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Molecular Dynamics Simulations of Protein-Tyrosine Phosphatase 1B.
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ABSTRACT Molecular dynamics simulations of protein tyrosine phosphatase 1B (PTP1B) complexed with the phosphory-
lated peptide substrate DADEpYL and the free substrate have been conducted to investigate 1) the physical forces involved
in substrate-protein interactions, 2) the importance of enzyme and substrate flexibility for binding, 3) the electrostatic
properties of the enzyme, and 4) the contribution from solvation. The simulations were performed for 1 ns, using explicit water
molecules. The last 700 ps of the trajectories was used for analysis determining enthalpic and entropic contributions to
substrate binding. Based on essential dynamics analysis of the PTP1B/DADEpPYL trajectory, it is shown that internal motions
in the binding pocket occur in a subspace of only a few degrees of freedom. In particular, relatively large flexibilities are
observed along several eigenvectors in the segments: Arg?4-Ser?®, Pro®®-Arg*’, and Glu''®-Gly'"". These motions are
correlated to the C- and N-terminal motions of the substrate. Relatively small fluctuations are observed in the region of the
consensus active site motif (H/V)CXgR(S/T) and in the region of the WPD loop, which contains the general acid for catalysis.
Analysis of the individual enzyme-substrate interaction energies revealed that mainly electrostatic forces contribute to
binding. Indeed, calculation of the electrostatic field of the enzyme reveals that only the field surrounding the binding pocket
is positive, while the remaining protein surface is characterized by a predominantly negative electrostatic field. This positive
electrostatic field attracts negatively charged substrates and could explain the experimentally observed preference of PTP1B
for negatively charged substrates like the DADEpYL peptide.

INTRODUCTION

Protein phosphatases (PPs), including protein-tyrosine The development of novel drug candidates to specifically
phosphatases (PTPs), are key participants in kinase-depeinhibit phosphatases requires not only a detailed structural
dent signal transduction pathways (Stone and Dixon, 1994;nderstanding of the regulation of these enzymes, but also a
Walton and Dixon, 1993). The level of protein-tyrosine knowledge of how these enzymes distinguish between the
phosphorylation and dephosphorylation is critical for nor-different phosphorylated substrates that they encounter in
mal cell proliferation, differentiation, and metabolism (Fish- the cell. The current estimate is that humans have as many
eretal, 1991; Tonks et al., 1993; Walton and Dixon, 1993)as several hundred phosphatase genes (Hunter, 1995). A
age (Ruiz et al., 1992) and diabetes (Mgller et al., 1995; ldgommon approach is the use of inhibitors to probe substrate
et al., 1994; Boylan et al., 1992; McGuire et al., 1991).recognition, to elucidate cellular function of individual PPs,
There is increasing evidence that aberrant levels of PPs mgyng to study the catalytic mechanisms (Montsera et al.,
underlie diseases such as cancer (Zanke et al. 1994; Wienfgge)_ Moreover, x-ray crystallographic structures of sev-
et al,, 1996; Cool and Fischer, 1993; Zheng et al., 1992¢4 phosphatases show remarkable structural similarity
Lammers et al., 1993), insulin-resistant §tates (Posner et aly;und the active site, despite very low sequence homology
1994; Mgller et al., 1995), and defects in platelet ag9redarauman and Saper, 1996; Fauman et al., 1996; Barford,

tion response (Frangioni et al., 1993). Thus the ability 101995y The PTP family is characterized by the consensus
!nhlblt specific protein ph.osphatases. could have C"n'c,alactive site sequence (H/V)GR(S/T), where X denotes any
importance and may provide alternative treatments of dis

Furth ific phosphat inhibit >amino acid residue. The active-site motif includes a nucleo-
eases. Furthermore, Specific pnosphatase innibrtors are IrE)’hilic cysteinyl residue essential for catalysis and a con-
valuable tools for elucidating the function of individual

PTPs within cells and for studving phosohat talvii served arginine residue (Pot and Dixon, 1992; Streuli et al.,
S Wi cels a or studying phosphatase cataly (‘:’L990). The structure of the consensus sequence defines the
mechanisms (Montsera et al., 1996).

binding site for the tyrosyl phosphate substrate. The cata-
lytic reaction (i.e., hydrolysis of the phosphoester bond) is
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Address reprint requests to"Gther H. Peters, Department of Chemistry, charged (Denu and Dixon, 1995; Zhang et al., 1994b; Peters
“DAEMPHJS-E The4;ic5h2”5icg'3¥ni\éef5“}; OGf HDPe(g)ng\‘;vI |E3)$L1280?<O éynngy, et al., 1998) and attacks the electrophilic phosphorus of the
enmark. Tel.:+45- - , E-mail: . . . Or, Dr. H H H _
Ole H. Olsen, Novo Nordisk A/S, MedChem Research IV, Novo Nordisk phosphotyrosyl residue in the SUbStrath" causing the phos
Park, DK Malov, Denmark. Tel.+45-4443-4511; Fax+45-4443-4547; ~ Phoester bond to break. At the same time the WPD loop,
E-mail: oho@novo.dk. which upon binding of the substrate moves toward the
© 2000 by the Biophysical Society phosphate moiety of the substrate, essentially causes a tight
0006-3495/00/05/2191/10  $2.00 binding of the tyrosyl phosphate group. This displacement




2192 Peters et al.

brings a catalytically active aspartate into position and corhave performed molecular dynamics simulation of PTP1B
responds to the “activation” of the enzyme (Zhang and Wujn complex with the peptide-based substrate DADEpYL.
1997; Eckstein et al., 1996; Schubert et al., 1995; BarfordFurthermore, a molecular dynamics simulation of the free
1995). substrate has been conducted to estimate the importance of
Substrate recognition and the formation of an enzymeelectrostatic and van der Waals energies to binding. The
substrate intermediate are complex events that are primarilgequence of this synthetic phosphotyrosine-containing
mediated by residues spanning the binding pocket. Theeptide is derived from the autophosphorylation site of the
binding event, which is driven by a decrease in the totakepidermal growth factor receptor (EGER gos
Gibbs free energy, is generally dictated by a delicate balDADEpYLIPQQG, where pY stands for the phosphorylated
ance of mechanisms of opposing effects involving enthalpigyrosine). This peptide sequence has been widely used to
and/or entropic contributions (Salemme et al., 1997; Ajayprobe the substrate specificity of phosphatases, including
and Murcko, 1995). Various factors have been suggested &TP1B. In these studies, the amino acids in the peptide were
the physical reasons for high binding affinities (Vajda et al.,sequentially mutated to Ala (referred to as Ala scan in the
1994; Krystek et al., 1993; Jencks, 1975; Koshland, 1958)literature), and the specific contributions to the binding and
An increase in binding affinity is generally accomplished by catalysis were determined by kinetic measurements (Zhang
favorable interactions between substrate and protein and/@t al., 1993, 1994a). The data indicated that substitution of
by a net increase in the entropy of the system (i.e., proteimcidic residues N-terminal to pY by Ala results in substan-
and water) (Peters et al., 1997a; Goddette et al., 1993jial loss in substrate specificity, while substitution of resi-
Typically, entropy is gained when water molecules, whichdues on the C-terminal side of pY by Ala only slightly
in the unliganded enzyme form a well-defined network ineffects the binding affinity and catalytic efficiency. In par-
cavities and/or on the protein surface, are displaced upoticular, the substitution Glu— Ala at the —1 position
substrate binding. The net gain is determined by the balancghanges the kinetic parameters significantly (nomenclature
of entropy reduction due to the loss in translational ands adapted from Zhang et al. (1993); pY is designated to be
rotational entropies in the enzyme and/or substrate andt the zero position in the peptide sequence, and the adjacent
entropy increase, e.g., due to the displacement of wateamino acids are numbered positively (C-terminally to pY)
Changes in steric interaction energy on binding or change ior negatively (N-terminally to pY). The substitution G
conformational energy of the protein and substrate uporla in the peptide sequence causes a 4.7-fold increase in
binding (induced fit) can make negative or positive contri-Ky,, while k., and the ratidk.,/Ky, are reduced by 1.4- and
butions to the binding affinity, depending on the architec-6.5-fold, respectively. These experimental studies suggest
ture of the binding pocket and the molecular structure of théhat a minimum phosphopeptide for optimal binding and
substrate (Koshland, 1958). Intermolecular forces are presatalysis is the hexapeptide DADEpYL. Amidation of the
dominantly determined by van der Waals and electrostatifree carboxyl group of Leu increases the catalytic efficiency
interactions. The latter is thought often to play an importanfy 5.8-fold, whereas acetylation of the N-terminal amino
role in determining the biological function of enzymes group has only a slight effect and increases khgKy,
(Peters et al., 1997b; Honig and Nicholls, 1995). The physvalue by 1.2-fold.
ical complexity underlying the free energy change that In the present study, we have investigated the dynamic
accompanies the binding of a substrate to an enzyme iand energetic properties of the PTP1B complex in detail.
aqueous solution makes it difficult to estimate the magni-This paper is complementary to paper | (Peters et al., 1999),
tude of the individual contributions (Ajay and Murcko, where we have investigated and identified the concerted
1995). It has been observed that different substrates camotions in PTP1B (open conformation) and PTP1B com-
bind through either enthalpically or entropically driven pro- plexed with DADEpYL (closed conformation). Here we
cesses. For instance, biotin binding to streptavidin is enfocus on 1) investigating the influence of substrate flexibil-
thalpy driven, whereas azobenzene substrate binding tidy on the mobility of the binding pocket, 2) examining the
streptavidin is entropy driven (Weber et al., 1992; Ku et al.,interactions between the substrate and residues in the bind-
1993). ing pocket, 3) determining the electrostatic properties of
The prediction of binding energies is a demanding taskPTP1B, and 4) the contribution from solvation.
and a range of methodologies for this have been suggested.
Several theoretical approaches assume fixed substrate a&i
protein structures. These assumptions may be valid fo ATERIALS AND METHODS
relatively rigid systems, but for macromolecules undergoingrhe x-ray crystallographic structure of a €Y% (active cysteine)/serine
conformational changes upon substrate binding and activanutant of the PTP1B structure complexed with the DADEPYL-Ni¢p-
tion, substrate and enzyme flexibilities are important fac-ide, solved to 2.6-A resolution (Ji.a et al., 1995; Barford et al., 1994), was
used as model for the closed (active) structure. The structure was obtained

tors. In this category also belong protein tyrosine phOSph from the Protein Data Bank at Brookhaven (Bernstein et al., 1977). The

Fases- _TO ?lUCidate the importance of flexibility and entry code is 1ptu. Before we performed the simulation, the serine (215)
interactions in a complexed structure of a phosphatase, Weas replaced with an ionized cysteine. The rationale for modeling the
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cysteine side chain as a thiolate is based on the experimentally observdgig. 1. The high binding affinity is particularly surprising,

and theoretically found low pKvalue (Zhang et al., 1993; Peters et al, pecause the total charge of titratable residues in PTP1B is
1998). We have modified the peptide in the crystal structure fromapproximately—G (Fig. 2).

DADEpYL-NH, to DADEpYL by adding a negatively charged C-terminus . . . .
(COO). To elucidate the origin of this observation, we have

Molecular dynamics simulation of the PTP1B-peptide complex with applied molecular dynamics simulations and macroscopic
explicit SPC water (7222 molecules) was performed for 1 ns, using theg|ectrostatic calculations to obtain detailed structural infor-

charged (C) version of the GROMOS force field (Van Gunsteren andmatinn ahout the forces involved in the binding process. The
Berendsen, 1987) and applying periodic boundary conditions. The dimen.

sion of the octahedral simulation cell was 81.1 A. Details of the setup an&)mdm_g ev_em (_:an be dI_VId_ed into at least two p!’OCGSSES
parameters used in the molecular dynamics simulation have been describiavolving diffusion and binding of the substrate. First, the
in part | (Peters et al., 1999). Furthermore, a 1-ns simulation of the freesubstrate has to diffuse onto the protein surface and into the
substrate was performed with explicit SPC water (1703 molecules) a“‘binding pocket, where binding and hydrolysis eventually
ions (six sodium ions), using the same MD simulation protocol as appliec&ake place. To determine the mechanism involved in the
for the complexed PTP1B structure. . - .

Analyses of the trajectories and examinations of the molecular struc-dlffus'on process, we have computed the protonation state
tures were carried out using the WHAT IF modeling program (Vriend, Of all of the titratable amino acids in the enzyme (An-
1990). Evaluation of several geometrical properties indicated that the¢osiewicz et al., 1994; Gilson, 1993) and used these charges
PTP1B-DADEpYL complex is equilibrated after 150 ps. To ease the(pH 7) to compute the electrostatic field. Fig. 2 displays

comparison of the present results to the findings in part | (Peters et al. . . . .
1999), we have used the last 700 ps of the trajectory for an essentizﬁorm)ur plOtS of the field surroundlng the active site.

dynamics analysis (Amadei et al., 1993 Ichiye and Karplus, 1991), evalCl€arly, only the surface above the active site is positively
uation of enzyme-substrate interaction energies, and investigation of théharged, while the remaining part of the surface is predom-
electrostatic properties of the enzyme. The latter refers to the calculation dhantly negatively charged. This positively charged patch
pK.s of titratable amino acids in PTP1B (Antosiewicz et al. 1994; Gilson, attracts the negatively charged substrate, and the substrate

1993). Similarly, the last 700 ps of the trajectory for the free substrate was,. . ;
) Y P ) Y diffuses toward the active site.

analyzed to evaluate the interaction energies between substrate and solve . - .

A brief description of the methodologies used to extract information 10 obtain further details on the atomic level, we have
about the concerted motion in the PTP1B complex and to compute tige pK performed molecular dynamics simulations of the complex
has appeared in part | (Peters et al., 1999). The electrostatic calculationgtrycture (Fig. 1) and the free substrate to determine the
and estimations of the pK were performed using the UHBD program . - : P
(Madura et al., 1995; Davis et al., 1991) and the “hybrid procedure”erlthaIpIC C.Onmbl.]tlons tO. the bmdmg Process. The. free
developed by Gilson (1993). The parameters used in these u:alculatior%ubs’trate simulation was included as a rEfe_rence point for
have been presented elsewhere (Peters et al., 1998). the energy components and to ease comparison between the
free and bound states.

Simulations were carried out for 1 ns, and as indicated by
RESULTS AND DISCUSSION several geometrical properties, the protein equilibrated
One of the striking experimental observations is that thewithin 150 ps. As mentioned above, the first 300 ps was
negatively charged peptide DADEpYL shows high bindingdiscarded, and the remaining 700 ps was used in the anal-

affinity for PTP1B. The complex structure is displayed in ysis. Root mean square displacement (rmsd) with respect to

FIGURE 1 Structure of PTP1B complexed with the
peptide DADEpYL, displayed in sticks and colored
green. The structural parts colored blue and yellow were
included in the essential dynamics analysis. The side
chains colored yellow show relatively high flexibility
and correspond to the lettering in Fig. 6.

Biophysical Journal 78(5) 2191-2200
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FIGURE 3 Root mean square displacemeeft(axis, solid ling and
total protein charge at pH 7.0ight axis, connected dotss a function of
simulation time for the PTP1B-peptide complex.

overall protein charge, as shown in Fig. 3. This is a further
indication that the protein has adapted to the environment
and that a stable trajectory has been obtained (Wlodek et al.,
1997).

To further study the effect of a peptide substrate on the
dynamics of PTP1B, we have performed an essential dy-
namics analysis of the PTP1B-substrate complex trajectory.
In contrast to our previous study, we have focused on
fluctuations in the binding pocket and how these motions
are correlated with the motions of the phosphorylated pep-
tide. The analysis was performed by including the substrate
and the amino acids of the protein within a distance-Gb
A from the phosphate moiety. This is also illustrated in Fig.
1, where the structural part of the enzyme considered in the
essential dynamics analysis is colored blue. The covariance
matrix was constructed from the extracted atom coordinates
= and subsequently diagonalized. This technique allows us to
=2 study the correlated motions within the configurational sub-

spaces spanned by the individual eigenvectors. The eigen-
FIGURE 2 Contour plots of the electrostatic field around the active,actors describe the directions in the subspace, whereas the

Cys**S. The levels are indicated by the spectrulower right). The sec- . . .
ondary structure of PTP1B is shown in green. €y depicted in yellow. eigenvalues reflect the magnitude of these motions. In our

(A) The plane of the contour lines is parallel to the central helix and goesoreVious inveStigation’ we have shown that the first 50
through Cy&5. (B) The plane of the contour lines is at a right angle to the €igenvectors describe85% of the motions in the PTP1B
central helix and goes through Cy8 complexed with DADEpYL (Peters et al., 1999). Fluctua-
tions along higher eigenvectors are essentially Gaussian
(thermal) motions. Thus the correlation coefficient between
the starting structure, number of hydrogen bonds, radius afleal Gaussian distributions and the distributions calculated
gyration, and accessible surface area (ASA) was calculateflom the eigenvector is larger than 0.95 after the first eight
along the trajectory. Although the number of hydrogeneigenvectors (Peters et al., 1999).
bonds and the radius of gyration were constant (Peters et al., Fluctuations within the subspace can be studied by pro-
1999), relatively large fluctuations were observed in thejecting the trajectory onto the individual eigenvector, which
rmsd (Fig. 3) and ASA (Peters et al., 1999), indicating theprovides information about the time dependence of the
inherent flexibility of the protein complexed with the pep- conformational changes. Two important quantities can be
tide. These fluctuations have only minor influence on theextracted from this dot product. The average value of pro-
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jection reflects structural changes, whereas the mean squavector 1 shows a nonharmonic behavior (as shown in Fig. 4
fluctuation in the projection refers to differences in dynam-B), indicating that the period of these motions exceeds the
ics in the individual subspaces. For eigenvectors of indexsimulation period. The origin of these fluctuations will be
larger than 4, the average value of projection was less thadiscussed below. With increasing eigenvector indices, mo-
0.01 (Peters et al., 1999), which indicates that no significantions along the different eigenvectors become increasingly
structural changes occurred during the simulations and thahore harmonic (Fig. 8). There are two ways of illustrating
structures were sampled along an equilibrium moleculathe motions within the subspaces. These are 1) the super-
dynamics trajectory. The mean square fluctuation of thesgositions of sequential projections of the atom motion onto
projections decreases rapidly with increasing eigenvectoselected eigenvectors and 2) the absolute value of the com-
index and is less than 0.2 rnfor eigenvector indices ponents of the eigenvectors as a function of coordinate
greater than 10 (see Fig.A). Further inspection of these number. For clarity, we have chosen the latter, and the
projections shows that for eigenvector indices geater than @bsolute values of the components of the first five eigen-
the values fluctuate periodically around zero. Only eigen-vectors as a function of atom number are shown in Fig. 5.
The lower curve corresponds to eigenvector 1, and the
subsequent curves are shifted by 0.1 inytdirection. The
atom numbers 1 to 659 correspond to atoms in the PTP1B,
A and 660 to 714 refer to atoms in the substrate. As shown in
Fig. 5, the correlated motions along different eigenvectors
are complex and involve several regions in the protein and
substrate. Several of these fluctuations are observed along
different eigenvectors. These regions are indicated by the
letters a—j and involve the following residuesa) GIn®*
[13-21], b) Arg®>*-Ser® [38-78], €) Pro®®-Asp® [151—
202], d) Arg*’ [234—244], €) Asp>®[284-291], ©) Glu'*>
Gly*7[391-418], ) Asp'®' [475-482], b) Asp * [660—
667] (substrate residue; numbering adapted from Zhang et
al. (1993); residues placed C-terminally (N-terminally) to
the phosphor tyrosine have negative (positive) numbajs), (
Glu™! [681-689] (substrate residue), anjl (eu' [694—
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702] (substrate residue). The numbers in square bracket

refer to the coordinate number in Fig. 5. With respect to the 0
substrate, the GIt* and N- and C-terminals show high
flexibility, and, in particular, fluctuations of Asp' are
observed in several subspaces. In all curves, it is noticeable
that the P-loop (HB* [512-521]-GI#'° [552-554]) is
rigid, whereas weak fluctuations of the WPD-loop (Tir
[447-453]-Prd®° [505-511]) are observed along several
eigenvectors. Visualization of the all-atom motions indi-
cates that the fluctuations along eigenvector 1 are triggered
by a rotation of the tyrosine benzyl ring (substrate-Ptyr0),
providing sufficient space for the phenyl group of the “fyr

residue to move toward the substrate moiety.

Note that the results of the essential dynamics analysis
are correlated motions (Amadei et al.,

1993). As schemati-
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influenced by the substrate motion. This may suggest that B

tight water network is formed around the active site. To ‘
estimate the effect of the solvent, we have calculated the i i
individual energy contributions, which are summarized in M i ]
Table 1. The relatively large standard deviations found for S0 el oy uf | s“N* A
the different energy distributions are caused by structural i
fluctuations and the competition between substrate-solvent
and substrate-protein interactions. This competitive feature
is also observed in Fig. 6, where interaction energies of the
complexed structure and the free substrate are compared

TABLE 1 Intermolecular energy components calculated
during the molecular dynamics simulation of the substrate-

enzyme complex

van der Waals energy Electrostatic energy

System (kJ/mol) (kJ/mol)
Protein-protein —8740+ 109 —21,607=+ 703
Ligand-ligand —-21+11 606+ 131
Protein-water —1159* 140 —31,055=* 636
Ligand-protein —-176+ 19 —2176* 254
Ligand-water 10t 26 —1607* 172
Ligand (Asp %)- -18+8 —430+ 119

protein
Ligand (Ala 3)- —4+2 -1+15
protein
Ligand (Asp ?)- -16+9 —518+ 129
protein
Ligand (Glu™Y)- —13+4 —-331+ 110
protein
Ligand (Pty)-protein -15+3 -3x11
Ligand (Led)-protein -30+ 12 —620+ 94
Ligand (Asp “)-water 13+ 15 —372+ 86
Ligand (Ala 3)-water -19+5 —41+17
Ligand (Asp 2)-water 14+ 13 —332+ 76
Ligand (Glu *)-water 11+ 14 —519+ 64
Ligand (Pty)-water -4+6 -13+ 14
Ligand (Led)-water 1+ 13 —268+ 64

Errors are standard deviations calculated from the trajectory between 3
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FIGURE 6 @) Van der Waals andB) electrostatic interaction energies
between substrate-protein/solvent in the complexed structure and substrate-
solvent for the free substrate are shown as a function of simulation time.

along the trajectories. The van der Waals interaction ener-
gies between the substrate and its surroundings (FA). 6
for the substrate-enzyme complex are consistently lower
than for the free substrate. The same tendency is observed
for the electrostatic interactions (FigBj. Substrate-protein
electrostatic interactions are generally stronger. This large
gain in enthalpy will be counteracted by the entropic penalty
involved in binding of the substrate, which, of course, also
involves contributions from water molecules. However, to
evaluate these contributions a detailed calculation of the
free energy change during binding has to be performed,
which is beyond the scope of the present investigation. In
Fig. 7, van der Waals (Fig. &) and electrostatic (Fig. B)

oteraction energies are further differentiated for the indi-

and 1000 ps. The numbering of the residues in the ligand is adopted fron{idual substrate residues (i.e., interaction energy between

Zhang et al. (1993) (see text for details).
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tein/solvent), where the solid and dotted lines refer to thés more tightly bound to PTP1B than is Asp Surprisingly,
substrate-protein simulation and free substrate simulatiorthe essential dynamics analysis (Table 2 and Fig. 5) indi-
respectively. Significant differences are seen for the differcates that motions involving Asg, Glu™?, and Led are
ent residues in the substrate. Generally, charged residug@sonounced and are observed along several eigenvectors.
make a noticeable contribution to the electrostatic enthalpidhis is clearly an indication that enthalpic and entropic
binding energies. Surprisingly, besides the phosphorylatedontributions are important for binding. Recent experimen-
tyrosine, the van der Waals energies are similar for thdal data (Zhang et al, 1993) have shown that for
substrate residues in the bound or free state. Presumably, tRADEpY(L—A)IPQQG and DA(D—-A)EpYLIPQQG
phosphorylated tyrosine (Pty0) is outstanding because it igeptides, theK,, values were increased by 1.5-fold and
deeply buried in the enzyme (see FigAy. 2.1-fold, respectively. The substitution Asp— Ala results

For the substrate residues ASp Glu™?, and Led, i.e.,  inalower binding affinity (higheKy, value), which can be
the substrate positions flanking the phosphor-tyrosine, ‘eleexplained in terms of changes in interaction energies. The
trostatic interaction energies for the substrate-protein simuremoval of a charge (Asg — Ala) decreases the interac-
lation are (on average) stronger than for the free substratéion energy between the side chain and protein backbone.
The net electrostatic energies (substrate-protein minus subiowever, an explanation of the result for the peptide
strate-water) for Letiand Asp? are —352 and —186 DADEpY(L—A)IPQQG may involve either entropic or
kJ/mol, respectively (see Table 1). This suggests that Leuenthalpic contributions. Again, a detailed computation of
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TABLE 2 Atoms that show relatively high fluctuations in the subspaces spanned by the first five eigenvectors

Residue evl ev 2 ev 3 ev 4 ev5
Tyr?° cdl,cel,cz,oh — — — oh

GIn?* — — cd,oel,ne2 cg,cd,oel,ne2 ne2
Arg?* — cd,ne,cz,nh2,nhl — — —

His?® o ch,cg,cd2,cel,ne2 ndl,cel ca,cb,cg,cd2,ne2,c,0 cb,cg,nd1,cd2,cel,ne2
Glu?® cg,cd,oel,0e2 — cd,oe2 cb,cg,cd,oel,0e2 cd,oel,oe2
Ala?’ ch,0 cb — — —

Arg®® — — — nh2 cz,nh2
Lys®® — — — — nz

Asn*? — — — — nd2

Arg*® — nhl nhil — —

Arg*® cz,nh1,nh2 — — — —

Arg*’ nh2 ne,cz,nh1,nh2 cz,nh2 — ne,cz,nh2
Asp>® cg,0d1,0d2 — — — od1
GIn®® — ne2 — — —

Met*4 — — ce — —

Lys!'® — ) nz — —

GIy117 _ — ca,c,0 — -

Thrt™® — — — — —

Asp!®? od1,0d2 od2 — — —
Met28 — — — — sd

Leu?s° cd2 — — — —

GIn?%? — cg,ne2 — — —

Asp’ odl1,0d2 — cb,od1,cg,0d2 od1,cg,0d2,cb,ca,n,o0 —
Asp? 0d2 — — — —

Glu* oel cg,cd,oel oel cb,cg,cd,oel,oe2 oe2,0el
Leut cd2 cg,cdi,cd2 — — cb,cg,cd2,cdl

Data are extracted from Fig. 6. The listed atoms correspond to an absolute value of the eigenvector (ev) greater than 0.085. The last three entries in th
table correspond to residues in the ligand (numbering adopted from Zhang et al. (1993); see text for details).

the change in free energy has to be performed to clarify thisshown in Fig. 8, substrate residues AlaFig. 8 a), Asp *
Asp “*and Glu * show different behavior. The electrostatic (Fig. 8b), and Led (Fig. 8c) form hydrogen bonds with atoms
interactions of Glu* with solvent molecules are stronger in the protein. Favorable interactions (i.e., short distances) are
than those with the protein (see Table 1). For Apnter-  observed for Ar§™-(Glu™?), Arg*-(Asp %), and GIf*
action energies with the protein and solvent are the same on
average (see Table 1), which explains the high mobility of
Asp 4, which was observed along several eigenvectors (Ta- 18
ble 2 and Fig. 5). These results suggest that the binding
affinity of the peptide could be increased by suitable sub-
stitution of Glu* and Asp® to increase the interaction
energies with the protein. It has been observed experimeng (¢ [
tally that the substitutions GItt — Ala and Asp * — Ala ©
in DADEpPYLIPQQG decrease the catalytic efficacy by 6.5-
and 1.9-fold, respectively (Zhang et al., 1993). TKg
values are increased 4.7-fold for DAD{EA)pYLIPQQG 1.8
and 1.9-fold for (B-=A)ADEpYLIPQQG, when compared
to the parent peptide DADEpYLIPQQG. Smaller differences
are found for the turnover numbky,, k., is decreased 1.4-
fold for DAD(E—A)pYLIPQQG, whereas similar rate con-
stants were determined for {BA)ADEpPYLIPQQG and the
parent peptide. These experimental results indicate that'Glu ‘ ‘ . ‘ ‘ ‘
and Asp “* are important for high catalytic efficiency. From the %%0 500 700 900 300 500 700 900

crystal structure it is evident that Atglocated close to the time (ps) time (ps)

substrate residues Asp and Glu* could form favorable | _ _

interactions with these residues and hence increase the bindirElgGAUr 545 (BHHZSZ‘;_%:% (f)';‘t("’mﬁ)s a?]zt‘xs;? (ggff\'lgj'zg) S(Ebfti;te@amms'
affinity of the substrate. To further analyze the structural €N q4s (41422). Asp# (OD1) (—) and Ard® (HE)-Asp * (OD1) (= =), €)
vironment surrounding these residues, we have calculated diginze? (HE21)-Led (OT1) (——) and GIR®2 (HE21)-Led (OT2) (- —-), 6)
tances between atoms in the protein and the substrate. Agg*’ (HH12)-Glu™ (OE2) (—) and Arg” (HH21)-Asp “ (OD1) (- —-).
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(Leut) throughout the simulation (Fig. 8andd). In particular,  ing pocket, which guides the substrate toward the active

the distance between Gfif and (Led) is relatively constant, site. The contribution of the peptide residues to the binding

reflecting that Leu accommodates well into the binding pocketaffinity is significantly different. For Asp” the electrostatic

In the course of the simulations Asgpproaches Aff within  substrate-protein and substrate-solvent interactions are of

~5 A (Fig. 8¢). These findings are in excellent agreement withapproximately the same magnitude, suggesting that the mo-

the experimentally measurdq], value.K,, is increased 4.7- bility of the substrate is driven by a balance of these two

fold for the DAD(E—A)pYLIPQQG peptide. The mutation contributions. Another example is Asf whose electro-

from a negatively charged residue (Glu) to an aliphatic amincstatic interactions with the protein (on average) are stronger

acid (Ala) results in the elimination of important electrostatic than those with the solvent (Table 2 and Figh)8suggest-

interactions with Ar§’. Consequently, the binding affinity of ing that this residue is tightly bound to the protein. This is

DADApPYLIPQQG is reduced. also supported by the essential dynamics analysis results,
where no significant fluctuations were observed in the first
10 eigenvectors. Experimentally determined kinetic data

CONCLUSION show that the substitution of GId with Ala reduces th&,,
value manifold, which is well explained by the interactions

Substrate binding involves a multiplicity of factors, includ- petween Ar§” and Glu ™.

ing changes in intermolecular interactions between the sub-

strate, the solvent molecules, and the target protein, as well

as changes in polarization, conformation, or flexibility. The N. P. H. Mgller and H. S. Andersen are thanked for inspiring discussions.
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