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ABSTRACT. Protein-tyrosine phosphatases (PTPases) feature an essential nucleophilic thiol group which
attacks the phosphorus atom in a substrate. A single S to O atom substitution in the nucleophile (via Cys
to Ser mutation) renders PTPases catalytically inactive. We suggest that the lack of activity in the Cys
to Ser mutant may be caused by structural and/or conformational perturbations in the activessiaia
PTPase contains a single tryptophan residue, Trp354, which is invariant among all PTPases and is located
in the vicinity of the active site nucleophile Cys403. Thus, Trp354 serves as an intrinsic probe of the
PTPase active site conformation. We show that although C403S displays a nearly identical circular
dichroism spectrum to that of the wild type enzyme, its ultraviolet spectrum in the region attributed to
Trp is significantly different from that of the wild-type enzyme. In addition, the intrinsic fluorescence
intensity of C403S is enhanced 3-fold and exhibits different ionic strength dependency from that of the
wild-type enzyme. Trp354 also has different accessibilities to quenchers in the wild-type and the C403S
mutant PTPases. Furthermore, unfolding experiments demonstrate that the structure of C403S is
significantly less stable than the wild-type PTPase and displays a different sensitivity to urea and guanidine
hydrochloride. Finally, binding of tungstate enhances the fluorescence of the wild“gypmiaPTPase

with a Kq4 of 55 uM, whereas binding of tungstate quenches the fluorescence of the C403S mutant with
aKqyof 690uM. Collectively, these results indicate that the single sulfur to oxygen change in the active
site nucleophile leads to substantial structural/conformational and functional alterationsYertieia
PTPase.

Protein-tyrosine phosphatases (PTPases) catalyze the hyeysteinyl phosphate formation is facilitated by the protonation
drolysis of phosphate monoesters (such as phosphotyrosinedf the ester oxygen atom in the leaving group, which is
via a two-step, double-displacement mechanism, involving accomplished by the conserved Asp residue acting as a
a covalent phosphoenzyme «P) intermediate (Zhang, general acid (Zhang et al., 1994b). After the formation of
1990; Guan & Dixon, 1991; Wo et al., 1992; Cho et al., the E-P intermediate, the same Asp residue functions as a
1992). Biochemical and site-directed mutagenesis experi-general base by activating a water molecule that approaches
ments show that the invariant Cys residue present in thefrom the just-vacated leaving group side for the hydrolysis
PTPase signature motif (H/Z)X)sR(S/T) (e.g, Cys403 in of the E-P intermediate with subsequent release of inorganic
the YersiniaPTPase and Cys215 in PTP1B) is absolutely phosphate (Wu & Zhang, 1996). As part of the phosphate-
required for PTPase activity (Streuli et al., 1990; Guan & binding loop, the conserved Thr/Ser residue immediately
Dixon, 1990). In fact, replacement of the catalytically following the invariant Arg residue functions to facilitate
essential Cys residue with a Ser residue not only results inthe breakdown of the £P intermediate (Zhang et al., 1995;

a complete loss of activity but also eliminates the PTPase’s Zzhao & Zhang, 1996).
ability to form an E-P intermediate, suggesting that the

: . . . . The nature of the transition state of the PTPase-catalyzed
intermediate is a phosphocysteine (Guan & Dixon, 1991). y

reaction has been probed by heavy-atom kinetic isotope

Y~ effects (Hengge et al., 1995). It is concluded that the

anlor_lst (stuc_ktlh ‘?ﬁ tunthat_e, tﬁ)}hﬁﬁhgt& anci Csulfate_)d ar%nzymic transition state is highly dissociative and similar to
consistent wi € conclusion that the invariant Lys resiaue %, e uncatalyzed solution reaction, which involves a

present in the PTPase signature motif is the catalytic metaphosphate-like dissociative transition state where bond

nucleophlle.(Stuckey et al., 1994; Barford et.al., 1994). .. formation to the incoming nucleophile is minimal and bond
The invariant Arg residue in the PTPase signature motif breaking between phosphorus and the leaving group is

plays a role both in substrate binding and in transition state . .
R . substantial (Cleland & Hengge, 1995). Thus, minimal
stabilization (Zhang et al., 1994a). The step leading to activation is required for the nucleophile to attack the
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leaving group is stabilized by the conserved hydroxyl group of the YersiniaPTPase Yop51162, and its Cys403 to Ser
(Ser/Thr) in the PTPase signature motif. mutant (Yop51A162/C403S). The truncated version retains
Although mutation of the invariant Cys residue results in the PTPase domain and has been very useful to structural
a catalytically inactive PTPase, the Cys to Ser mutant still Studies (Stuckey et al., 1994; Schubert et al., 1995). Detailed
binds phosphotyrosine-containing peptides/proteins (Guan & physicochemical characterization of the purified homoge-
Dixon, 1991; Bliska et al., 1992; Milarski et al., 1993; Sun neous recombinant Yop51 and Yopll62 suggests that this
etal., 1993). Due to the widespread practice of site-directedtruncation does not alter the catalytic and fluorescence
mutagenesis in probing enzyme structufienction relation-  properties of the PTPase (Zhang et al., 1992). The wild-
ships, it is important to understand how subtle perturbations type and the mutantersiniaPTPases were expressedin
in the active site affect enzyme activity due to changes in coli and purified to homogeneity as described previously
intrinsic chemical reactivity, conformational flexibility, (Zhang et al., 1992). All mutants had chromatographic
physical size, or relative positioning of critical residues. properties similar to those of the wild type, suggesting that
Detailed comparative spectroscopic and functional studiesthere were no major changes in the global structure of the
of the wild-typeYersiniaPTPase and its Cys to Ser mutant mutants. Protein concentration was determined by quantita-
demonstrate that although the overall secondary and tertiarytive amino acid analysis of all residues in tfiersiniaPTPase
structural elements are similar for both proteins, there are using an Applied Biosystem Model 420H amino acid
striking conformational differences in their active sites. analyzer. Equal amounts of wild-typéersiniaPTPase and
Thus, the reason for the lack of catalytic activity is likely the Cys403Ser mutant (as determined by amino acid analysis)
due to structural perturbations in the PTPase active sitegave identical absorbance readings in the Lowry assay

introduced by the Cys to Ser mutation. (Lowry et al., 1951).
Enzyme AssayTheYersiniaPTPase activity was usually
EXPERIMENTAL PROCEDURES assayed at 30C in a reaction mixture (0.2 mL) containing

10 mM pNPP as substrate and 100 mM acetate, 1 mM

Materials. All chemicals were obtained from commercial EDTA, pH 5.5, buffer; the ionic strength of the buffer was
suppliers and used without further purification. Buffers were adjust;ed usi.ngyg NaCl t6 = 0.15 M. The reaction was

prepared using deionized and distilled watpfNitrophenyl initiated by addition of enzyme and quenched afteBznin
phosphategNPP) was from Fluka. Ultrapure grade acryl- by addition of 1 mL & 1 N NaOH. The nonenzymatic
amide was from Fisher Scientific. Potassium iodide (KI), pyqrolysis of the substrate was corrected by measuring the
sodium thiosulfate (N&;05-5H;0), andL-tryptophan were — oqhiro1 without the addition of enzyme. The amount of
from Sigma. Mutagenesis kits were from Bio-Rad. DNA - 5.q,ctp-nitrophenol was determined from the absorbance
sequencing kit was from USB. at 405 nm using a molar extinction coefficient of 18 000
Yersinia PTPase ConstructsThe coding sequence cor- M-t em L
responding to the PTPase froversinia enterocoliticthe Spectroscopic Measurementslitraviolet absorption spec-
yop51 gene) was originally isolated using PCR and cloned g of the YersiniaPTPases were recorded using a Perkin-
behind the bacterial expression vector utilizing the T-7 gimer Lambda 14 UV/VIS spectrometer. The spectra were
promotor (pYop51/pT7) and transformed intofarcolistrain - corrected by subtracting the background absorbance of the
carrying an inducible copy of the T7 polymerase (Zhang et same buffer solution used for the PTPase samples. Circular
al., 1992). Similarly, a truncated version of Yop51 (Yop51/ dichroism spectra were recorded with a Jasco 710 spectro-
A162) in which the first 162 residues of the bikerminal  pojarimeter calibrated with ammoniutkcamphor-10-sul-
segment were deleted was also made for structural studieSfonate. Each spectrum was obtained as the average of three
The truncated molecule starts with Met163 instead of Pro163 scans to optimize the signal to noise ratio and was corrected
in the full-length Yop51, and retains the complete PTPase for hackground using the buffer solution over the range of
domain. The crystal structure of Yop@I62 has been  260-180 nm using a 0.5 mm path length cell at 25.
determined (Stuckey et al., 1994). Fluorescence experiments were performed on a Perkin Elmer
Site-Directed MutagenesisSite-directed mutagenesis was | S50B fluorometer. Spectral measurements were made with
carried out using the Muta-Gene vitro mutagenesis kit 295 nm excitation (slit width 3.5 nm), and emission spectra
from Bio-Rad. Mutagenesis of residue Cys403 of the were recorded from 300 to 400 nm (slit width 5 nm).
Yersinia PTPase was performed as described previously Emission spectra were corrected for solvent background and
(Zhang et al., 1994b). The plasmid pYop51/pT7 was used Raman scattering.
to make single-stranded DNA for site-directed mutagenesis. Fluorescence QuenchingQuenching experiments were
The oligonucleotide primers used for the Cys403 to Ser and performed using steady-state fluorescence emission tech-
to Ala mutations were 'STAATACATTCCCGTGCGGG- niques. YersiniaPTPases (43 uM) were dissolved in 10
3 and 3-GTAATACATGCCCGTGCGGGTGT-3 respec-  mM succinate buffer, 1 mM EDTA, pH 6.0, with an ionic
tively. The underlined bases indicate the change from the strength of either 0.2 M or 1.5 M (maintained by adding
naturally occurring nucleotides. Similar procedures were NaCl or KCI). The excitation wavelength was 295 nm (slit
used to generate the corresponding mutants in the-NH width 3.5 nm), and the fluorescence intensity was measured
terminal (162 residues) truncated version of thersinia at 340 nm (slit width 5 nm). The quenching reagent
PTPases (Zhang et al., 1992). All mutations were confirmed acrylamide was added from stock solution freshly prepared
by DNA sequencing. in the same buffers as the enzyme. When the ionic quencher
Expression and Purification of the Recombinant Enzymes Kl was used, the ionic strength was held constant using the
SeveralYersiniaproteins were prepared for spectroscopic method described earlier (McClure & Cook, 1994). In this
studies. These include the wild-typ¥ersinia PTPase procedure, PTPase and buffer concentrations were identical
(Yop51), the Cys403 to Ser mutant (Yop51/C403S), the in the cuvette, which contained a high concentration of KCI
Cys403 to Ala mutant (Yop51/C403A), the truncated version (176.2 mM or 1.476 M), and in a test tube, which contained
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the same high concentration of Kl in the same buffer. Stock the structures of unliganded wild type and C215S PTP1B
solutions also contained 0.1 mM sodium thiosulfate to are essentially identical (Jia et al., 1995).
prevent formation ofd™. Aliquots from the test tube were Considering the dissociative nature of the transition states
then added sequentially to the cuvette to achieve the indicatedn PTPase-catalyzed reactions, it is intriguing that replacing
concentration of the quencher. The fluorescence quenchingthe Cys residue with a Ser residue completely abolishes the
data were analyzed according to the Steviolmer equation, PTPase activity. Inth¥ersiniaPTPase, thelg, of the active
which assumes that all quenching is collisional (Eftink & site thiol group, Cys403, is 4.7 (Zhang & Dixon, 1993),
Ghiron, 1981): suggesting that it exists as a thiolate anion at physiological
pH. One possibility for the lack of phosphatase activity may
Fo/F =1+ Ky [Q] (1) be the lower nucleophilic reactivity of the hydroxyl group
in a Ser residue (6, 13.4; Metzler, 1971). Although in the
WhereFo andF are the fluorescence intensities in the absence absence of a nearby basic residue for efficient activation,
or the presence of quenché, is the collisional Sterr the hydroxyl group of a Ser residue is intrinsically a much
Volmer constant, and [Q] is the quencher concentration. \yeaker nucleophile than the thiolate group of a Cys residue
Fluorescence Titration by TungstateThe binding of  npear neutral pH, one would still expect the Cys to Ser mutant
tungstate was followed by steady-state fluorescence measurer retain some catalytic activity. This is due to the minimal
ments as described for the quenching experiments. Thepond formation that is required between the attacking group
binding of tungstate to the wild-typé&fersinia PTPase  and the phosphorus in a dissociative transition state so that
enhanced its fluorescence while the binding of tungstate to the serine hydroxyl group, protonated or not, would not have
the Cys to Ser mutant quenched its fluorescence. In bothg major impact on the €P formation step. This should
cases, the binding was saturable. Since the dissociationegpecially be true if the mutation does not alter the structure
constants of tungstate for the PTPases were much larger thany the active site and other major mechanisms for catalysis
the concentrations of PTPases (Wh|Ch were typ|Ca”y around (e_g, protonation of the |eaving group by the genera' acid
1 uM), the dissociation constants were determined using eqAsp residue) are still in place. Indeed, the general acid
2 (Ward, 1985): Asp181 in the Cys215 to Ser mutant PTP1B can still form
o o a hydrogen bond with the phenolic oxygen of phospho-
AF = AF[WO,” /(K4 + [WO," ]) (2) tyrosine (Jia et al., 1995). An analogous precedent is the
) _ ) hydrolysis of phosphate monoanions by wateK{15.4)
whereAF is the difference in fluorescence between the free \yhich attacks the substrate that is activated by protonation
and the tungstate-bound PTPagddmax is the maximum  of the ester bond (Kirby & Varvoglis, 1967). When a high
difference in fluorescence between the free and the tungstate¢gncentration (0.1 mM) of C403S was incubated with 10

saturated PTPasey is the dissociation constant, and mMm pNPP for 12 h, no PTPase activity was observed even
[WO427] is tungstate concentration. at pH 9.5.

_Guanidine Hydrochloride and Urea Denaturatiouani- Another possibility may be that in the absence of adequate
dine hydrochloride denaturation was studied by monitoring means for the Ser alkoxide stabilization, the Cys to Ser
the change in fluorescence at 340 nm (slit width 5 nm) with 1y tation may prevent the-EP hydrolysis once it is formed.
an excitation wavelength at 295 nm (slit width 3.5 nm). |f thjs were the case, one would observe a stoichiometric
Typically, PTPase was added to appropriate guanidine 3mount ofp-nitrophenol and E-P formation in the presence
hydr(_)chlorlde solutlor_1 prepared in pH 6.0 buffer with a final ¢ high concentrations of the Cys to Ser mutant. None of
succinate concentration of 50 mM, 1 mM EDTA, ahe- these were observed. In fact, replacement of the catalytically
0.15 M. After incubation at 25C for at least 6 h, the  egsential Cys residue with a Ser residue not only results in
quorescence of the samp_le was measured. Urea denaturation complete loss of activity but also eliminates the PTPase’s
was monitored as described (Zhang et al., 1992). ability to form a phosphoenzyme intermediate (Guan &

Dixon, 1991).

RESULTS AND DISCUSSION While the possibility that the explanation may lie in the

Why the Cys to Ser Mutant Is Inagti. Substitution of structural perturbation introduced by the mutation has yet
the active site nucleophile Cys residue by a Ser residueto be completely excluded, there is no direct evidence for it.
abolishes the PTPase activity. Since the Cys to Ser mutationwWe would like to seek molecular explanations for the lack
is confined to a single atom changeg., a sulfur to an of catalytic activity of the Cys to Ser mutant and believe
oxygen, it has generally been assumed that the Cys to Sethe reason for this may lie in subtle structural perturbations
mutant has a similar structure to that of the wild-type enzyme. in the active site. Although crystallographic techniques
Since substrate binding by PTPases requires the presence girovide the majority of information about the tertiary
phosphate on the tyrosine residue within peptide substratesstructure of proteins, they seldom allow the determination
(Zhang et al., 1993), the fact that the Cys to Ser mutant still of local minute structural disturbances caused by mutagen-
binds phosphotyrosine-containing peptides/proteins suggest®sis. Good protein structures derived from X-ray diffraction
that the structure of the active site, especially the phosphate-have an average uncertainty of a few tenths of an angstrom
binding loop, in the cysteine mutant is not grossly perturbed. for non-hydrogen atoms (Kuntz et al., 1994). However, such
Crystallographic studies seem to support this conclusion. minute deviations from the optimal geometric alignments in
There are no noticeable differences between structures ofthe active site of an enzyme could have a profound effect
the Yersinia PTPase-tungstate complex and the C403S  on the enzyme-catalyzed reaction. Furthermore, a conforma-
sulfate complex (Stuckey et al., 1994; Schubert et al., 1995).tion observable in a crystal structure may be selected by
There are also no noticeable differences between structuresrystal packing and have limited relevance to those existing
of the PTP1B-tungstate complex and the C2158.bstrate in solution. Spectroscopic techniques are generally more
complexes (Barford et al., 1994; Jia et al., 1995). In addition, sensitive to small changes.{, a fraction of an angstrom)
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Ficure 1: Comparison of circular dichroism spectra of ¥ersinia
PTPases. The spectra were recorded at a protein concentration of Wavelength, nm
0.577 mg/mL (wild-type Yop51) and 0.557 mg/mL (Yop51/C403S)
at pH 6.0, 10 mM Tris-acetate buffer, and 25C. Solid line, $
Yop51; dashed line, Yop51/C403S. g 0.0005
a F
S
in structure and conformation than X-ray crystallography and _§
should be useful in studying the structural features of active < -
sites of PTPases. The most useful optical probe for detecting % 0
conformational dynamic changes in proteins is the tryptophan @
residue because its spectroscopic properties are sensitive tos
) = L
changes of'the environment. £ -00005
The Yersinia PTPase Is an Ideal System for Spectroscopic &
Investigation. The YersiniaPTPase possesses a desirable
property for spectroscopic investigation since it contains only § e | . . |
one Trp residue in a polypeptide of 51 kDa. More 3 -0.001

importantly, the singular tryptophan residue, Trp354, is 260 270 280 290 300 810

invariant among all PTPases (Zhang et al., 1994b), and is Wavelength, nm
located on the same flexible loop as is the general acid pgure 2: (A) Ultraviolet absorption spectra of th¥ersinia
Asp356 that undergoes a major conformational change whenPTPases. Spectra were taken at°’25 50 mM succinate, 1 mM

tungstate or sulfate is bound to the enzyme (Stuckey et al.,EDTA, | = 0.15 M, pH 6.0 buffer. The protein concentration was

. i i 0.53 mg/mL for both Yop51 (solid line) and Yop51/C403S (dashed
igggégcmtjﬁertseé Zl" ];1995)' This lotOp m?\tlﬁm?m brtmtgs line). Inset: difference spectrum for Yop51/C403SYop51. (B)
Spoob within S. or an oxygen atom Of the tungstale  gec4ng-derivative absorbance spectra of Yop51 (solid line) and

bound to the active site which is structurally homologous t0 yop51/C403S (dashed line).
the s_cissile oxygen ofa phosphot.yrosine substrate. Simillarly, Ultraviolet Spectra. The ultraviolet spectra of Yop51 and
binding of either phosphotyrosine or a phosphotyrosine- Yop51/C403S are shown in Figure 2A. Unlike a typical

containing p(fapndet_ to tlheh Cy521f5 to Se_r T‘uiant fPTpllearotein whose ultraviolet spectrum is usually dominated by
causes a conformational change of an equivalent surtace 100, i tions from Trp residues, the contributions from Tyr
thqt brings the corresponding As.p181 into the patalytlc site, residues to the absorbance in thNersinia PTPases are
which forms a hydrt_)gen bond with the phenolic oxygen of actually greater than that from Trp354. This is because there
phosphotyrosine (Jia et al., 1995). These results are CON-41e nine Tyr residues and only one Trp residue in the
sistent with the role of the conserved Asp residue acting as

; . : molecule. In fact, the ultraviolet spectra of Yop51 and
a general acid to facilitate the departure of the leaving group. Yop51/C403S are characterized by two absorption maxima,

Thus, theYersm!aPTPase prowde_s aunique aqd ideal syst.em one corresponding to the Tyr residues (277 nm) and the other
to study the active site conformational properties of the wild- corresponding to the Trp residue (283 nm) (Figure 2A). The
type as well as the Cys to Ser mutant PTPases. spectrum of C403S displays different characteristics from
Circular Dichroism. Circular dichroism spectroscopy, that of the wild-type enzyme. Interestingly, although the
which is responsive to the contribution of various secondary Cys403 to Ala mutation is more dramatic than the Cys to
structural elements, was used in order to evaluate the overallSer change, the spectra of C403S and C403A are quite
conformation of theYersinia PTPases. To examine the similar (data not shown). The ultraviolet absorption spectrum
structures of the purified homogeneous recombiiYamsinia of the indole ring of tryptophan consists of three or more
PTPase, Yop51, and the Cys to Ser mutant, Yop51/C403S electronic transitions in the wavelength region 2280 nm
circular dichroism spectra were recorded from 250 to 184 (Cantor & Schimmel, 1980). It is clear that mutations at
nm (Figure 1). The circular dichroism spectra of Yop51 and residue Cys403 perturb the local environment of Trp354 and
Yop51/C403S are nearly superimposable, taking into accountits electronic interactions with nearby active site residues.
the different protein concentrations used. This indicates thatThis is evident from the decrease in relative contributions
Yop51/C403S has the same secondary structure as that ofrom the Trp residue at 283 and 290 nm and the striking
the wild-type enzyme, and that the C403S mutation doesincrease in absorbance at wavelengths higher than 300 nm
not induce gross differences in the overall secondary structurein the mutants (Figure 2A, inset). In addition, secondary
of the protein, in accord with results from crystallographical derivative analysis indicates that the wild-type Yop51
studies. spectrum contains three components at 277, 283, and 290
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Ficure 3: Fluorescence emission spectra of fegsiniaPTPases.
Full-lengthYersiniaPTPases Yop51 (2.QdV), bottom spectrum,
and Yop51/C403S (2.0&xM), top spectrum. All spectra were  FiGURe 4: lonic strength dependency of the intrinsic fluorescence
recorded at 25C, pH 6.0, 50 mM succinate, 1 mM EDTA,= of the YersiniaPTPases.®&) Wild-type Yop51 (2.32«M) and @)
0.15 M buffer. Yop51/C403S (2.34«M). The experiment was performed in 10
mM acetate buffer at pH 5.5 and 2&, containing 1 mM EDTA.

nm, while the C403S and the C403A mutants spectra contain
only two components at 277 and 283 nm (Figure 2B). The PTPase and the C403S mutant have similar active site
large increase in the 270 nm region of the difference Structure but the thiolate anion in the wild-type enzyme has
spectrum may also indicate effects on tyrosine residue(s).a specific quenching effect on the fluorescence of the Trp354

Fluorescence EmissionThe single tryptophan residue, 'esidue. Replacement of the thiolate by a hydroxyl gfoup
located at position 354 in th¥ersinia PTPases, can be C€an thus produce a large increase in Trp354 fluorescence.
selectively excited at 295 nm. The fluorescence emission Although we cannot exclude this possibility, evidence
spectra of the full-lengthYersinia PTPases Yop51 and presented in this papersugge;ts that the altered quorespence
Yop51/C403S are shown in Figure 3. Yop51/C403A Property of the C403S mutant s due to subtle conformational
exhibits a fluorescence emission spectrum similar to that of differences between the active sites of the two proteins.
Yop51/C403S (data not shown). The fluorescence emission lonic Strength Dependencylf Trp354 in the C403S
Yop51/A162 and Yop514162/C403S are superimposible to  the wild-type enzyme, similar ionic strength dependencies

those of Yop51 and Yop51/C403S, respectively (data not Of the intrinsic fluorescence should be observed. The

maximum at 338 nm for both the full-length and the Strength dependence from that of the wild-type enzyme
truncatedversiniaPTPases. Since under the same conditions (Figure 4). The fluorescence of the C403S mutant decreases
the emission maximum for free-tryptophan is 355 nm, &S the ionic strength increases while the fluorescence of the

Trp354 in the wild-type and the mutamersiniaPTPases is ~ Wild-type enzyme increases as the ionic strength increases.
situated in a more hydrophobic environment and is not It is worthwhile to point out that in th¥ersiniaPTPase the
completely solvent accessible (Lakowicz, 1983). Interest- Negative charge of the thiolate anion of Cys403 is stabilized
ingly, although alterations at residue Cys403 do not changePY & number of factors including hydrogen bonds from the
the emission maximum for the mutants, the fluorescence Main chain NH groups of the active site phosphate-binding
intensities of Yop51/C403S and Yop51/C403A are enhanced!00p, an extensive network of hydrogen bonds radiating out
310% and 340%, respectively, relative to the wild-type from _the phosphgte-bmdmg loop, and the presence of nearby
Yop51. Similarly, the fluorescence intensity of Yop&162/ invariant Arg residues (Stuckey et al., 1994). The reduced
C403S is enhanced 310%, relative to Yop§162. To our negative charge at the active site in the C403S mutant has
knowledge, this corresponds to the largest fluorescencel€ft these thiolate-stabilizing partial positive charges uncom-
change due to a single atom substitution in a protein. SincePensated for. Thus, itis understandable that salt would have
tryptophan fluorescence is sensitive to the polarity and the different effects on the intrinsic fluorescence of tersinia
microenvironment surrounding the aromatic amino acid, PTPase and the C403S mutant, since different Coulombic
these results suggest that the local structure surroundingSCréens are experienced by the Trp354 in the two proteins.
Trp354 in the wild-typeYersiniaPTPase is different from ~ However, the detailed mechanism by which the salt exerts
those of the Cys403 mutants. Furthermore, since theits effectis not clear. Itis interesting that the fluorescence
fluorescence (excitation at 295 nm) of tifersiniaPTPase  ©Of the C403S mutant approaches that of the wild-type enzyme
arises solely from the single invariant Trp354, the changes & 1 M salt concentration, suggesting that the environment
in fluorescence in C403S and C403A also suggest thatsgrroundlng Trp354 in the two proteins may be similar at
Cys403 and Trp354 exist in close proximity. The average high salt concentrations. _ _

distance between the sulfur of Cys403 and the indole ring Urea and Guanidine Hydrochloride Denaturationilhe

of Trp354 is 8.42 A in the unligandeWersinia PTPasé conformatlonal stability of t[hléferSInlaPTPaS.eS was §tud|ed
(Stuckey et al., 1994). One could postulate thatttbesinia  Using both urea and guanidine hydrochloride. Typical urea
unfolding curves are shown in Figure 5A. The conformation
of the Yersinia PTPase is sensitive to perturbation by

Ionic Strength, M

1 The average distance between@ Cys403 and the indole ring in
the tungstate-bound conformation is 8.41 A (Fauman et al., 1996). When
an oxyanion is bound, the indole ring of W354 optimizes the van der 2 We do not know whether the hydroxyl group in Ser403 is ionized
Waals contact with the side chain of R409 by sliding2LA into the at neutral pH. Preliminary experiments show that the pH dependency
hydrophobic core of the protein and altering the W354 side cpain of C403S fluorescence is not significantly different from that of the
torsion angle (Schubert et al., 1995). wild-type enzyme from pH 3 to 11.
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denaturant. For both the wild type and the C403S mutant, 600 T ]
the fluorescence intensities of the native forms are higher B A ]
than those of the unfolded forms. To analyze the urea 8 500 _ o7 g E
denaturation curves, a two-state folding mechanism was g 400 | Oy 3
assumed. This allows the calculation &G as a function £ 0000000 ]
of urea concentration from the points in the transition region g %00r ©° E
using the equationAG = —RTIn K = —RTIn [(fr — f)/(f 2 200f Doo 3
— fu)] (Pace, 1986), wherK is the equilibrium constant, f = : o ]
is the observed fluorescence intensity, &dndfy are the % 100 ¢ Yagn” © © oo
values of the fluorescence intensities characteristic of the N T D L ,U‘?,.
folded and unfolded conformations, which are obtained by 0 0.5 1 15 2 25 3
extrapolation of the pre- and post-transition base lines into [Urea], M

the transition region. For both Yop51 and Yop51/C403S,

AG was found to vary linearly with urea concentration, as 700 prrrrrr T Ty

described by the equatio’sG = AGH:°) — m[urea], where 600 £ B j

AGH0) js the value ofAG in the absence of urea amadlis 8 500 E% ]

a measure of the dependenceAd® on urea concentration. % 3 ’," E

The free energy of unfolding\G®*-?)) is the most frequently g 400 ;-‘ﬂ“ * X 3

used parameter for quantitating protein stability and compar- = 300t o 7 E

ing stabilities of closely related proteins. For the wild-type 5 b o K 3

enzyme AGH:°) andm were found to be 6.14- 0.41 kcal E‘f 200 3 ¢ 4 E

mol~* and 4.80+ 0.32 kcal mot? M1, respectively, while 100 £ S ,: = x ks
for the C403S mutanAGH-2) andm were found to be 4.02 A S i, TR ]

+ 0.20 kcal mot! and 4.22+ 0.18 kcal mott M1, 0 0.5 1 1.5
respectively. Thus, Yop51 is 2.1 kcal/mol more stable and [Gr.HCI], M

shows different sensitivity toward urea than Yop51/C403S. Figyre 5: Urea and guanidine hydrochloride induced unfolding
In addition, the urea concentration required to unfold 50% of the YersiniaPTPases. (A) Urea denaturatior®)(Yop51 (3.47

of the protein, [ureal,, was 1.3 M for the wild-type enzyme  «M); (O) Yop51/C403S (1.8ZM). (B) Guanidine hydrochloride

i i 14 denaturation: £) Yop51 (3.47uM); (¥) Yop51/A162 (3.45uM);
and 1.0 M for the C403S mutant, consistent with the wild and () Yop51/C403S (2.18M). Measurements of the relative

type be!”g more stable f{han the C_403S mutant. fluorescence at 340 nm (slit width 5 nm) with an excitation
Guanidine hydrochloride (G@I) is another often used wavelength at 295 nm (slit width 3.5 nm) were obtained as a
denaturant, but unlike urea, it is ionic in nature. Thus, as function of urea or guanidine hydrochloride concentration at pH
the GnCl concentration varies, so does the ionic strength 6.0, 50 mM succinate, 1 mM EDTA, arld= 0.15 M buffer and
of the unfolding solution. Since the fluorescence intensities ﬁﬁorgéczﬁggt;tr?fonn%as studied by monitoring the change in
of Yop51 and Yop51/C403S show different ionic strength '
dependencies, one might expect different@rdenaturation for the wild-type and the C403S mutant are consistent with
curves for the two proteins, which is exactly what was the different ionic strength dependencies of the fluorescence
observed (Figure 5B). As the concentration of the@n of the two proteins described above.
increased, the fluorescence emission of the wild-typesinia Steady-State Quenching by Acrylamide and lodiBkio-
PTPase initially increased, reaching a maximum at-0.3 rescence quenching experiments are commonly performed
M Gn-Cl, and then decreased to a final plateau when the to probe the degree of exposure of tryptophanyl residues to
protein was fully unfolded. As shown above, when Yop51 exterior solvent (Eftink & Ghiron, 1981). Th&ersinia
is still in its native conformation, increasing the ionic strength PTPase and the C403S mutant were analyzed for their
enhances the protein fluorescence which leads to the initial sensitivity to commonly used quenchers such as iodide and
rise in fluorescence. The denaturation curve of the truncatedacrylamide. lodide is large, negatively charged, and hy-
YersiniaPTPase was identical to those of the full-length drated, and it is considered to have access only to surface
molecule as probed by the sensitivity of the tryptophan tryptophans. Its ability to quench also depends on the
fluorescence to GI€I (Figure 5B) and urea (Zhang et al., location of neighboring charged groups. Acrylamide is a
1992), suggesting that the stability of the PTPase domain ispolar nonionic quencher that has access to all but the most
not altered by the elimination of the NHerminal 162 amino buried residues. In every case examined in this study, the
acid residues. On the contrary, since raising the ionic Stern—Volmer plot showed a linear relationship between
strength suppresses the fluorescence of the C403S mutanfuorescence intensity and quencher concentration. Identical
a plateau corresponding to the native state (as seen in theesults were obtained whether the full-length or the,NH
urea-induced denaturation) was not observed for the mutantterminal truncated PTPase was used. Typical Stemimer
(Figure 5B). Thus, due to the interfering ionic strength plots for iodide quenching at 1.5 M ionic strength are shown
effects to the GrCl-induced denaturation, a similar analysis in Figure 6 for Yop51A162 and Yop514162/C403S.
of the unfolding curves is not possible. However, it is Stern—Volmer quenching constant&d,) for Yop51/A162
apparent that the C403S mutant is more prone to denaturatiorand Yop51A162/C403S are summarized in Table 1.
by GnCl ([Gn-Cl]12 = 0.22 M) than the wild-type enzyme It is clear from the magnitudes dfs, for the Yersinia
([Gn-Cl]l1z = 0.48 M). Collectively, urea and G@lI PTPase and the C403S mutant using iodide and acrylamide
unfolding experiments show that the structure of the C403S that Trp354 is fairly exposed to the solvent in both proteins.
mutant is significantly less stable than the wild-type PTPase However, the extent to which it is accessible by the quencher
and displays a different sensitivity to urea and-Gln The is different. For example, at the ionic strength of 0.2 M,
abnormal appearances of the‘Ghinduced unfolding curves  Kg(iodide) for the wild-type enzyme is greater than the
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Table 1: SteraVolmer Quenching Constants for the Wild-Type 1
and the MutantversiniaPTPases 80 Lo T
wild type wild type C403s C403s 0 0.5 1 1.5 2
Ke(M™) (1=02M) (1=15M) (I1=02M) (I=15M) [Tungstate], mM
acrylamide 1.29£0.03 1.92+0.02 2.14+0.03 1.53+0.03 Ficure 7: Effects of tungstate on the fluorescence of Ytegsinia
iodide 536+ 0.04 2.22+0.02 4.34£0.05 0.53+0.03 PTPases. (A) Yop5:162. (B) Yop51A162/C403S. Measurements

of relative fluorescence at 340 nm were obtained as a function of
C403S mutant, whereas the reverse is true when acrylamideungstate concentration at pH 6.0, 50 mM succinate, 1 mM EDTA,
is the quencher. Interestingly, when the quenching experi- | = 015 M buffer, and 25C.

ments were performed at an ionic strength of 1.5 M, a . .
condition at which the wild type and the mutant enzyme C€dures). Th&, was determined to be 55 5 uM, which

exhibit similar fluorescence emission (Figure 4), the two IS Similar to theK; value (61xM) determined by steady-
proteins still showed different sensitivities toward these State kinetics, and the maximum fluorescence enhancement

quenching reagents. Thus, although the efficiency of iodide PY tungstate was 40%.
as a quencher decreased for both proteins at high ionic Surprisingly, tungstate quenched Trp354 fluorescence in
strength, the effect was much greater for the C403S mutantthe C403S mutant (Figure 7B). This is surprising because
than the wild-type enzyme. Further, in contrast to the result it appears that a similar loop closure also occurs in the
at low ionic strength,Ks/(acrylamide) for the wild-type  YOp51/A162/C403S-sulfate complex (Schubert et al., 1995)
enzyme increased at high salt concentration and was greate@s Well as in the PTP1B/C215Substrate complex (Jia et
than for the C403S mutant. These results indicate thatal., 1995). The decrease in fluorescence is not due to a
Trp354 has different accessibilities in the wild type and the nonspecific ionic strength effect, since under the experimental
C403S mutant. condition {( = 0.15 M), increasing the salt concentration by
Effects of Tungstate BindingTungstate is a competitve 4 MM [which is similar in ionic strength to the highest
inhibitor of theYersiniaPTPase with & of 61uM (Zhang ~ sodium tungstate concentration (2 mM) used] did not
etal., 1994a). Trp354 is located on a surface-accessible loopappreciably change the fluorescence. The tungstate-induced
(residues 354359 betweer$7 anda4) in the vicinity of fluorescence quenching of the C403S mutant was also
the active site region. Upon binding of tungstate, this loop saturable. Interestingly, Yop54162/C403S exhibited Kq
swings like a “flap” to cover the active site. In contrast to Of 690+ 50uM toward tungstate which is 12.5-fold higher
the unliganded structure, the loop main-chain atoms in the than for the wild-type PTPase. The maximum fluorescence
tungstate-bound Yop5A/162 complex move as much as 7 decrease caused by tungstate binding was 90%.
A toward the active site that positions the Asp356 carboxylate The observation that tungstate binding has different effects
within 3.5 A of the ester oxygen (Stuckey et al., 1994). One on the fluorescence properties of the wild-type and the C403S
would predict that the spectroscopic properties of the proteinsmutant,i.e., the ligand-freerersiniaPTPase is less fluores-
in the presence of tungstate will be different from those in cent than the ligand-bound form while the ligand-free C403S
the absence of tungstate, since the binding of the tungstatemutant is more fluorescent than the ligand-bound form,
causes a conformational change that involves the invariantfurther supports the conclusion that the immediate surround-
Trp354. Indeed, addition of tungstate to a solution containing ings of Trp354 in the two proteins must be different. From
Yop51/A162 enhanced Trp354 fluorescence (Figure 7A). the above results, it would appear that Trp354 in C403S
This is in accord with the structural observation that the loop resides in an environment that may differ not only from the
moves toward the active site upon binding of tungstate, which wild-type ligand-free form but also from the ligand-bound
may reduce the solvent exposure to Trp354 and/or optimizeform. It is noteworthy that the structure of the C403S in
its van der Waals contacts with adjacent nonpolar residues,the ligand-free form has not been determined. It is possible
and thus increase its fluorescence. Furthermore, the fluo-that in solution, the Trp354-containing loop may prefer a
rescence enhancement was saturable, which allowed theconformation that is different from those observed in the
determination of the dissociation constaiy, and the crystal structures. Thus, the 12.5-fold reduced affinity of
maximum difference in fluorescence between the free and C403S toward tungstate is most likely due to structural and
the tungstate-saturated PTPaaA&.x (Experimental Pro-  conformational alterations in the active site. For example,
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it is known that Arg409 is involved in oxyanion binding Cantor, C. R., & Schimmel, P. R. (198B)ophysical Chemistryp
(Zhang et al., 1994a). Changes in the Trp354 conformation 377, W. H. Freeman and Company, San Francisco.
may alter its interaction with the hydrophobic moiety of the Cho, H., Krishnaraj, R., Kitas, E., Bannwarth, W., Walsh, C. T.,
side chain of Arg409 (Schubert et al., 1995) that could affect & Anderson, K. S. (1992J. Am. Chem. Soc. 114296-7298.
the tungstate-binding affinity. Cleland, W. W., & Hengge, A. C. (1995ASEB J9, 1585-1594.

Summary and ConclusionPTPases feature an essential Eftink, M. R., & Ghiron, C. A. (1981)Anal. Biochem114, 199~
nucleophilic thiol group. When the sulfur of the active site )
Cys is converted to an oxygen atom, an inactive PTPase is™“¢ ‘o o 1 "a (1996)1. Biol. Chem. 2711878018788,
produced. Since thgersiniaPTPase contains only one Trp . .

. L. . . Garton, A. J., Flint, A. J., & Tonks, N. K. (1996Jol. Cell. Biol.

residue which is invariant among all PTPases and is close 16, 6408-6418.
to t_he apuve site, Tr|c_)354 serves as an |ntr|n§|c probe for t.heGuan' K. L., & Dixon, J. E. (19908cience 249553-556.
active site conformgtlon and dyngmms. Detalled_comparanve Guan, K. L., & Dixon, J. E. (1991). Biol. Chem. 26617026~
analyses of the wild-typ&’ersiniaPTPase and its C403S 17030.
mutant using a variety of spectroscopic techniques have ledyengge A C., Sowa, G, Wu, L., & Zhang, Z.-Y. (1995)
to the conclusion that the active site local conformation in  Biochemistry 3413982-13987.
C403sS is different from that of the wild-type enzyme. The jia, z., Barford, D., Flint, A. J., & Tonks, N. K. (199%cience
structural perturbations in the active site are responsible not 268 1754-1758.
only for the lack of catalytic activity of the mutant but also Kirby, A. J., & Varvoglis, A. G. (1967)J. Am. Chem. So@9,
for its reduced affinity for tungstate. The negative charge = 415-423.
of the thiolate anion may be responsible for holding the Kuntz, I. D., Meng, E. C., & Shoichet, B. K. (1994cc. Chem.
phosphate-binding loop in an active conformation. The Res27 117-123.
structural alterations may be due to the inability of the Lakowicz, J. R. (1983Principles of Fluorescence Spectroscopy
hydroxyl group in Ser403 of the C403S mutant to ionize in PP 3427381, Plenum Press, New York.
the normal pH range and/or due to the fact thatSand LO‘E’;"T%’ th" fgsezbgoug;" N., Farr, A., & Randall, R. (1951)
S—H bonds are 0.4 and 0.37 A longer thar-O and G-H lol. Chem 193 265-275.

bonds, respectively (Streitwieser & Heathcock, 1985), caus- Mcl%lg;a, G.D., Jr., & Cook, P. F. (1998iochemistry 331674~

Ing .(.jISt.urbances to t.he critical a_.llgnment_ a”‘?' relative Metzler, D. M. (1971)Biochemistry: Chemical Reactions of the

positioning of the functional groups in the active site. Thus, | j,ing Cell, p 728, Academic Press, New York.

structural and electronic factors that are important for the \jjarski. K. L., Zhu, G., Pearl, C. G., McNamara, D. J., Dobrusin,

native PTPase activity may not be operational in the Cysto  E. M., Maclean, D., Thieme-Sefler, A., Zhang, Z.-Y., Sawyer,

Ser mutant. T., Decker, S. J., Dixon, J. E., & Saltiel, A. R. (1993B)Biol.
This work highlights the extreme susceptibility of the ~ Chem 268 23634-23639.

active site structure even to a very conservative mutation in Pace, C. N. (1986)Methods Enzymoll31, 266-280.

a protein, such as Cys to Ser. Therefore, one cannot be togSchubert, H. L., Fauman, E. B., Stuckey, J. A,, Dixon, J. E., &

careful when applying site-directed mutagenesis to the study SaPer. M. A. (1995protein Sci. 41904-1913. _

of structure-function relationship of proteins. Even if the ~Streitwieser, A., Jr., & Heathcock, C. H. (1985)litroduction to

crystal structure of a mutant enzyme appears very similar to 82%S§n§h§2$t;yg’£ ed., pp 9 and 757, Macmillan Publishing

that of the wild-type enzyme, significant structural and g0 i\ “Krueger, N. X., Thai, T., Tang, M., & Saito, H. (1990)
functional perturbations can still occur. Our results also raise  gEmBO J 9, 2399-2407

the question whether it is appropriate to utilize the Cys to Stuckey, J. A., Fauman, E. B., Schubert, H. L., Zhang, Z.-Y., Dixon

Fauman, E. B., Yuvaniyama, C., Schubert, H. L., Stuckey, J. A,

Ser mutant as a bait in a two-hybrid screenifosivo PTPase J. E., & Saper, M. A, (1994Nature 370 571-575.
substrates. Indeed, a recent biochemical study indicates thakun, H., Charles, C. H., Lau, L. F., & Tonks, N. K. (199G%Il
stable and high-affinity association between PHEST and 75, 487-493.

its physiological substrate p188requires the presence of Ward, L. D. (1985)Methods Enzymol. 11400-415.

the Cys residue, rather than a Ser, in the phosphatase activgvo, Y.-Y. P., Zhou, M.-M., Stevis, P., Davis, J. P., Zhang, Z.-Y.,
site (Garton et al., 1996). Further detailed NMR, time- & Van Etten, R. L. (1992Biochemistry 311712-1721.
resolved fluorescence, and resonance Raman spectroscopi?/u, L., & Zhang, Z.-Y. (1996Biochemistry 355426-5234.
studies of the wild-type and the C403S mutant PTPaseszhang, Z.-Y. (1990Mechanistic and Kinetic Studies of theBue
should provide added insight into the molecular nature of Heart Low Molecular Weight Phosphotyrosyl Protein Phos-
the structural perturbations in the active site and address the Phatase Ph.D. Thesis, Purdue University, West Lafayette, IN.

precise conformation and environment of the invariant £hang. Z.-Y., & Dixon, J. E. (1993piochemistry 329340-9345.
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