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ABSTRACT. In bovine lowM; protein tyrosine phosphatase, thi¢,values of His-66 and His-72 are 8.3

and 9.2, respectively. These unusually high values were hypothesized to be caused by electrostatic
interactions with several nearby negatively charged groups. To test this, mutant enzymes were made in
which one or more carboxylate side chains were removed or introduced near the histidines. Michaelis
kinetic parameters, measured usrgitrophenyl phosphate as a substrate, indicated that all mutant enzymes
retained approximately 50% or more of the activity of wild-type enzyme. The effect that each mutation
had on the K, of the nearby histidine was monitored By NMR spectroscopy using the MLEV-17

pulse sequence to filter out the broad interfering amide resonances in the spectra. Independently, computer
simulations of the K.s were obtained using the finite difference method to solve the linear Peisson
Boltzmann equation. The proximity of a charged residue to the titrating histidine imidazole largely
determined the extent of thé&pperturbation. The change irKpfor His-72 in the mutant enzymes was
—1.69 units for D42A,—2.36 units for E23A—2.99 units for E23A/D42A, and unchanged for E139A

and Q143E. Thus, thekp of His-72 in the double mutant E23A/D42A decreased to nearly that of a free
histidine imidazole group. The His-6&Kp change was-1.25 units for E139A and was not significant

for the other mutants. His-66, Glu-139, and GIn-143 are at the protein surface and much more exposed
to the higher solvent dielectric compared to His-72, Glu-23, and Asp-42. These structural characteristics
explain the smaller decrease in the observéggs His-66 for the E139A mutant compared to the decrease

in the K, of His-72 when a single nearby carboxylate was removed. These observations were adequately
predicted by theoretical electrostatic calculations using the PoidBolizmann equation as a model for

a solute molecule of low dielectric in solution of high dielectric.

Bovine protein tyrosine phosphatase (BPTR)a low al., 1995). The mammalian lowl; PTPs have 8095%
molecular weight cytoplasmic enzyme consisting of 157 sequence identity and approximately 40% identity to yeast
amino acid residues with a totsl, of ~18 000. This protein ~ enzymes (Zhang et al., 1995). The enzymatic role of PTPs,
and the homologous human forms have been previouslyremoval of a phosphate group from a phosphotyrosine
isolated from bovine (Lawrence & Van Etten, 1981; Zhang substrate, is essentially the reverse of protein tyrosine kinases.
& Van Etten, 1990) or human (Waheed et al., 1988) tissue, Tyrosine phosphatases are involved in cell cycle regulation,
and they have been cloned and overexpressedgcherichia cell growth and differentiation, and signal transduction, and
coli (Wo et al, 1992a,b). Similar phosphatases are also are important in balancing the phosphorylation reactions of
found in yeast and bacteria (Li & Strohl, 1996; Ostanin et protein tyrosine kinases (Yang & Tonks, 1993).

The knownin wuitro substrates for BPTP are aromatic
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with the amino acid and cDNA sequences as described in Wo et al. are. also dephosphorylatédzitro by BPTP (Ramponi, 1994;
(1992a); RO, deuterium oxide; DSS, 2,2-dimethyl-2-silapentane-5- Shimohama et al., 1994). The actual cellular substrates for
sulfonate; EDTA, ethylenediaminetetraacetic acid disodium salt dihy- most lowM, PTPs are not known at this time.

drate; EGF, epidermal growth factor; HEPES, 4-(2-hydroxyethyl)-1- . o
piperazineethanesulfonic acikl,, catalytic rate constant or turnover The CXXXXXR sequence at the active site is common

number:Kr, Michaelis-Menten constant; MLEV-17, modified version ~ to all known PTPs including low and hight, PTPs. In
of a decoupling pulse sequence from Levitt et al. (1982); NMR, nuclear BPTP, the conserved residues at the ends of this sequence

magnetic resonance; PDGF, platelet-derived growth fagibiPP, _ _ ;
p-nitrophenyl phosphate; PTP, protein tyrosine phosphatase;-SDS are Cys-12 and Arg-18, and the necessity of these two

PAGE, sodium dodecy! sulfatgolyacrylamide gel electrophoresis; ~ residues for catalysis is demonstrated by the complete loss
Vmax €nzyme velocity at saturating substrate concentration. of phosphatase activity when either amino acid is mutated
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to an alanine (Davis et al., 1994a,b). Although IBWPTPs the two histidines are in substantially different environments,
do not have the same conserved phosphate binding loopand the enzyme is also small enough to give relatively sharp
sequence, GXGXXG, found in many high. PTPs (Zhang resonance lines. Thi#d NMR chemical shifts of the ¢4
& Dixon, 1994), a functionally similar phosphate binding and GH resonances during pH titrations are a direct means
loop is present at the active site (Zhang, M., et al., 1994; of determining histidine I§.s because the spectrum represents
Evans et al., 1996). the average protonation state of the imidazole ring (Meadows,

The kinetic mechanism for catalysis by BPTP is well 1972). Because of the unique resonance positions and
understood and serves as a paradigm for the structurally lesselatively sharp line widths, the imidazole} and GH
extensively investigated higil, PTPs. Cys-12 is the active  peaks of histidine were the first to be assigned unambigu-
site nucleophile in BPTP, backbone-ds as well as the  ously by 'H NMR spectroscopy of proteins (Meadows et
side chain of Arg-18 are necessary for binding the phosphateal., 1967). This technique was soon utilized by numerous
group of the substrate and the transition state (Zhang et al.,researchers because it provided a means of directly examin-
1997), and Asp-129 acts as a critical proton donor for the ing the active site histidines of several enzymes in solution
leaving group (Davis et al., 1994a,b; Zhang, Z.-Y., et al., (Markley, 1975a). The NMR titration curves observed for
1994). Hydrolysis of the phosphoenzyme intermediate is histidines were useful in early studies of electrostatics
rate-limiting, at least in the hydrolysis reaction of activated because they provided empirical data with which to examine
substrates. The dephosphorylation proceeds with overallmodels of electrostatic theory for proteins (Botelho et al.,
retention of configuration at phosphorus, and involves 1978; Botelho & Gurd, 1978; Markley & Finkenstadt, 1975;
sequential @ reactions with inversion in each step (Saini Shire et al., 1974a,b).
etal., 1981). A detailed structural model of a transition state  The use of simplified electrostatic models in calculations
analog complex has been described (Zhang et al., 1997). of protein titration dates back to Linderstram-Lang (1924),

The role of histidine residues in the catalytic process has who assumed the titrating charge to be spread uniformly over
been a subject of controversy. It was claimed that His-66 the surface of a sphere. Tanford and Kirkwood (1957) used
and His-72 in BPTP were located near the active site and symmetrically placed point charges to represent titrating sites
participated in enzymatic catalysis (Chiarugi et al., 1994). inside a low dielectric sphere representing the protein
In those studies, single mutants of each histidine (H66Q andenvironment, and analytical solutions of the linear Poisson
H72Q) had sharply reduced activity, and the double mutant Boltzmann equation (eq 1) for the spherical geometry were
(H66,72Q) was apparently completely inactive. However, used to obtain the electrostatic interactions between the sites.
careful pH titration and kinetic studies on nonfusion BPTP

VIe()Ve(n)] — k%e(re(r) = —4mp(r) 1)

proteins containing single and double histidine mutations
together with the subsequent X-ray crystal and NMR solution
structure determinations clearly demonstrated that His-72 and(Thex or Boltzmann term accounts for ionic strength effects.)
His-66 are approximately 9 and 18 A away from the active As X-ray crystallographic structures of proteins became
site cysteine, and that neither histidine is directly involved available, modified versions of the Tanfer&irkwood
in catalysis (Davis et al., 1994b; Logan et al., 1994; Zhang, procedure were introduced which incorporated some struc-
M., etal., 1994; Su et al., 1994). Moreover, although BPTP tural information but retained the basic spherical geometry
is inactivated by treatment with diethyl pyrocarbonate, a (Matthew & Gurd, 1986). The rapid increase in available
double mutant containing no histidines whatsoever is kineti- computing power made it possible to apply finite numerical
cally active, and its activity is similarly lost upon treatment methods to solve the PoisseBoltzmann equation for
with diethyl pyrocarbonate (Davis et al., 1994b). dielectric geometries in which the details of the protein’s
Although it plays no direct catalytic role, His-72 does play atomic structure and solvent accessibility define a complex
an important structural role, particularly by virtue of its boundary between the interior low dielectric and the sur-
interaction with Asn-15 (Zhang, M., et al., 1994; Evans et rounding high dielectric solvent (Warwicker & Watson,
al., 1996). In this regard, theKp value of His-72, andtoa  1982). This technology could then be applied to the protein
lesser extent that of His-66, is of particular interest. These titration problem where it allows not only for the calculation
residues are unusually basic, witjwvalues of 8.4 and 9.2  of site—site interactions, as in the Tanfer&irkwood

for His-66 and His-72, respectively (Zhou et al., 1993). From
the X-ray crystal structure of BPTP, His-72 is hydrogen-
bonded to Asn-15 and is positioned 3.3 A from Glu-23. Asp-
42 is also in close proximity (4.3 A) to His-72 while Glu-

models, but also for interactions with nontitrating charges
and dipoles and for the energetics of full or partial burial of
titrating charges in the low dielectric environment (Bashford
& Karplus, 1990). The treatment of the electrostatics of a

139 is near (3.6 A) His-66. This suggested that acidic groups solvent/solute system by a model in which the protein is a
and hydrogen bonds could be largely responsible for the relatively low dielectric medium with embedded charges

unusually high g, values observed for the histidines. Figure

surrounded by a high dielectric solvent, and the boundary

1 shows the positioning of several important side chains between dielectric regions is a complex one defined by the

relative to His-66 and His-72.
The measurement ofa changes of histidines and other

coordinates and radii of the atoms, is referred to here as
Macroscopic Electrostatics with Atomic Detail, or MEAD.

residues in proteins has been done by kinetic methodsModels of this kind have been applied not only to protein
(Russell et al., 1987), fluorescence titration (Loewenthal et titration but also to a variety of problems ranging from small

al., 1993), andH NMR spectroscopy (Loewenthal et al.,

molecule solvation to proteinDNA interactions (Honig &

1992; Markley, 1975a; Sancho et al., 1992). Proton NMR Nicholls, 1995; Gilson, 1995).

spectroscopy is particularly convenient for observing the

A major objective of the present study has been to

effects of electrostatic changes near the imidazole ring of understand some of the factors that cause unusually perturbed

histidine residues in proteins (Markley, 1975a). In BPTP,

pK, values of histidines. Therefore, the structural charac-
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Ficure 1: Stereoviews of wild-type BPTP made with MolScript (Kraulis, 1991) showing the important amino acid side chains (A) near
His-66 and (B) near His-72 based on the published crystal structure (Zhang, M., et al., 1994, 1997). The solution structure of BPTP is
known to be effectively identical (Logan et al., 1994).

teristics of BPTP which were important in producing these other materials were of the highest commercially available
elevated K, values were examined by a series of single and purity.

double amino acid mutations. The measured changednp  Mytagenesis The cloning and expression of wild-type
values for both His-66 and His-72 were then compared with gpTp \vas described earlier (Wo et al., 1992a). For
theoretical electrostatic calculations. In view of the relative mutagenesis, a 765 base pivd —BarrH| fragment con-

ease with which histidine . values may be measured in  (5ining the BPTP gene was transferred into the corresponding
proteins, they can serve very useful roles as reporter groupSgjtes of bacteriophage M13mp18. The resulting single-
for studying electrostatic properties and for testing the ¢ anded DNA was used as a template for mutagenesis
validity of theoretical electrostatic predictions. (Vandeyar et al., 1988). The following primers were used
to initiate second strand synthesis: (E23A}YCATCG-
EXPERIMENTAL PROCEDURES CAGCTTGCGGTTTTC-3 (D42A) 5-GGGTCATTG-
Materials DSS (98%) and BD (99.9%) were obtained CAAGTGGCG-3, (E139A) 3-CCGACTTTGCTACCGTC-
from Cambridge Isotopes Laboratories. DCI (99%) and TACC-3, and (Q143E) 5GAGACCGTCTACGAACA-
NaOD (99%) were obtained from Aldrich. Standard solu- GTGCGTG-3. The changed bases are underlined. The
tions for pH calibration were from Fisher or Baxter. SP- codons GAA and GAG were changed to GCT to convert
Sephadex C-50 was obtained from Sigma, and SephadexGlu-23 and Glu-139 to Ala, GAC was changed to GCA to
G-50 was from Pharmacia. The phosphatase substrateconvert Asp-42 to Ala, and CAG was changed to GAA to
p-nitrophenyl phosphate was purchased from Sigma. All obtain Glu-143 in place of GIn. The primers were obtained
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from the Purdue Macromolecular Synthesis Laboratory or, spectra were obtained at 251 °C using Wilmad 528-PP 5
in the case of the Q143E primer, from Integrated DNA x 180 mm NMR tubes. The residual HOD resonance was
Technologies (Coralville, IA). Mutagenesis was performed referenced to 4.77 ppm versus an external DSS standard in
using the T7n vitro mutagenesis kit from U. S. Biochemical D,0 at 25°C. The standaréH NMR spectra were obtained
Co. An initial screening for the desired mutations was with a 7200 Hz spectral width2 s acquisition time, 2 s
performed using single-lane nucleotide sequence reactiongelaxation delay, and 64 acquisitions, and processed with
(“A-tracking”) for the mutants D42A, E139A, and Q143E. 64 000 points and a 0.4 s Gaussian apodization function. All
The base changes that were introduced to make the E23AMLEV-17 spectra were obtained with a 20 ms spin lock time,
mutant created the recognition sequence for the restriction7200 Hz spectral widthl s acquisition timel s relaxation
enzyme Puull which was utilized in screening for that delay, and 128 acquisitions, and processed with 32 000 points
mutant. The double mutant E23A/D42A was made by and a 0.2 s Gaussian apodization function. The residual
starting with the single-stranded DNA of the M13mpl8 HOD resonance in all spectra was suppressed with-e820
derivative that already contained the confirmed D42A Hz radio-frequency field during the relaxation delay and with
mutation as the template. The same E23A primer notedthe Varian solvent suppression algorithm to remove low-
above was then used to initiate second strand synthesisfrequency signals.
Screening for the desired second mutation was done by pK, Determination The pH titrations were performed in
confirming the introduction of an additionBbull restriction at least 12 steps over the pH range1®.5. A Corning
site. The resulting mutant BPTRba —BanH| fragments Digital 112 pH meter and an Ingold semimicro combination
were excised from the bacteriophage M13mp18 derivatives pH electrode were used to measure the pH before and after
and inserted into the analogous sites of the bacterial acquiring the NMR spectrum at each point. Because the
expression vector pET11d (Novagen Inc., Madison, WI) and glass electrode errors ani&pshifts in D,O solutions were
subsequently transformed into tiescherichia colistrain constant and largely offsetting, no correction was made for
BL21(DE3) for overexpression of the mutant BPTP proteins. the deuterium isotope effect (Glasoe & Long, 1960; Li et
The complete nucleotide sequences of the mutant BPTPal., 1961; Roberts et al., 1969). The protein solution was
genes in the final plasmid constructs were determined in titrated h a 2 mL Eppendorf tube and stirred with a small
order to verify the mutation as well as the integrity of the Teflon-coated stir bar. The pH was adjusted by gradually
remainder of the gene. adding 2-5 uL aliquots of 0.1 M DCI or NaOD solutions

Expression and Purificatian All the enzymes were  with a narrow-diameter (0.6 mm OD) pipet tip. Th&p
obtained by overexpression iEscherichia colBL21(DE3) values were obtained by fitting the NMR titration data to
containing the appropriate plasmid. Approximately 50 mg the modified HenderserHasselbalch equation (eq 2) or the
of protein was obtained per liter of rich medium. The modified Hill equation (eq 3) (Markley, 1975a; Markley &
enzymes were purified by SP-Sephadex C-50 cation ex- Finkenstadt, 1975) using the Marquardlievenberg nonlin-
change followed by Sephadex G-50 size exclusion chroma-ear least-squares algorithm (SigmaPlot, Jandel Scientific).
tography. Purity was assessed by discontinuous-SBXSGE
with 4% stacking gels and 12.5% resolving gels. Pure ., =0, + (O — 0,) X (10 P9)/(107 P+ 107"
fractions containing 0.51.5 mg/mL protein were concen- (2)
trated to make samples for NMR analysis.

Steady-State KineticsKinetic parameters were obtained 6 .= 0, + (a4 — 0,) x (10 P<#")/(107P" 4 107PHIN)
for each purified enzyme in 100 mM NaOAc, 85.5 mM (3)
NaCl, and 1 mM EDTA, 37C, pH 5.0, with 0.+2.0 mM
pNPP as substrate. The protein concentrations were-0.17 For these equations,ps is the observed chemical shifia
0.22 uM for all enzymes. Protein concentrations were is the chemical shift of the unprotonated imidazaig, is
determined by UV absorbance measurements at 280 nmthe chemical shift of the fully protonated imidazole, amd
using extinction coefficients previously measured at this is the Hill coefficient. Proton chemical shifts can usually
wavelength (Davis et al., 1994a). Tk&, and Vyax Were be measured to an accuracydg®.01-0.05 ppm (determined
calculated by using a nonlinear least-squares fit of the datalargely by the line width at half-maximum peak height) while
to the Michaelis-Menten equation. the pH is generally no more accurate than approximately

IH NMR Spectroscopy Purified protein fractions were  £0.05 unit (Meadows, 1972). The measured pH typically
concentrated te~18—24 mg/mL (~1.5-2.2 mM) in D,O also has an intrinsic error of 0.02 pH unit per millivolt change
solution containing 130 mM NaCl and 20 mM NgPDy in liquid junction potential (Ramette, 1981). For this study,
usually -2 h before obtaining spectra. The enzyme for the precision for pH measurements varied freit®.03 unit
each sample was concentrated<t6.5 mL in a Filtron 10 in the lower pH range~5—8) up to+0.10 unit at higher
mL Omegacell disposable stirred cell ultrafiltration device pH (>8).
with a 3 kDa nominal molecular mass cutoff membrane filter.  Theoretical pK Calculations The general methods used
The solution was reconstituted with 1 mL of,@ and for calculating K, values have been described in detail
concentrated again. This procedure was repeated once wittpreviously (Bashford & Gerwert, 1992) and will only be
D,O and then 3 times with the salt and buffer solution in summarized here. Itis assumed that the difference between
D,O. Most of the residual water was removed in this the titration behavior of an ionizable group in the protein
manner. If further exchange of the amide protons for and that of the same group in a model compound can be
deuterons was desired, the sample was stored in a sealedccounted for by differences in the two electrostatic environ-
tube at 4°C for 12-16 h or longer. Proton NMR ments, and that these electrostatic environments can be
spectroscopy was performed on a Varian Unity Plus 600 represented by a MEAD model of the kind described in the
spectrometer operating at 14.1 T (600 MHz fét). All introduction. One must therefore calculate the difference
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in the electrostatic work of changing the charges from the believed to help stabilize the negatively charged state of Cys-
protonated to the unprotonated state in the protein and in12, the active site nucleophile, an initial run of HBUILD
the model compound. Three kinds of energetic terms occurwas done with Cys-12 deprotonated; then Cys-12 was
in the calculation: AGgorm, the interaction of the titrating  protonated and a second HBUILD run was done to place its
charges with the polarization that these charges themselvegproton. The CHARMM-22 structure was subjected to a two-
induce in the surroundings (as in the Born solvation energy); step energy minimization protocol (You & Bashford, 1995)
AGpackk the interaction of the titrating charges with the consisting of steepest descent minimization with no elec-
background of nontitrating charges of the protein or model trostatic terms, and a conjugate gradient minimization in
compound; and a matrix of interactions between titrating which the dielectric constant of the electrostatic term is set
sites. For each titrating site in the protein, numerical to 4.0. The rms deviation of the minimized coordinates from
solutions of the PoisserBoltzmann equation (eq 1) corre- those prior to minimization was 0.67 A for all atoms and
sponding to the protonated and deprotonated states of thed.47 A for backbone atoms. No minimizations were
site in the protein and the protonated and deprotonated stateperformed for the CHARMM-19 structure. Mutation of Glu
of the model compound must be obtained for the calculation or Asp side chains to Ala was modeled by truncation of side
of these energetic terms [see Bashford and Gerwert (1992)chain atoms beyond thgcarbon from the relevant residue
for details]. It is convenient to define an intermediate in the wild-type structures.

quantity, the intrinsic s, or pKin, which is the |, that an The electrostatic calculations were done using the multiflex
ionizable site in the protein would have if all other ionizable program from the MEAD programming suite (Bashford &
sites were held in their electrically neutral states. This Gerwert, 1992). The groups treated as titrating sites in the
quantity is independent of pH, and in the current context, it cajcylation included methyl phosphate in the active site, the
is calculated by the modification of the model compound . and N-termini of the protein, and all ionizable side chains
PKa by the Born and background terms: except for those of Tyr, Lys, and Arg residues which were
1 treated as fixed and protonated. The charges and Born radii
PKint = PKinog = (2.303GT) (AGgy, + AGyacd (4) used were taken from the partial charges and van der Waals
) ) ) _ minima of either the CHARMM-22 or the CHARMM-19
Having obtained thelfi.x values of each site, and the matrix parameter sets, except that hydrogen atoms whose van der
of site—site interactions, one can, in principle, obtain the \\aals minimum radii are less than 1.2 A are assigned a
titration curve of each site by a Boltzmann-weighted sum adius of 1.2 A. Asin previous work (Bashford & Gerwert,
over the 2 possible protonation states of the protein, where 1992: Bashford et al., 1993), the full set of partial charges
N is the number of sites. In practice, this is not feasible for \yere used to describe the titrating sites rather than concen-
more than 1520 sites, so the Monte_z-CarIo method of Beroza trating the entire formal charge on a single point. [The use
et al. (1991) has been_useq to obtain the curves. The reportegh g ch charge models on titrating groups was recently found
pKa values are the midpoints of these curves. For the two tq give improved accuracy over the single-point method in
histidine residues in BPTP, we have included tautomerism cajculations with low interior dielectric constants (An-
by a pseudosite method described previously (Bashford etgsjewicz et al., 1996).] The model compounds for each site
al., 1993). _ _ were theN-formyl-N-methylamide derivatives of the amino
Heavy-atom coordinates for wild-type BPTP are taken acigs, and their coordinates were taken from the correspond-
from the 1.9 A resolution X-ray crystallographic structure jng residues in the crystal structure along with their flanking
qf Zhang et al. (1997). The X-ray structure (Brookhaven PDB peptide groups. TheKmoq values used were as given by
file 2PNT) contains a HEPES buffer molecule with its Bashford et al. (1993) with the addition of 9.5 for Cys and
sulfonate group in the presumed position of the substrateg g for methyl phosphate. The dielectric constant of the
phosphate group. The HEPES was removed, and a methylyotein interior was set to 4.0, and the exterior was assigned
phosphate molecule was modeled in its place. Water g giglectric constant of 80 and an ionic strength of 0.15 M.
molecules were also deleted from the crystal structure. o 2.0 A counterion exclusion radius and a 1.4 A solvent
Further processing of the structures for the electrostatic probe radius were used. The Poiss@vltzmann equation
calculations was done using the CHARMM molecular for each site was solved by a finite-difference method using
mechanics package which implements several empirical o, jnjtial coarse lattice having 8hodes and 1.0 A spacing
potential energy functions (Brooks et al., 1983). TWO centered on the protein, followed by a fine lattice with a

CHARMM-19 parameter model in which polar hydrogen

atoms are included explicitly but other hydrogens are merged ResULTS

into extended atoms (Reiher, 1985); and the other based on

the CHARMM-22 model for proteins and lipids in which The kinetic and spectroscopic evidence indicated that the
all hydrogen atoms are explicit (MacKerell et al.,, 1992; structures of all the mutant proteins were very similar to that
MacKerell and Karplus, unpublished results). Hydrogen of wild type protein. The kinetic results for the BPTP
atom positions for the fully protonated molecule were enzymes are summarized in Table 1. The steady-state kinetic
generated using the HBUILD facility (Bnger & Karplus, properties of the mutants did not differ greatly from wild-
1988) of CHARMM, supplemented by trial 18@otations type BPTP, indicating that no detrimental structural or
of the carboxylic acid groups of the Asp and Glu side chains functional changes were produced. The apparent affinity for
and 120 rotations about the C¥D—P bond of methyl pNPP substrate was somewhat reduced for D42A and E23A/
phosphate to choose the protonation site resulting in theD42A (69% and 46% of wild-type BPTP, respectively).
lowest energy. Because interactions with the Ser-19 hy- Interestingly, the catalytic rate of D42A wasB0% greater
droxyl group and other hydrogen bonding interactions are than that of wild type.
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Table 1: Kinetic Constants of Wild-Type BPTP and BPTP Mutants

enzyme Km (MM) Vmax (UNits/mg) Keat (S71) kealKm x 104 (ST M)
WT 0.31+0.01 92.0+0.8 27.61+ 0.3 8.99+ 0.2
E23A 0.184+ 0.01 59.6+ 0.8 17.88+ 0.2 9.93+ 0.5
D42A 0.80+ 0.04 166+ 4 49.92+ 1.2 6.23+ 0.3
E23A/D42A 0.41+ 0.02 57.4+1.2 17.21+ 0.4 418+ 0.2
E139A 0.30+ 0.01 109+ 1.0 32.68+ 0.3 10.9+ 0.3
Q143E 0.34+ 0.01 101+ 1.5 30.23+ 04 8.96+ 0.4

a See Experimental Procedures for conditions. Standard errors are reported for all values.

resonances and may obscure them during a titration, par-
ticularly because the {proton peaks tend to broaden and
F lose intensity as the pH approaches the imidazdig p
(Sudmeier et al., 1980). The rate of tautomerization of the
imidazole N-H protons may also contribute to the observed
C;H line width because it falls into the intermediate exchange
time scale where maximum broadening occurs. The proton
exchange rates in proteins can be affected when using
different buffers by either changing the on and off rates for
D protonation or causing slight conformational changes in the
protein (Markley, 1975b,c; Sudmeier et al., 1980). A
discontinuous titration curve may be obtained if intermediate
exchange rate conditions exist for the imidazole group. This
was noticed to some extent for the His-72 imidazole in all
the enzymes in this study, and addition of phosphate buffer
substantially improved the results for most cases. Phosphate
B buffer rather than acetate buffer was used for all the titrations
because itslg, is higher in the middle of the titration range
than acetate (7.24s4.75, respectively), and it is also a weak
competitive inhibitor of BPTP which may help stabilize the
A enzyme during the titration. Although the ionic strength for
T e R TR T TR ST 8 e phosphate buffer increases as pH is increased, this did not

FiGURE 2: Conventional 1D'H NMR spectra of (A) wild-type appear to be a problem because il palues measured

BPTP, pH 4.93, (B) E23A, pH 4.88, (C) D42A, pH 4.75, (D) E23A/  for His-66 and His-72 were essentially identical with and
D42A, pH 4.60, (E) E139A, pH 4.71, and (F) Q143E, pH 4.98. without phosphate present.
The other conditions are as described under Experimental Proce- Exchange of amide protons for deuterons is a common

dures. The spectra are very similar throughout the entire frequencymethod for decreasing the number of these broad resonances

range, indicating that few structural differences exist. The sharp . -
peaks at 3.4 and 3.8 ppm in some of the spectra are due to smal n *H NMR spectra. The extent of exchange is often forced

amounts of low molecular weight impurities. y employing relatively high pH and temperature (pHI®

and 40-80 °C). However, the deuterium exchange condi-

tions used for all the enzymes in the present study were very

The mutant enzymes appeared to have secondary structuregiid to prevent protein denaturation before or during the
that were highly similar to wild-type BPTP (Logan et al., NMR experiments. Instead, a spectral editing pulse sequence
1994), because thetH NMR spectra had the same overall was used to reduce the intensity of the amide proton
chemical shift dispersion and peak pattern (Figure 2). The resonances overlapping the histidine peaks intHh& MR
imidazole G protons of both histidines were distinguished spectra of each enzyme (Davis et al., 1994b; Zhou et al.,
by their relatively narrow line widths compared to the amide 1993). The MLEV-17 pulse train in these NMR experiments
protons and by their higher resonance frequencies comparethas the advantage of giving a better signal to noise ratio in
with most other protons bonded to carbon. These propertiesthe spectrum than earlier pulse sequences. A one-dimen-
were exploited for the pH titration experimentsde infra). sional MLEV-17 experiment produces a spectrum where the
The chemical shifts of the {protons generally varied from  observed signal intensity depends on the relaxation time of
8.3 ppm at pH~5 to 7.4 ppm at pH-10 for His-66 and  the proton and the length of time that the spin-lock is applied.
approximately 9-8 ppm for His-72 over the same pH range. Therefore, by setting the spin-lock time appropriately, amide
For the G protons, the change in chemical shift was only proton resonances can be nearly eliminated while imidazole
0.5 ppm or less for those that could be measured accuratelyC, and G protons and aromatic resonances are still observ-
The GH line widths observed for His-66 were-41 Hz able in the higher frequency region of the spectrum.

while those of His-72 were430 Hz over the pH range used Figure 3 shows a series of MLEV-1"TH NMR spectra
in this study. Line broadening was much more apparent for for the titration experiments with wild-type BPTP and the
His-72 than for His-66. The imidazole ,(orotons are E23A mutant. Differentiating between the His-66 and His-
expected to exchange more slowly than most of the protein 72 GH resonances in the E23A spectra appears to be difficult
backbone amide protons which resonate in the same fre-near pH 8, but a full inspection of their line shapes (including
quency range (about =3.5 ppm). The slowly exchanging intermediate points not shown in Figure 3) and a nonlinear
amide resonances overlap with the imidazolg ptoton least-squares fit of the data to the theoretical titration curve
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Ficure 3: MLEV-17 1H NMR spectra of (A) wild-type BPTP and
(B) E23A pH titrations with conditions as described under

Experimental Procedures. The pH is shown above the correspondin

spectrum for both titrations. The His-66kresonance is indicated
by (x), and the His-72 gH resonance is indicated by (*). At pH

gmeasured (Zhou et al.,

Tishmack et al.
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Ficure 4: Graphs of the pH titration curves of (A) His-66 and (B)
His-72 side chains based on theHCand GH chemical shifts for
wild-type BPTP ©), E23A @), D42A (»), E23A/D42A ),
E139A @), and Q143E Y¥). The GH titrations are on the top
portion of each graph, and thel€titrations are below them. The
solid lines are nonlinear least-squares fits of the data to the modified
Hill equation (eq 3). Graph A shows that both theHCand GH

pH titrations of His-66 can be observed for all the proteins, and
only the E139A and Q143E curves are not superimposable with
the others. Graph B shows that only the three mutations affecting
His-72 had observables8 titration points. The leftward shift of
the His-72 titration curves is readily apparent.

for His-66 and 9.19 for His-72 are in excellent agreement
with the values, 8.36 and 9.19, respectively, previously
1993). It is clear that the nearby
carboxylate functions S|gnificantly affected thiép of each

9.08 for wild type BPTP, the His-72 peak was too broad to observe. histidine, because theKp of His-66 or of His-72 was

decreased only when a nearby carboxylate group was

clearly showed that the correct assignments were as labeleceliminated. The other histidine, located farther from the
in Figure 3. The His-72 resonance for wild-type BPTP mutation site, was not affected. The greatest effect on the

broadened substantially from pH 8 to 10. This was also PKa Of His-72 was seen in the case of the double mutant

noticed for the E139A and Q143E mutants but was much E23A/D42A which decreased nearly &punits compared

less in the other mutants. The line broadening of thd C

to wild-type BPTP. The respective single mutants had

resonance did not adversely affect the interpretation of the intermediate effects on theKp of His-72. The E139A

pH titration spectra.

mutant caused a significant decrease in tKg @f nearby

Figure 4 shows two graphs of the pH titration data obtained His-66 but had no effect on the<pof the more distant His-

for the G and G protons of the His-66 and His-72 imidazole
groups in wild-type BPTP and the five mutants. Table 2
summarizes thelf, values obtained from the pH titrations
for the wild-type and mutant forms of BPTP. Hill coef-
ficients were also calculated for eadkp A Hill coefficient
that is significantly different from 1.0 indicates that multiple
dissociating groups may be involved in the titration (Markley,
1973, 1975a; Markley & Finkenstadt, 1975). Thi€,p of
Q143E and the His-72Ky of E23A each had Hill coef-
ficients that were statistically different from unity, but the
deviations were small. The wild-typeKp values of 8.29

72. The Q143E mutant, which introduced a negatively
charged carboxylate near His-66, had only a minor effect
on the K.

The calculated i, values for His-72 and His-66 are
summarized in Table 3. In all cases, the calculation placed
the deprotonated form of His-72 in tkeautomer and His-
66 in thed tautomer. As in the experimental measurements,
unusually high i, values were found for both histidines in
the wild-type protein, and the mutation of nearby glutamate
or aspartate residues to alanine significantly lowered Kae p
values of the adjacent histidine but had little effect on the
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Table 2: pH Titration of Histidine Residues in BPTP and BPTP Mutants

enzyme His-66 Ka His-66 ApKa vs WT His-72 Ka His-72 ApKa vsWT
wWT 8.29+ 0.01 - 9.19+ 0.01 -
E23A 8.32+ 0.01 +0.03 6.83+ 0.01 —2.36
D42A 8.26+ 0.002 —0.03 7.50+ 0.01 —1.69
E23A/D42A 8.25+ 0.01 —0.04 6.20+ 0.01 —2.99
E139A 7.05+ 0.01 —1.24 9.18+ 0.03 —0.01
Q143E 8.40+ 0.04 +0.11 9.15+ 0.02 —0.04

a See Experimental Procedures for conditions. Standard errors are reported for all values.

Table 3: Theoretical Calculations oKp Values$ DISCUSSION
His-66 His-72 The K, of an imidazole group is approximately 6.1 for a
pKa WT c22 9.04 11.36 free histidine in aqueous solution, but the structural charac-
C19 7.49 10.18 teristics of wild-type BPTP significantly increase th&p
exp 8.29 9.19

values of both His-66 and His-72. The proximity of

ApKa E23A C22 —0.07 —6.80 carboxylate groups to the histidine imidazole group was

erlp? _%%% :g:gg hypothesized to be the major factor causing the elevation of

D42A c22 0.01 -1.86 the Kss (Zhang, M., et al.,, 1994). Figure 1 shows
C19 0.01 -1.57 stereoviews of the active site amino acid side chains of wild-

E23AIDA2A ecxzpz :8-82 j-gg type BPTP as well as the residues that were examined in
c19 0,06 511 detail in this study. The two side chain carboxylates closest
exp —0.04 —2.99 to the His-72 imidazole nitrogens are Glu-23 (3.3 A) and

E139A c22 -3.33 —-0.07 Asp-42 (4.3 A). A 0.63 unit greater decrease was observed
C19 —3.48 —0.06 in the K, of His-72 in E23A as compared to D42A,
exp —-1.24 —0.01

presumably because Glu-28 1 A closer than Asp-42 to
2C22, C19, and exp denote calculations from the CHARMM-22 Hjs-72. A greater decrease in the His-7Bpwas also
model, calculations from the_ CHARMM-19 model, and experlmt_ental calculated for E23A than for D42A. The greatest decrease
results from Table 2, respectivelxpK, values for mutants are relative . .
to the wild type (WT). In all cases, the calculation placed the N PKafor His-72 was observed for the E23A/D42A mutant.
deprotonated form of His-72 in thetautomer and that of His-66 in ~ Both of the stabilizing negative charges were no longer
the 6 tautomer. present, and a putative hydrogen bond from the imidazole
ring to Glu-23 was absent, thus causing a dramatic decrease
farther histidine. In many cases, the calculations overesti- IN the ia of His-72. The Glu-23 and Asp-42 carboxylate
mated the magnitude of the effects. Thus, the His-K2 p s[de chains are 15:7 and 20.6 A from the His-66 imidazole
was too high for wild-type BPTP, and the magnitudes of Mtrogens, respectively. As expected, the measured and
the [Ka shifts for E23A, E23A/D42A, and E139A were calculate_d cha_nges inkKp of_ His-66 were negligible for
significantly overestimated, although the shift for D42A was Mutants involving these residues.
in good agreement with experiment. The overestimates were The Glu-139 carboxylate is 3.6 A from the imidazole
larger with the CHARMM-22 model than with the nitrogens of His-66 and 21 A from the His-72 imidazole
CHARMM-19 model. nitrogens. When Glu-139 was replaced by a neutral alanine,
a significant decrease in th&pof His-66 was both observed
and calculated. No substantial change in tkg @f His-72
was observed or calculated. The His-6B,pmf E139A
decreased by 1.24 units while the His-7&,pof D42A
decreased by 1.69 units, although Glu-139 is 0.70 A closer
dﬁ; His-66 than Asp-42 is to His-72. The difference in
ccessibility to solvent and consequent exposure of His-66

The calculations also included methyl phosphate, the chain
termini, and all Asp, Glu, and Cys side chains to account
for the possibility that the pH dependence of the charges of
these other groups affected the histidine titrations. If such
pH dependence was neglected by fixing all Glu and Asp
side chains and the methyl phosphate in the deprotonate

state, and all Cys side chains in the protonated state, then, 5 larger average dielectric may be one reason thakis p
the i, of His-72 in the wild-type protein was calculated to 55 not reduced as much as that of His-72 when a single
be 9.54 for the CHARMM-19 model and 11.51 for the carpoxylate was removed. Other factors that could elevate
CHARMM-22 model. These values differed from the the 1k, of the His-66 imidazole are the coplanar position of
corresponding calculated<g values of Table 3 by-0.64 a nearby aromatic ring (Tyr-142,4 A) as well as its location
and +0.13, respectively. The differences were caused by at the C-terminus of aw-helix (Loewenthal et al., 1992;
interactions of His-72 with Asp-129 (in the CHARMM-22  sancho et al., 1992). The hydrogen bonding network
case) and the methyl phosphate and Cys-12 (in theinferred from the crystal structure is also more extensive for
CHARMM-19 case). Such effects were less than OG p  the active site region near His-72. Consequently, a single
unit in magnitude for His-66 in the wild type. In the mutant mutation of a carboxylate to a neutral residue near the His-
structures where the histidin&Kpvalues were in the neutral 72 imidazole side chain may cause a larger decrease in its
to acid range, the pH dependence of other carboxylate groupsK, compared to a similar single mutation near His-66,
can have significant and complex effects. The nonadditivity because a hydrogen bond as well as a negatively charged
of the ApK, values for the E23A and D42A mutants and the group is removed in the former case. The crystal structure
double mutant (also seen experimentally, although to a lesserof BPTP shows that His-66 is at the protein surface and His-
degree) was a result of this pH dependence. 72 is less exposed. The solvent accessibility and side chain
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Ficure 5: Connolly surface representation of wild-type BPTP showing the relative orientations and solvent accessibility of important
charged side chains near His-72. The drawing was made using the X-ray crystal structure coordinates (Zhang et al., 1997) and Insight Il
version 95.0 (Biosym/MSI).

flexibility of His-72 are both substantially less than for His- current study, the effect of positively charged groups near
66, which would result in greater susceptibility of His-72 to each histidine was not examined by mutagenesis techniques
electrostatic changes within the protein. A histidine with because few positively charged residues appeared close
greater solvent accessibility will have led¥d NMR line enough to either histidine to have a significant effect. On
broadening than a more buried histidine because the protonthe other hand, the effects of positive charges are present in
exchange rate is higher for the imidazole nitrogens, and thethe theoretical calculations through tA&AGpack term of eq
correlation time of a mobile side chain is usually much faster. 4 (since the Lys and Arg residues are regarded as fixed in
The differences between His-66 and His-72 line widths that their positively charge states). Arg-27 and Arg-75 are the
were observed in théH NMR spectra for the proteins in  only arginine or lysine residues less than 10 A from His-72
this study indicated that the His-72 side chain was less mobile (their distances are 6.1 and 7.7 A, respectively). No arginine
and less solvent-exposed than that of His-66, and that itsor lysine residues are within 10 A of His-66.

mobility increased when nearby carboxylates were mutated  The case of His-72 is of particular interest because of its

to neutral alanines. This is consistent with the position of jyteraction with a residue in the active site loop, and because
each histidine in the X-ray crystal structure. it involves a number of large interactions (Zhang, M., et al.,
The Q143E mutant was constructed to test whether 1994; Evans et al., 1996). Figure 5 shows the disposition
introducing a second nearby negatively charged carboxylateof charged side chains near His-72. His-72, Glu-23, and
group ¢~3.9 A) would elevate thek, of His-66 to a value  Arg-27 form a vertical chain of closely interacting residues
near that of His-72 in wild-type BPTP. The lack of any from the top to the bottom in the figure, with Asp-42 and
significant effect on the His-66Ka is probably due in part  Arg-75 to the right. Arg-27 is 2.78 A from Glu-23 while
to the flexibility of the Glu-143 side chain. Itis located at Arg-75 is 2.84 A from Asp-42 in wild-type BPTP. His-72
the protein surface, which allows the carboxylate group is not well exposed to solvent, and lies in a shallow vertical
enough movement to be positioned away from the imidazole cleft in the protein along with Glu-23 and Asp-42. Asn-15
ring. This would be expected to substantially reduce the js located behind His-72 and makes hydrogen bonds to it.
electrostatic interaction with the His-66 side chain. The This may help stabilize the active site loop, of which Asn-
exposure to solvent for both the His-66 imidazole and the 15 is a part. This structural environment leads to several
Glu-143 carboxylate also places them in a higher dielectric Jarge terms in the theoretical calculations for His-72. The
environment which would dampen the electrostatic interac- unfavorable energetics of burying a positive Charge away
tion between them. from solvent tend to lower thel of His-72 through the
The K, values of the histidine residues can be influenced AAGgqm term; this effect is—3.84 K units in the CHARMM-
by a number of factors, including the negatively charged 19 wild-type calculations. Its intrinsickpis further de-
groups studied by mutagenesis, positively charged groups,pressed by the background interactions with nontitrating
or the burial of the histidines away from solvent. In the charges {1.94 (K, units and including all arginines and
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lysines), but it is raised by the interactions with negatively Bashford, D., & Gerwert, K. (1992) Mol. Biol. 224, 473-486.
charged titrating groups to produce the findpralue of Baa'ggg% %ét?:;ies.t?- 92’8%22/_“5'; é:séTennant, L., & Wright, P. E.
10.18. Of the Cha_rgecharge |ntera(_:t|ons, Glu-23 contrib- Beroza, P., Fredkin, )I/D R., Okamura, M. Y., & Feher, G. (1991)
utes -.1-4.11 K units, Asp-42 cont(|buteskl.78, Arg-27 Proc. Natl. Acad. Sci. U.S.A. 88804-5808.
contributes—0.82, and Arg-75 contributes0.90 unit. The Botelho, L. H., & Gurd, F. R. N. (1978Biochemistry 175188~
presence of large terms of opposite sign obviously increases 5196.

the difficulty of making accurate calculations for the wild- Botelho, L. H., Friend, S. H., Matthew, J. B., Lehman, L. D.,

type K, value. These large interactions also provide an g'fg?—ngog l. H., & Gurd, F. R. N. (1978&jiochemistry 17

explanation for the excessively largepi, estimates calcu- Brooks, B. R., Bruccoleri, R. E., Olafson, B. D., States, D. J.,
lated for the E23A mutant and suggest a structural explana-  swaminathan, S., & Karplus, M. (1983) Comput. Chem. 4
tion for the smaller shift seen experimentally. The calculated 187-217.

shift is mostly due to the loss of thied.11 K unit interaction Bf%ngﬁéi '2-12213_&1ggrp|usy M. (1988Proteins: Struct., Funct.,
W!th Glu-23, while the K, lowering effeqts of the interaction Chiarugi. P., Cirri, P.. Camici, G., Manao, G., Fiaschi, T., Raugei,
V\{lth_ Arg-27 and theﬁAGBor,! term continue t(_) ha}ve values G., Cappugi, G., & Ramponi, G. (1998jochem. J. 298427~
similar to those in the wild type. Examination of the 433,

structure shows that Arg-27 could be extended out into the Davis, J. P., Zhou, M.-M., & Van Etten, R. L. (19944) Biol.
solvent, away from His-72, and the loss of its salt bridge  Chem. 2698734-8740.

with Glu-23 in the mutant might allow this to occur. The Dag’ésll‘]é%'_%ggg' M.-M., & Van Etten, R. L. (1994Bjochemistry
truncation of the Glu-23 side chain slightly increases the Evan’s, B., Tishmack, P. A., Pokalsky, C., Zhang, M., & Van Etten,

solvent exposure of His-72, and it seems plausible that greater R. . (1996)Biochemistry 3513609-13617.

exposure could occur due to minor structural changes causedsilson, M. K. (1995)Curr. Opin. Struct. Biol. 5216—-223.

by the mutation. Both of these effects would tend to raise Glasoe, P. K., & Long, F. A. (196Q). Am. Chem. Soc. 6488
the K, of His-72 in compensation for the loss of the = 190.

: . : : Honig, B., & Nicholls, A. (1995)Science 2681144-1149.
interaction with the negative charge. It has been noted Kraulis, P. (1991)). Appl. Crystallogr. 24946950,

previously that the assumption of structural rigidity implicit | awrence, G. L., & Van Etten, R. L. (1981Arch. Biochem.
in the type of theoretical calculations presented here can lead Biophys. 206122-131.

to exaggeration of I§ shifts because of the neglect of Levitt, M. H., Freeman, R., & Frenkiel, T. (1983) Magn. Reson.
structural changes that may moderate the shifts (Antosiewicz 47, 328-330.

et al., 1994; Bashford & Karplus, 1990; You & Bashford, Llyllz)lﬁ?—"lg?gg’ P., & Mathur, R. (1961). Am. Chem. Soc. 65

1999). N o L, Y., & Strohl, W. R. (1996)J. Bacteriol. 178 136-142.

With the capability of site-directed mutagenesis, it iS Linderstrem-Lang, K. (1924F. R. Lab. Carlsberg 15(7)1—29.
possible to systematically change many, perhaps even mostLoewenthal, R., Sancho, J., & Fersht, A. R. (1992Mol. Biol.
residues in a protein. Consequently, not only should it be 224 759-770. o
possible to place various types of charged or aromatic Loewenthal, R., Sancho, J., Reinikainen, T., & Fersht, A. R. (1993)

. Lo Th . J. Mol. Biol. 232 574-583.
residues near each histidine in BPTP, but it may also be Logan, T. M., Shou, M.-M., Nettesheim, D. G., Meadows, R. P.,

possible to place histidines at new locations in the enzyme.  van Etten, R. L., & Fesik, S. W. (1998iochemistry 3311087
Strategically placed residues should provide additional 11096.
interesting information about the electrostatic environment MacKerell, A. D., Jr., Bashford, D., Bellott, M., Dunbrack, R. L.,

i ; ; i Jr., Field, M. J., Fischer, S., Gao, J., Guo, H., Ha, S., Joseph,
within BPTP. This could potentially be a useful empirical D, Kuchnir, L.. Kuczera. K.. Lau. F. T. K. Mattos. C.. Michnick

mea_ns of produci_ng ar_1 electrostatic _ma_p_ of the protein, S., Ngo, T., Nguyen, D. T., Prodhom, P., Roux, B., Schlenkrich,
provided the manipulation does not significantly alter the ., Smith, J. C., Stote, R., Straub, J., Wiorkiewicz-Kuczera, J.,
structural integrity of the enzyme. Understanding the & Karplus, M. (1992)FASEB J. 6 A143.

electrostatic potential within and around a protein can be Markley, J. L. (1973)Biochemistry 122245-2250.

valuable in determining its function or predicting interactions Markley, J. L. (1975apcc. Chem. Res., §0-80.

i : Markley, J. L. (1975bBiochemistry 143546-3554.
with other molecules. These techniques would also be Markley. J. L. (1975c)Biochemistry 143554-3561.

extremely useful in the further testing of theoretical elec- \jarkiey, J. L., & Finkenstadt, W. R. (197Biochemistry 14
trostatic models of proteins. Protein engineering studies 3554-3561.

toward this goal have been done previously (Loewenthal et Matthew, J. B., & Gurd, F. R. N. (1986}lethods EnzymolL30,

al., 1992, 1993). The present experiments demonstrate that’\/I :;j; vts%b H. (1972Methods Enzymol 2635-653
regsonable estimates dkpperturbations can be calculated Meadows: D. H.. Markley, J. L., Cohgn, 3.S.. Jardetsky, O. (1967)
using current approaches. They also suggest that further poc Natl. Acad. Sci. U.S.A. 58307-1313.

improvements can be achieved as relevant force fields areostanin, K., Pokalsky, C., Wang, S., & Van Etten, R. L. (1995)
further refined. A close interplay between theoretical  Biol. Chem. 27018491-18499.

approaches and experimental validation such as that embodRamette, R. W. (1981¢hemical Equilibrium and Analysig 361,

iad ; s : " Addison-Wesley Publishing Co., Reading, MA.
ied in the present work is a critical requirement for efficient Ramponi, G. (1994Adv. Protein Phosphatases 8—25.

progress in the area. Reiher, W. E., lll. (1985) Ph.D. Thesis, Harvard University.
Roberts, G. C. K., Meadows, D. H., & Jardetzky O. (1969)
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