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ABSTRACT. The catalytic activity of proteirtyrosine phosphatases (PTPs) is mediated by a cysteine side
chain which carries out a nucleophilic attack initiating the phosphate cleavage. Experimentally, it has
been observed that the active site cysteine has a remarkablyKawIp the present study, we have
investigated the origin of the lowif by analyzing the electrostatic properties of four different protein
tyrosine phosphatase¥ersiniaPTP (bacteria), PTP1B (human), VHR (human), and low molecular weight
phosphatase (bovine). These phosphatases have very low sequence homology and show very low structural
similarity. However, they share a common active site motif [the (H/\VHRES/T) sequence] which adopts

a uniqgue loop structure. We have applied the so-called single site titration method, which is based on the
Poissonr-Boltzmann methodology, to (i) study the influence of the architecture of the (H/MRCHT)

loop on the K, of the active cysteine and (ii) examine which parts of the active site region stabilize the
ionized form of the cysteine. Our results indicate that the architecture of the (HAR(SXT) loop has

a major impact on the lowlq, of the active cysteines. The orientation of the microdipoles generated by
the partial charges of the backbone atoms (i.e., the CON&@mMS) is essential for maintaining the low

pKa Further, the electrostatic field generated by these microdipoles has a larger impact than the electrostatic
dipole generated by the centralhelix. Interactions of the active cysteine with other ionizable side chains
play a minor role in stabilizing the thiolate anion. The only ionizable side chain significantly influencing
the K, of the active site cysteine is the arginine, which is an important part of the consensus sequence.

Protein—tyrosine phosphorylation is a common element and sequence: (1) the tyrosine-specific phosphatases, (2) the
in signaling pathways and a key regulator of a variety of VH1-like dual specificity phosphatases, (3) the cdc25 phos-
cellular events controlling, e.g., mitosis, cell proliferation, phatases, and (4) the low molecular weight phosphatases.

cell differentiation, and metabolism (Fisher et al., 1991; Stone A geries of X-ray studies on phosphatases have revealed
& Dixon, 1994). Numerous studies have been devoted 10 the stryctural basis of their catalytic mechanism. The three-
protein—tyrosine kinases, which control the phosphorylation  gimensional structures of dual-specificity VHR (Yuvaniyama
of tyrosine residues (_Levitzki & Gazit, 1995; Rodrigues & gt al., 1996)YersiniaPTP (Stuckey et al., 1994; Schubert
Park, 1994; Courtneidge, 1994; Cox et al., 1994). The gt 51, 1995), low molecular weight PTP (Su et al., 1994;
opposing mechanism, the dephosphorylation of tyrosines, haszpang et al., 1994a), PTP1B (Barford et al., 1994; Jia et al.,
only recently attracted attention primarily due to the deter- 1995) and PTR (Bilwes et al., 1996) have been crystallo-
mination of three-dimensional structures of several pretein graphically resolved. Despite very low sequence homology,
tyrosine phosphatases (PTPs) (Fauman & Saper, 1996). PTPge pTPs are characterized by having an active site motif
constitute a large diversified family of enzymes, which can consisting of a cysteine residue and an arginine residue which
be divided into two structurally distinct groups, receptor- 40 separated by five residues, the (H/V}RXS/T) motif.
like and soluble cytoplasmic enzymes (Saito, 1993; Pot & Thjs conserved motif, which is referred to (in the literature)
Dixon, 1992; Hunter, 1995). as the “P-loop”, plays an important role in the binding and
PTPs can be identified by their sensitivity toward vanadate, catalytic reaction. This loop, in combination with the
the ability to hydrolyzep-nitrophenyl phosphate, and the arginine side chain, coordinates the oxygens of the phosphate
complete loss of activity when the active cysteine is mutated with the main chain nitrogens and three of the arginine
to, e.g., serine (Zhang & Dixon, 1993). According to nitrogens. Binding of the oxyanion triggers a conformational
Fauman and Saper (1996) these phosphatases can be groupetlange which brings a catalytically active aspartate (a
into four families on the basis of their structure, function, proposed general acid) in position. Thus, the X-ray crystal-
lographic analysis reveals that for tyrosine-specific phos-
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not present in low molecular weight PTP). The reaction al., 1994a) or enzymes of the thioredoxin family (Warwicker
continues in two steps. The cysteine functions as a nucleo-& Gane, 1996). The Ig, of active site cysteine in DsbA,
phile and attacks the phosphorus atom in the substrate towhich catalyzes the introduction of disulfide bonds, is about
expel the leaving phenol, resulting in the formation of a 3.5 (Nelson & Creighton, 1994), as compared to that of 6.7
covalent thiophosphate enzyme intermediate. In the secondKallis & Holmgren, 1980) for the homologous thiolate in
step a water molecule attacks the phosphorus atom to yieldthioredoxin, which reduces disulfide bonds. Significaldt p
inorganic phosphate. Experiments have shown thatithe p shifts have been determined for His134 and Lys8B.icoli
of the active cysteine is unusually low (Zhang et al., 1994b), aspartate transcarbamylase (Villoutreix et al., 1994). The
indicating that the cysteine facilitating the catalysis is authors suggested that the lowp are caused by close
negatively charged at physiological pH. It has been proposedcontacts of these residues with neighboring arginines KA p
that in Yersinia PTP the thiol anion is stabilized by an of 8.19 has been observed for Asp25 in HIV-1 protease upon
extensive network of hydrogen bonds between the backbonebinding of an inhibitor (Yamazaki et al., 1994).Kpshifts
NH of the P-loop and the active cysteine (Stuckey et al., of 6 units were observed for the Asp residue in protein-based
1994; Stunnenberg, 1993). The hydrogens of the P-loop polymers by increasing the number of hydrophobic residues.
amides are all oriented toward the thiolate, suggesting thatThis was explained in terms of competition between apolar
the microdipoles of the NH create an electrostatic field and polar groups for hydration (Urry et al., 1994b).
favoring the thiol anion (Evans et al., 1996; Stuckey et al.,  Evaluation of electrostatic energies in proteins dates back
1994). In the case of low molecular weight PTP and VHR to the pioneering works of Linderstrom-Lang (1924), who
no such lid motion is identified. Comparison of the solution assumed that all charges were spread uniformly over the
structure (without phosphate) and the X-ray structure (com- surface of the spherical protein (“smeared-charge model”),
plexed with phosphate) of the low molecular weight PTP and Tandford and Kirkwood (1957), who improved that
shows no clear sign of a conformational change as observednodel by considering the Coulombic interactions between
for the tyrosine-specific PTPs. For VHR only the crystal the charges. The protein was considered a sphere of low
structure is known, but also here an activation by a dielectric constant surrounded by a high dielectric continuum
conformational change is difficult to identify. representing water molecules. With the availability of
The influence of an electrostatic field on the charge crystallograhically resolved protein structures, experimentally
distribution has long been recognized, and it is thought that determined [, data, and high-speed computers, these models
electrostatic effects play a major role in determining the have been further developed, resulting in realistic and
structures and functions of proteins (Warshel §wst, 1991; predictive models for calculating the protonation state of
King et al., 1991; Jackson & Fersht, 1993; Honig & Nicholls, titratable groups in proteins. Different refinements have been
1995). Calculations of electrostatic energies are probably considered and successfully compared to experimental data.
the most effective way of correlating protein structures with These improvements, for instance, include the refinement
their specific catalytic functions (Honig & Nicholls, 1995). of the parameter set used in the calculations (“single site
For instance, catalysis frequently depends on the pH, i.e.,titration model”) (Bashford & Karplus, 1990; Antosiewicz
on the ionization of catalytic groups Kg and their et al., 1994), the use of explicit water molecules (Gibas &
electrostatic environment. Thus, one of the primary chal- Subramaniam, 1996), consideration of multiple conforma-
lenges in theoretical studies of protein function is the tions (Basford et al., 1993), charge changes at more than
evaluation of the relevant electrostatic forces (Wells et al., one atomic site in a given titratable group (Antosiewicz et
1987). This can be done effectively using macroscopic or al., 1996), the use of a high and low protein dielectric
microscopic approaches (Warshel &wist, 1991) providing ~ constant depending on the strength of the electrostatic
information about the protonation state of titratable groups interactions between titratable groups (Demchuk & Wade,
(i.e., IKs8). In many biological systems, the function of 1996), and the consideration of reorganization energy
proteins is frequently associated with an amino acid side (Warshel & Papazyan, 1996). In the present study, we have
chain having an unusuakg, e.g., in proteolytic or glycolytic ~ applied the single site titration model and have calculated
enzymes (Dao-pin et al., 1991; Inoue et al., 1992; McGrath the electrostatic properties dfersiniaPTP, PTP1B, VHR,
et al., 1992), in redox enzymes (Langetsmo et al., 1991a,b),and low molecular weight PTP to further elucidate the
in the metabolism of ATP (Auzat & Garel, 1992), in a light-  structural basis for the lowtf, of the active cysteine in these
driven proton pump (Khorana, 1993), scherichia coli PTPs. The methodology of this macroscopic approach
aspartate transcarbamylase (Villoutreix et al., 1994), or in (Demchuk & Wade, 1996; Antosiewicz et al., 1994; Davis
photosynthetic reaction centers (Okamura & Feher, 1992). & McCammon, 1991; Davis et al., 1990; Northrup et al.,
ThoughApK.s of 1—2 units are most commonly observed, 1982, 1984; McCammon & Northrup, 1981) will be briefly
larger shifts have been measured, for instance, in protein-described in the next section.
based polymers (Urry et al., 1994a,b), in bacteriorhodopsin
(Bashford & Gerwert, 1992), in lipases (Peters et al., 1997), MATERIALS AND METHODS
for ligand (substrate/inhibitor)enzyme complexes (Fersht Materials. High-resolution crystal structures §fersinia
& Renard, 1974; Karshikoff et al., 1993; Yamazaki et al., PTP, PTPB1, VHR, and low molecular weight (LMW) PTP
1994; Swaren et al., 1995; Gordon-Beresford et al., 1996), were obtained from the Protein Data Bank at Brookhaven
or for active site residues (Zhang et al., 1994a; Warwicker (Bernstein et al., 1977). Entry codes, resolutions, and
& Gane, 1996). In bacteriorhodopsin, Asp96 and Aspl15 references are summarized in Table 1. Hydrogens were
had pg<, values higher than 7 in the calculations, but over 9 added using CHARMm (1992). In all the calculations
in experiments (Bashford & Gerwert, 1992). Lows of performed, solvent molecules, as well as ions or substrates
active site cysteines have been observed in PTPs (Zhang ebound to the proteins, have been removed before the



(H/V)CXsR(S/T) Loop in Protein Phosphatases Biochemistry, Vol. 37, No. 16, 199%385

Table 1: Crystal Structures of PTPs Obtained from the Protein Data Bank at Brookhaven (Bernstein et &l., 1977)

PDB resolution
structure (consensus sequence) entry code A complex with reference
YersiniaPTP (HCRAGVGRT)  1YTW 2.5 tungstate Fauman et al., 1996
1YTS 25 sulfate Stuckey et al., 1994; Schubert et al., 1995
1YPT 2.5
PTP1B (HCSAGIGRS) 2HNQ 2.8 tungstate Jia et al., 1995; Barford et al., 1994
- - 1PTU 2.6 hexapeptide (DADEPYL-NH2)
VHR (HCREGYSRS) 1VHR (2 chains) 2.1 sulfate Yuvaniyama et al., 1996
peptidesulfonic acid
LMW PTP (VCLGNICRS) 1PHR 2.1 sulfate Su etal., 1994; Zhang et al., 1994

a2 The active site consensus sequences for the different PTPs are given in parentheses in the first column. The active Cys and the conserved Arg
are marked in boldface and are underlined.

calculations were carried out. In the 1YTS and 1PTU M

structures, the Ser was replaced by cysteine using the mutanf&G(pH’Xl’XZ""’xM) - 2'303?1—7 Xi(PH = PK jntinsic) +
structure as a template. B M—1 M

Electrostatic Calculations and pH Titration Procedure. Z XXy (4)
The technique used to estimate tiagis the so-called single =1j=rT1

site titration model introduced by Bashford and Karplus . L -

(1990) and further developed by Antosiewicz et al. (1994). wh.erexi is 1 when groupis ionized anq Owhenitis _neutral.
The computational method relies on the assumption that the'vI is the number o_f ionizable groups in the proteRis .the.
ionization states of titratable amino acid side chains are 985 constant, a_n'ﬂls the a'bsolute temperature. 'Thglnd|ces
exclusively electrostatic in nature. In this procedure, ioniza- ' andj refer to tiratable sites. Hntinsic IS the intrinsic K,

tion is represented as the addition-bt proton charge to a of a t'tfa‘ab'e residue, \_/vhen th_e group IS protonated in an
single atom in each titratable group. The electrostatic field otherwise neutral protein, and Is given by

at the titrating site is calculated by numerically solving the PKi intrinsic = PKi modet — ViAAG/2.30RT 5)
finite difference linearized PoisserBoltzmann equation

using an incomplete Cholesky preconditioned conjugate pKimeder= 10g Ka, WhereKj is the equilibrium constant for
gradient method as implemented in the UHBD program association between the proton and its binding site in the
(Madura et al., 1995; Davis et al., 1990). To compute the model compound. Free energy differences obtained from
pK, of ionizable groups in a protein requires the evaluation eq 4 are used to calculate the fractional protonation for each
of the electrostatic potentialgi; at siteg for a unit positive of the M sites. The ionization state of the protein is not
charge at sité in the protein and in the model amino acids, fixed. Due to exchange of protons with the environment, it
when all partial charges of the proteins or model compounds fluctuates among all possible states with probabilities based
atoms are set to zero. Having these electrostatic potentialson the Boltzmann weighting factors.

relative free energieAAG are calculated: The atoms of the protein were assigned point charges and
radii from the CHARMmM22 force field modified by An-
AAG = AGS:'otein_ AGE e (1) tosiewicz et al. (1994). The radii of hydrogen atoms were

set to zero, and the molecular surface was calculated with a
probe of radius 1.4 A. The dielectric constant of the solvent

. .. _protein . o : wase = 80, whereas the dielectric constant of the molecular
differences for ionization of a given site in the model amino ;.- \was set toe = 20, which, in a recent study

acid and in the protein, respectively, with all other residues (Antosiewicz et al., 1994), has been shown to give smaller
ngutral. For the s.ingle site protonation model the free energy pK shifts and generally more accurate results for a number
differences are given by of proteins than calculations performed with lower dielectric
N constants. The relative dielectric constant was “smoothed”
AGE .:E mL S g™ @) at the molecular surface so that it changed gradually between
modelj 21’”” V.ZCW” the protein and solvent values (Davis & McCammon, 1991).
= The potential was first calculated on a 4545 x 45 grid
1 N with a 2 A spacing centered on the protein. The focusing
AGS'roteini =y + yizlqufj? (3) technique was then used for more exact evaluations of the
2 i= potential around the ionization site by subsequently reducing
the grid spacing to 1.2 A (1% 15 x 15 grid), 0.75 A (15
yj is the potential at the location of chargereated by a  x 15 x 15 grid), and 0.25 A (20x 20 x 20 grid). The
unit positive charge at site y is —1 for an acidic site and  protein was assumed to be surrounded by an aqueous solution
+1 for a basic site. The superscripts mppandN refer to of 0.15 M ionic strength with the ion density following a
model amino acid, protein, number of atoms in the model Boltzmann distribution at 293 K and excludedrfia 2 A
compound, and number of atoms in the protein, respectively. thick Stern layer on the protein surface.
If the neutral state of the protein is taken as the reference pK,s of the model compounds in solution were 3.8 for
state, then the electrostatic energy in a given ionization stateC-terminal carboxylate, 4.0 for Asp, 4.4 for Glu, 6.3 for His,
is 7.5 for the N-terminal amine, 8.3 for Cys, 9.6 for Tyr, 10.4

whereAGS, ., andAG .., are the electrostatic free energy
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Ficure 1: Structures of (aYersiniaPTP, (b) PTP1B, (c) VHR, and (d) low molecular weight PTP. The color coding corresponds to the
important components of the catalytic site. The loop in yellow comprises the active site motif [(H{R{SKX)]. The centrabi-helix is

colored brown. Residues displayed in the van der Waals radius represent key interactions with the active cysteine as summarized in Table
3. Color coding is done according to their polarity: red (negative), blue (positive), and yellow (polar). The active cysteine is displayed in
orange.

for Lys, and 12.0 for Arg. lonization of these residues was in Figures 1 and 2, respectively. The color coding used in
modeled by a single ionizable site located at the position of Figure 1 corresponds to the important components of the
the C atom in the C-terminal carboxylate group, thea@®m catalytic site. The loop in yellow comprises the consensus
in Asp, the C atom in Glu, the K¢ in His, the N atom in amino acid sequence [the (H/V)GR(S/T) motif|. The
the N-terminal amine, the”Satom in Cys, the ®atom in centrala-helix is colored brown. A similar color coding
Tyr, the N atom in Lys, and the €atom in Arg (Demchuk has been used in Figure 2, where additionally the amino
& Wade, 1996; Antosiewicz et al., 1994). acids, which are important for catalysis and not located in
To examine the impact of charges assigned to backbonethe P-loop, are colored red (acidic amino acid) and blue
atoms (i.e.,, ¢ C, O, N, and H), we have modified the (basic residue).YersiniaPTP (Figure 1a) and PTP1B (Figure
procedure developed by Antosiewicz et al. (1994), so that 1b) share only 15% sequence indentity with conserved
the K, estimations can be performed with specified back- residues, many of which are critical catalytic and substrate-
bone atoms set to zero. binding residues. Despite low sequence homology, these
pKa Estimation. To estimate the apparerigs, the Hybrid  structures are closely related, and as shown in Figure 1, the
procedure developed by Gilson (1993) was applied. Apart same overall architecture is well recognized. These struc-
from estimating the K.s, the program also calculates charges tures share a highly curved, eight-stranded, migesheet
of the protein, charges of single sites, and electrostatic flanked by twoa-helices on one side and by fivehelices
energies as a function of pH. The method used in Hybrid is on the other side. VHR (Figure 1c) shares very low sequence
based on separation of ionizable groups into clusters. Thehomology with PTP1B andYersinia PTP, and only 10
interaction between ionizing charges within a cluster is jdentical amino acids are found in the structure-based
treated exactly, while the intercluster interactions are ap- sequence alignment (Yuvaniyama et al., 1996). Most of
proximated. This method yields both accurate energies andihese conserved residues are involved in phosphate binding
fractional charges of titratable sites (Gilson, 1993). and catalysis and, as shown below, interact strongly with
RESULTS AND DISCUSSION the thiolate. VHR belongs to the dual-specifi_city protein
phosphatase family and is capable of hydrolyzing phospho-
Structural Comparisons.Secondary structures and se- tyrosine, phosphothreonine, or phosphoserine residues. The
guence alignment based on structural comparison are showrspecificity of these phosphatases is determined primarily by
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FiGure 2: Sequence alignment based on structural comparisovigi@iniaPTP, PTP1B, VHR, and low molecular weight PTP. The color
coding corresponds to that described in Figure 1. Additionally, amino acids which are not located in the consensus sequence but important
for catalysis are colored red (acidic) and blue (basic). See text for more details.

the depth of the active site cleft (Jia et al., 1995). The active cysteine mutated to serine, cocrystallized with sulfate). Both
site pocket of VHR is abdws A deep and is surrounded by  structures were solved and analyzed in the same laboratory
side chains mainly from the P-loop itself. In contrast, the (Stuckey et al., 1994; Fauman et al., 1996). Prior to the
active site groove in the PTP1B andersinia PTP is electrostatic calculations using 1YTS, the serine side chain
approximatef 9 A deep. was changed to cysteine (using Quanta). The results are
In the LMW PTP (Figure 1d) only the sequence motif shown in Figure 3, where root mean square displacements
(H/V)CXsR(S/T) is structurally and functionally equivalent (rmsd) and K.s between the two structures are plotted vs
to YersiniaPTP, PTP1B, and VHR (Figure 2). However, residue number. The insert displays th&(in the range
structural similarity is observed, and the LMW PTP has a from 2 to 10) of the titratable side chains obtained from the
fold that occurs in the central part of PTP1B avidrsinia 1YTS structure vs the s calculated from the 1YTW
PTP. The location of the (H/V)C3R(S/T) motif within the structure. Deviations from the line of identity are observed
sequence also varies between the different phosphatases. Ifor several titratable residues (up to 1.Kjpunits). The
PTP1B andYersiniaPTP, the (H/V)C%R(S/T) sequence average deviation from the line of identity4s0.2. These
occurs toward the C-terminus of the PTP domain, whereasresults indicate that the method is highly sensitive to small
this motif is immediately after the N-terminus of the LMW  structural differences. The same qualitative behavior is
PTP. In Figure 2, some secondary structural elements haveobserved when ki, values calculated for the two PTP1B
been highlighted. The helices denoted “helix 1” and “helix Structures are plotted versus each other (data not shown).
2" are found in all four structures. Interestingly, helix 1is  Calculation of pKs of Actve Site CysteinesTable 2
located in the C-terminal end of LMW PTP, a feature which contains the results for the calculatel.p and the experi-
is not observed in the other three PTPs. mentally determined s of the active site cysteines. It is
Sensitiity of the Calculation Method.The single site interesting to note that forersiniaPTP and PTP1B thelfas
titration procedure was applied to a range of PTPs. To calculated for the open structures are larger than the
evaluate the sensitivity of the method, we have estimated corresponding values calculated for the closed structures.
the K, of the titratable side chains of two different X-ray This clearly points to the importance of the influence of
crystallographic structures dfersiniaPTP: (i) LYTW (wild conformational changes on the calculatédlp Recently,
type, cocrystallized with tungstate) and (ii) 1YTS (active the population densities of the open and closed conformations
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Table 2: Experimentally Determined and Computddfor the Different PTPs

structure Ka computed conformation Ko exptl reference
YersiniaPTP 5.1 (1YPT) open 4.7 Zhang & Dixon, 1993
4.6 (1YTW) closed
4.3 (LYTS) closed
PTP1B 4.9 (2HNQ) open 5.57 Lohse et al., 1997
3.8 (1PTV) closed
VHR 6.3 (1VHR, chain A) 5.6 Denu & Dixon, 1995
6.0 (1VHR, chain B)
LMW PTP 6.7 (1PHR) <4,6.7 Evans et al., 1996; Zhang et al., 1992

aThe PDB entry codes are given in parentheses.
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Ficure 3: Examples illustrating the sensitivity of the single site 5 1 15 20 25 30 35 40 45 50 55 60
titration method. Root mean square displacements (rmsd) (left dielectric constant

coordinate) andlg.s (right coordinate) calculated between the two Ficure 4: Computed [, of the active cysteine as a function of

X-ray crystallographic structures ¥frsiniaPTP in the active form dielectric constant for the different phosphatases.
crystallized with different ions bound to the active site. The insert

shows the K s of the titratable groups calculated for the 1YTW the model breaks down for strongly interacting ionizable
structure vs the 1YTS structure. groups, where polarizability of these residues plays an
important role (Holst et al., 1994; Bashford & Karplus, 1990).
of YersiniaPTP were investigated (Juszczak et al., 1997), To further elucidate the magnitude of the electrostatic
revealing that the two conformations are equally populated. jnteractions, calculations were performed at different dielec-
Therefore, the average values of the calculatégor the  tric constants. The resultingkgs of the active cysteine
open and closed conformations (i.e., 4.8 ¥ersiniaPTP  yersus the dielectric constant are displayed in Figure 4. It
and 4.4 for PTP1B) should be compared to the experimen- appears that theis for the active cysteine are more strongly
tally determined K.s [i.e., 4.7 forYersiniaPTP and 5.57  dependent on the dielectric constant in the closed conforma-
for PTP1B (Table 2)]. Good agreement is observed for tions of YersiniaPTP and PTP1B than in the corresponding
YersiniaPTP and VHR, and the observed deviations are open conformations. Furthermore, the inherently open
within the experimental error (Denu & Dixon, 1995; Zhang  structures, VHR and LMW PTP, show qualitatively the same
& Dixon, 1993). In the case of LMW PTP two experimental behavior as observed for the open conformationéeskinia
observations have been reporte®{p<4 and X, 6.7, see ~ PTP and PTP1B. Generally, it is noticeable that thasp
Table 2), where the larger value matches the calculadfgd p  of the active cysteines are several units below the value
For PTP1B the calculatedkp values are more than 1 unit determined for a free cysteine amino acid residue. This
below that experimentally determined. This discrepancy indicates that thelfs of the cysteines are perturbed by the
could be due to the simplicity of the model, and there are interactions between the active cysteine and charges in the
several possible sources of error in these calculations. Thevicinity of the active site. These interactions may originate
flexibility of the enzyme could allow a large range of (i) from the partial charges assigned to polar atoms to model
electrostatic environments to a titrating site, and hence, the effect of dipoles and hydrogen bond capacities or (i)
conformational changes could be coupled to the titration from charges assigned to ionizable side chains. The influ-
behavior (Bashford et al., 1993; Warshel &#ist, 1991) ence of neighboring charges will be discussed below.
as seen in the case dfersiniaPTP and PTP1B. Further, Influence of Backbone Charges on AetiSite pKs. To
the representation of water as a continuum, which neglects,explore the factors that contribute to the unusually ld p
for instance, a protein-bound water molecule acting as avalue of the active site cysteines, we have examined the
hydrogen-bonding bridge between two titratable groups, influence of the protein backbone charges (i.e., the charges
might result in wrong estimation of theKgs. Another assigned to the polar atomg, @, O, N, and H) on the k..
possible source of deviations is the binding of counterions These partial charges were set to zero in a systematic way
to specific sites in the enzyme structures. It is expected thatfor all the PTPs studied using the following procedure: The
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Ficure 5: Titration results for theYersiniaPTP. (A) K.s computed with modified backbone charges as a functiorkKes  the native
PTP. (a) marks thel, shifts when backbone charges of individual residues in the loop are sequentially zeroed. Loop indicatgshife p
when the backbone charges of all residues in the loop are zeroed. Helix mark& tsigifpwhen the backbone charges of all amino acids
in the centralx-helix are zeroed. Helix- loop indicates that backbone charges of all residues in the loop and cetttedix are zeroed.
(B) Protonation of the active cysteine as a function of pH for (a) native PTPg)Ibackbone charges of individual residues in the loop

sequentially zeroed, (h) backbone charges of all residues in the loop zeroed, (i) backbone charges of all amino acids in thaelentral
zeroed, and (j) backbone charges of all amino acids in the loop and certelix zeroed.

partial charges of the backbone atoms for each amino acidat the N-terminus and its negative pole at the C-terminus of
constituting the consensus sequence were consecutively sethe helix (Wada, 1976; Knowles, 1991). It has been shown
to zero [labeled (a) in Figures 5A8A], all the backbone  that the electric field generated by the helix dipole moment
charges of the consensus sequence were set to zero (labeldths a general function in proteins, for instance, enhancing
loop in Figures 5A-8A), all the backbone charges in the the binding of negatively charged groups, altering the
centralo-helix were set to zero (labeled helix in Figures-5A  nucleophilic character of side chains located near the
8A), and finally, all backbone charges in both the consensusN-terminus, and stabilizing charged transition states along
sequence and the centialhelix were set to zero (labeled the catalytic pathways (Hol et al., 1978, 1981q\st et al.,
loop + helix in Figures 5A-8A). The influence of these  1991). Combining the effect of the consensus loop backbone
charge changes onKgs was then evaluated. To further charges (case loop) gives an increase which is more
analyze the impact of the permanent backbone charges orsignificant (K, = 7.6) than the influence of the central
the (Kgs, the (X, of the active site cysteine was studied as a-helix (pK, = 6.1). Finally, combining the effect of the

a function of pH for the four models described above (Figures backbone charges in the loop as well as in the helix gives a
5B—8B). shift to a value which is above the intrinsic value for cysteine.

In Figure 5 the results obtained for th@rsiniaPTP are ~ 1he combined effect results in &pequal to 8.9. This
shown. In Figure 5A, thels calculated after the backbone ~OPservation strongly suggests that in the cas& enfsinia
charges were perturbed (as described above) have beeR TP the secondary structures cqmprlsed by the consensus
mapped vs the s calculated without any perturbations. Seduence loop and the centoahelix cause the low ¥, of
pKzs of all titratable side chains within the range from 2 to the active site cysteine.

10 are shown in Figure 5A. The only side chain which is  To further explore the generality of this observation, the
significantly influenced by the charge perturbations is the three other PTPs considered above have been examined using
active site cysteine. TheKp of the cysteine in the the same procedure as fgersiniaPTP. In Figures 68,
unperturbed case is 4.6 (see Table 2, 1YTW). The impactthe results obtained for PTP1B, VHR, and LMW PTP are
of charge perturbations on th&pof the other titratable side  shown. The same general tendency, as found fov#rsinia
chains is smaller than what is observed for different X-ray PTP, is observed for the other three PTPs. The structural
crystallographic structures of the same enzyme (see Figurearrangement of the consensus loop and the ceatralix

3). The case denoted (a) shows a slight increase of activegenerate a sufficiently strong electrostatic field, which
site cysteine K. In the model helix, which corresponds to  stabilizes the thiol anion. This is in agreement with the
cancellation of the electrostatic dipole generated by the earlier experimental observation that the thiolate is stabilized
backbone charges of the centeghelix, the K, increases by an extensive network of hydrogen bonds between the
further (K, = 6.1). This increase in theikq (i.e., destabi- backbone NH of the consensus loop and the active cysteine
lization of the thiolate form) is consistent with the picture (Stuckey et al., 1994; Stunnenberg, 1993). Our results
of a macroscopic.-helix dipole, which has its positive pole indicate that the accumulation of backbone microdipoles
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Ficure 7: Titration results for the VHR. See caption to Figure 5 for more details.

generated by the consensus sequence amino acids has a largeere observed for interactions greater than approximately 3
impact on the [, of the active site cysteine than the kcal/mol (Yang et al., 1993).
electrostatic dipole generated by the centrdielix. In Figure 9 the A(AG)s resulting from changes in
For an estimation of the magnitude of the electrostatic field backbone charges are shown. A consistent pattern is
in the binding pocket of the four different PTPs, we have observed when the results from the four different PTPs are
computed the pH titration of the active site cysteine as a compared. Generally, it is observed that the contribution
function of pH. The titration curves shown in Figures5B  from each peptide bond is comparable and that the major
8B have the typical S-shaped characteristics describing acontribution stems from the backbone atoms in the consensus
smooth transition from the neutral to the thiolate state. This loop.
behavior indirectly indicates that the electrostatic forces in  Influence of Other Charges on the Aai Site pk.
the binding pocket are relatively weak. It has been shown According to the results in the preceding section, stabilization
that as the interaction energy between sites increases, thef the ionized form of the active site cysteine primarily
fraction ionized increases more slowly, effectively buffering originates from the charges assigned to the polar backbone
the system from changes in the protein environment (Yang atoms. However, several studies have revealed that muta-
et al.,, 1993). Deviations from the typical S-shaped curve tions of residues in the P-loop significantly reduce the activity
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2 —— ‘ ‘ ‘ ‘ + tion of PTP1B, 5.7 £2.6) for VHR, and 6.4{1.9) for the
o Versinia PTP N //' LMW PTP. This would suggest that this mutation stabilizes

1) o--0PTP1B PN / the thiolate. Recently, Hansen et al. (1997) used computa-
¢~ VHR / Yoo d tional techniques to investigate the proton transfer between

0===0 LMW PTP / /

the active Cys12 in LMW PTP and a phenyl phosphate ion
and to study the effect of the Ser19 to Ala mutation on the
charge state of the active Cys. Their results indicated that
the architecture of the enzyme as well as the Ser stabilizes
the thiolate anion form of the catalytic cysteine. Hansen et
al. (1997) studied the bound complex, whereas the present
study focuses on the electrostatic properties of the enzyme
alone. Considering both results suggests that the Ser/Thr
residues serve two functions. In the uncomplexed form the
Ser/Thr residues destabilize the thiolate form and probably

AAG) (kcal/mol)

5 l‘ ‘ ‘ ‘ ‘ ‘ ‘ N support the binding of the phosphate moiety. Upon binding
Yers;q; fg" 8 g 2 g Y g loop  loop-helix of the charged phosphate group, the electrostatic field around
ViR ¢ R E G Y s} nelix the active Cys changes and the Ser may have an additional
LMW PTP C L G N 1 c

purpose of stabilizing the thiolate form.
FiGure 9: A(AG) values for different treatment of the backbone . .
charges. The residue identificatiordxis, one letter code) starting To evaluate the influence of titratable charges on tig p

at the active cysteine indicates which backbone charge is zeroedof the active cysteine, we have determined the electrostatic
in the calculation. See caption to Figure 5 for more details. interaction energies between the active cysteine and other
ionizable residues. The results are summarized in Table 3,
of the enzyme (Evans et al., 1996). It has been suggestedvhere interaction pairs and electrostatic interaction energies
that the activity loss is mainly due to the disruption of the (greater than 0.59 kcal/mol, correspondingk@oat 293 K)
hydrogen-bonding network and that these residues in theare listed. Note that a positive interaction energy stabilizes
native enzyme predominately serve structural functions that the thiolate form (decreases thié g, while a negative value
allow the active site to adopt an optimal geometry for destabilizes the thiolate form (increases thi€)p As
phosphate binding. suggested by site-directed mutagenesis (Eckstein et al., 1996;
To investigate the role of the Ser (in PTP1B, VHR, LMW Fauman & Saper, 1996; Barford, 1995), the two residues,
PTP) and Thr (irversiniaPTP) at the position just after the an arginine (from the consensus motif) and an aspartic acid,
conserved arginine, we have mutated these residues with Alawhich are absolutely conserved in the four phosphatase
and calculated theiy of the active Cys. Overall, we observe families have strong interactions with the active cysteine.
that mutation of Ser/Thr to Ala reduces thé,p of the active ~ The conserved aspartic acid is Asp356 Yersinia PTP,
cysteine. For the different phosphatases thgspandA- Aspl81 in PTP1B, Asp92 in VHR, and Asp129 in LMW
(AG)s (given in parentheses) are 3:125.2) for the closed PTP. However, the effects on th&pof the active Cys are
conformation ofYersinia PTP, 5.1 3.2) for the open opposing; the arginine stabilizes the thiolate form while the
conformation ofYersinia PTP, 3.1 ¢5.2) for the closed  aspartate destabilizes the thiolate form. In general, the
conformation of PTP1B, 4.314.0) for the open conforma-  overall net effect of the titratable charges on tlig pf the
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Table 3: Interactions between the Active Cysteine and Residues YersiniaPTP, PTP1B, VHR, and LMW PTP are in reason-

Whose Interaction Energies Are Greater than 0.59 kcal/mol able agreement with the experimentally determinkgspBy
interaction _ energy R averaging the resul_ts_ obtained for the open and closed
structure active Cys  with (kcal/mol)  shift conformations ofYersiniaPTP and PTP1B, better agreement
YersiniaPTP (LYTW)  Cys403 Arga09 4217 162 between the calculated and experimentally determir&d p
Asp356 ~103 077 is obtained. This is in accordance with the recent investiga-

His402 +0.92  0.69 tion of the dynamics of the active site lid MersiniaPTP
Arg440  +0.92  0.68 (Juszczak et al., 1997), where it has been shown that both

ggzz%% :8'22 g'g; the open and closed conformations are equally populated.
Tyr3ol —059 044 Analysis of t_he charges gontributing to thgapshift _shows
PTP1B (1PTU) Cys215 Arg221  +2.20 1.64 that the net influence of titratable charges is negligible. The
Aspl8l ~ —1.31  0.98 major contribution as has been suggested earlieY éosinia
ﬁ:gzzfz iéés 8'32 PTP (Stuckey et al., 1994) comes from the electrostatic
Cys226 —091 068 microdipoles created by the backbone charges (i.e., the
Glu11s -0.84 0.63 CONHG, atoms) of the consensus sequence (H/VgR(S/
Tyrd6 -0.73 055 T). Due to the very peculiar loop conformation, these
?3?112241 :8& g'ig microdipoles all point in the direction of the thiol atom of
Lys120 +059 044 the acf[ive site cyst_eine giving a rr_1ajo_r contribution to the
VHR (1VHR, chain A)  Cysl124 Arg130 +1.65  1.23 pKa shift. Another important contribution comes from the
Asp92 —0.93  0.69 electrostatic dipole generated by the backbone charges of
ﬁ'{gllg’g ig'gg 8'22 the centrala-helix, in which the cysteine is positioned
Glu126 —068 051 N-terminally. The results in the present investigation point
LMW PTP (LPHR) Cys12 Argl8 +1.76 1.31 to the importance of the conserved structural elements
Cysl7 -156 116 consisting of the consensus sequence loop and a central
ﬁissp71229 ;(1)'%2 8'25 o-helix, which both seem responsible for the unusually low
Cysl45s  —069 0.51 pKaof the catalytically active cysteines. However, the former
Asp92 —0.62  0.46 structural element has a greater impact on tKg ghift.

Despite the low sequence homology among pretgimosine
Ophosphatases structurally conserved elements stabilize the

active cysteine is negligible because the charges tend to"". ;
y gl9 g thiolate anion (Evans et al., 1996; Stuckey et al., 1994).

cancel each other.

There are only 10 identical amino acids (including the
active cysteine) found itversiniaPTP, PTP1B, and VHR.
Seven of these amino acids are titratable, and five of these Hg|pful discussions with J. Antosiewicz, E. Fauman, M.
residues have strong interactions with the active cysteine (seesaper, and z.-Y. Zhang are acknowledged.

Table 3), although the accumulated effect is negligible.
Interestingly, an arginine (Arg75) is present in the LMW REFERENCES

PTP, which is equivalent to Arg440 (iersinia PTP), - .
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