczak et al.,
1997), where the WPD loop alternates between the open and

pKa (Cys215)

100 200 300 400 500 600 700 800

time (ps)

FIGURE 8 pK, data of the active Cys in the 1ptu structure as a function
of the simulation time. Data are shown for ([J) substrate present, interior
€ = 20; (O) substrate excluded, interior € = 20; (@) substrate excluded,
interior € = 78.5. The solvent dielectric constant was 80 in all calculations.
The dielectric constant for the protein was chosen according to the single-
site titration method (Antosiewicz et al., 1994) or the methodology pro-
posed by Demchuk and Wade (1996). The solid line indicates the pK, of
a free Cys residue.
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FIGURE 9 Protonation state of the active Cys as a function of pH
computed at selected simulation time, as indicated in the inset. See Fig. 8
for more details.

closed forms with a rate constant of ~2.6 X 1078 s7!

corresponding to a low energy barrier between the two loop
conformations (Juszczak et al., 1997). As shown in Fig. §,
the pK, fluctuates substantially at a relatively low dielectric
constant, and the estimated standard deviation is ~1 pK,
unit. Similar pK, shifts have also been found in a recent
study of bacteriorhodopsin (Sandberg and Edholm, 1997),
where it was demonstrated that the shifts were caused by the
flexibility of the protein. Variations are also observed in the
titrating behavior of the active cysteine. The protonation
state as a function of pH is shown in Fig. 9 for selected
structures extracted from the trajectory. The titration curves
follow the usual S-shaped characteristics, indicating that
there is no strong coupling (i.e., interactions) between the
active cysteine and other titratable sites. Interactions larger
than ~3 kcal/mol between titratable residues lead to com-
plex titrating behavior, indicated by deviations from the
typical S-shape curves (Sandberg and Edholm, 1997; Yang
et al., 1993). As illustrated in Fig. 9, the fluctuations in the
titration curves are significant. Changes in the protonation
state of the active cysteine are mainly found at relatively
low pH, and at a physiological pH the cysteine is negatively
charged, as found experimentally (Lohse et al., 1997) and
theoretically (Peters et al., unpublished observations; Hans-
son et al., 1997).

CONCLUSION

In the present study, we have investigated the concerted
motions in the uncomplexed PTP1B and studied the effect
of substrate binding (high-affinity peptide DADEpYL) on
these motions by using molecular dynamics simulations.
Simulations were carried out for 1 ns, and the resulting
trajectories were used to analyze the change in concerted
motions upon binding of the substrate as well as the elec-
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trostatic properties of the enzyme. The overall fluctuations
as deduced from the geometrical properties are similar in
PTPIB and the PTP1B-substrate complex. The essential
dynamics analysis identified several regions in the protein
that are affected by substrate binding. Conformational
(static) changes are observed in several regions in the pro-
tein and are associated with the displacement of the WPD
loop, which on activation moves toward the active Cys?'>.
Relatively large static shifts are seen in the surroundings of
the WPD loop, causing pronounced structural changes in
the loop region Val'?®-Gly*”, located between the a-helix
following the WPD loop and the -strand at whose end the
Cys®!? is located. It appears that the movement of the WPD
loop is facilitated by the structural rearrangements in the
segment Val'?®-Gly**’. Furthermore, analysis of the con-
certed motions in the subspaces spanned by the different
eigenvectors revealed that the fluctuations in the distinct
subspaces are similar and differences are localized in certain
regions of the protein. The most pronounced effects are
found along eigenvectors 2 and 3. Upon binding of the
substrate, fluctuations in several regions are reduced, which
can be regarded as an induced fit mechanism (Koshland,
1958). Considering the motions defined by the first 20
eigenvectors, the flexibility of the enzyme is reduced by
~10%.

Calculation of the pK, of the titratable amino acids along
the trajectory shows that protein fluctuations (“structural
inhomogeneity”) cause variation of the pK,s on the order of
1 unit. The pK, calculated in the presence of the substrate is
in good agreement with the experimental determined pK,,
while excluding the substrate from the calculation results
(depending on the dielectric constant) in an under- or over-
estimation of the active Cys pK,. This could be due to the
approximations used in the macroscopic approach, which
neglects explicit water and counterions. The effect of these
contributions is dependent on the enzyme (Bashford et al.,
1993; Warshel and Aqvist, 1991), and in a recent study, it
has been shown that in the pK, calculation of bacteriorho-
dopsin counterions, membrane and the choice of partial
charges did not influence the results significantly (Sandberg
and Edholm, 1997).
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acknowledged.
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