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ABSTRACT:. Low-molecular weight protein tyrosine phosphatases are virtually ubiquitous, which implies
that they have important cellular functions. We present here the 2.2 A resolution X-ray crystallographic
structure of wild-type LTP1, a low-molecular weight protein tyrosine phosphataseSemtharomyces
cerevisiae We also present the structure of an inactive mutant substrate complex of LTREnititbphenyl
phosphate f(NPP) at a resolution of 1.7 A. The crystal structures of the wild-type protein and of the
inactive mutant both have two molecules per asymmetric unit. The wild-type protein crystal was grown
in HEPES buffer, a sulfonate anion that resembles the phosphate substrate, and a HEPES molecule was
found with nearly full occupancy in the active site. Although the fold of LTP1 resembles that of its
bovine counterpart BPTP, there are significant changes around the active site that explain differences in
their kinetic behavior. In the crystal of the inactive mutant of LTP1, one molecule pdP& in the

active site, while the other has a phosphate ion. The aromatic residues lining the walls of the active site
cavity exhibit large relative movements between the two molecules. The phosphate groups present in the
structures of the mutant protein bind more deeply in the active site (that is, closer to the position of
nucleophilic cysteine side chain) than does the sulfonate group of the HEPES molecule in the wild-type
structure. This further confirms the important role of the phosphate-binding loop in stabilizing the deep
binding position of the phosphate group, thus helping to bring the phosphate close to the thiolate anion
of nucleophilic cysteine, and facilitating the formation of the phosphoenzyme intermediate.

Protein phosphorylation and dephosphorylation on tyrosine (3—5). PTPases can be divided into three major families
residues by kinases and phosphatases play an important rolbased on their size and substrate specificity: the high-
in cellular regulation and signal transductioh @). The molecular weight PTPases, the dual specificity PTPases, and
importance of the protein tyrosine phosphatases (PTFPases)the low-molecular weight PTPases).(Despite the fact that
in cellular signaling processes is now increasingly recognizedthere is little sequence similarity among these families of
PTPases, they share a common active site signature motif,
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what appears to be a conservation of domain structure forof LTP1 toward a number of substrates is approximately 30-
phosphatase activity, the recently determined structure offold lower than that for the bovine enzyme BPTP. This
cdc25A has a different fold that resembles that of rodaneserelatively low activity can be substantially activated by the
(13), and may represent another phosphatase family. presence of adenine and some purine nucleosides and
The low-molecular weight protein tyrosine phosphatases nucleotides 15). It was therefore of interest to determine
(low-M, PTPases) are single-domain cytosolic enzymes with the structure of a yeast enzyme, more distantly related than
molecular masses of approximately 18 kDa. The active site the bovine and human forms, and to examine the structural
sequence motif of these enzymes is located near thedifferences between the mammalian and yeast enzymes in
N-terminus, and has a conserved (V/I)\CXGNXCRS se- relation to differences in their kinetic behavior. This work
guence. Members of this family of PTPases have beencontains the X-ray crystallographic structure of wild-type
identified in a wide variety of organisms, including bacteria, LTP1 at a resolution of 2.2 A. We also present a 1.7 A
yeast, rat, bovine, and humat4-20). This broad distribu-  structure of an inactive mutant in complex with the substrate
tion suggests that these enzymes have important cellularpNPP, the first crystal structure of a substrate complex of
functions, and many potential substrates have been suggestedhe lowM,; PTPase family. The structure of LTP1 is
A recent study on Eph receptor®1) suggests that in  discussed in terms of differences in the kinetic behavior
vertebrates, the lowd, PTPases are involved in the ephrin between this yeast enzyme and its mammalian counterparts.
signaling pathway. Yeast serves as a simple, but often useful An analysis of the substrate complex further confirms the
model system for studying the biological function of many importance of the rigid P-loop structure, and reveals impor-
kinases and PTPases. Two ldW-PTPases from yeast have tant roles for the residues lining the walls of the active site
been cloned, namely, LTP1 froBaccharomyces cersiae cavity in substrate binding and recognition.
(15) and STP1 fronSchizosaccharomyces pom(26€). The
sequences of both enzymes are relatively similar to the EXPERIMENTAL PROCEDURES
mammalian lowM, PTPases, 42 and 39% for the STP1 and
LTP1, respectively. The gene for STP1 was cloned as a
multicopy suppressor of a mutation in the cdt2fene that
encodes a dual specificity phosphatase involved in mitotic
control 22), indicating its function as a PTPase in the cell. ) ) :
The gene for LTP1 was cloned by low-stringency hybridiza- basis of SDSPAGE analysis, the protein was more than
tion using an oligonucleotide probe derived from the active 9270 pure.
site sequence of the mammalian Idly-PTPases15). Mutant PreparationMutations within the Itp1 gene were
All the PTPases appear to catalyze the dephosphorylationgenerated by site specific mutagenesis following the proce-
of substrates by a common mechanism. The conserved activélure of Vandeyar et al3@). An 850 bpBglll —Pst restriction
site sequence motif (CXXXXXRS/T) forms a phosphate- fragment containing the wild-type Itp1 gene was transferred
binding loop (also called the P-loop), with the side chain of from a pT7-7 plasmid into thBarmHI—Pst sites of bacte-

the arginine residue and the backbone NHs of the P-loop flophage M13mp19. Mutagenic primersBAAGATATCG-
hydrogen bonded to the phosphate group of the substrate GTCGCATTCATTTCATTGGG-3and 3-AAAGATATCG-

The first cysteine in the signature motif functions as a GTCGCATTCATTGCATTGGG-3were used for the replace-

nucleophile, leading to the formation of a phosphoenzyme ment of cysteine at position 13 with serine and alanine,
intermediate 23). The nucleophilic cysteine has &gpthat respectively. To facilitate mutant screening, both primers
is much lower than that of the free cysteine. Tlig palues carried base changes that would create silent mutations
of the nucleophilic cysteine iMersiniaPTPase, PTP1B, and  resulting in anEcoRV restriction recognition site. Mutagen-
VHR have been estimated to be 4.7, 5.4, and 5.6, respectivelyesis was performed using the T7 in vitro mutagenesis kit
(24—26). The K, of the lowM, PTPase BPTP has been from United States Biochemical Corp. DNA samples from
estimated to be below 4.@7). Cysteine residues as thiolate the resulting plaques were tested for the additidbadRV
ions (S) are much more potent nucleophiles than the site. The mutant DNA was digested with the enzyriveis!
corresponding thiol £SH) form. The thiolate anion is andBamHl, and the 500 bp fragment containing the mutant
stabilized by hydrogen bonding to the side chain of the [tp1 gene was inserted into the corresponding sites of the
conserved serine residue (threonine in some PTPa8gs) ( €xpression vector pET23a. THescherichia coliB strain
27, 28), and by the microdip0|es generated by the partia| BL21(DE3) was transformed with these recombinant pIaS-
Charges of the backbone NHs of the P-|00p and Charge mids for overexpression of the mutant LTP1 protein tyrosine
interaction with the side chain of the conserved arginiree ( Phosphatase. The complete nucleotide sequences of the
29, V. Dillet, R. L. Van Etten, and D. Bashford, unpublished Mmutant Itpl genes in the final plasmid constructs were
results). determined to verify the mutation as well as the integrity of
Among the lowM, PTPases, most of the kinetic and the remainder of the gene.
structural studies have focused on the mammalian enzymes. Mutant protein purification followed procedures similar
These enzymes are highly homologous, and their sequence$o those for the wild-type enzymé¥). After the cells were
are about 8595% identical. Crystal structures of two harvested by centrifugation, they were washed in 10 mM
members of this family, BPTP and HCPTPA, and an NMR NaOAc (pH 4.8), 1 mM EDTA buffer, and lysed in the same
solution structure of BPTP have been obtain86-33). buffer by being passed twice through a French press. The
Kinetic experiments show that LTP1 has a substrate specific- cell debris was spun down, and the supernatant was loaded
ity that is similar but not identical to that of the homologous onto a C-50 Sephadex cation exchange column equilibrated
mammalian enzymesl®). However, the catalytic activity ~ with 10 mM NaOAc (pH 4.8), 1 mM EDTA buffer. The

Subcloning, Expression, and Purification of LTPlhe
cloning, expression, and purification of wild-type LTP1 were
as described by Ostanin et al5f. Approximately 20 mg
of purified protein was obtained fno 2 L of culture. On the
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C(_)Iumn was then \_NaShed with the same buffer, and e_IUtedTabIe 1: Data Processing Statistics for the LTP1 Crystals
with 300 mM sodium phosphate (pH 5.1). The fractions

containing the target protein were combined and concen- wild type C13A andpNPP
trated, and then run through a G-50 gel filtration column SPace group P2:12:2, P2:2:2,
equilibrated with 30 mM sodium phosphate, 10 mM NaOAc ¢!l Parameters o g%gﬁ o gi'gﬁ
(pH 5.0), and 1 mM EDTA. The C13A mutant overexpressed c=1152 A c=112.0 A
well, and gave more than 30 mg of pure proteimirt L of temperature for data room temperature  cryotemperature
cell culture. However, the C13S mutant was expressed very o Sccﬁuzgtrzogn e 3092 2 é*11750°0)
?ocilcc))r\}\)//ih gct)hcelssa?n anZ)?/onc]:g dvtlj?:slség!a\att(\a/\?elrg z‘;ggc%t:ogltgzl.s no. of unique rgeﬂection_s 15614 (140622) 32773 (240634)
(no. of total observations)

Protein Actiity Assays and Kinetic MeasuremerRsotein completeness (%) (last bin  91.1 (84.6) 87.8 (50.2)
activity was assayed in 100 mM NaOAc buffer (pH 5.0), completeness)
with 1 mM EDTA and an ionic strength of 150 mM adjusted !/ (1ast biny 25.9 (7.28) 24.9 (3.38)

by adding NaCl. The reaction rate was determined by Rszmia(zs:etzzzjtion bin is fromO.ZOSZZ(t(c)).ZZO;z)Afor?HZG\fvifg.tmze) data
measuring the rate of release of inorganic phpsphate using 176 to 1.70 A for the élsﬁpN#P complex datzb Rme:
amalachite Qree” assay proced@®) ©r by monitoring the 2l (I — DI/ Zl v, wherelly s the average dfug over all symmetry
release op-nitrophenolate by measuring the absorbance at equivalents.

a wavelength of 405 nm as described by Davis et36).(
Competitive inhibition measurements were taken with the
use ofpNPP as a substrat87).

Protein CrystallizationThe purified protein was desalted
by running through a 10 mL G-25 column with distilled
water or low-ionic strength buffer, or by concentrating and
diluting with low-ionic strength buffer three or four times.
The desalted protein was further concentrated to a final molecules in one asvmmetric unit. The two molecules are
concentration of approximately 10 mg/mL. Crystallization termed molecule A aynd molecule B
experiments were carried out using the sitting drop vapor '
diffusion method. In each drop 8. of protein solution was For the wild-type enzyme structure determination, the
mixed with 5uL of well buffer. Wild-type enzyme crystals ~ molecular replacement metho89 was used to obtain the
were obtained from drops set up with a well buffer of-12  initial phase information for the observed individual reflec-
18% PEG 3400 and 100 mM NaCl in 100 mM HEPES (pH tions, using the crystal structure of the bovine enzyme BPTP
7.0) at room temperature. These crystals were very thin plates(PDB file 1pnt) as a search mode3(). Because there is
with dimensions of about 0.05 mm 0.1 mm x 0.25 mm. only a moderate degree of sequence identity between these
For the mutant C13A protein, cocrystallization with sub- two enzymes (39%), a polyalanine model of the BPTP
strates was performed in Bis-Tris buffer (pH 7.0) in place structure (the backbone plus tiflecarbon except for the
of HEPES buffer, because the sulfonate competes with theglycine residues) was used to calculate the rotation and
substrate for binding at the active sit&7]. Crystals were  translation functions with the program AMoRé&Q]. The
obtained in 13-22% PEG 3400 and 50 mM NaCl in 100 solution from this molecular replacement had a correlation
mM Bis-Tris buffer (pH 7.0), with 20 mMpNPP at 20°C. coefficient of 0.416 and aR factor of 48.2%. The initial
The crystals grew in about 1 week, and the dimensions of electron density map calculated using the solutions from
the largest crystals were approximately 0.2 mn0.5 mm  AMoRe, at resolutions ranging from 8.0 to 2.8 A, clearly
x 1 mm. showed the majority of the expectaehelices angs-strands.

Structure DeterminationX-ray diffraction data were  Density modification by the program DM}) was carried
collected on an R-Axis Il or an R-Axis IV imaging plate out to improve the electron density map. The side chains
system (Molecular Structure Corp.) mounted on a Rigaku (approximately 30%) with clearly defined electron density
RU200 rotating anode X-ray generator operating at 50 kV were built into the model using the program £2), and the
and 100 mA. The wild-type protein data set was collected new model was then refined using XPLORJ| with
at room temperature from two crystals obtained in the same noncrystallographic symmetry constraints. The electron
batch of crystallization experiments. These crystals diffracted density maps, bothR—F. andF,—F. maps, were calculated
strongly up to a resolution of 2.2 A. Mutant protein data from the refined model, and the model was rebuilt on the
were collected from a single crystal under cryogenic condi- graphic display using the program O. This cycle was repeated
tions at approximately-150°C. The cryogenic solvent that ~ with more and more side chains built into the model while
was used was the crystallization mother liquor with 16% the R factor improved. After the complete model had been
glycerol added. The crystals were first soaked in the mother built, it was refined with noncrystallographic symmetry
liquor with 1% glycerol. The concentration of glycerol was restraints. The finaRyor is 16.9%, with arRyee of 23.5% at
then gradually increased by removing the solution and addingresolution range of 12:62.2 A (Table 2). There are 106
new solution with increasing glycerol concentrations. The ordered water molecules in the structure, and two HEPES
mutant protein crystals diffracted to approximately 1.6 A molecules each bound to the active site of a protein molecule.
resolution, and the data were processed up to 1.7 A. TheFigure 1A shows that HEPES has very well-defined electron
data completeness at the last resolution bin is low due todensity. Thep andy values of all the residues are in the
the fact that the diffraction spots were collected in the corners allowed region of the Ramachandran plot, with more than
of the image plates. 93% of the residues in the most favored regions.

All data were indexed and integrated using the program
DENZO (38), and merged and scaled together with the
program SCALEPACK 38). The diffraction data for both
mutant and wild-type crystals were indexed in space group
P2,2,2,. The data processing statistics are summarized in
Table 1. Both data sets have similar unit cells, with two
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Table 2: Structure Refinement Statistics

wild type C13A ancbNPP
resolution range for 12.0-2.2 12.0-1.7
refinement (A)
total no. of protein atoms 2559 2592
averageB factors of protein25 19
atoms (&)

total no. of other molecules 106 water, 368 water, 1 glycerol,
2 HEPES 1pNPP, 1 PQ
averageB factors of other 31 (water), 27 (water), 21 (glycerol),

molecules (&) 35 (HEPES) 17 (pNPP), 13 (PQ)
rmsd for bond lengths (A) 0.013 0.013
rmsd for bond angles (deg) 1.68 1.50
Rired 0.235 0.215
Rworka 0.169 0.170

3R = X(||Fobd — KIFcad|)/Z|Fobd, Where|Fopd and |Fead are the
absolute values of the observed and calculated structure factors,
respectively, andk is the scale factor between the summation of the
absolute values of the observed structure factors and that of the
calculated structure factorR.factors were calculated using data in the
resolution range shown for refinement withouvacutoff. Ryee Was
calculated with a set of data (7% for the wild-type data set and 8% for
the C13A data) not used in the refinemeRjon was calculated against
the data used in the refinement.

The refined model of wild-type LTP1 was used as a model
for molecular replacement for the C13A mutant protein
structure determination. A solution with positions for two
molecules was found with a correlation coefficient of 0.776
and anR factor of 35.7%. Electron density maps that were
calculated from this initial model showed clear density for
thepNPP molecule at the active site of molecule A. However,
no clear density fopNPP was seen in the active site of the
other molecule (molecule B). Instead, density appropriate
for a phosphate ion was seen. The model was refined using
the program XPLOR with noncrystallographic symmetry
restraints. There are 368 ordered water moleculespNiRe
molecule (Figure 1B), one phosphate ion, and one glycerol
molecule found in the final model. The finRlork is 17.0%,
andRyecis 21.5% at a resolution range of 12.0.7 A (Table
2).

) ) Ficure 1: F, — F. simulated annealed electron density omit maps

Overall Structure of Wild-Type LTPT.he refined model  showing the HEPES sulfonate molecule bound at the active site of
of the wild-type LTP1 structure contains 156 amino acid molecule A in the wild-type LTP1 structure (A) and the electron
residues for molecule A and 157 amino acid residues for density for.tt;‘eNFg‘gs(quaﬁhS”bls”?ﬂPPd in t.?ye.m”tamI%BA

; : complex wi . The electron density in panel A was

mo!eCUIe B. No ele.Ctron derIS|ty was seen for the first four caIcSIated witt?phases from the final model refined gt 2.2 A except
residues at the amino terminus of molecule A, and for the that the HEPES molecules were omitted. The electron density in
first three residues of molecule B, presumably due to the panel B was calculated with phases from the final model refined
high flexibility of the N-terminal residues. Because a mutant at 1.7 A except that theNPP molecule was omitted. For simulated

enzyme with 13 extra amino acids at the amino terminus annealing, a starting temperature of 1000 K and a cooling rate of
- . - . . 25 K per 50 steps were used. No harmonic restraints were imposed
derived from an N-terminal fusion with glutathion® on the surrounding atoms. Both maps were calculated ai A

transferase eXhibitS Virtua”y identical kinetic behaVior cushion around the omitted mo]ecu|esl and contoured at Bltese
compared to that of the wild-type protein, it is unlikely that figures were generated with the program Set)(

the first few N-terminal residues serve an important role in
catalysis 15). motifs that form a Rossmann fold in the structuygoufs

The LTP1 structure has a fold similar to that found in the and za.f84. The active site is in the firsta3 motif, with
bovine and human enzyme3(( 32). The enzyme consists the sulfonate group of the substrate mimic HEPES binding
of a twisted, central parallg8-sheet of four strands, with  at the N-terminal end of helig, (Figure 2).
a-helices packed on either side (Figure 2). The secondary The two molecules in the asymmetric unit are for the most
structure elements are shown in Figure 3, along with the part identical, with similaB factors for the corresponding
sequence alignment with BPTP. The short heliin LTP1 residues. There is noncrystallographic 2-fold symmetry
is at the crystal packing interface, and is slightly different between the two molecules in the asymmetric unit, with the
between molecule A and molecule B. There are [ symmetry axis close to the active site on the surface where

RESULTS AND DISCUSSION
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the other molecule and a hydrophobic interaction between
the two Leu-14 side chains. In addition, there is an extensive
water-mediated H-bonding network that appears to dominate
the interface interactions. A total of 26 ordered water
molecules were found at the dimer interface, with an average
B factor of 25 &, the same as that of the average protein
atoms (25 &). The buried surface of the noncrystallographic
dimer in the crystals is about 75 Aer monomer, including
the surface areas of the active site cavities and that covered
by water molecules that are in the interface of the dimer.
The direct contact surface between the two protein molecules
is about 450 A per monomer. The residues at the dimer
interface are a mixture of hydrophobic and hydrophilic amino
acids. However, this dimeric interaction does not appear to
persist in solution as the enzyme was found to exist
predominantly as a monomer in solution by gel filtration
studies. The monomeric form of the enzyme has also been
found to be the functional unit by pre-steady-state burst
: titration studies44; H. Kirsch, C. Pokalsky, and R. L. Van
FIGURE 2: Ribbon diagram of the structure of the yeast low- Etten, unpublished results).
molecular weight protein tyrosine phosphatase LTP1. The HEPES = There is a tightly bound HEPES molecule in the active
sulfonate molecule bound at the active site is shown as a ball-and-gjte of each protein molecule, with very well-defined density
stick model. The consensus motif (P-loop) is between the C-terminal . S .
end of3; and the N-terminal end afs (shown in green). (Figure 1A). This is not surprising, because the crystals were
grown from a 100 mM HEPES buffer at pH 7.0. Moreover,
two molecules pack. The axis is almost perpendicular to helix kinetic measurements confirmed that HEPES, which has a
o4 (residues 95104) and passes between the two Tyr-51 sulfonate group that mimics the phosphate group of the
residues, which are on a loop between str8p@nd helix substrates, is a good competitive inhibitor of LTP1 at pH
oz and exhibit disordered side chains. The interaction 7.0, with aK; of 0.25 mM (Table 3). The atoms of the
between the two molecules on this packing interface includesHEPES sulfonate group have very well-defined positions and
a possible aromatic interaction between the two tyrosine have an averagB factor of about 14 A similar to theB
rings, two symmetric H-bonds between the carbonyl oxygen factors of the nearby protein atoms. This indicates that the
of Asp-132 in one molecule and thesNatom of Asn-99 in HEPES molecule is at nearly full occupancy. The overall
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Ficure 3: Sequence alignment of the low-molecular weight PTPases from yeast (LTP1) and bovine sources (BPTP). The sequences were
aligned with the program Clustal-w, and the figure was generated with Alsdiptiflentical residues are highlighted in gray. The active

site signature motif residues and the proton donor residue are indicated with asterisks. Above the sequences are shown the secondary
structure elements of LTP1.
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Table 3: Comparison of Kinetic and Inhibition Constants of LTP1 ™
with Those of BPTP 60
Steady-State Kinetic Parameters x5 0
LTP1 BPTP B a0t
Km kcat Km kcat m 301
pNPP 0.017 1.24 0.38 34.2 201
phosphotyrosine 0.29 1.22 16.0 27.1 10
FMN 0.092 1.17 . ‘ N '
ﬁ-naprljlttl'lj\yll pROSpEaE[e 228 ég; 1.20 295 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
a-naphthyl phosphate . . .
phenyl phosphate 0.046  1.01 360 275 Residue number
Inhibition Constants 7
LTP1 BPTP 60 1
pH Ki pH Ki 5 %
vanadate 75 0.03 75 0.0054 8
molybdate 7.5 4.0 75 0.020 m 30
HEPES 5.0 4.0 5.0 5.3 20
HEPES 7.0 0.25 7.5 1.8 10
aKm and K are given in units of millimolar, andk, is given in (o - - - : :
units of s1. ® The steady-state kinetic parameters for BPTP were taken 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
from Ostanin et al.15) or Zhang et al. Z3). The inhibition constants Residue number
for BPTP were taken from Zhang et aB7). ¢ Kinetic measurements 70

were taken in 100 mM NaOAc buffer (pH 5.0) and 1 mM EDTA at an
ionic strength of 0.15 M, adjusted using NaCl. Reactions were carried
out at 37°C, and the rate of substrate dephosphorylation was established 5
by measuring the rate of release of inorganic phosphatengrophenol.

Km andke values were obtained by nonlinear curve fitting of the data
to the Michaelis-Menten equation? Inhibition constants were mea-
sured in 25 mM DEM buffer (pH 7.5), 100 mM NaOAc (pH 5.0), or
100 mM Bis-Tris (pH 7.0), with the ionic strength adjusted to 0.15 M 10
using NaCl, and usingNPP as the substrate. 0

L

o
8
om

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Residue number

averageB factor of protein atoms is about 2%2Aand that FiGURe 4: Temperature factor plots of wild-type LTP1 molecule
for the HEPES molecule is about 26./8ince HEPES and A (top) and mutant C13A molecule A (middle) and molecule B

o ottom). The thick black line depicts the aver&actors for the
other sulfonates such as MES mimic the phosphate substrate ain chain atoms. The thin gray line depicts the aveBgctors

binding to the P-loop, they were also found to cocrystallize for the side chain atoms. The atoms of molecule B of wild-type
with other PTPases, such as BPBR)( HCPTPA @2), and LTP1 (not shown) have slightly higher temperature factors in some
VHR (12). regions of the sequence, but in general follow a similar temperature

. : factor pattern as those of molecule A. In both wild-type and mutant
Structurg of the Acm. Site.The important compqnents structures, the atoms of the active site signature sequence (residues
of the active site consist of the phosphate-binding 100p 13-20) have the lowesB factors.

(P-loop, positions 1:320), an aspartic acid residue function-

ing as a proton donor to the leaving group of the substrate, the substrates effectively. One of the P-loop residues, Asn-
and a group of hydrophobic residues that form the walls of 16 s in a left-handed conformation. This residue forms a
the active site cavity. The active site cavity is deep, and the network of H-bonds with His-74, Ser-45, and Ser-20, and
residues lining the walls of the cavity are mainly aromatic hese interactions help to stabilize the overall structure of
and hydrophobic residues, thus allowing for the favorable i, phosphate-binding loop, allowing it to adopt the most
binding of the tyrosine ring of the substrate, as well as for ¢, 5raple geometry for substrate binding. Residue Asn-16
substrate selectivity of the enzyme. The phosphate-binding;q ~onserved among the loM; PTPases, and is in the same

loop is formed by the active site consensus sequence mOtif'conformation in the other homolo
L . gous structuras, 32).
which in LTP1 is CLGNFCRS as compared to CLGNICRS - o regiges of the P-loop are arranged such that all the

gr:fifelge-?t resildtlr:a ur?]de:Imlrec,-jd)rmdnst rmatmrm"’i‘:ﬁﬂ com;ntteirr?artr;sa amide protons between Cys-13 and Ser-20 face the center
S F-loop IS the most ordered structure in the protein, and ¢, loop, where the sulfonate group of the HEPES
has lowB factors for both main chain and side chain atoms . ) ! .
molecule is bound (Figure 5A). The main chain NHs and

(Figure 4). The P-loop conformation is stabilized by an Arg-19 side chain NHs patrticipate in multiple, favorable

extensive network of H-bonds in the three-dimensional drogen bonding interactions with each negatively charged
structure. Some of these interactions are mediated by orderecﬁqy 9 9 S 9 y 9
sulfonate oxygen of the inhibitor (Table 4).

water molecules that ha®factors similar to those of nearby
protein atoms. The backbone structure of the P-loop in this HEPES Binding Interactiond'he binding of the competi-
enzyme is effectively identical with that of other protein tive inhibitor HEPES shows that the interactions of the
tyrosine phosphatases whose structures are known. The rmsgulfonate group with the P-loop residues appear to contribute
of Co positions between the P-loops of LTP1 and BPTP is most of the binding energy of the HEPES molecule. Bhe
0.17 A, and that between the P-loops of BPTP Xedsinia factors of the atoms of HEPES increase progressively in
PTPase is 0.37 Ag). This indicates the importance of such moving from the sulfonate group to the distal &} group,

a P-loop conformation for binding the phosphate group of with the hydroxyl oxygen having B factor of >40 A2,
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A

Tyr135
q Trp134

Ficure 5: (A) Phosphate-binding loop (P-loop) structure of LTP1 with the bound HEPES molecule as a substrate analogue. All potential
hydrogen bonds<3.3 A) between the HEPES sulfonate group and the P-loop residues are shown as dotted lines with distances given in
angstroms. The P-loop is arranged such that all the NH groups between residues Cys-13 and Ser-20 are facing the center of the loop. The
sulfonate oxygen atoms participate in H-bonds to the NH groups of the P-loop residues and to the side chain of Arg-19. The sulfonate
group faces the side chain of nucleophilic Cys-13, with a distance between the sulfur ate®F@fA. The side chain of Cys-13 forms

an H-bond to the side chain of Ser-20. (B) The superposition of the active site residues of LTP1 and BPTP structures with bound HEPES.
LTP1 is colored by elements, with black for the carbon atoms, while BPTP residues are shown in gray. The main chain atoms and most
of the side chain atoms overlap very well. The HEPES sits in the active site, and is surrounded by aromatic and hydrophobic side chains.
There are two more aromatic residues in the active site of LTP1, His-52 and Phe-17, on one wall of the active site cavity. The ring of
HEPES tilts toward these two side chains in the LTP1 structure even though the sulfonate group occupies a position identical to that found
in the BPTP complex.

Ring stacking and hydrophobic interactions also play a better inhibitor for LTP1 than for BPTP. However, LTP1
role in binding the HEPES molecule. The ring of the HEPES exhibits markedly lowek., and smalleK, values for all
molecule is surrounded by side chains of residues His-52,the substrates that were tested when compared to those of
Phe-17, Trp-134, and Leu-14. Compared to the active sitethe bovine enzyme BPTP. For example, witkPP as the
of BPTP, there are two more aromatic residues on one wall substrate, th&, for LTP1 is about 17uM, while in the
in the active site of the LTP1 structure, Phe-17 and His-52 case of BPTP, it is about 380V at pH 5.0 (Table 3). On
(Figure 5B). The side chains of these two residues are closethe basis of the HEPES complex structure presented here, it
to the ring of the HEPES molecule, and may also interact is reasonable to conclude that the aromatic interactions
with the bound substrate. Although the sulfonate group of between the phenyl ring @NPP and the side chains of His-
HEPES has identical binding interactions with the phosphate-52 and Phe-17 favor the binding @NPP and similar
binding loop in the structural superposition between LTP1 substrates by LTP1 over the bovine homologue.
and BPTP, the piperazine ring of HEPES in the LTP1  Arg-19is a key residue for substrate binding. A mutation
structure tilts toward the side chains of residues Phe-17 andof Arg-18 in BPTP (equivalent to Arg-19 in LTP1) to an
His-52. These additional aromatic residues in the active site alanine completely inactivates the enzyn®6)( The side
of the LTP1 structure might help to explain kinetic differ- chain of Arg-19 extends the backbone of the P-loop to form
ences among the lowk PTPases. The inhibition constants a complete circle surrounding the sulfonate moiety of HEPES
of HEPES were measured at two different pH values for (Figure 5A). Its guanidinium group forms strong H-bonds
LTP1 and BPTP (Table 3), and HEPES was found to be a and salt bridges to the O1 and O3 atoms of the sulfonate
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difference between the active sites of the two molecules).
The crystals of the C13ApNPP complex were grown in

the absence of glycerol, and glycerol was added later to a

final concentration of 16% as a cryogenic solvent. Interest-

Table 4: Hydrogen Bonds between the Oxygen Atoms on the
Phosphate or Sulfonate Group of the Bound Ligands and the Protein
Atoms or Bound Water Molecules in both Mutant C13A and
Wild-Type LTP1 Crystals

pNPP PQ HEPES ingly, a glycerol molecule from the cryosolvent is found at
01 Gi15N 277 L14N 289 L14N 3.10 a crystal packing interface where three molecules make
L14 N 279 GI15N 2.82 GI15N 3.08 contact. This binding pocket is mainly hydrophobic, shallow,
R1I9NH2  3.07 RI9NH2 3.08 RI9NH2 287  and with one side open to the bulk solvent channel. The

02 NI16N 294 W,\ffG N 3é9952 F17 N 3.00 glycerol molecule is surrounded by residues GIn—67,'GIu—
F17 N 2.99 F17 N 3.09 C18 N 2.86 142, IIe-138, G|U-139, and lle-64 of molecule A and residues

S20 ¥ 3.06 Trp-134, Tyr-135, and Gly-136 and the side chain of Arg-

03 RI9N 281 RI9N 276 RI9N 277 60 of molecule B, and also residue Ile-104 from another
04 Ellgsm 22'23 'Ei?ﬁ 2'37714 RI9N 3.29 molecule B. The side chains of Trp-134 and Tyr-135 of
"7 Cc18N 287 molecule B and the hydrophobic part of the side chain of

w32 2.76 Glu-142 and GIn-139 from molecule A form a hydrophobic

aEach hydrogen bond is denoted by a protein atom or a water circle near the bottom of the binding pocket. The_: side chams
molecule, and the hydrogen bond distance is given in angstroms. TheOf lle-64 and lle-138 from molecule B and the side chain of
protein atoms are represented with the single-letter amino acid codelle-104 from molecule A are on one side of the walls of the
with the residue nu.mber“fqlllowed by the atom name. Water molecules binding pocket. The 02 and O3 atoms of the glycerol
are represented with a "w” followed by a number. molecule form two strong H-bonds to the Dand N2 atoms

of GIn-67 of molecule A. There are also three water-mediated

group (Table 4). Thus, the position of the guanidinium side H-bonds to the @1 atom of GIn-139, the NH1 atom of Arg-
chain is important in substrate binding, and is fixed by 60, and the carbonyl oxygen atom of Trp-134. The pocket
hydrogen bonding and charge interactions with the side chainis large relative to the size of the glycerol molecule, with
of Asp-94 and the carbonyl oxygen of lle-130 in the structure. more than 10 ordered water molecules above the glycerol
In the case of BPTP, it is known that when Asp-92 molecule.
(equivalent to Asp-94 in LTP1) is mutated to Ala, thereisa  Similar to that of the wild-type enzyme, the two molecules
16-fold increase irKy, (23). The structure presented here in the asymmetric unit of the C13ApNPP crystal form a
shows the basis for this effect. dimer with their active sites packed near each other, and with

Catalytic ResiduesThe HEPES molecule bound at the 2-fold noncrystallographic symmetry. However, the non-
active site mimics the initial binding of the substrate, with crystallographic symmetry is not perfect in the C13gNPP
its sulfonate group facing theySatom of the nucleophilic ~ complex, with small differences at the dimer interface, and
side chain of Cys-13 (Figure 5). The sulfur atom of Cys-13 one protein molecule having@PP in the active site and
is below the center of the three sulfonate oxygen atoms of the other having a phosphate ion.
HEPES. The distance between the sulfur atom of HEPES The mutant protein crystal has a lower overall temperature
and the $ atom of Cys-13 is 3.77 A, indicating that there factor (about 19 A than the wild-type protein crystals (about
is no direct interaction between these two atoms in this 25 A?), due to the lower temperature that was employed
structure. Another critical catalytic residue in LTP1 is Asp- during data collection and possibly due to better packing (the
132, which is expected to donate a proton to the leaving mutant crystal diffracted to 1.7 A, while the wild-type
group of the substrate in the enzyme reaction. When ancrystals diffracted only to 2.2 A). The atoms in the helices
equivalent aspartic acid residue in BPTP was mutated to anand sheets have temperature factors similar to those in the
alanine, the enzyme exhibited a greater than 2000-fold wild-type crystal. However, the atoms in the loop regions
reduction inVmaxWith pNPP as the substrat23). Consistent are better defined than those in the wild-type crystal, and
with this, the carboxyl group of Asp-132 is close to the have lower temperature factors (Figure 4).
HEPES C1 atom (which corresponds to the phenolic oxygen Interactions of pNPP with the Ace Site Residues.
of the phosphotyrosine), with its & and 2 atoms Electron density maps showed clear density fopNPP
approximately 3.4 A from the C1 atom of HEPES. molecule at the active site of one of the molecules in the

Crystal Structure of the C13A Mutant Complex with pNPP. asymmetric unit (molecule A). TheNPP molecule is very
To obtain further information relevant to understanding the well-ordered and at high occupancy (Figure 1B). Although
enzyme mechanism and substrate specificity, we crystallizedits overall orientation in the active site is similar, thPP
the catalytically inactive C13A mutant of LTP1 in a complex molecule binds more deeply in the active site as compared

with the widely used artificial substrapNPP. Crystals were
obtained by cocrystallization witlpNPP as described in

to the HEPES molecule in the wild-type structure (Figure
6; see also the comparison between &P complex and

Experimental Procedures. The mutant protein crystallized in the wild-type HEPES complex, below). The phosphate group

a fashion similar to that of the wild-type protein, with two

therefore binds more deeply which allows more and stronger

molecules in the asymmetric unit. In the refined model, there H-bonds to be formed between the P-loop and the phosphate
were 159 amino acid residues in one molecule (A), and 158 group of pNPP (Table 4). The distance between the
amino acid residues in the other molecule (B). No clear phosphorus atom gbNPP and thes-carbon of Ala-13 is
electron density was seen for the first residue of molecule 3.5 A. Thus, the phosphate position of tipNPP is

A, or for the first two residues of molecule B. Molecule A approximately at the phosphate position predicted for the
has apNPP molecule in the active site, while molecule B phosphoenzyme intermediate, as shown in the BPTP
has a phosphate ion (see below for a discussion on thevanadate complex3{). The P-loop is therefore able to
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Ficure 6: Stereoplots of the superposition of the active sites of the wild-type and C13A complexN#Eh (top panel) and the superposition

of the two active sites of C13A complexes wjiNPP and phosphate (bottom panel). In the top panel, the wild-type t HEPES complex

is green and the C13ApNPP complex is red. In the bottom panel, the C1320, complex is green and the C134NPP complex is red.

The plots were generated with the program Molscri8)(In both cases, the P-loop atoms align very well, but residues lining the walls
exhibit shifts in their positions. There are larger shifts for the residues on the walls between the C13A compf@XR#Ftand that with

the phosphate ion, as compared to those between the C13A complegNR# and the wild-type protein with HEPES. The phosphate
group of pNPP binds more deeply and closer to the position of the Cys-13 side chain than does the sulfonate group of HEPES in the
wild-type protein (top). The phosphate ion also binds slightly deeper than the phosphate gpdifpRotbottom).

position the phosphate group close to the position occupied The carboxyl group of Asp-132, the proton donor in the

by Sy of Cys-13 during the enzymatic reaction that leads to catalytic reaction, is also very close to the phenyl ring of

the formation of a phosphoenzyme intermediate. Similar to pNPP, with its @2 atom about 3.09 A from C3 qiNPP.

the HEPES molecule in the wild-type crystal, the phenyl ring The 031 atom H-bonds to the backbone nitrogen of residue
of pNPP is surrounded by the side chains of His-52, Phe- 1, 134 \yith a distance of 3.00 A. Residue Asp-132 donates
17, Trp-134, and Leu-14. The side chain of residue Trp-134 proton to the leaving group of the substrate, in this case

is close to and stacks with the nitro group PP, with . : .
the closest distance being about 3.26 A. The tyrosyl sidethe nitrophenol molety, so it would be expected fo be close

chain of Tyr-51 of molecule B (which is the nearby molecule t© the léaving group oxygen @NPP. The observation that
in the crystal packing) stacks with that of Tyr-51 of molecule 't iS instead close to the phenyl ring pNPP is presumably
A, with its phenolic oxygen 3.4 A from the O5 of the NO  an effect of the C13A mutation, which makes it possible for
group of pNPP. the pNPP molecule to move down, as described above.
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4 makes even larger movements and has been shown to be in
s an open conformation in the empty enzyme and to close upon
substrate bindingd®). Another loop with a large movement

is the one containing residues Tyr-51 and His-52. The main
25 chain coordinates for these residues in molecule B shift more
than 0.8 A toward the center of the active site cavity relative
to those in molecule A. Consequently, the phosphate-bound
5 molecule (molecule B) has a narrower active site cavity. The
1 position in molecule B corresponding to that of the nitro-
phenyl moiety in molecule A has four ordered water
» molecules. Two of them H-bond to the carboxyl group of
Asp-132 and the PQOgroup, and have lovB factors. The
other two bind weakly at the top of active site cavity, and

_ o haveB factors of>30 A2,
FIGURE 7: Root-mean-square deviation between the two molecules C . f th c | ith th ild
in the asymmetric unit present in the structure of C13A mutant in omparison of the pNPP Complex with the Wild-Type

complex withpNPP and PQ The thick curve represents the rmsd HEPES ComplexComparison of molecule A (witpNPP
between the main chain atoms. The thin curve represents the rmsdn the active site) in the mutant C134NPP crystal complex

between the side chain atoms. The P-loop has an identical structurgyjith the wild-type HEPES complex shows that the aromatic

in the two molecules. The two largest peaks in the main chain curve . . ; ; ; .,
correspond to residues 51 and 52, and 134 and 135, which arere.'5|dues on the walls of the active site cavity have similar,

aromatic residues on the walls of the active site cavity that shift Put smaller, shifts, and the P-loop residues are almost
positions with different molecules bound in the active site. The identical. The main chain atoms of the P-loops of ph&PP
peak around residues 81 and 82 is short helix which is in complex and the wild-type HEPES complex superimpose
different crystal packing environments in the two molecules. almost perfectly (Figure 6), with an rmsd forGtoms of
Comparison between the C13A Complexes of pNPP and0.14 A. Moreover, even the side chains of the loop are in
PQ,. As mentioned above, the mutant C13A crystal has two the same conformations. This again suggests the high rigidity
molecules in the asymmetric unit, with one molecule (A) of the P-loop.
having apNPP molecule in the active site and the other  In contrast, the residues on the walls of the active site
molecule (B) a phosphate ion. Figure 7 shows the rms cavity do exhibit some changes in relative positions. The
deviation of the main chain and side chain atoms betweenloop containing Tyr-51 and His-52 shows a movement of
molecule A and molecule B in the C134NPP complex about 0.5 A. The largest movement occurs at residues Trp-
structure. The phosphate-binding loops (residues 23 134 and Tyr-135, where the main chain atoms shift about
have identical main chain conformations, with an rmsd for 0.8 A. This is due to the interactions betwegaMPP and the
Co atoms of 0.11 A, and the side chains of the P-loop also side chains of Trp-134 and Asp-132. While the HEPES
have very similar positions (Figure 6). This is consistent with molecule is a relatively straight molecule, {¢PP molecule
earlier conclusions that the structure of the P-loop is quite has a single bend at the phenolic oxygen. Therefore, when
rigid (37). The positions of the two bound molecules are bound in the active site, the flatnitrophenyl group opNPP
however slightly different. Compared to the phosphate group is at a position slightly different from that of the (hydroxy-
of pNPP, the inorganic phosphate ion binds slightly more ethyl)piperazine portion of HEPES. The interactions of this
deeply in the active site and is shifted@.3 A) toward p-nitrophenyl group with the side chains of Asp-132 and Trp-
residue Ser-20. The side chain of Ser-20 also moves toward134 force the loop containing these residues to shift toward
the phosphate ion to form an H-bond between O2 of the surface of the protein relative to that in the wild-type
phosphate and ©of Ser-20 (Table 4). This brings it closer HEPES complex. In the noncrystallographic dimer, this loop
to Ala-13, which moves correspondingly to avoid contact. packs closely against the C-terminal end of helixof the
The shift of the phosphate ion allows it to form more other monomer. Therefore, the shift of the loop resulting from
H-bonds with the residues of the phosphate-binding loop, the binding ofopNPP causes the other monomer to move away
and thus to bind more tightly in the active site. In contrast, slightly. This is compensated in the crystal by the binding
the p-nitrophenyl group interacts with the aromatic residues of inorganic phosphate in the active site of the other
forming the wall of the active site cavity, and this tends to molecule, which allows the two molecules to move closer
keeppNPP at a higher position compared to the phosphate to each other. Therefore, the two protein molecules are able
ion. to stay close enough to form a dimer. As a result of the
The most striking structural differences between the two different movements in the two molecules that contain
protein molecules can be seen in the positions of the aromaticdifferent ligands, the two monomers in the noncrystallo-
residues that line the active site cavity walls (Figures 6 and graphic dimer of thggNPP complex crystal are not exactly
7). Residues in the loop containing residues Trp-134 and related by 2-fold symmetry, as compared to that in the crystal
Tyr-135, as well as the proton donor Asp-132, show the of the HEPES complex that has almost perfect 2-fold
largest movement, with shifts of the main chain atoms of symmetry. Therefore, the two molecules in tip&dlPP
more tha 1 A toward the center of active site cavity in complex crystal are not equivalent and can only pack as a
molecule B (with a phosphate ion in the active site). The complementary pair in the asymmetric unit. This results in
side chain of Trp-134 adopts a different conformation (rmsd a crystal in which one active site is exclusively occupied by
> 2.5 A) to avoid contact with the side chain of Phe-17 pNPP and the other by inorganic phosphate.
(Figure 6). The corresponding loop containing the proton  The differences in the positions of these aromatic residues
donor aspartic acid in high-molecular weight PTPases alsobetween thepNPP complex and the wild-type HEPES

3

rmsd

)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Residue number
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complex are not as large as that betweernptiBP complex
and the phosphate complex, even thoughptiBP complex
and the phosphate complex are in the same crystal. This is
because theNPP molecule, with th@-nitrophenyl group,
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