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ABSTRACT: Virtually all of the eukaryotic low-molecular weight protein tyrosine phosphatases (LMW
PTPases) studied to date contain a conserved, Highstidine residue that is hydrogen bonded to a
conserved active site asparagine residue of the phosphate binding loop. However, in the putative enzyme
encoded by the genome of the trichomonad parasitéachomonas foetyghis otherwise highly conserved
histidine is replaced with a glutamine residue. We have cloned the gene, expressed the enzyme,
demonstrated its catalytic activity, and examined the structural and functional roles of the glutamine residue
using site-directed mutagenesis, kinetic measurements, and NMR spectroscopy. Titration studies of the
two native histidine residues in thie foetusenzyme as monitored by4 NMR revealed that H44 has a

pKa, of 6.4 and H143 has akg of 5.3. When a histidine residue was introduced in place of the native
glutamine at position 67, aikp of 8.2 was measured for this residue. Steady state kinetic methods were
employed to study how mutation of the native glutamine to alanine, asparagine, and histidine affected the
catalytic activity of the enzyme. Examinationlef/Km showed that Q67H exhibits a substrate selectivity
comparable to that of the wild-type (WT) enzyme, while Q67N and Q67A show reduced activity. The
effect of pH on the reaction rate was examined. Importantly, thenalté profile of the WT TPTP enzyme
revealed a much more clearly defined acidic limb than that which can be observed for other wild-type
LMW PTPases. The pHrate curve of the Q67H mutant shows a shift to a lower pH optimum relative

to that seen for the wild-type enzyme. The Q67N and Q67A mutants showed curves that were shifted to
higher pH optima. Although the active site of this enzyme is likely to be similar to that of other LMW
PTPases, the hydrogen bonding and electrostatic changes afford new insight into factors affecting the pH
dependence and catalysis by this family of enzymes.

Phosphorylation and dephosphorylation of tyrosine resi- phosphothreonine. These enzymes contain a catalytic domain
dues are important events in cell cycle function and regu- of approximately 170 amino acids. The third subfamily is
lation. Phosphatases and kinases play crucial roles incomprised of the low-molecular weight PTPases (LMW
maintaining the balance between the phosphorylated andPTPases). With the exception of the structure of the
unphosphorylated states. Protein tyrosine phosphatases (PTphosphate binding loop (the P-loop), the LMW PTPases
Pases)are important in cell cycle regulation and intracellular show no apparent structural similarity to the other PTPase
signaling, including critical processes that have been impli- families @).
cated in cancer, insulin action, and cell growth and develop- The LMW PTPases are cytosolic enzymes that are
ment (L—3). On the basis of size and substrate specificity, ubiquitous in eukaryotes and are characterized by their size
several subfamilies may be recognized that share little (<18 kDa), the presence of the active site signature motif
sequence similarity apart from the highly conserved active near the N-terminus, and a high degree of overall sequence
site sequence, GR. One subfamily is composed of the high- similarity. Despite the low level of sequence and structural
molecular weight enzymes that occur as both membrane-
bound receptors and cytosolic enzymes. They share a !Abbreviations: PTPase, protein tyrosine phosphatase; LMW PT-
conserved catalytic domain of 250 amino acids and a similar Pase, low-molecular weight protein tyrosine phosphatase; HMW
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similarity between the subfamilies of PTPases, they exhibit was attributed to structural changes within the active site
similar catalytic mechanisms, and the LMW enzymes serve due to reorganization of the hydrogen bonding netwak (
as useful models for the more complex PTPases. Thel9, 20).
enzymes are active over a wide pH range and act on several Histidine residues are very sensitive to electrostatic effects
different synthetic phosphomonoesters in vitro. A number of nearby amino acids and can act as reporter groups
of putative substrates have been examined in vitro and in concerning the local environment. For example, titration of
vivo, but the functions of these enzymes in the cell have not the two histidines in WT BPTP, H66 and H72, showed they
been established with certainty (cf. réfsand 6). have K, values of 8.4 and 9.2, respectivelyd( 21). These

In the first step of the reaction catalyzed by LMW pK, values are significantly elevated relative to a value of
PTPases, the reaction is initiated by donation of a proton approximately 6.5 expected for an unperturbed histidine side
from a highly conserved aspartic acid residue to the oxygen chain. The K, perturbation of H72 was due primarily to
of the leaving tyrosyl group of the bound phosphomonoester the presence of two nearby anionic side chains, E23 and D42,
(7). As the reaction progresses, a covalent phosphoenzymebut hydrogen bonding interactions also contributé, (18,
intermediate is formed by phosphoryl transfer from the 20, 21).
phosphotyrosine substrate to a nucleophilic cysteine that is In this paper, we report the expression and characterization
part of the active site signature motB-10). The second  of a LMW phosphatase from the bovine protozoan parasite
step of the mechanism involves a generally rate-limiting Tritrichomonas foetusThese primitive eukaryotic organisms
hydrolysis of the covalent phosphoenzyme intermediate do not contain mitochondria or peroxisomes, but instead
which leads to formation of the final product, inorganic contain hydrogenosomes, which are double-membrane-bound
phosphate X1, 12). The transition states for these steps are organelles that are involved in metabolic processes that
highly dissociative in character, a conclusion that follows extend glycolysis 22, 23). The parasite resides in the
from not only comprehensive kinetic isotope measurements urogenital tract of cattle and is responsible for asymptomatic
but also recent density functional calculatiods,(14). infection in bulls, but inflammation, infertility, and abortion

The similar catalytic mechanism among all PTPases is in cows. The organism is responsible for great economic loss
facilitated by a shared structural feature known as the in the agricultural industry, but the mechanism of virulence
phosphate binding loop, or P-loop. The P-loop is formed by is largely unknown Z4). Because a PTPase is fundamental
the amino acids in the conserved active site sequenceRCX to the virulence ofYersinia pestisand a LMW PTPase has
and it serves to position the substrate for nucleophilic attack. been identified as part of the virulence gene cluster of
In HMW PTPases, this motif contains several glycines which Erwinia amylaora, we are studying th&@. foetusenzyme
allows the P-loop to adopt a conformation well suited to (TPTP) @5, 26).
binding phosphate. Among the eukaryotic LMW PTPases, The LMW PTPase encoded by the genomeTofoetus
the active site P-loop motif CXGNXCRS contains a single contains the characteristic, highly conserved active site
glycine (Figure 1). Despite this difference, structural com- sequence and the catalytically important aspartic acid residue
parison of P-loop positions in known PTPase structures (Figure 1). In addition, it encodes many other residues,
shows this region is highly superimposab#. (This struc- analogous to E23, D42, and S43 in BPTP, which make up
tural similarity depends in part on interactions with residues the active site and its hydrogen bonding network. It does
outside of the P-loop. not, however, contain the otherwise fully conserved histidine

In addition to the P-loop residues, the LMW PTPases also (H72 in BPTP) that has been demonstrated to be important
contain other highly conserved residues, including E23, D42, for enzyme structure and activity. It is the only known
S43, H72, D129, Y131, and Y132 (all numbering is based eukaryotic LMW PTPase that does not possess this residue.
on the BPTP sequence). Studies have shown that many ofWe sought to explore the activity of the TPTP enzyme and
these residues are important for the structure and functionthe possible structural and functional roles of the Q67 residue,
of the enzymes?, 9, 15—18). In particular, mutation of the ~ which is in a position homologous to that of H72 in the
highly conserved H72 in BPTP to asparagine or alanine bovine enzyme. A series of mutagenesis and kinetic experi-
resulted in enzymes with moderately or highly reduced ments with recombinant TPTP enzymes have been carried
activity, respectively 15, 19). Further studies demonstrated out in an effort to examine the role of the unique glutamine
that the change in activity was not due to a change in the residue. Because the structure of TPTP is not known,
rate-determining step of the catalytic mechanism. Instead, mutagenesis and histidine titration experiments were also
crystallographic determinations revealed that in the P-loop, carried out to probe electrostatic effects at the active site
N15 is found in a strained, left-handed conformation which and to obtain basic structural information that would comple-
alters the P-loop backbone such that the NH groups of the ment the kinetic studies.
active site loop are opented toward the phosphate. ion .andEXPERIMENTAL PROCEDURES
the overall conformation resembles that of the glycine-rich )
P-loop of HMW PTPases4( 16). As shown in Figure 2, Materials IPTG, SP-Sephadex C-50 beads, geuitro-
H72 is part of an extensive hydrogen bonding network phenyl phosphate disodium salt were fro_m Sigma, Sephadex
involving elements of the active site, including a hydrogen G-50 and G-75 beads from Pharmacia, and Omega 3K
bond to the side chain of N15 that is critical in stabilizing Membranes from Filtron. Chemicals used in the modified
this residue in its otherwise energetically unstable conforma-
tion (4, 16). H72 is also involved in a number of significant ?The recently reported primo-2 putative low-molecular weight
electrostatic interactions that are important for active site Yrosiné phosphatase frobrosophilashows the conserved histidine

e . . interchanged with glycine in the usual alignment position. The glycine

stabilization and orientation of the phosphorylated substrate s presumably flexible and should allow this histidine to have the same
(16, 17). In BPTP, the reduced activity of the H72N mutant structural role.
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TPTP S--AEKKAVLFVCLGNICRSPACEGICRDMVGDKLI---~--- IDSAA 39
BPTP AEQVTKS-VLFVCLGNICRSPIAEAVFRKLVTDQONISDNW-VIDSGA 45
HPTPB AEQATKS-VLFVCLGNICRSPIAEAVFRKLVTDONISENW-VIDSGA 45
HPTPA AEQATKS-VLFVCLGNICRSPIAEAVFRKLVTDQNISENW-RVDSAA 45
RATACP1 AEVGSKS-VLFVCLGNICRSPIAEAVFRKLVTDENVSDNW-RIDSAA 45
RATACP2 AEVGSKS-VLFVCLGNICRSPIAEAVFRKLVTDENVSDNW-AIDSSA 45
DPRIMO1 VRK----- VLMICLGNICRSPIAEVVMVDTLEKANVKDV--EVDSAA 40
DPRIMO2 GKRSQKSSVLMVCVGNLCRSPIAEAVMRDVVARAGLQGEW-HVESAG 46
Ltpl TIEKPKISVAFICLGNFCRSPMAEAIFKHEVEKANLENRFNKIDSFG 47
Stpl T———KNIQVLFVCLGNICRSPMAEAVFRNEVEKAGLEARFDTIDSCG 44
AA A A AA AA
TPTP TSGFHVGQSPDTRSQKVCKSNGVDISKQRARQITKADFSKFDVIAAL 86
BPTP VSDWNVGRSPDPRAVSCLRNHGINTA-HKARQVTKEDFVTFDYILCM 91
HPTPB VSDWNVGRSPDPRAVSCLRNHGIHTA-HKARQITKEDFATFDYILCM 91
HPTPA TSGYEIGNPPDYRGQSCMKRHGIPMS -HVARQITKEDFATFDYILCM 91
RATACP1 TSTYEVGNPPDYRGQNCMKKHGIHMQ-HIARQITREDFATFDYILCM 91
RATACP2 VSDWNVGRPPDPRAVNCLRNHGISTA-HKARQITREDFATFDYILCM 91
DPRIMO1 IGGWHVGNRADPRAISTLQKHGLKCT-HIVRQIRKQDFSEFDYIFGM 86
DPRIMO2 IEDWHSGHQPDERALNVLARHNIEYH-GKARVLAPEDFLEFDYIFAM 92
Ltpl TSNYHVGESPDHRTVSICKQHGVKIN-HKGKQIKTKHFDEYDYIIGM 93
Stpl TGAWHVGNRPDPRTLEVLKKNGIHTK HLARKLSTSDFKNFDYIFAM 90
AAAAA AAA A AA
TPTP DQSILSDINSMKPS--NCRAKVVLFNP----~-~-- PNGVDDPYYSS 122
BPTP DESNLRDLNRKSNQVKNCRAKIELLGSYD-PQKQL--ITIEDPYYG- 133
HPTPB DESNLRDLNRKSNQVKTCKAKIELLGSYD-PQKQL--ITIEDPYYG- 133
HPTPA DESNLRDLNRKSNQVKTCKAKIELLGSYD-PQKQL--IIEDPYYG- 133
RATACP1 DESNLRDLNRKSNQVKNCKAKIELLGSYD-PQKQL--ITIEDPYYG- 133
RATACP2 DESNLRDLNRKSNQVKNCKAKIELLGSYD-PQKQL--ITIEDPYYG- 133
DPRIMO1 DEDNMSELRRLAP - -KGSKAELLMLGDFGLEKKNR--IIEDPYYER 128
DPRIMO2 DLSNLAALRRMAP--KGTTVKLLILGNFGLKPDER--IIEDPYYDI 134
Ltpl DESNINNLKKIQPE--GSKAKVCLFGDWNTNDGTVQTIIEDPWYG- 136
Stpl DSSNLRNINRVKPQ——GSRAKVMLFGEYASPG--VSKIVDDPYYG— 131
A A AAAA AAA AAA AA A A
TPTP D--GFPTMFASISKEMKPFLTEHGL---1I 146
BPTP NDADFETVYQQCVRCCRAFLEKVR- - - - - 157
HPTPB NDSDFETVYQQCVRCCRAFLEKAH----- 157
HPTPA NDSDFETVYQQCVRCCRAFLEKAH----- 157
RATACP1 NDSDFEVVYQQCLRCCKAFLEKTH----- 157
RATACP2 NDSDFEVVYQQCLRCCKAFLEKTH----- 157
DPRIMO1 GAEGFETAYQQCVVACAAFMKE - - -RLQK 154
DPRIMO2 GEASFEETIYRQCSIACRNFLKQARLKQIM 163
Ltpl DIQDFEYNFKQITYFSKQFLKKE----- L 160
Stpl GSDGFGDCYIQLVDFSQNFLKSI----- A 155
A A A AA

Ficure 1: Alignment of representative eukaryotic low-molecular weight protein tyrosine phosphatase3.ffogtus(TPTP), bovine

(BPTP), human (HPTPA and HPTPB isoenzymes), rat (RATACP-1 and -2 isoenzybrespphila primo locus (DPRIMO-1 and -2),
Saccharomyces cerisiae (Ltpl), andSchizosaccharomyces pom(&tpl). Conserved residues are shown in bold, and a cayés Uused

to show a conservative amino acid substitution. The highly conserved histidine found in the hydrogen bonding network is outlined in gray.
The numbering does not include the initial methionine which is removed during processing to the mature enzyme.

Lowry and BCA assays were from Pierce. All other 13—15 bases upstream from the start codon
chemicals were from Sigma or Aldrich. Oligonucleotide (TCAT*T*T*ACTTTTTTCTAAAAATG) (unpublished re-
primers were synthesized at Integrated DNA Technologies sults and ref27). For production of useful amounts of the
(IDT) Inc. (Coralville, IA). The DCI, DSS, and D used in recombinant protein, the coding sequence was amplified from
pH titration experiments were from Cambridge Isotope pKE-2 by polymerase chain reactia?8j and subcloned into
Laboratories. The NaOD was from Aldrich, and pH calibra- expression vector pET23d (Novagen). The forward primer
tion standards were from Fisher Scientific. 5'-GTCTACCATGGCTGCAGAAAAGAAAGCTGTG-3

Subcloning of the TPTP GendA putative PTPase was contained amNcd restriction site, whereas the reverse primer
identified in a 2387 bpEcdRl—-Kpnl fragment of 5'-GAAATATAAGCTTAGATAAGGCCGTATTCAGT-
genomic DNA fromT. foetusstrain MT85-330.1 cloned AAGG-3' contained aHindlll site. The PCR product was
into pBluescript KS- plasmid “pKE-2" (see GenBank purified, digested wittNcd and Hindlll, and resolved by
accession number U66070). Transcription of this gerle in  agarose gel electrophoresis. The 444 bp product was excised,
foetuswas confirmed by S1 nuclease protection analysis, purified, ligated into similarly cut pET23d, and transformed
which also identified the transcription start site as being into Escherichia colistrain BL21(DE3).
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H72

D 42

Ficure 2: Stereoview of the active site of BPTP (PDB entry 1PNT), showing the residues that participate in the active site hydrogen
bonding network involving C12, N15, S19, S43, and H72. Also shown are the NH interactions of residues of the phosphate binding loop
with the bound phosphate ion. Also shown are residues E23 and D42 that are responsible for the digwaitétVp (4).

A pET23d plasmid containing the coding sequence forthe  Enzyme Concentration and Specific Aityi Measurement
PTPase gene of. foetuswas named pTritri; its sequence Phosphatase activity was measured in activity assay buffer
was confirmed using the method of Sand&3)( Mutagenesis  [100 mM sodium acetate and 1 mM EDTA (pH 5.0) with
was performed using synthetic oligodeoxynucleotide primers an ionic strength of 150 mM adjusted with NaCl] containing
and a QuikChange site-directed mutagenesis kit from Strat-2—10 mM p-NPP, the mixture incubated at 3C for 4 min,
agene. Primers were designed to create the following muta-and the reaction quenched Wit M NaOH.p-Nitrophenolate
tions in WT TPTP: A1S, H44A, H143A, Q67H, Q67N, and product was assessed at 405 nm. Protein concentrations were
Q67A. Mutated plasmids were transformed igtocoli BL21- initially estimated using the absorbance at 280 nm and a
(DE3) cells and their sequences confirmed as described abovemolar extinction coefficient of 2560 M cm™! (estimated

Expression of Recombinant TP coli BL21(DE3) cells using PCGene; note that this enzyme contains no tryptophan).
harboring the WT and mutant pTritri plasmids were grown Subsequent determinations employed a modified Lowry
in 10 mL of LB medium containing 5@g/mL ampicillin assay or BCA assay.
while shaking for 16-12 h at 37°C. The culture was then Circular Dichroism The CD spectra of wild-type and
diluted 1:20 into fresh LB medium containing 5@/mL mutant TPTP proteins were recorded on a JASCO model
ampicillin and incubated for an additional Q2 h. Finally, J810 spectropolarimeter over the range of-1260 nm using
this culture was diluted 1:10 into fresh LB medium contain- a 0.5 cm cell. Protein concentrations were @M in 10 mM
ing 50 ug/mL ampicillin and was incubated until an Gf9 sodium phosphate buffer (pH 5.0).
measurement between 0.6 and 1 was achieved. IPTG was Substrate Specificity and Rersible Inhibition Except for
added to a final concentration of 0.4 mM, and the cells were the case of thep-NPP substrate, enzyme activity was
incubated for an additionak34 h. The cells were harvested quantitated by the measurement of inorganic phosphate
by centrifugation, washed with 0.85% NaCl, and either lysed release with molybdate and ascorbic acid in the presence of
immediately or stored at-20 °C for later use. arsenate 30). The potential substrate, at concentrations

Prior to cell lysis, the bacterial pellet was resuspended in ranging from 0.K, to 10K, was incubated with assay buffer
low-ionic strength buffer [10 mM NaOAc, 10 mM NaH at 37°C, and the reaction was initiated by the addition of a
PO, and 1 mM EDTA (pH 4.8)] containing 1 mM DTT. catalytic amount of enzyme. After the reaction was allowed
The suspension was then passed three times through a Frendo proceed for 48 min (established in each case to be within
press (SLM Instruments, model SLM AMINCO) at 15 000 the linear initial velocity range), it was quenched by the
psi. The lysed cell suspension was centrifuged, and theaddition of 10% trichloroacetic acid. The color was devel-
supernatant was loaded onto a SP-Sephadex C-50 cationeped 15-30 min after the addition of the molybdate and
exchange column pre-equilibrated with low-ionic strength ascorbic acid, and the absorbance at 700 nm was measured.
buffer and washed to remove unbound protein. The PTPaseThe amount of inorganic phosphate produced was calculated
was eluted with a linear gradient of low-ionic strength buffer from a standard curve obtained using #HD,.
and elution buffer [300 mM NapPO,, 60 mM NacCl, and 1 Inhibition studies were all conducted in the pH 5.0 assay
mM EDTA (pH 5.1)]. Fractions with the highest specific buffer atp-NPP substrate concentrations fromk),to 1K,
activity were combined and concentrated using an Amicon The initial velocities were measured at-80 different
3K ultrafiltration apparatus. The concentrate was loaded ontoinhibitor concentrations. After the mixture had been incu-
a Sephadex G-50 or G-75 size-exclusion column that hadbated for 10 min at 37C, the reaction was quenched by the
been pre-equilibrated with buffer containing 10 mM NaOAc, addition d 1 M NaOH. The absorbance at 405 nm was
30 mM NaHPO,, 60 mM NaCl, and 1 mM EDTA (pH 4.8).  measured and used with the extinction coefficienp-dfPP
Fractions containing the purest enzyme, assessed by thei{18 000 M* cm™ for p-nitrophenolate) to calculate the
specific activities and SDSPAGE, were combined and specific activity of the enzyme againgtNPP. The kinetic
concentrated as described above for further analyses. Theparameter&.,:andK,, were calculated by a nonlinear least-
N-terminal amino acid sequence of the expressed protein wassquares fit of the MichaelisMenten equation to the observed
confirmed by direct sequencing (data not shown). data using SigmaPlot (Jandel Scientific). The inhibition
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constants were calculated from Dixon plots of the reciprocal
initial velocity versus inhibitor concentration.
Steady State KineticShe phosphatase activities of the

purified enzymes were measured with the synthetic substrate enzyme

p-NPP at pH 5.0 and 37C. Reactions were initiated by
adding a sufficiently concentrated amount of enzyme to a
mixture of assay buffer ang-NPP substrate. The enzyme
stock solution and assay buffer/substrate mixture all con-
tained 0.1 mg/mL BSA to reduce the extent of nonspecific
binding of enzyme to glass and plastic during activity

Biochemistry, Vol. 41, No. 52, 20025605

Table 1: Kinetic Parameters of WT and Mutant TPTP UsiayPP
as the Substrate

Km Vmax kcat kca[Km
(mM) (units/mg) (s (x103M s}

WT 0.20+0.02 32.7+0.6 8.6+0.1 444+ 4
AlS 0.20+0.01 27.5+2.2 7.3+ 0.6 36+ 3
H44A  0.17+0.01 32319 85+05 51+ 1
H143A 0.19+40.01 29.8+£4.3 7.8+£1.1 42+ 5
Q67A 0.51+0.01 249+0.2 65+£0.1 13+ 04
Q67H 0.46+0.12 725+4.1 19.1+1.1 44+ 9
Q67N 0.35+£ 0.07 30.7+1.8 8.1+05 24+ 6

measurements. At least 12 substrate concentrations were used

between 0.K, and 1&,, for the WT and mutant enzymes.
Assay linearity over at least 10 min was established, but for

a Measurements were taken at pH 5.0 and@7n 100 mM sodium
acetate, 1 mM EDTA, and NacCl to give an ionic strength of 150 mM.

convenience, only 4 min points were used. All assays were GCT to provide an additional restriction site. Thus, the

done in triplicate at 37C. Samples were processed and
analyzed as described above.

pH—Rate Profile A series of assay buffers containing 1
mM EDTA and adjusted to an ionic strength of 150 mM

expressed enzyme began with an AlaAla motif instead of a
SerAla motif. Crystal structures of the bovine, human, and
yeast enzymes all show that the first four N-terminal residues
are highly disordered1@, 33, 34). On the basis of these

with NaCl were used in the pH dependence studies. The observations, it was anticipated that an N-terminal mutation

assay buffers were 100 mM sodium acetate (pH-%.6),
100 mM Bis-Tris (pH 6.6-6.5), and 100 mM Tris (pH 7.0).
At least six different concentrations of substrapeNPP)
were used, ranging from approximately Relto 10K, at

in TPTP would not have a measurable effect on the protein
structure or activity. This was confirmed by direct activity

measurements with both the AlaAla and SerAla purified
proteins. Accordingly, results obtained using this N-terminal

each pH. Reactions and calculations were conducted by theAlaAla protein are also denoted as being obtained with the

method given above. The pH data were fit to eq 1 using non-

linear least-squares analysis with Igor Pro (Wavemetrics Inc.).

_ (kealKim)e
el Kim = (L HIK)(L + HIK, + KH)

1)

where k.o/Km)c is the pH-independent value of the pseudo-
second-order rate constahk,is the hydrogen ion concentra-
tion, Ks is the second ionization constant of the substrate,
andK; andK; are ionization constants of the free enzyme.
Nuclear Magnetic Resonance Spectrosc@mgtein samples

wild-type (WT) protein.

Overexpression and Purification of WT TPTP and Mu-
tants.A T7 RNA polymerase-dependent expression system
was used to overexpress WT and mutant enzymés goli
BL21(DE3) cells 85). The following mutants were con-
structed from the WT clone: H44A, H143A, Q67N, Q67H,
Q67A, and AlS. Large-scale expression of the WT and
mutant enzymes produced milligram quantities of the purified
protein. Two chromatographic steps, a cation-exchange
column followed by a size-exclusion column, were sufficient
to purify the proteins to homogeneity. MALDI-MS was used

were prepared for spectroscopy according to the method ofy, confirm the size and purity of the expressed proteins (data

Tishmacket al. (21). Proton NMR spectroscopy was carried
out at 25+ 1 °C on a Varian Unity Plus 600 MHz

not shown).
Circular Dichroism AnalysisCircular dichroism was used

spectrometer. The spectral widths were between 7200 andy confirm the structural integrity of the WT TPTP and

7585 Hz. For 1-1 echo spectra, 128 scans were acquired with,

the echo delay time set to 40 ms with an acquisition time of

utants (data not shown). Comparison of the spectra
indicated that the overall secondary structure was retained

1s. Spectra were processed with 32K points, a 0.2 s Gaussianng that the mutations had not caused misfolding of the
function, and baseline correction. The spectra were referencedproteins_ This is also consistent withi NMR data (vide

to an internal DSS standard, and the inteng® kignal was
further reduced with the Varian solvent suppression algo-
rithm.

pH Titrations and pK Calculations The pH titrations were
performed according to the method of Tishmatlal. (21).
Calculations of histidine g, values were carried out using
a modified Hill equation together with a Marquardt
Levenberg nonlinear least-squares fitting algorithm (eq 2)
(SigmaPlot, Jandel ScientificB{, 32).

Oop=0p + (O — O)(1OPIM/(LOPIN+ 107741 (2)

infra).

Steady State Kinetics and Substrate Specifiblighaelis—
Menten kinetic parameters were determined for WT and
mutant enzymes witlp-NPP as the substrate (Table 1).
Kinetic properties of the A1S mutant confirmed that the S1A
mutation (introduced during cloning) did not significantly
affect enzyme activity. The substrate specificity of the WT
LMW PTPase cloned front. foetuswas relatively similar
to those of other LMW PTPase86—39) (Table 2). The
following competitive inhibition constants were measured:
7.6 mM for inorganic phosphate, 98V for vanadate, 90

whered, is the chemical shift of the unprotonated species, #M for pyridoxal phosphate, ang26 mM for HEPES.

Oan is the chemical shift of the protonated species, ainsl
the Hill coefficient.

RESULTS

Cloning. For convenience in constructing an expression
system for the putative PTPase gene fronfoetusthe first
codon following the start codon was mutated from TCA to

Both of the native histidines of WT TPTP (H44 and H143)
were mutated to alanine in an effort to assign tHeNMR
histidine proton resonances. The H44A and H143A enzymes
retained near-WT activity, and no significant changekin
were observed.

Point mutations were made at position 67 to explore the
role of the glutamine, including its possible participation in
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Table 2: Substrate Specificities of tfie foetusLMW PTPasé

Table 3: Calculated i, Values from the pH-Rate Profiles of
Koal Kim?

KealKm
substrate Kn (MM)  keat(s) (x103M1s? enzyme 1Ka1 PKaz enzyme a1 PKaz

p-nitrophenyl phosphate 0.21 8.0 38 WT 5.1+£0.2 4.7+£0.2 Q67N 55+15 4.1+1.4
phosphotyrosine 10.8 2.7 0.25 Q67H <4 45+0.2 Q67A 57+£0.6 4.7+£05
pﬂgzpngtsﬁrégiine ﬁg a Measurements and calculations were completed according to the
Z-na phth | bhosphate 8.7 5.7 0.65 conditions given in Experimental Procedures. A value of 5.10 was
cx-na?)hth))lll Bhospr))hate ND ’ ’ assumed for the second ionization of fieéPP.? The point at pH
phenyl phosphate 8.6 5.7 0.66 4.0 was not included in the fit due to acid denaturation of the protein.

a Measurements were taken at pH 5.0 and@7n 100 mM sodium
acetate, 1 mM EDTA, and NacCl to give an ionic strength of 150 mM.
b Not measurable (the specific activity with 10 mM substrate was less
than 2% of that with 10 mMp-NPP).
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FIGURE 3: keofKy pH—rate profiles of WT TPTP and mutant
enzymes: WT®), Q67H (1), Q67N ), and Q67A M). All data
were fit to eq 1 as described in Experimental Procedures.

a hydrogen bonding network. The residue was mutated to
asparagine, alanine, and histidine. The Q67A, Q67N, and
Q67H enzymes had 2.5-, 1.8-, and 2.3-fold increaség,in
respectively (Table 1). The Q67N mutant of TPTP showed
an almost complete retention of wild-type enzymatic activity,
while the Q67A mutant showed la, which was 67% of
that of the WT enzyme. Interestingly, tkg:value observed
for the Q67H enzyme was 2-fold greater than that of WT
TPTP.

Substrate Selectity Constants k/Km. The observed:./
Km value for Q67H TPTP was effectively identical to that
of the WT enzyme (Table 1). In contrast, the Q67A and
Q67N mutants exhibited 3.4- and 1.8-fold decreasdgqih
Km, respectively, compared to that of WT TPTP. These
values are consistent with an anticipated hydrogen bonding
structural role of Q67 in the active site of the protein, and
are similar to changes recently observed upon mutation of
residues involved in the extended network of hydrogen bonds

one K value fixed at 5.1, corresponding to the known second
ionization constant of th@-NPP substrate4Q). The esti-
mated K, values for the free enzyme are given in Table 3.
The slope of 2 is indicative of two unprotonated groups
participating in the reaction. These are presumably the second
ionization of thep-NPP substrate and ionization of the active
site cysteine. The descending slope corresponds to the
ionization of the essential aspartic acid residdge These
assignments are consistent with both calculations and with
experimental data for LMW PTPases and dual-specificity
PTPases 14, 43—46). It is clear that the active site
nucleophile has an ionization constant that is much lower in
magnitude than that of a typical thiol. This result is consistent
with recent computational comparisons of PTPa48g The
limited range (at acidic pH) and the steepness of the leading
edge of the profile for the Q67N and Q67A enzymes
contribute to the difficulty of assigning values and to the
large errors that are associated with the estimated vadies (

In contrast, the Q67H curve is significantly shifted and gives
a calculated cysteinelp of <4. The K, of the histidine
was directly measured using NMR spectroscopy, and it is
clearly not the titrating group that is measured here, since
its pKa is much higher (see the next section). The asparagine
mutant showed a slight basic shift in the calculatéd, p
values, although with a substantial error. The Q67A mutant
showed a significant basic shift in the measuri&d yalues.

The pH-rate profiles ofk.y for the WT, Q67H, Q67N,
and Q67A enzymes were effectively flat lines and virtually
identical (data not shown). The profiles kfy versus pH
reflect ionizations involved in the rate-limiting step of the
mechanism after substrate binding up to release of products.
In the case of the LMW PTPases, this would be the typically
rate-limiting dephosphorylation of the phosphoenzyme in-
termediate 11). The lack of any pH dependence lof; in
the pH range of 47 for this enzyme is in agreement with
that observed for other members of the LMW PTPase
subfamily @8, 49). This is a distinct feature of the LMW
PTPases.

IH NMR and pH TitrationsTitrations of WT and Q67H
TPTP were conducted to obtain information about the
electrostatic environments of the histidine residues. Figure
4 shows'H NMR spectra of WT, H44A, H143A, and Q67H

at the active sites of ketosteroid isomerase and manganesgpTp at pH 5.2 and 25C detected using a 1-1 echo pulse

superoxide dismutasd@, 41).

pH—Rate Profile. The effect of pH on activity was
examined for WT, Q67H, Q67N, and Q67A TPTP in the
pH range of 4.6-7.0. Plots of the pseudo-second-order rate
constantk../Ky, as a function of pH reflect catalytically

sequencé.This pulse sequence generally allows observation
of the histidine G and G imidazole'H resonances in the
region of 8-9 ppm by acting as a filtering method based on
the differential transvers@{) relaxation time of protonssQ,

51). The imidazole gprotons of histidine are spectroscopi-

essential ionizations of the free enzyme and substrate. The

curves shown in Figure 3 for TPTP and its mutants display

an ascending slope of approximately 2 and a descendingp

slope of approximately-1. Each curve was fit to eq 1 with

3 The peak seen at approximately 7.7 ppm in the spectrum labeled
is not a histidine resonance and did not shift as the sample was
titrated.



T. foetusPhosphatase

v

o M

A A LL‘

9.4 9.2 9.0 8.8 8.6 8.4 8.2 80 7.8 7.6 7.4 7.2 7.0 6.8 p'pm
Ficure 4. Selected 1-1 echtd NMR spectra of TPTP and mutant
proteins: (A) WT, (B) H44A, (C) H143A, and (D) Q67H. The
H44 GH resonance is denoted with an x, the H14BICesonance
with an o, and the H67 £ resonance with an asteriRhe protein
concentration was-12 mM at pH 5.2 and 25C.

cally unique because they are found at a much higher

frequency than most protons attached to carbon, and gener-

ally have narrower line widths (long@g values) than other
amide protons. These properties allow them to be distin-
guished and exploited in pH titration experiments. Peaks
corresponding to histidine /Qorotons were identified and

assigned by the absence of the corresponding peak in spectra

of the specific alanine mutants. In the Q67H spectrum, the
C, proton of H44 was identified as the peak at approximately
8.6 ppm, the gproton of H143 was identified as the peak
at approximately 8.35 ppm, and the froton of H67 was
identified as the peak at approximately 8.8 ppm. The
difference in the resolution and size of the H143 peak in the
Q67H spectrum can be attributed to small differences in the
pH and concentration among the samples. Histidine C
protons generally appear in the region efbppm. However,
in the spectra taken of the TPTP enzymes, they were difficult
to distinguish and identify, and were therefore not utilized.
Figure 5 shows selected spectra from the pH titration
experiment of Q67H TPTP over the pH range of-6140.5,
showing the complete titration of H67. (The H44 and H143
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Ficure 5: Selected 1-1 echo spectra of Q67H TPTP from pH 6.4
to 10.5 with conditions as described in Experimental Procedures.
The pH is shown above the corresponding spectrum. The H44 C
resonance is denoted with an x, the H143@esonance with an

0, and the H67 gH resonance with an asterisk. At pH 8.0 and 8.8,
the H67 peak was too broad to be observed.
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FiGUure 6: pH titration curves of TPTP H44), H143 (), and

H67 (@) imidazole side chains based opHC'H NMR chemical
shifts. The solid lines are nonlinear least-squares fits of the data to
the modified Hill equationZ1, 32).

C, resonances can also be seen, but their titration is alreadytransition region near thekp (19, 21). The complete

substantially complete before pH 7.) During titration, the C

disappearance of the peaks is an artifact of the 1-1 echo

proton resonance of each histidine residue shifted to a lowerfiltering sequence that removes broad resonances.

frequency as the pH was increased. The aliphatic regiod (O
ppm) remained unchanged, indicating that the protein
structure was not significantly altered by the pH changes

A plot of the titration curves showing the chemical shift
of the histidine imidazole £protons as a function of pH
for each histidine residue is shown in Figure 6. The data

(data not shown). As observed earlier for BPTP, broadening were fit to eq 2, and the calculate&Kpvalues can be seen

of the G proton resonances in TPTP is observed in the

in Table 4. Hill coefficients of near unity were found for
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Table 4: Measured Histidineia Values from*H NMR pH conserved histidine residue, the obserkggvalue for the
Titrations® Q67H enzyme was 2-foldreaterthan that of WT TPTP.
enzyme residue  Ku enzyme residue  Ku Those LMW enzymes, in which a histidine residue is native,
WTTPTP  H44 6350002 Q67HTPTP H67 8.120.02 show somewhat higher specific activities towaFuIPE than
WTTPTP  H143 536:0.003 O67HTPTP H143 536001  40€S the WT TPTP enzymé,(36, 37, 39, 55). Despite the
Q67HTPTP H44 632001 WTBPTP H72 9.1%0.01 increasedk., value, thek./Kn, value of the Q67H TPTP
*Measurements were taken at 26 in 100 mM NaCl, 20 mM  SNZYme is identical to that of the WT enzyme.

NaH,PQ,, and 1 mM DSS on a Varian Unityg00 MHz spectrometer. The pH dependence &f./Km was explored for the WT,
The BPTP value is from Tishmagit al. (21). Q67H, Q67N, and Q67A mutants. Importantly, the WT curve

o ] ] _ exhibited an acidic limb that is more well-defined than any
each t_ltrathn curve, consistent with the conclusion that only tnat can be experimentally observed with other LMW
one dissociating group was being titrate1,(32, 52). PTPases due to the onset of acid denaturation for those
enzymes. This is a significant finding because tt& pf
DISCUSSION the nucleophilic cysteine of those enzymes has been a matter
As hypothesized on the basis of DNA sequence compari- of some controversy4@). The replacement of the native
sons, the gene cloned from the trichomonad parasiteteus glutamine with histidine resulted in an acidic shift of the
was demonstrated to encode a LMW PTPase enzyme. Theactive site cysteinely to <4 (Table 3), and the curve also
expressed protein showed catalytic activity and substratemore closely resembled that measured for the WT bovine
specificity toward phosphotyrosine and phosphotyrosine enzyme {7). This value is lower than that measured for the
analogues similar to those of other LMW PTPa6%-39). other TPTP enzymes, but it is consistent with estimates made
The enzyme was also inhibited by inorganic phosphate, for the WT bovine enzymel(). In WT BPTP, which
vanadate, and HEPES. Although pyridoxal phosphate ap-possesses a histidine adjacent to the active site, the ionization
peared to act as a competitive inhibité & 90 uM), it is constant of the nucleophilic cysteine could not be accurately
likely to be a substrate but with a sharply reduged(53). determined due to acid-induced protein denaturation, but it
An extensive hydrogen bonding network exists in the was clearly below 4.01(7). Consistent with earlier compu-
active site of LMW PTPases that is important for stabilizing tational results, it is concluded that the presence of the
the phosphate binding loop geometry needed for the optimalhistidine imidazolium ion side chain in the TPTP mutant and
orientation and binding of the phosphorylated substrate andin the other WT enzymes helps to further stabilize the thiolate
(particularly) the transition statd§, 17, 54). The histidine  anion of the nucleophilic cysteine beyond that already caused
residue that participates in the network is highly conserved by hydrogen bonding and dipolar interaction&3)( The
among other eukaryotic species and is directly hydrogen glutamine to alanine mutation resulted in an upward shift in
bonded to a conserved asparagine in the PTPase P-loop motithe measuredi, value (Table 3). Thus, the presence of the
(16, 17). This asparagine is found in a strained, left-handed glutamine residue in TPTP, like histidine, helps to stabilize
o-helical conformation that would be energetically unfavor- the active site in such a way that the nucleophilic cysteine
able but appears to be stabilized by the interactions with H72,is maintained in the anionic form at cellular pH.
S19, and S43. The importance of the histidine in the The K, values of the histidines in the native protein and
hydrogen bonding network has also been demonstrated inin the mutants of Q67 provided probes of their environment
enzyme stability measurements: the H72A mutant of the in the enzyme structur@y). The native residues, H44 and
bovine enzyme showed a marked decrease in enzymeH143, do not exhibit unusualy values. This is expected
stability when compared to the WT enzynier). However, if the structure of TPTP is generally similar to the known
the enzyme isolated from the parasife foetusdoes not structure of the bovine enzym#g, 20, 56). On the basis of
contain this otherwise highly conserved histidine residue. Thethe BPTP structure, N50, the residue homologous to H44,
corresponding residue appeared to be a glutamine, whichis located on an exposed loop connectgyando2. The
presumably occupied the same position in the hydrogenresidue corresponding to H143 of TPTP is V157, and it is
bonding network as the highly conserved histidine. Unfor- located on the flexible C-terminus of BPTRLE 20).
tunately, the detailed structure of the enzyme is unknown, Consistent with this, the corresponding alanine mutants also
and numerous attempts to crystallize the protein have beenshow near-WT activity, indicating that the residues are not
unsuccessful. Therefore, a series of mutants were constructedritical for structure or catalytic activity. The histidine residue
to probe the structure and activity of this enzyme. introduced in TPTP by mutation of residue 67 has a measured
The native glutamine was mutated to histidine, asparagine,pKa value of 8.2. This may be compared with the elevated
and alanine. As judged by circular dichroism, the resultant pK,of 9.2 found for H72 of WT BPTPI(9, 21). In the BPTP
proteins showed apparently complete retention of secondaryenzyme, the K, of H72 is shifted upward by the presence
structure. For each of these enzym&s, was increased  of E23 and D42 (Figure 2)2(1). Analogous residues, D36
approximately 2-fold with respect to that of the WT enzyme. and E22, are found in the TPTP primary sequence. Although
Although a reduced affinity for substrate may contribute to the structure of the TPTP protein is unknown, it is reasonable
the overall observed increase ks, an unequivocal inter-  to assume that the conformations of these residues place them
pretation is difficult in the absence of pre-steady state kinetic in the proximity of the histidine that was introduced into
measurements because it is known for the LMW enzymes position 67.
that substraté,, values are generally not true equilibrium Potential Roles of Glutamine 6HMW PTPases, protein
binding constantsi@). kinases, and dehydrogenases have a glycine-rich P-loop,
When a histidine mutation was introduced to mimic the while the LMW PTPases only possess one glycine in their
active sites of the other enzymes which contain the highly highly conserved CXGNXCRS P-loop motif. The high
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superimposability of the P-loop structure from HMW and

LMW PTPases despite the differences in P-loop composition
demonstrates the importance of providing a specific confor-
mation that allows optimal phosphate and transition state 19,

binding and stabilization. In LMW PTPases, this conforma-

tion is adopted in part because an asparagine residue (N1520-
in Figure 2) adopts an otherwise energetically unfavorable
conformation by participating in an extensive hydrogen 21.

bonding network involving H72. These kinetic and spectro-

scopic studies indicate that the role of Q67 in the hydrogen

bonding network is similar to that of H72 in BPTP and all

this conclusion. This role is further supported by the
relatively high K, of the non-native H67 residue. The

electrostatic environment of the glutamine residue is appar-
ently similar to that of the conserved histidine residues of 29

17.

18.

22.

23.
other currently identified eukaryotic LMW PTPases. The 24.

altered kinetic constants of the TPTP enzyme upon mutation 25.

of this residue to histidine, asparagine, and alanine support 25:

. Granger, B. L., Warwood, S. J., Hayai, N., Hayashi, H., and

27

28.

other LMW PTPases. The glutamine residue is predicted to 5,
hydrogen bond with N14 of the P-loop, and thus indirectly

contributes to substrate recognition and binding within the 31.
active site. The participation of this residue in the hydrogen

32

bonding network also presumably imparts the enhanced 35
thermodynamic stability as seen in the bovine enzyi.

These results are consistent with the idea that the hydrogen 34.

bonding network is an integral contributor in maintaining

the

structure and activity of the low-molecular weight

tyrosine phosphatases.
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