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Residues in a Low Molecular Weight Protein Tyrosine Phosphhtase

Bornadata Evans, Patrick A. Tishmack, Christine Pokalsky, Marie Zhang, and Robert L. Van Etten*
Department of Chemistry, Purdue Umrsity, West Lafayette, Indiana 47907-1393
Receied March 7, 1996; Resed Manuscript Receed July 3, 1998

ABSTRACT. The structure of the specific phosphate binding loop (P-loop) of bovine protein tyrosine
phosphatase (BPTP) is very similar to that present in IMghfPTPases. Site-directed mutagenesis was
used to explore the role of several conserved residues involved in forming the P-loop of BPTP. Thus,
Ser-19 and Ser-43 were individually mutated to alanines, and Asn-15 was mutated to alanine and glutamine.
The 'H NMR spectra of the mutants showed good conservation of global secondary structure when
compared to wild-type enzyme. Kinetic measurements revealed that only S19A and N15A had substantially
altered catalytic activities towang-nitrophenyl phosphate at pH 5.0, with both mutants exhibithgx

values that were 0.250.33% of wild-type enzyme. Further kinetic analyses of the N15A and S19A
mutants were performed using phosphomonoester substrates with varied phenolic leaving groups. For
S19A, the slope of the correlation betwe¥n.x and the substrate leaving grouowas significantly

altered, consistent with a change of the rate-determining step from dephosphorylation to phosphorylation.
This was confirmed by partitioning experiments employing methanol as an alternative nucleophile in the
dephosphorylation step. Thus, mutating Ser-19 to alanine reduced the efficiency of nucleophilic attack
by Cys-12. It is concluded that Ser-19 acts to facilitate the ionization and orientation of Cys-12 for
optimal reaction as a nucleophile and as a leaving group. It also appears that Asn-15, Ser-19, His-72,
and to a lesser extent Ser-43 serve structural functions that allow the active site to adopt an optimal
geometry for phosphate binding. The Asn-15 to Ala mutation appears to disrupt the hydrogen-bonding
network, with an accompanying alteration of the geometry of the P-loop. These conclusions are also
consistent with changes in the stability of the respective proteins, as measured by urea denaturation.

Many cellular processes are regulated through the revers-weight PTPased\{; ~18 000) is found in mammals, yeast,
ible phosphorylation of proteins. This reversible phosphor- and bacteria (Heinrikson, 1969; Rehkop & Van Etten, 1975;
ylation is catalyzed by groups of proteins known as kinases Chernoff & Li, 1985; Okadeaet al,, 1986; Waheedkt al.,
and phosphatases (Fischet al, 1991; Cohen, 1992). 1988; Zhang & Van Etten, 1990; Ostanet al, 1995).
Phosphorylation of tyrosines is involved in many of these Bovine PTPase (BPTP), recently cloned and expressed in
regulatory mechanisms (Edelmanal., 1987; Cohen, 1989; this laboratory, is a prototypical example of a low molecular
Fischeret al, 1991). There are several families of phos- weight PTPase (Wet al.,1992a). The mammalian enzymes
photyrosyl phosphatases (PTPasé@w)luding receptor-like  are highly similar in sequence and exhibit-88% sequence
and cytoplasmic high molecular weight phosphatases (Char-identity, even though many of the vertebrate low molecular
bonneau & Tonks, 1992; Zhang & Dixon, 1994). Although weight PTPases, including the human (Wo et al., 1992b) and
very diverse in size and structural organization, the membersrat liver enzymes, exist as isoenzymes. The extent of
of this gene family generally possess a conserved 240-residussimilarity between the mammalian and yeast forms of these
segment that has been suggested to comprise an indepenenzymes is also relatively high, approximately 40% (Figure
dently folding catalytic domain (Charbonneau & Tonks, 1). Except for a CXXXXXR motif at the catalytic siteitle
1992) A distinct class of Soluble, CytOplasmiC low molecular infra)' the low molecular We|ght phosphotyrosy' phos_
phatases show no apparent sequence homology to the high
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0239. weight ases ldentifled a motif that I1s similar to, but

® Abstract published irAdvance ACS Abstract©ctober 1, 1996. distinct from, the one known for the high molecular weight
1 Abbreviations: BPTP, bovine protein tyrosine phosphatase; CD, enzymes. In the high molecular weight PTPases, a conserved

circular dichroism; RO, deuterium oxide; DSS, 2,2-dimethyl-2- . . .
silapentane-5-sulfonatéGn,0, free energy change for unfolding in signature sequence, HCXAGXGR(S/T), is usually found in

water without denaturant\(AG), difference in free energy change; the C-terminal third of the protein (Zhang & Dixon, 1994).
IPTG, isopropy|5-p-thiogalactopyranosidéc,, catalytic rate constant A related invariant motif, XCXXXXCRS, is found in the

or turnover numberk;, inhibition constantK, Michaelis constant or . e
substrate concentration at half.x Ks, equilibrium binding constant; low molecular We'ght PTPases, where it is located close to

P-loop, the phosphate binding loop of BPTP, consisting of the sequencethe N-terminus. The histidine residue and glycine-rich nature
CLGNICRS;pNPP,p-nitrophenyl phosphate; PTPase, protein tyrosine of the phosphate binding loops that are found in the high

phosphatase; SBFAGE, sodium dodecyl sulfatgpolyacrylamide gel i ;
electrophoresis; SP-Sephadex, sulfopropyl-Sephadex; TFA, trifluoro- molecular weight enzymes are not.present in the S.ma”
acetic acid;Vima, €nzyme velocity at saturating concentrations of €Nzymes, but the placement of the serine and the catalytically

substrate; WT, wild-type BPTP. critical cysteine and arginine residues is identical in both
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BHPTP AEQVTKSV--LFVCLGNICRSPIAEAVFRKLVIDONI SDNW-VIDSGAVS 47 The high-resolution structure of BPTP shows that several
HCPTPA AEQATKSV--LFVCLGNICRSPIAEAVFRKLVTDQNISENW-RVDSAATS 47 H H H
HCPTPB AEQATKSV--LFVCLGNICRSPIABAVFRKLVTDONI SENW~VIDSGAVS 47 Of thecornpletEIy ConserVEd reSIdueS are InVOIVed in the
RATACP1 AEVGSKSV--LFVCLGNICRSPIAEAVFRKLVTDENVSDNW-RIDSAATS 47 formation of the active site. The conserved asparagine (ASI’]-
RATACP2 AEVGSKSV--LFVCLGNICRSPIAEAVFRKLVTDENVSDNW-AIDSSAVS 47 e g . .
Ltpl MTIEKPKISVAFICLGNFCRSPMAEAT FKHEVEKANLENRENKIDSFGTS 50 15), histidine (His-72), and two serines (Ser-19 and -43) are
stpl MT---KNIQVLFVCLGNICRSPMAEAVFRNEVEKAGLEARFDTIDSCGTG 47 . ; : :
BRWINIA  MINS-oo o TTVVCTGNICRSDTGERLLKAALD. - LRE- - 1ASAGLE 36 ator near the active site. His-72, Ser—lQ, anq Ser-43 interact
A with the Asn-15 residue of the active site loop. The
BHETE DWNVGRSPDPRAVSCLRNHGINTA-HKARQVTKEDEVIFDYTLCMDESNL 96 interaction of these three residues with Asn-15 evidently
HCPTPA GYEIGNPPDYRGQSCMKRHGIPMS-HVARQITKEDFATFDYILCMDESNL 96 ope . . . .
HCPTPB DWNVGRSPDPRAVSCLRNHGTHTA-HKARQITKEDFATFDYILCMDESNL 96 stabilizes the conformationally strained orientation (left-
RATACP1 TYEVGNPPDYRGONCMKKHGTHMQ-HIARQITREDFATFDYILCMDESNL 96 1 1 1
RATACP2 DWNVGRPPDPRAVNCLRNHGI STA-HKARQITREDFATFDYILCMDESNL 96 handgda-hellcal conformgtlon)_ of the latter residue and
Ltpl NYHVGESPDHRTVSICKQHGVKIN-HKGKQIKTKHFDEYDYTIGMDESNT 99 modifies the structural orientation of the backbone so that
Stpl AWHVGNRPDPRTLEVLKKNGIHTK-HLARKLSTSDFKNFDYIFAMDSSNL 96 . . . .
ERWINTA AM-VGGSADETASIVANEHGVSLQDHVAQQLTADMCRDSDLILVMEKKHI 87 all the NH groups in the active site loop are oriented toward
' the phosphate ion. The hydrogen bonds between His-72,
BHPTP RDLNRKSNQVKNCRARIELLGSYDPQK---QLITEDPYYGNDADFETVYQ 143 Ser-19, Ser-43, and Asn-15 appeared to serve a structural
HCPTPA RDLNRKSNQVKTCKARIELLGSYDPQK~~-QLITEDPYYGNDSDFETVYQ 143 . . .
HCPTPB RDLNRKSNQVKTCKAKIELLGSYDPOK---QLI IEDPYYGNDSDFETVYQ 143 function such that the active site loop could adopt the most
RATACP1 RDLNRKSNQVKNCKARIELLGSYDPQK---QLIIEDPYYGNDSDFEVVYQ 143 H H H
RATACP2 RDLNRKSNQVKNCKAKIELLGSYDPQK---QLIIEDPYYGNDSDFEVVYQ 143 favorable geometry for phosphate blndlng (Flgure 3) SUCh
Ltpl NNLKKI--QPEGSKAKVCLFGDWNTNDGTVQTIIEDPWYGDIQDFEYNFK 147 positioning would not onIy explain earlier results from
stpl RNINRV--KPQGSRAKVMLFGEYASPG--VSKIVDDPYYGGSDGFGDCYI 142 . . . e g
ERWINTA  DLVCRINPSVRG---KTMLFGHWT---—-NQQETADPYKKSRDAFEAVYG 129 mutagenesis and spectroscopic studies of histidine mutants
(Davis et al,, 1994a) but would also identify a role for the
oA o SN 1 conserved serine and asparagine residues in the low molec-
ALk 197 ular weight enzyme. The Ser-19 residue also forms a
RATACPZ QCLRCCKAFLEK----~TH 157 hydrogen bond with the nucleophilic cysteine, Cys-12 (Zhang
Ltpl QITYFSKQFLKK-~—~— EL 161 oy
stpi QLVDFSQNFLKS-----1A 156 et al, 1995). Consequently, Ser-19 may serve an additional
ERWINIA VLENAAQKWVNALSR-~-~ 144

role in the stabilization and orientation of this catalytically

Ficure 1. Sequence alignment of low molecular weight tyrosine it i i
phosphatases from bovine (BPTP), human (HCPTP A and B Zzgﬁlngis':ggge(ggggzhi:iitls;s 1994b). The present study

isoenzymes), rat (ACP 1 and 2 isoenzymeSgccharomyces

cerevisiae (Ltpl), andSchizosaccharomyces pon(sp1). Impor-
tant catalytic and structural residues are marked with an asteriskEXPERlMENTAL PROCEDURES

(*), and conserved residues are shown in bold type. Materials. Oligonucleotides were purchased from Inte-
grated DNA Technologies. The M13 mutagenesis kit was

i vV L F VcL GNTI CR S8 P . . .
gg;;g;tg;vz“;f"“’a“ I vV FPHGETP PSS SE ER e b purchased from U.S. Biochemical Co. The pET expression
Human LAR PTPasc M VVHCSAGVYVGR T G vector andEscherichia colistrains were from Novagen.
s o v I H oo AacIon s Restriction enzymes were from New England Biolabs.
Yersinia PTPase P VIHCRAGTYVGT R T A p-Nitrophenyl phosphatg-naphthyl phosphate, and phenyl

FIGURE 2: Sequence alignment of the active site phosphate binding phosphate were from Sigma. The remaining substrates were

loop region of the bovine low molecular weight PTPase with other Synthesized as previously described (Zhantgal, 1991).
types of PTPases. Deuterium oxide (99.8%) and 2,2-dimethyl-2-silapentane-

5-sulfonate (DSS) were obtained from Cambridge Isotope
motifs, consistent with a common catalytic mechanism Laboratories. Ultrapure urea was obtained from U.S.
between the high and low molecular weight enzymes (Figure Biochemical Co. Molecular modeling studies were done
2). Although the low molecular weight PTPases do not using the high-resolution crystal structure PDB file 1PNT
contain the glycine-rich GXGXXG phosphate binding motif from the Brookhaven Protein Database (Zhang, &t.al.,
that is present in many proteins including kinases, dehydro- 1994).
genases, and many high molecular weight PTPases (Schultz, BPTP Mutagenesis and DNA Sequencihdutant proteins
1992), it is clear that the phosphate binding loop in BPTP were obtained by site-directed mutagenesis (Vandelal,
provides equivalent phosphate binding ability. 1988) of the wild-type BPTP coding sequence (\&ftoal,,

The crystal and solution structures of BPTP have been 1992). A 765 bpXbd—BanHI fragment containing the
determined (Zhang, Met al,, 1994, Logaret al, 1994; Su BPTP gene (Wet al,, 1992) was digested from the PVEBH4
et al., 1994), and the X-ray crystallographic structure has vector and subcloned into the corresponding sites of the
recently been extended to 1.8 A (Zhaeigal., 1995). This bacteriophage M13mp18. Mutagenesis was performed using
high-resolution structure allows us to examine the relation- the T7-Genin vitro mutagenesis kit from U.S. Biochemical
ship between the conserved sequence residues in the structur€o. The mutant gene was digested usiXigd —BarrH|
and the activity of the enzyme. Aided by the presence of restriction enzymes and subcloned into the pET11d expres-
the phosphate ion at the active site in the crystal structure,sion vector. The ligation mixture was transformed into the
we can now define the residues that are important for the E. coli strain DH%. Individual colonies were selected for
substrate binding and formation of the active site. Impor- sequencing analysis to confirm the presence of the desired
tantly, the backbone arrangement of the P-loop in BPTP is mutation. Single-stranded and double-stranded sequencing
effectively identical to that found in the structure of a were performed using the Sanger dideoxy chain termination
representative highM, PTPase fromYersinia with Co method (Sangest al,, 1977) according to the manufacturer’s
positions exhibiting only 0.37 A root mean square deviation protocol for Sequenase Version 2.0. Single base pair
(Stuckeyet al.,, 1994; Zhanget al, 1995). Thus, despite  sequencing in M13mp18 (nucleotide tracking) was performed
apparent differences in the consensus sequences, the phoger initial confirmation of the desired mutation. The
phate binding regions of these proteins are surprisingly complete nucleotide sequence of the BPTP mutant was
similar. subsequently determined in the final construct to verify the
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His 72 His 72
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Ficure 3: Stereoview of the active site of BPTP showing residues Ser-19, Ser-43, and His-72 that interact with Asn-15 to stabilize the
conformation of the active site loop.

integrity of the full sequence. THe. coliBL21(DE3) strain mM except for S43A, which was only 0.2%.5 mM as a
was used for protein expression. result of precipitation during buffer exchange. All spectra
Expression and Purification of BPTP Mutant®rior to ~ were obtained using Wilmad 528-PP 5 mm NMR tubes. The
large-scale purification of the mutants, small-scale experi- temperature was controlled at the probe to bed2% °C.
ments were performed to confirm expression of the correct All spectra were obtained with 2 s acquisition time, 2 s
size proteins. An overnight culture of BL21(DE3) carrying relaxation delay, 64 acquisitions (256 for S43A), and 7200
the mutant plasmid was diluted 1:10 in LB medium contain- Hz spectral width and processed with 64K points and 0.1 s
ing 50 ug/mL ampicillin. The cells were grown at 3T Gaussian apodization function. The intens®Hignal was
until the ODyy = 0.8—-1.0. BPTP expression was induced suppressed by applying an-800 Hz radio-frequency field
by addition of 0.4 mM IPTG. After 3 h, the cells were during the relaxation delay. Further suppression was done
harvested from 1.5 mL of culture by centrifugation for 5 with the Varian solvent suppression algorithm to remove low-
min in a microcentrifuge. The cells were lysed by a frequency signals. TheJ® resonance was set to 4.77 ppm
lysozyme freeze/thaw procedure (Webal, 1992). Crude  versus DSS at 28C as an external reference standard.
extracts were then subjected to SEFAGE analysis (Laem- Urea Denaturation StudiesDefined volumes of concen-
mli, 1970) using a 12% gel with Coomassie Brilliant Blue trated urea and enzyme stock solutions were diluted using
R-250 staining. Large-scale expression of wild-type and 100 mM sodium acetate buffer, pH 5.0, and 80 mM NaCl
mutant forms of BPTP was followed by a two-step purifica- to obtain final urea concentrations of-8 M. The wild-
tion scheme involving ion-exchange and gel permeation type enzyme concentration was 0.12 mg/mL, and similar
chromatography (Davist al, 1994b). protein concentrations were used for each of the mutant
Reverse-Phase High-Pressure Liquid Chromatography. studies. Solutions were equilibrated for 2 h and maintained
The purity of the resulting proteins was assessed by HPLC at 25°C for the duration of the study. Intrinsic fluorescence
using an IBM LC/9533 ternary gradient liquid chromatograph intensities of enzyme samples in a 1 cm quartz cuvette were
equipped with an IBM LC/9523 variable-wavelength detec- monitored using a Hitachi F2000 spectrofluorometer with
tor. Enzyme (16-20ug) was loaded on a Synchropak RP-P  an excitation wavelength of 295 nm, an emission wavelength
C18 column and eluted with a linear gradient of@% of 320 nm, and slit widths of 5 nm (Pokalsly al., 1995).
acetonitrile (containing 0.1% trifluoroacetic acid) for 60 min. Enzymatic Actiity Assay. Phosphatase activity was
Circular Dichroism and'H NMR SpectroscopyThe CD measured at 37C with 10 mM p-nitrophenyl phosphate
spectra of wild-type and mutant proteins were measured on(PNPP) as a substrate in 100 mM sodium acetate buffer, pH
a JASCO Model J600 spectropolarimeter over the range 5.0, and an ionic strength adjusted to 150 mM by addition
190-240 nm using a 2 mm cell. Proteins were prepared as of sodium chloride (Zhang & Van Etten, 1990). Protein
7 uM solutions in 10 mM sodium phosphate buffer at pH concentrations were determined by UV absorbance measure-
5.0. One-dimensiondH NMR spectra were obtained with ment at 280 nm using extinction coefficients previously
a Varian Unity Plus spectrometer operating at 14 T (600 measured at this wavelength (Dasal., 1994b).
MHz for 'H). Protein samples (3015 mg) were purified Steady-State KineticsMichaelis—Menten parameters for
by the two-step procedure stated above and concentrated tavild-type BPTP and mutant proteins were determined using
<1 mL in a 10 mL Amicon stirred cell ultrafiltration device pNPP and phenyl phosphate in 100 mM sodium acetate
at 4°C using a 25 mm YM3 membrane filter. The buffer buffer at pH 5.0. FoVmax and Ky, measurements, eight
was exchanged by ultrafiltration three times with a solution different substrate concentrations were used, ranging from
of 90% H0, 10% DO, and 150 mM NaCl. After the buffer 0.1 to 10Ky, and triplicate measurements were made. The
was exchanged, the pH was between 5.2 and 5.8, and it wavalues were fitted to the Michaetisvlenten equation using
not adjusted further to avoid loss of protein due to precipita- the computer program Scientist (MicroMath, Inc.). Inhibition
tion. The final protein concentration was approximately 1.5 constants for inorganic phosphate were determined at pH
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5.0 and 37°C using eight differenpNPP concentrations «
(0.1-10 Kp). The kinetic data were obtained without
inhibitor and at four different inhibitor concentrations. h
Hydrolysis of Aryl Phosphomonoestershe k.o: andKp, ﬂ\‘ 1 //WW |
values were determined for the N15A, N15Q, S19A, S43A, M/W\ i L W/
H72A, and R58A mutants with the following five aryl ~ ~ W
phosphomonoester substrates: 4-nitrophenyl, 4-(trifluoro- |
methyl)phenyl, 4-ethylphenyB-naphthyl, and phenyl phos- /
phate. The assays were carried out in pH 5.0 assay buffer
at 37 °C. Duplicate or triplicate aliquots were taken at i | /“*w \ f '
intervals over a 6 min period, and the initial velocities of A/, AL NS W
the hydrolysis reaction were measured by determining the
inorganic phosphate produced during the reaction (Black &
Jones, 1983). ﬁ \
Partitioning Experiments.These experiments were carried B | )\m/fw f\/k
out at 37°C in 100 mM assay buffer in the presence efD S W/\w ﬂf/ W
M methanol, usingpNPP as a substrate. The reaction was h
initiated by adding a catalytic amount of enzyme, and 4 min
assays were performed. Duplicate or triplicate measurements ,M |
were made. The initial velocities were measured by the ¥ f
amount ofp-nitrophenolate and inorganic phosphate pro- A f m‘
duced. . . /VM \ W\' ‘\ﬁ
pH-Rate Profiles. Assay buffers used in the pH depen- W o Yooma
dence studies were 100 MM formate (AH3DN 100MM 3 4 35 w0 x5 w15 :?7; Ton 05 g
sodium ac? ate (p o mM citrate (p R Ficure 4: Comparison of 600 MH2-| NMR spectra for (A) WT,
50 mM diethyl malonate (pH 6:67.8), and 100 MM (g'Cran ()N1sA and (D) S19A BPTP in 90%, 10(%)QO,
glycinamide (pH 7.9-8.9). All buffers contained 1 mM  and 150 mM NaCl, pH 5:25.8, at 25°C.
EDTA and were adjusted to an ionic strength of 150 mM
using sodium chloride. At least ten different substrate €stimated to be-90% pure by reverse-phase high-pressure
(PNPP) concentrations ranging from 0.1 to K were liquid chromatography or SDSPAGE.
prepared for each pH, and the initial velocities of the enzyme- ~ Circular Dichroism and NMR Analysis.In order to
catalyzed hydrolysis reactions were measured &37he  confirm the structural integrity of the mutants, CD alhtl
kinetic parametersk..: and K, were determined from a  NMR spectra were obtained for several of the mutants that
nonlinear least squares analysis of the Michadlienten ~ possessed reduced activity compared to wild-type protein.
equation using Scientist (MicroMath, Inc.). The pH data The CD spectra of the mutant proteins, measured over a
were fit to eq 1 or 2 depending upon the shape of the profile range of 196-240 nm, showed no significant differences
(Denu & Dixon, 1995). For eq 1 and 2, is the pH- from that of the wild-type protein (data not shown). Previous
independent value dé../Km, H is the proton concentration, NMR work had established the backboftt, **C, and'*N
and K.y, Ka, and Kus are the equilibrium constants for —assignments (Zhoat al, 1994) and the complete solution
ionization of groups affectind.a/Km. Fitting of the pH-  structure (Logaret al,, 1994) for wild-type enzyme. In the
dependent data to eq 1 or 2 was accomplished with nonlinearpresent study, one-dimensiondi NMR spectra were
least squares analysis using Scientist (MicroMath, Inc.).  obtained to assess whether the protein secondary and tertiary
structures were significantly altered by the various mutations.
v=vJ[(1+ HK, )1+ K H) 1+ HKL] (1) Figure 4 shows a series &f NMR spectra comparing the
wild-type enzyme with three of the mutants (N15A, S19A,
v=wJ[(1+ HIK,)1+ K /H)] (2) and S43A) that were examined in this study. A qualitative
inspection of peak position and line shape of the resonances
RESULTS in wild-type and mutant BPTPs showed good conservation
of global secondary structure for the mutants (Wiskasl.,
Overexpression and Purification of Enzymdsarge-scale 1991a,b; Wishart & Sykes, 1994). The chemical shift
expression of the N15Q, S43A, and R58A mutants produceddispersion in native state proteins is larger (i.e., resonances
25-50 mg of enzyme/2 L of culture using the same are observed<0.5 and>9 ppm) than for completely or
purification procedure as that employed for the wild-type partially denatured proteins. The spectra of N15A and S19A
protein. However, the N15A and S19A mutants were more revealed only minor changes in the region-68.7 to 0.5
difficult to purify because the mutant proteins did not bind ppm, which are indicative of small structural changes in these
adequately to the SP-Sephadex C-50 cation-exchange colummutants. The S43A spectrum was nearly identical to that
under similar conditions. These proteins were eventually of wild-type BPTP in this region. Previous studies of wild-
purified using a lower ionic strength buffer consisting of 10 type enzyme showed that these low-frequency peaks were
mM sodium acetate, 10 mM sodium phosphate, and 1 mM due to several hydrophobic amino acid side chain residues
EDTA, pH 4.8. After this chromatographic step, the main near the active site of BPTP. These residues are Val-8, Leu-
impurity was a 29 kDa proteing-lactamase. This was 9, and Val-11, which precede the Cys-12 nucleophile in the
removed by passing the protein through a Sephadex G-50first s-strand in BPTP, and lle-88 and Leu-89, which are
size exclusion column. In each case, the protein was part of a3-strand running parallel to the fir§tstrand (Zhang,
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Table 1: Kinetic Parameters of WT and Mutant BPTP UgiNPP Scheme 1

and Phenyl Phosphate as Substrates

pNPP phenyl phosphate E+ pNPPg E°pNPP-L‘i
enzyme Kp(MM)  Vinax (units/mg)  Km (MM)  Vinax (units/mg) ko1 k-2 ) )
WT  0.394+0.13 116412 3.76+0.51 110+ 13 E—P+ pr_—_-3 EP—E + P
N15A 0.10+£0.01  0.39%+0.05 1.12+0.21  0.57+0.19 k-3 k-a
N15Q 2.66+0.37 18+ 0.87 3.9140.48  7.35+0.62
§5§A g-Szi 8-36 8(5)i388¢ 016 0305013  0.27L 010 Hydrolysis of Aryl PhosphomonoesterBPTP catalyzes
szllsﬁ 0'%& 0'0:31 684 5 1 : 1 2701 the hydrolysis opNPP through the kinetic mechanism shown
H72A 0.31+0.11 17+ 0.95 1.5+ 0.18 144 0.72 in Scheme 1. The rate-limiting step is normally dephos-

phorylation (Zhang & Van Etten, 1991b), and this typically
results in constan¥max values regardless of th&kpvalues

of the aryl leaving group of the substrates. To assess whether
the lower activity of the N15A, N15Q, H72A, and S19A
mutants reflected a change in the rate-determining step of
the catalytic mechanism from dephosphorylation of the

a Measurements were made at pH 5.0,°€7 in 100 mM sodium
acetate, 1 mM EDTA, and NaCl to give an ionic strength of 150 mM.

M., et al, 1994; Zhouet al, 1994). 'H NMR spectra
obtained during the course of urea denaturation of wild-type

BPT.P showed _that these Iow—frgque_ncy resonances Werephosphoenzyme intermediate to phosphorylation of the
undisturbed until urea concentration in excess of 4 M Was g,y me  several phosphomonoesters with significantly dif-
reacr_led (P'_A' Tishmack, unpubﬁshed regults), Wh'Ch, 'S ferent leaving group Ig, values were tested (Table 2). For
consistent with the urea denaturation experiments described 7oA and N15A thé/max Values were effectively constant
elsewhere in the present study. Thus, the NMR results were, g narallel the kinetic results for wild-type enzyme. These

consistent with the kinetic data and CD Spectroscopy regyjts are consistent with dephosphorylation of the phos-
obse_rved for the mutant proteins and indicate only minor, phoenzyme intermediate as the rate-limiting step in the
localized structural changes. catalytic mechanism (Zhang & Van Etten, 1991a). However,
Steady-state Kinetics of BPTP Mutants.mav¥and Ky, for S19A, theVmax value was significantly dependent on the
values for pNPP and phenyl phosphate substrates were leaving group K, (Figure 5), and the results were fitted to
determined at pH 5.0 and 3T for the wild-type, N15A, the linear relationship lofmax= 1.01— 0.201K,. This is
N15Q, S19A, S43A, R58A, and H72A BPTP enzymes. consistent with a mechanism in which phosphorylation is
These data are summarized in Table 1. The most strikingthe rate-limiting step. For the N15Q mutant, tg values
results were seen for N15A and S19A. With the substrateswere very high with several of the aryl phosphomonoesters.
pNPP and phenyl phosphate, the N15A mutant exhibitegd Consequently, it was not possible to accurately determine
values that were approximately 0.33% and 0.53% of that of the leaving group dependence for this mutant.
WT BPTP, respectively, while S19A exhibited values of  Ppartitioning Experiments.A number of weakly acidic
0.33% and 0.25%, respectively. This is consistent with the nucleophilic reagents including methanol, ethanol, and eth-
hypothesis that both Asn-15 and Ser-19 serve important I’O|€S.y|ene glycol, which can potentially act as acceptors of the
For the S43A and R58A mutants, the kinetic parameters werephosphate group in place of water, are known to enhance
only minimally affected, indicating that the side chains of the activity of wild-type BPTP (Zhang & Van Etten, 1991b;
these residues are not particularly important to the catalytic Zhang, Z.,et al., 1994). For wild-type BPTP, a positive
activity. Arg-58 is not involved in forming the P-loop dependence was observed between the rate of release of
structure but is instead a surface residue near the entranc-nitrophenolate and the concentration of added methanol.
to the active site and was selected as a probe of electrostatiAt the same time, added methanol did not alter the corre-
effects. The R58A and N15Q mutants exhibited 2- and sponding rate of liberation of inorganic phosphate. Similar

7-fold increases iy, respectively. These results indicate

results have been described for the structurally unrelated

that Asn-15 and Arg-58 serve in part to maintain the substrate coli acid phosphatase/phytase (Ostagiiral,, 1993). Such

binding affinity, albeit by different mechanisms.

For this phosphatase, it is known that substkgteralues
are generally not true equilibrium binding constants (Zhang
& Van Etten, 1991b). To better compare changes in binding
by the P-loop mutants, the dissociation constagtgor
inhibition by inorganic phosphate were measured for N15A,
N15Q, R58A, and S19A as well as wild-type BPTP at pH
5.0. The measurel; values for phosphate inhibition of

experiments provide additional evidence that the rate-
determining step of the reaction is hydrolysis of a phospho-
enzyme intermediate.

In the present case, the behavior of the S19A mutant
toward methanol was strikingly different from that observed
for the wild-type enzyme. Th¥max(as measured by release
of p-nitrophenolate) did not vary in the presence ef2M
methanol (Figure 6). This result, along with the evidence

wild-type, N15A, R58A, and S19A proteins were 1.8, 3.5, from the leaving group dependence study, further supported
5.8, and 6.2 mM, respectively. (Phosphate ion was such athe conclusion that phosphorylation of the enzyme became
poor inhibitor for N15Q that an accurat§ could not be  rate-limiting when Ser-19 was mutated to alanine.
determined under comparable conditions. When high con-  Protein Stability MeasurementsThe unfolding of wild-
centrations of substrate and inhibitor were used, the resultingtype BPTP has been shown to closely approach a two-state
increase in ionic strength caused a sharp ris&nand folding mechanism (C. Pokalsky, unpublished results). The
precluded saturation of the enzyme with the substrate.) Thedifferences in conformational stability between WT BPTP
higherK; values observed for the P-loop mutants N15A and and the P-loop mutants were determined by urea unfolding
S19A and for the mutant R58A reflect a reduced affinity experiments. Analysis of each denaturation profile was
for phosphate ion compared to the wild-type enzyme. performed by fitting the observed fluorescence intensities
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Table 2: Michaelis-Menten Parameters for Hydrolysis of Aryl Phosphomonoésters

phenyl leaving WT N15A S19A H72A
phosphate ester group Ka  Keat(S7%) Km (MM) Keat (S73) Km (MM) Keat (S71) Km (MM) Keat (571) Km (MM)

4-nitro 7.14 34.6-3.6 0.39+£0.13 0.12+0.015 0.10+0.03 0.11+0.048 0.16+-0.019 4.6+0.59 0.31+0.13

4-trifluoromethyl 8.68 28.62.8 1.16+£0.23 0.20£0.03 0.94+0.25 0.059+ 0.01 0.18+0.043 4.5-0.61 0.60+0.25

B-naphthyl 9.38 28.2 3.2 1.45+0.18 0.040+ 0.018 0.12+0.034

parent 9.99 34.& 3.8 3.76£0.37 0.17£0.026 1.12+0.15 4.3+ 0.53 1.5+0.23

4-ethyl 10.0 32.5£29 2.99+0.34 0.23+£0.035 0.76+0.23 0.030+ 0.007 0.30+0.05 3.7+0.38 1.0+0.19

a Measurements were made at pH 5.0,°87 in 100 mM sodium acetate, 1 mM EDTA, and NaCl added to give an ionic strength of 150 mM.

3 b Table 3: Parameters Characterizing the Urea Unfolding of
Wild-Type and Mutant Forms of BPFP
2r i [ureal m AGu,0 A(AG)®
” . R enzyme (M) (calmortM~1)  (kcal/mol) (kcal/mol)
i B ”~a
- : wT 5.1 2480 10.3
2 [ Y131A 55 2480 10.2 0.1
or E139A 5.4 2470 9.9 0.4
[ S43A 4.8 2450 9.3 1.0
aF N15A 3.6 2530 6.6 3.7
[ H72A 35 2520 6.5 3.8
N S19A 3.3 2310 5.0 5.3
7 8 9 10 11 a Measurements were made at pH 5.0,°25 in 100 mM sodium

acetate and 80 mM NaCl.An experimental uncertainty af0.35 kcal/

Leavi K h .
caving group px, mol for A(AG) values was estimated from the accumulated error in

FIGURE 5: Effect of aryl phosphate leaving groufpon V. for [ureal, (£0.1 M) andm (£70 cal mof* M™9).
H72A (a), S19A @), and WT @) BPTP. Activity was measured
at 37°C in 100 mM sodium acetate, pH 5.0, 1 mM EDTA, and L0
86.5 mM NaCl. [
250 08|
200 : 06
£ i
, 150 oal
£ AT
100 [
0.2 1
50 [
00!l
(R o ST S AT
00 05 1.0 15 20 25 3.0 [urea] M
[Methanol] M FiGURe 7: Fractional amount of folded proteiBqeq, as a function

FIGURE 6: Effect of methanol otV for WT () and S19A &) of urea molarity for wild-type BPTPA) and the mutants S43A
BPTP. Vi Was determined by measuring the liberation of (4), N15A (@), H72A (O), and S19A M) at pH 5.0, 25°C, in 100
p-nitrophenol at 37C in 100 mM sodium acetate, pH 5.0, 1 mM MM sodium acetate buffer and 80 mM NaCl. Individual data series
EDTA, and 86.5 mM NaCl. were fit to eq 3 as described in Experimental Procedures. Urea
denaturation curves for Y131A and E139A BPTP were omitted

to eq 3 (Paceet al., 1989) using a nonlinear least squares for the sake of clarity, but they closely resemble the denaturation
analysis algorithm written in SigmaPlot (version 3.0, Jandel curve of wild-type BPTP.

Scientific). The fact that none of the mutants had a slope value

_ significantly different from that of WT BPTP indicated that
Yoos = [(¥n + My[D]) = (v, + m[DDIL + these mutants also closely approach a two-state folding
exp[~((AGy,0 — mD]))/RT]] + (v, + mD]) (3) mechanism. Differences in the free energy change for
unfolding in the absence of denaturahG,o, for wild-type
Here, yobs is the observed fluorescence intensigy,andy, BPTP and P-loop mutants are given in Table 3. Typical
represent the fluorescence values characteristic of the foldedesults from urea denaturation experiments for several P-loop
and unfolded statesy, andm, are slopes that describe the mutants are shown in Figure 7.

folded and unfolded transitions, respectivatyis the slope Effect of pH on k/Kmn. The pH dependence &f./Km
of the unfolding transition, [D] is urea concentratidXGu,o for WT, S19A, and N15A BPTP each displayed a descending
is AG at 0 M ureaRis defined as 1.987 cal mdiK~* and slope of —1, consistent with the known participation of a

Tis 298 K. The sloperf), a measure of transition steepness, protonated residue during hydrolysis (Zhang.eZal., 1994).
reflects the structural differences of the native and unfolded For both S19A and N15A BPTP an ascending slope of
states of the protein (Schellman, 1978). Thesalues for approximately+2 was observed, consistent with the direct
WT BPTP and the P-loop mutants ranged from 2310 to 2480 involvement of one unprotonated residue together with the
cal mol M~1 with an average of 246& 70 cal mot* M~ monoanion ofpNPP (Figure 8). Thelg, of the latter was
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group (X, of the aryl substrates tested. This result suggested
that the phosphorylation step was retarded to the point where
it became rate-limiting. An independent procedure involving
partitioning experiments also supported the conclusion that
phosphorylation was rate-limiting for the S19A mutant.

Mutants at Asn-15 possessed different levels of activity
depending on the amino acid substitution. The N15A mutant
exhibited approximately 0.33% of the activity of wild-type
enzyme at pH 5.0 witpNPP as the substrate, whereas N15Q
had 15% of the activity, compared to wild-type enzyme under
the same conditions. The active site loop may be distorted
due to the extra methylene group of glutamine compared to
the asparagine present in the wild-type enzyme, although the
bt size of the additional methylene group may be partially

accommodated by reorientation. Hence, glutamine may still
pH be able to maintain the hydrogen-bonding network between
FicUrRe 8: pH dependency d../K for WT BPTP @) (left scale) His-72, Ser-19, and Ser-43. The N15Q mutant exhibited an
and for N15A @) and S19A @) (right scale). WT BPTP was fit  7-fold increase inK,. This experimentally significant
to eq 2 while data for N15A and S19A were fit to eq 1 as described jncrease must be due at least in part to reduced true affinities
in Experimental Procedures. . . L
for the substrate (i.e., increas&d value), in view of the
large increase if; for phosphate binding exhibited by this
mutant. H72A also exhibited a significant reductioninux
whenpNPP was used as a substrate (Table 1).

Potential Roles for Ser-19, Asn-15, and His-7/&ructural
data for native BPTP suggest possible roles for Ser-19, His-
72, and Asn-15 (Zhang, Mgt al., 1994). The hydroxyl
group of Ser-19 is in very close proximity to the thiolate

q lat+l

1 le+2

kK (M5
kK, (M5}

1 levl

lg+r U

held constant at 5.1 (Taga & Van Etten, 1982; Denu &
Dixon, 1995). Due to the irreversible acid denaturation of
WT BPTP at pH values 3.8, a comparable ascending slope
could not be defined for WT BPTP (Figure 8). Conse-
quently, the |, of Cys-12 in WT BPTP could not accurately

be determined, but it was clearly below 4.0. Upon mutation

of either Ser-19 or Asn-15 to alanine, the ascending curvature® .
of the pH profile was shifted to higher pH, thus allowing ﬁ]r_uon 0]; Cy?]-_ll_Z (2'%8 A) gndr:‘orm_sta hy?_rog_en b?lnlg with
for the interpretation of the ascending slope. The profiles . IS hucleophilic residue. Such an Interaction 1S wet-known

for S19A and N15A BPTP both reflect an unprotonated in the case of many glutathior&transferases (Wilcet .al"
residue with an approximatépof 4.4, while the descending 1295) ) "Th||sWhydro?eCn bigd \Shio ?]err]:aciog 'nl cautsr:ng Zhe
curvature reflected a protonated residue withkg of 5.2, unusuatly 10 Xa 0 ys-Le, ch must be ess than 2.
corresponding to thely, of Asp-129 (C. Pokalsky, unpub- By replacing the_serl_ne_ residue with alamne, the _hyd_roxyl
lished results). Thel, of the protonated residue derived group of Ser-19 is eliminated, and the thiolate anion is no
from the desc.ending slope of WT BPTP using eq 2 was longer stabilized. This would be expected to increase the
determined to be 5.3, which is consistent with that observed PKa of the Cys-12 thiol, as shown by the altered/Kn

for the two mutant proteins, S19A and N15A BPTP curves in Figure 8. Moreover, the disruption of this hydrogen
' ' bond might also alter the geometry and/or conformation of
DISCUSSION the active site such that Cys-12 is no longer in an optimal

position for nucleophilic attack on the substrate. For

Recent structure determinations showed that severalexample, modeling studies suggest that, in the absence of a
conserved residues, including Asn-15 and Ser-19, are directlyhydrogen bond to Ser-19, the thiolate anion might interact
involved in the formation of the active site phosphate binding with the side chain of Arg-18. The normally rapid phos-
loop of BPTP. In addition, a conserved histidine (His-72) phorylation stepk;) could then become rate-limiting. The
and two conserved serines (Ser-19 and Ser-43) are locatedatalytic rate constant is defined &g: = koks/(k2 + ks)
near the active site and appear to serve a function in (Scheme 1). Therefore, when phosphorylation becomes rate-
stabilizing the active site loop by interacting with Asn-15. limiting, ks > k, andkeat =~ k.. The hypothesis that, in the
In order to assess the roles of these residues in the lowS19A mutant, Cys-12 is no longer in an optimal position
molecular weight PTPases, specific mutants have now beerfor nucleophilic attack and that the phosphorylation step is
constructed and analyzed. Asn-15 was replaced by glutaminehindered was supported by the results of the leaving group
and alanine, while Ser-19 and Ser-43 were replaced bydependence and partitioning experiments. Thus, Ser-19
alanine. Although all mutants retain phosphatase activity, appears to be important in stabilizing the thiolate anion of
several significant changes are observed. To test whetherCys-12 and in maintaining it in an optimal position for
the reduced activity was due to a change in the catalytic hucleophilic attack.
mechanism from rate-determining dephosphorylation to  The present results are consistent with the hypothesis that
phosphorylation, a series of aryl phosphomonoesters wereAsn-15 also serves an important role in stabilizing the
tested. The activity of N15A, H72A, and wild-type enzymes geometry of the active site loop region for optimal substrate
showed no dependence on the leaving grokipgd the aryl binding and catalytic activity. In wild-type BPTP, Asn-15
substrates tested. These results were consistent with thes found in a strained (left-handedhelical) conformation
formation of a covalent phosphoenzyme intermediate and (Zhang, M.,et al., 1994, 1995). This energetically unfavor-
with the dephosphorylation of this intermediate as the rate- able conformation is stabilized by interaction of Asn-15 with
limiting step in the catalytic mechanism. In contrast, the His-72, Ser-19, and Ser-43. The hydrogen bonds between
activity of S19A showed a marked dependence on leaving His-72, Ser-19, Ser-43, and Asn-15 all appear to serve
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structural roles such that the active site loop can adopt the phosphorylation Arg 18
most favorable geometry for phosphate binding. The
removal of the amide functionality in the N15A mutant NH
disrupts the hydrogen-bonding network and would be HoN==3
expected to modify the P-loop conformation. The alanine .
residue is likely to adopt a normal right-handed conformation, / 00—/
which would be expected to alter the stability and geometry ﬁ@) v\ .
of the active site loop. The increas&gdfor phosphate ion R e’ O\
that is observed for N15A is also consistent with an altered, {J Cys 12
less favorable geometry for binding of phosphate ion or 0
substrate. Asp 129

The His-72 mutant has been studied extensively in our
laboratory (Daviset al, 1994a). His-72 is 8.4 A from the ~ Dephosphorylation Arg 18
active site nucleophile and is not directly involved in
catalysis. However, it is a critical residue in the hydrogen- HyN—
bonding network that forms the P-loop. Removal of this +\NH,
histidine residue decreaséth.x to approximately 15% of 0 -

— (0] [0}
that of the wild-type enzyme (Table 1). /—@7011 N P=0 e HOWP=0
Thermodynamic measurements of protein stability are also {l u \-

0
consistent with the importance of the hydrogen-bonding o S e 19 ©
network involving P-loop residues. Strikingly large losses % Cys 12
in structural stability are obtained for the N15A, H72A, and Asp 129
S19A mutants, as compared to sme(AG) values for S43A, FiIGUREQ: Catalytic mechanism for PTPases. As a proton is donated
E130A, and Y31 (Table 9. The later wo mutants were o be genera scd fep 128 o e eavng pherahe e, e,
sglecteq as control proteln_s m,Wh'Ch the S,lte of mutation formation ofa)cl:ovalent phosphoenzyme in)t/ermediate. In a step that
did not involve the P-loop or its directly associated hydrogen- is normally rate-limiting, the phosphoenzyme subsequently reacts
bonding network. While these results cannot be interpreted with water to form inorganic phosphate and regenerate the enzyme.
with certainty until high-resolution structure determinations
of the respective P-loop mutant proteins are available, theinorganic phosphate (Figure 9). Hydrogen bond interactions
A(AG) values are at least consistent with the loss of one between the protein and the phosphate substrate, and between
hydrogen bond for S43A and the potential loss of two to the protein and the phospho group of the phosphoenzyme,
three hydrogen bonds each for N15A, H72A, and S19A. affect each of these steps. Moreover, as dephosphorylation
Thus, kinetic, structural, and spectroscopic studies are allproceeds, the thiolate anion leaving group is again increas-
consistent with the conclusion that the disruption of hydrogen ingly stabilized by hydrogen bonding to the hydroxyl group
bonds in this network can greatly affect the activity of the of Ser-19. From the present work, it appears that the N15A
enzyme. mutation disrupts the hydrogen-bonding network which
The Ser-19 residue in BPTP is structurally analogous to stabilizes the conformation of the phosphate binding loop
Ser-131 in the dual-specificity phosphatase VHR (Denu & of the enzyme and changes the geometry of this region. This
Dixon, 1995), but there are some clear differences in the gypstitution replaces a fairly large polar residue with a small
roles of these residues in their respective enzymes. In VHR, hydrophobic residue. Substrate may enter the active site
the nucleophile Cys-124 has a low appareK pf 5.6 + crevice more readily, but the rate of hydrolysis is slowed
0.3 (Denuet al, 1995). However, removal of the hydroxyl  que to the destabilization of the active site loop by the
group of Ser-131 did not shift the apparerapof the disruption of hydrogen bonds. In addition, some of the
nucleophile. Specifically, the S131A mutant reportedly giapilizing hydrogen bonds to the substrate and phosphoen-
showed no effect on the rate of formation of the phospho- ;y e intermediate are altered or absent. As a consequence,
enzyme intermediate or on the apparekt pf the nucleo-  yno magnitudes of both ground-state and transition-state

Eg“ic c_)(/jsteine _(Denut &thixor]l, 1I9t9?) In B.PTtI.D' thefstﬁr- energies are altered, consistent with the changed;, and
residue is important for facilitating ionization of the \, |16 for the N15A mutant.

nucleophilic cysteine and probably for maintaining this : ) . ) )
residue in an orientation suitable for nucleophilic attack. This It ill be of interest to probe additional, related interactions
conclusion is supported by the shift in the apparefs qf that are important to the speC|f|C|ty gnd'mecha.nlsm of the
Cys-12 in the S19A mutant as well as the change in the rate-€nzyme. For example, previous pH titration studies revealed
determining step from dephosphorylation to phosphorylation. that the [Kss of the side chain imidazole groups of His-66

The catalytic mechanism of BPTP can now be elaborated@nd His-72 are unusually high, 8.4 and 9.2, respectively,
as follows. The catalytic nucleophile, Cys-12, attacks the indicating that there is significant stabilization of the pro-
phosphate substrate (e@NPP) to form a phosphoenzyme tonated form by interactions involving neighboring groups
intermediate. Concurrently, a proton is transferred from the (Davis et al, 1994a; Zhouet al, 1993). Since His-72
proton donor Asp-129, leading to the release of phenolic interacts directly with Asn-15, one might expect a change
product (Zhang, Zet al, 1994). The thiolate group of Cys-  in the [K; of this histidine when the amide functionality is
12 is held in place by a hydrogen bond to Ser-19 and thusremoved. Determination of the crystal structures of the
positions the nucleophile for attack on the substrate. In the N15A and S19A mutants, particularly using neutron diffrac-
dephosphorylation step, the phosphoenzyme intermediate idion techniques, would further define the roles of these
attacked by a water molecule, releasing the second productresidues.
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