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ABSTRACT:. The PRL (phosphatase of regenerating liver) phosphatases constitute a novel class of small,
prenylated phosphatases that are implicated in promoting cell growth, differentiation, and tumor invasion,
and represent attractive targets for anticancer therapy. Here we describe the crystal structures of native
PRL-1 as well as the catalytically inactive mutant PRL-1/C104S in complex with sulfate. PRL-1 exists
as a trimer in the crystalline state, burying 1140 dk accessible surface area at each dimer interface.
Trimerization creates a large, bipartite membrane-binding surface in which the exposed C-terminal basic
residues could cooperate with the adjacent prenylation group to anchor PRL-1 on the acidic inner membrane.
Structural and kinetic analyses place PRL-1 in the family of dual specificity phopsphatases with closest
structural similarity to the Cdc14 phosphatase and provide a molecular basis for catalytic activation of
the PRL phosphatases. Finally, native PRL-1 is crystallized in an oxidized form in which a disulfide is
formed between the active site Cys104 and a neighboring residue Cys49, which blocks both substrate
binding and catalysis. Biochemical studies in solution and in the cell support a potential regulatory role
of this intramolecular disulfide bond formation in response to reactive oxygen species sugb.as H

Reversible protein tyrosine phosphorylation is a vital signature motif, in the catalytic domain. Based on this unique
regulatory mechanism that lies at the center of almost all structural feature, it is estimated that more than 100 PTPs
eukaryotic cellular processed)( The level of tyrosine are encoded in the human genome. The PTP superfamily
phosphorylation is modulated by the combined action of can be broadly divided into two groups: the classical
protein tyrosine kinases and protein tyrosine phosphatasegphosphotyrosine specific PTPs, and dual specificity phos-
(PTPs)! which constitute a large and structurally diverse phatases that catalyze the hydrolysis of phosphoserine/
family of signaling enzymes2j. Genetic and biochemical phosphothreonine as well as phosphotyrosine.
studies indicate that PTPs are essential for many physiologi- The PRL (phosphatase of regenerating liver) phosphatases
cal processes and are involved in a number of human diseasefepresent a unique subfamily of PTPs with an apparent
(3). The hallmark that defines the PTP superfamily is the molecular mass of 22 kDa(5). This subfamily includes
active site sequendc€(X)sR(S/T), also known as the PTP  only three members (PRL-1, PRL-2, and PRL-3), which
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*The coordinates for the structures of PRL-1 (accession numbers PRL-1 can also relocalize to the nucleus in mitotic HeLa
1X24 and 1RXD) and PRL-1/C104S in complex with sulfate (accession ; AL fai
number 1ZCL) have been deposited in the Protein Data Bank. Ce”S_ '_”_ a_prenylation Independe_nt manner, raising the
* Author to whom correspondence should be addressed. Current pOSSIbIIIty_that the cellular location Of_ PRL-1 may be
address: Department of Biochemistry and Molecular Biology, Indiana regulated in a cell cycle-dependent fashi@ (

University School of Medicine, 635 Barnhill Drive, Indianapolis, IN _ Py ; o ; ;
46202, Office: (317) 274-8025. Fax: (317) 274-4686. E-mail: zyzhang@ T R-1 was originally identified as an immediate early

iupui.edu. gene, which is induced during liver regeneration after partial
$ Department of Molecular Pharmacology. hepatectomy4). PRL-1 expression is elevated in several
! These authors contributed equally to this work. tumor cell lines, and overexpression of PRL-1 in NIH 3T3

U Department of Biochemistry. ) -
1 Abbreviations: PTP, protein tyrosine phosphatase; VHR, VH1- fibroblasts leads to anchorage-independent growtB)( In
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regenerating liver; PTEN, phosphatase and tensin homologue deletedalso be involved in the regulation of epithelial cell dif-
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proliferation 6, 12—14). For example, PRL-2 level is was provided by Dr. Rebecca Taub (University of Pennsyl-
elevated in prostate cancet5), while overexpression of vania School of Medicine). For crystallization, the His
PRL-2 causes transformation in mouse fibroblasts and tagged C-terminal truncated PRL-1 and GST-PRL-1 (residues
hamster pancreatic epithelial cells and promotes tumor 1—160) were subcloned into pET15b and pGEX vectors,
growth in nude mice4, 5). Increased level of PRL-3 in  respectively. All mutants were generated using the Quick-
HEK?293 cells also leads to higher growth ratég)( Change site-directed mutagenesis kit from Stratagene. The
Recently, the PRL phosphatases have attracted muchsequences of the wild-type and mutant PRL-1s were con-
attention because of the observation that PRL-3 transcript isfirmed by DNA sequencing. For expression, wild-type and
highly overexpressed in liver metastases of colorectal cancermutant PRL-1s were transformedHscherichia colBL21-
but not in nonmetastatic primary tumors and in normal (DE3) and induced by 0.1 mM isopropyl-1-thibp-galac-
colorectal epitheliumX®). In fact, PRL-3 mRNA level was  topyranoside at room temperature for 20 h. Thesffigged
found to be elevated in nearly all metastatic lesions derived proteins were purified by Ni-NTA resin based upon the
from colorectal cancers, regardless of the sites of metastasigprocedure provided by Qiagen. Proteins were judged to be
(7, 17). In addition, PRL-3 may also promote the invasion at least 90% pure by SDSPAGE. For selenomethionine-
and metastasis of human gastric carcinoni&s #nd mouse  labeled PRL-1, the pGEX-PRL-1 was transformed into B834-
melanomal9). Finally, CHO cells stably expressing PRL-3 (DE3) cells, and the protein was purified by Glutathione
or PRL-1 exhibit enhanced motility and invasive activity, Sepharose 4B followed by thrombin cleavage. The protein
and induce metastatic tumor formation in mids)( It has was further purified by Mono-S ion exchange chromatog-
been shown that the phosphatase activity of the PRL raphy before crystallization.
phosphatases is required for the observed tumor metastasis Crystallization and Data CollectionThe full-length His-
activity (13, 20). tagged PRL-1 proved difficult to crystallize, so several
Given the roles of PRL phosphatases in cellular growth, constructs with N-terminal or C-terminal truncations were
transformation, and metastatic processes, the PRL phosprepared. The construct with an N-terminal ey attached
phatases represent attractive targets for anticancer therapeutio PRL-1 residues 4160 crystallized at £C in 100 mM
development. To understand the mechanism of action of thesodium acetate trihydrate pH 4.8 and 2.0 M ammonium
PRL phosphatases, we began a structural and biochemicakulfate after 2 weeks. Adding 3% ethanol into the crystal-
investigation of PRL-1. While this work was in progress, lization solutions increased the size of the crystals, and this
the basic protein fold was published for PRL-3 on the basis form of the crystals diffractedot8 A using a home light
of NMR data @1). Unfortunately, the active site was source. The diffraction quality was significantly increased
disordered in the NMR structure. Subsequently, a crystal when crystals were soaked in 2.4 M ammonium sulfate with
structure was reported for an inactive PRL-1 mutant with a 25% glycerol overnight. The final data for this form of
Ser substituted for the active site Cys104 (PRL-1/C104S) crystals were collected up to 3.2 A for the native protein
(22). Here, we describe the crystal structures of native PRL-1 and 2.9 A for the PRL-1/C104S mutant at beam line X9A
and the catalytically inactive PRL-1/C104S in complex with of the National Synchrotron Light Source (Brookhaven
sulfate anion. Our data revealed a large electrostatic surfaceNational Laboratory) and at MacCHESS F2 station, respec-
in the trimeric PRL-1 structures, which is likely important tively. The crystals of both wild-type and mutant PRL-1
for membrane binding. In addition, the active site Cys104 exhibited diffraction consistent with space gro@3 with
was found to form a disulfide bond with a nearby residue unit-cell parameters o = b = ¢ = 146.8 A.
Cys49 in the native PRL-1 structures, suggesting a potential Crystals of selenomethionine (SeMet)-substitutedsHis
mechanism for redox regulation. Finally, we report an in- tagged PRL-1 were quite small and not suitable for data
depth structurefunction analysis of PRL-1, which furnishes  collection. SeMet-substituted GST-PRL-1 was generated and
a molecular basis for catalytic activation of the PRL the GST removed by thrombin after purification of the fusion
phosphatases. Taken together, our studies provide noveprotein. The SeMet PRL-1 protein was crystallized under
insights into the mechanism of catalysis, regulation, and similar conditions to the Histagged PRL-1 albeit with a
cellular localization of this important class of PRL phos- broader pH range (4:85.4). The SeMet PRL-1 protein
phatases. crystallized in a rectangular shape, which is different from
the cubic crystals obtained from the kisgged PRL-1.
MATERIALS AND METHODS Diffraction from these crystals is consistent with space group
Materials p-Nitrophenyl phosphateNPP) was purchased ~ C222; with unit-cell parameters oi = 71.3 A, b = 105.6
from Fluke Co. 30-Methylfluorescein phosphate (OMFP) A, c = 181.4 A and extends to 1.9 A at beam line 19BM of
was obtained from Sigma. 6,8-Difluoro-4-methylumbelliferyl the Advanced Photon Source (APS).
phosphate (DiIFMUP) was purchased from Molecular Probes.  Structure SolutionThe structure of the SeMet substituted
2-Chloro-4-nitrophenyl phosphate was synthesized as de-PRL-1 was solved using data from a SeMet multiwavelength
scribed 23). Sequencing grade trypsin were provided by anomalous dispersion experiment. Data collected at three
Sigma (St. Louis, MO). ZipTigis was obtained from  wavelengths, peakil), edge £2), and remoteA3), were
Millipore (Billerica, MA). Dulbecco’s modified Eagle’s  processed and scaled with the programs DENZO and
medium (DMEM), fetal bovine serum, penicillin, and strep- SCALEPACK @24). The asymmetric unit contained three
tomycin were from Invitrogen. A 30% solution of,8, was monomers of the PRL-1 protein. The initial MAD phases
purchased from Fisher. All other chemicals and reagents werecalculated to 2.8 A using SOLVE vyielded a clear electron
of the highest grade available commercially. density map in which more than 70% of the polypeptide
Expression and Purification of PRL-1 and Mutant Pro- chain could be assigne@%—27). The model was built with
teins The expression plasmid for the klisagged rat PRL-1  the program O Z8), and the structure was further refined
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by CNS @9). During the initial refinement, an NCS restraint
for all regions except the PTP loop (1:6410), WPD loop
(69—73), and two additional loops (residues—226, 50—
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monitored using DiIFMUP as a substrate by a continuous
assay as described above.
Mass SpectrometryPurified wild-type and mutant PRL-1

55) was performed. Subsequent refinement consisted ofproteins were subjected to Superdex 75 chromatography to

simulated annealing, energy minimization, and individual

remove DTT. The resulting protein at 1 mg/mL concentration

temperature factor refinement using all data between 30 andwas treated with 100M H,O, for 30 min, and the reaction
1.9 A. Composite simulated annealing OMIT maps were used was stopped by the addition ofuly of catalase. The PRL-1

to correct model bias. At the final stage of refinement, the

protein was digested with trypsin (50:1 PRL-1:trypsin ratio)

NCS restraints were released and water was added. The finabvernight at 37C. The digested peptides were desalted using

model has armR-factor of 24.5% and aRee Of 25.7%. The
structures of the Histagged PRL-1 and C104S mutant in

ZipTipcisand analyzed by a Voyager DE STR MALDI-TOF
mass spectrometer (Applied Biosystems, Foster City, CA)

complex with sulfate were solved by molecular replacement in positive and linear mode.

using the initial 2.8 A MAD model. The final three structures
include all residues from 9 to 160 except residues 72 of

Cell Culture and TransfectiotHEK293 cells were grown
at 37 °C under an atmosphere of 5% €@ DMEM

one SeMet PRL-1 molecule among three molecules in one supplemented with 10% fetal bovine serum. The plasmids

asymmetric unit.
Kinetic Constants for PRL-1 Catalyzed Reactitmitial

encoding wild-type or mutant PRL-1s tagged at their,NH
termini with hemagglutinin (HA) were subcloned into the

rate measurements for the enzyme-catalyzed hydrolysis ofpCDNA-3 plasmid, and the resulting vectors were introduced

pNPP were conducted as described previoug§).(All
assays were carried out at 26 in a pH 7.0 buffer of 50
mM 3,3-dimethylglutarate, containing 2 mM DTT and 1 mM
EDTA, with an ionic strength of 0.15 M, adjusted by addition
of NaCl. ForpNPP reaction, assay mixtures of 200 in
total volume were set up in a 96-well polystyrene plate from

into HEK293 cells by transfection with the use of Lipo-
fectamine (Qiagen).

Identification of Reduced and Oxidized Forms of PRL-1
by Immunoblot AnalysiBefore stimulation, HEK293 cells
were changed into a serum-free medium. After treatment with
indicated concentrations of 8, for 5 min, the cells (2x

Fisher Scientific. A substrate concentration range from 0.2 1P cells in 2 mL of DMEM) were scraped into 0.4 mL of

to 5 K, was used to determine thesy and K,,. Reactions

ice-cold lysis buffer including 25 mM NaAc, 150 mM NacCl,

were started by the addition of an appropriate amount of pH 5.5, 10 mM iodoacetic acid, 1% Triton X-100, and 0.1%
PRL-1. The reaction mixtures were quenched with:b®f SDS, and a protease inhibitor cocktail. The cell suspensions
5 M sodium hydroxide, and the absorbance at 405 nm waswere incubated on ice for 30 min followed by centrifugation
read using a plate reader. With 4-chlorophenyl phosphate,at 1000@ for 15 min. Equal amounts of protein from the
6,8-DIFMUP, and OMFP as substrates, PRL-1 activity was supernatants were subjected to SEFAGE under nonre-
determined using a continuous assay by monitoring the ducing conditions, and the separated proteins were transferred
absorbance at 405, 360, and 477 nm, respectively, aselectrophoretically to a nitrocellulose membrane. The mem-
described 30). The steady-state kinetic parameters were brane was then subjected to immunoblot analysis with anti-

determined from a direct fit of the data to the Michaelis

HA antibody. Immune complexes were detected with horse-

Menten equation using the nonlinear regression programradish peroxidase conjugated secondary antibodies and

KINETASYST (IntelliKinetics, State College, PA).

In Vitro Inactivation of PRL-1 by KHO,. To study the effect
of H,O, on PRL-1 activity, DTT was removed from PRL-1
preparations by Superdex-75 gel filtration. PRL-1 inactivation
by H,O, was studied at 23C in a pH 7.0 buffer of 50 mM
3,3-dimethylglutarate, 1 mM EDTA, with an ionic strength
of 0.15 M, adjusted by addition of NaCl. The rate of PRL-1
inactivation by HO, was determined by following the

enhanced chemiluminescence reagents (Amersham Bio-
sciences or Pierce).

Subcellular FractionationHEK293 cells transiently trans-
fected with HA-tagged PRL-1 constructs were grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) supple-
mented with 10% fetal bovine serum and antibiotics. Cells
were washed and scraped down in 1 mL of ice-cold Hepes
buffer (10 mM Hepes, pH 7.4, 1 mM EDTA, 0.5 mM PMSF,

decrease of PRL-1 phosphatase activity in the presence ofprotease inhibitor cocktail, 250 mM Sucrose). Then the cells

6,8-DIFMUP. The PRL-1-catalyzed hydrolysis of 6,8- were passed through a 27-gauge needle 20 times. The
DiIFMUP was monitored by fluorescence at 470 nm (excita- resulting cell lysate was centrifuged at 1g0@r 5 min to

tion 390 nm) from the reaction product using a Perkin-Elmer pellet the nuclei and intact cells, and the supernatant was

LS50B fluorometer. The apparent first-order rate constant
for PRL-1 inactivation was determined by fitting the data to
F = Fo + vo(1 — e /k, whereF is the fluorescence at time
t, Fo is initial fluorescence at time zero, anglis the initial
velocity. The second-order rate constiapt: was determined

again centrifuged at 10009@dor 60 min to obtain the S100
soluble fraction and the P100 membrane fraction. Fractions
were analyzed by SDSPAGE and detected by immunob-
lotting with anti-HA antibody (Santa Cruz).

Chemical Cross-LinkingTo assess the oligomeric state

by fitting the apparent first-order rate constants determined of PRL-1 and its mutants, the proteins were cross-linked with
at several HO, concentrations t& = A + kinacC, Where C glutaraldehyde (Sigma, 25% glutaraldehyde solution, grade
is the concentration of ¥D.. ). For Hiss-tagged recombinant PRL-1 proteins, the reactions
Reactvation Kinetics of HO,-Inactivated PRL-1 by DTT were performed in 10Q:L solutions containing Sug of
PRL-1 (1 mg/mL) was incubated with 8, (250 uM) for proteins in pH 7.5 PBS buffer. Cross-linking was initiated
30 min. Excess kD, was removed by addition of ig of by adding 0.005% glutaraldehyde. For HA-PRL-1 expressed
catalase to the reaction mixture (200). After the enzyme in HEK293 cells, the P100 membrane fraction in Hepes
was fully inactivated, 10 mM DTT was added to the reaction buffer (10 mM Hepes, pH 7.4, 1 mM EDTA) was incubated
mixture to reactivate the enzyme. The activity of PRL-1 was with 0.01% glutaraldehyde. After standing for 30 min at 25
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Table 1: Crystallographic Data and Refinement Statistics
SeMet/PRL-1
native PRL-1 PRL-1/C104S edge peak remote
data collection NSLS-X9A CHESS APS-19BM APS-19BM APS-19BM
wavelength (A) 0.98 0.9735 0.98000 0.97849 0.96261
space group 1213 1213 C2221
unit cell (A)
a 146.9 146.7 71.3
b 146.9 146.7 105.6
C 146.9 146.7 181.4
resolution (A) 30-3.2 30-2.9 30-2.8 30-1.9 30-2.8
unique reflns ) 8744 10372 14426 48966 14908
completeness (%) 98.7% 88.1% 92.4% 96.9% 95.0%
(97.5%) (99.4%) (90.5%) (88.6%) (94.2%)
Ruerge 0.102 0.054 0.088 0.089 0.083
(0.413) (0.469) (0.156) (0.355) (0.170)
refinement
resolution limit (A) 30-3.2 30-2.9 30-1.9
refins used for refinemeni\j 7837 9395 44046
(88.5%) (79.8%) (87.2%)
refins used foRyes (N) 907 977 4920
(10.2%) (8.3%) (9.7%)
R-factoP/Rye (%) 24.1/28.5 26.1/29.6 24.5/25.7
av B-factors 53.64 57.62 32.87

2 Highest shell values are in parentheses. CompletenesR-.argdare given for all data and for all data in the highest resolution shBlfactor
= SnlFo — Fd/Y naFo whereF, andF. are the observed and calculated structure factor amplitudes for all reflebtibnsed in refinement Ryee
is calculated for 10% of the data which were sequestered and not used in refinement.

°C, the reactions were terminated by the addition of pH 7.5 with program O 28) and further refined by CN20). The

Tris-HCI (final concentration 50 mM) and by incubation on
ice for 5 min. The reaction mixtures were analyzed by SDS
PAGE and detected by immunoblotting with anti-His anti-
body or anti-HA antibody (Santa Cruz), respectively.

RESULTS AND DISCUSSION

Crystallization and Structure Determinatiofhe full-
length PRL-1 is a protein of 173 amino acids with a
C-terminal prenylation motif (CCIQ). Numerous attempts to
crystallize the N-terminal Histagged full-length PRL-1 were
unsuccessful. Diffraction quality crystals were obtained with
a C-terminal truncated PRL-1 construct (residuesl@0)
containing an N-terminal Higag. The C-terminal truncated
PRL-1, hereby referred to as wild-type or native PRL-1,
exhibited phosphatase activity similar to that of the full-length

final structure of the native PRL-1 was refined to 1.9 A
resolution with arR-factor of 24.5% and aRee Of 25.7%.
The crystal structures of the Hitagged PRL-1 and the
C104S mutant in complex with sulfate, refined to 3.2 and
2.9 A resolution, respectively, were solved by molecular
replacement using the initial 2.8 A MAD model. The details
of the crystals and structure solution are summarized in
Table 1.

Overall Structure of PRL-1PRL-1 has a compact + 3
structure comprising a central five-strand@dsheet sur-
rounded by fourt helixes on one side and twohelixes on
the other (Figure 1A). Like other members of the PTP
superfamily, the PTP signature motif of PRL-1 A
CVAGLGR"9 forms a loop (P-loop) at the base of the active
site pocket. The topology of PRL-1 resembles those of the

enzyme. Good quality crystals were also obtained for an catalytic domains of dual specificity phosphatases. A com-
inactive PRL-1 with Ser substituted for the active site Cys104 parison using DALI 81) reveals that the PRL-1 structure is

(PRL-1/C104S). The wild-type PRL-1 and PRL-1/C104S
crystals formed in space grodg;3 and diffracted to 3.2

and 2.9 A, respectively. Selenomethionine (SeMet)-substi-

most similar to the catalytic domain of Cdc132], KAP
(33), and PTEN 84) with Z-scores of 17.8, 16.5, and 15.3,
respectively. The structure of PRL-1 was superimposed to

tuted PRL-1 was expressed as a glutathione S-transferas€dc14 (residues 216370, Figure 1B), KAP (residues 30

(GST) fusion protein, purified and cleaved with thrombin

190), and PTEN (residues 24.85) with root-mean-square

to remove the GST-tag. The SeMet PRL-1 crystallized in a deviation values of 1.8, 2.1, and 1.9 A for, Qairs,
rectangular shape, which is different from the cubic crystals respectively. A structure-based amino acid sequence align-

obtained from the Histagged PRL-1 proteins. Diffraction

ment of the PRL phosphatases with Cdc14, KAP, and PTEN,

from the SeMet-substituted PRL-1 crystals was consistentas well as the prototypical dual specificity phosphatase VHR

with space groupC222; and extended to 1.9 A resolution.

(35), is shown in Figure 1C. In general, there are good

The structure of PRL-1 was solved by the multiwvavelength alignments in the core regions between the PRLs and the

anomalous dispersion (MAD) method using data derived dual specificity phosphatases. However, substantial differ-
from the SeMet-substituted PRL-1. Data collected at three ences are observed in various surface loop regions. The two
wavelengths, peakil), edge £2), and remoteA3), were N-terminal loops, loop 14,—a;) and loop 2 fs—ay), are
processed and scaled with the programs DENZO andthe most variable regions among the dual specific phos-
SCALEPACK @4). There were three PRL-1 molecules in phatases. These loops define the entrance of the active site
each asymmetric unit. The initial MAD phases were calcu- and are important for substrate binding as revealed in the
lated to 2.8 A using SOLVE25-27). The model was built  structure of KAP in complex with its physiological substrate
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VHR CYSLPSQPCNEVTP---—--- RIYVGHASV-----—--—-= -AQDIPKLOKLGITHVLNAAEG--RSFMHVNTHANFYKDSGITYLGIKAN TQEFNLSAYFERA 105
a3 Bs ad ob ab
P-loop Polybasic motif Prenylation motif

FRL-1 LSLVKIKFREEPGCCIAV:
PRL-2 LNLLKTKFREEPGCCVAV
FRL-3 LSLLEAKFYNDPGSCVAV
CDCl4B LDICENA--E-G-AI-AV:
PTEN CEDLDQWLSEDDNHVAAL:
EAP MEELTTCLENYR-KT-LI:
VHR ADFIDQALA-QENGRVLV|:

VALALIEC——GMKYEDAVQFTROKRRGAF--NSKQLLY' PEEMET S D TNGH ~ -~ CCVQ - —— == ———=——— 170
VALALIES—GMKYEDAIQFIRQKRRGAI--NSKQLTY. ISPEOELINFYD PHTHRTRCCVM- = === ===== =~ 173
GTLIACYIMKH-YRMTAAETIAWVRICRPGSV--IGPQOQFLVMKQTNLWLEGD YFROKLKGQENGOHRAAFSKLLSG 396
e GVMICAYLLHRCKFLKAQEALDFYGEVRTRDKRGVTIPSQRRYVY Y Y SYLLKNHLDYRPVALLFHKMMFETIPMFSGG 209
G:Le: SCLVAACLLLYLSDTISPEQAIDSLRDLRGSGAIQTIKQYNY LHEFRDKLAAHLS SRDSQSRSVSR-———————————~ 212
= ¥ SPTLVIAYLMMR-QKMDVKSALS IVRONREIGP - -NDGFLAQLCQLNDRLAKEGKLKP 185

'_-:ﬁzvm:m—-mmnmmqmm--nsmm‘z K Rii\'.-.-; FEDSNGHRNNCCIQ- - =========-~ 173

Ficure 1: Structure of PRL-1. (A) Ribbon diagram of the PRL-1 structure. (B) Superposition of the PRL-1 (in blue) and the catalytic
domain of Cdc1432) (in yellow). (C) Structure-based sequence alignment of the PRL phosphatases with other dual specificity phosphatases
including Cdc14B, PTEN, KAP, and VHR.

Cdk2 33). Compared with Cdc14, KAP, and PTEN, loops  The PRL-1 trimer is stabilized by a combination of
1 and 2 in PRL-1 are significantly shorter (Figure 1B,C), hydrophobic and polar interactions. The total buried acces-
which may contribute to PRL-1's specificity for its binding sible surface area between the monomers at each dimer
partners or substrates. These shorter loops also render PRL-interface is 11361150 A2, which amounts to about 29% of
with a more open and shallow active site. the total surface area of each monomer. Upon trimer
PRL-1 Exists as a Trimer in the Crystalhe structures ~ formation, helixas of one monomer (residues 12434)
reported here revealed an identical trimeric arrangement ofinteracts with thex, helix, the,—f3 hairpin, and thens—
the PRL-1 molecules (Figure 2A) in two different crystal- Bs l0op of another monomer (Figure 2C). Notably, Arg138
lographic space groupd23 for the His-tagged native  ©Of as protrudes into the hydrophobic pocket created by Lys39
PRL-1 and PRL-1/C104S, an@€222 for the SeMet- and Tyr40 in thex, helix, forming a salt bridge with Glu36.
substituted PRL-1) despite considerable differences in mac-At the other side, Pro96 from loops—fs inserts into a
romolecular packing. Moreover, while this manuscript was hydrophobic pocket created by Leul46ds, Val130 and
in preparation, Jeong et al. reported a structure of PRL-1/ TYr126 inos. In addition to these interactions, the side chains
C104S (residues-4163), which also crystallized as a trimer  Of ASp128, GIn131, Arg134, and GIn135 make 5 hydrogen
under totally different conditions in tHe2; space group2Q). bonds with the main chain amides or carbonyls of fire

These observations indicate that the trimeric state is structur-32 hairpin and thexws—fs loop, and one hydrogen bond with
ally relevant. PRL-1 trimerization occurs around a 3-fold the side chain of Arg18. It is important to point out that the

rotational axis that fixes the C-terminal sequence of each observed dimer interface interactions involve residues (e.g.
monomer on the same surface of the trimer (Figure 2B). Arg18, Glu36, Pro96, Met124, Tyr126, Asp128, Vall30,
Since the C-terminal sequence contains the prenylation motifArg138, and Leu146) that are conserved among all PRL
(Figure 1C), it is likely that the C-terminal surface directly family members and across all species. Consequently, trimer
faces the plasma membrane. The PRL-1 active site pointsformation may be a general property of all PRL enzymes.
to the outside of the trimer interface and is positioned The observation that PRL-1 exists in a trimeric state in
opposite to the C-terminal membrane association regionthe crystal is novel among the PTPs. However, it is not clear
(Figure 2B). The vertical distance between the active site whether PRL-1 is also capable of trimer formation in solution
and C-terminal surface is 21 A. and/or in the cell. To address this question, we performed
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Ficure 2: Global view of the PRL-1 trimer. (A) The front view, in which the noncrystallographic 3-fold axis is perpendicular to the plane
of the figure. (B) The side view, in which the C-terminal tails point to the same direction that is opposite to where the active sites are
located. (C) Close-up view of the interactions at the dimer interface between each pair of the PRL-1 monomers.

gel filtration, ultracentrifugation, and dynamic light scattering 9 RISA/ E36A/
experiments at PRL-1 concentrations of 631 mg/mL. L (GO Q1A Bilia
Under these conditions PRL-1 appeared mostly as monomers i 156 A et 1
(data not shown). Similarly, PRL-3 was observed as a
monomer in NMR experiments even at mM concentrations LT &
(21, 36). To further evaluate the potential for PRL-1 Wil
trimerization, we conducted cross-linking experiments with . - . . NN
both purified recombinant PRL-1 protein and membrane
fractions derived from HEK293 cells expressing the full-
length HA-tagged PRL-1. The cross-linked proteins were
resolved by SDSPAGE. As shown in Figure 3A,B, cross-
linking of purified PRL-1 protein as well as full-length PRL-1
in cell membranes with glutaraldehyde resulted in new bands
with molecular weights corresponding to PRL-1 dimer,
trimer, and higher oligomers. This indicates that although h
in solution the equilibrium may favor the monomer, PRL-1
has the intrinsic ability to form dimer, trimer, or higher - s | -Dimer
oligomers.
We next determined if structural perturbations to the dimer e G — | +-Monomer
interfa}ce WOUld affect trimer formation. Wg introduced Ficure 3: Trimer formation of PRL-1 in solution and inside the
mUta“(.)nS into PRL-1 that were expected to either ablate theceII. (A) Cross-linking of purified full length PRL-1 protein. PRL-1
salt bridge between Glu36 and Arg138 (E36A/R138A) or (5 ,\m)'was cross-linked with 0.005% glutaraldehyde for 30 min
disrupt the polar interactions between Arg18 and GIn131 at 25°C. The cross-linked species was visualized by staining with
(R18A/Q131A) (Figure 2C). To introduce more dramatic Coomassie brilliant blue. (B) Cross-linking of PRL-1 in membrane
changes into the dimer interface, we also replaced Gly97 flra_crﬂons Of,HEl*,(293 ?e”s e)épress}ng ",'A'taglged/“ml'_"e”gth PRL-
with an Arg. We expressed and purifd each ofthe mutant . TTiee mirolersof menbrane factons (L ng i were ross
proteins and determined that these mutations had little effectpgteins were detected by Western blotting using anti-HA antibod-
on the catalytic activity of PRL-1 (Table 2). As shown in jes.
Figure 3A, R18A/Q131A and E36A/R138A exhibited similar
oligomerization potential as the wild-type PRL-1, indicating contrast, introduction of a more bulky Arg residue to position
that interruption of neither the salt bridge between Glu36 97 substantially reduced PRL-1 trimerization both in solution
and Arg138 nor the polar interactions between GIn131 and and in cell membrane fractions (Figure 3A,B). Collectively,
Arg18 was sufficient to abolish PRL-1 trimer formation. In the results show that even though PRL-1 may exist primarily

& o+ |+=Trimer

+« Monomer

+~Trimer
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Table 2: Steady-State Parameters for the PRL-1-Catalyzed ContraSt_' when all six positively (?hargeq residues in the
Hydrolysis of pNPP at pH 7.0 and 25C polybasic stretch were replaced with alanines, the resulting
Ko K., e mutant PRL—1/6A was found completely in the squ_bIe
PRL-1 (59 (mM) M5 fraction (Figure 4B). The observation that PRL-1/6A failed
WT (0.71£002)x 104 054+007 0133 to Ioca_llz_e to the_ membrane suggests that PRL—l_ pre_nylanon
PRL-1/1-160  (0.74+ 0.04)x 10* 0.57+0.02  0.130 alone is insufficient for plasma membrane localization and
PRL-1/1-169  (0.59+0.02)x 10* 0.56+0.02  0.105 that the C-terminal polybasic region is required for proper
PRL-1/6A (0.56+0.01)x 10*  0.52+£0.05  0.107 membrane targeting of PRL-1. Collectively, our results

PRL-1/A111S  (1.09: 0.05)x 103 3.53+0.15 0.309

PRL-UVI13T  (3.15:035)x 104 0344003 0926 |nd|c§\te that chahzgtlon of PRL-1to Fhe plasma membrane
PRL-1/R137A  (0.74f 0.01)x 10° 2.50+0.50  0.00296 requires both insertion of the prenylation group into the lipid

PRL-1/C49S (0.353:0.01)x 104 0.984+0.10 0.036 bilayer and ionic interactions between the polybasic region
PRL-1/G97R ~ (0.55:0.01)x 10™*  0.58+0.02  0.094 and the acidic membrane surface. Interestingly, the dual

R18A/Q131A  (0.45:0.01)x 104 0.46+0.01  0.098

E36ARI38A  (0.98:0.02)x 104 0524003 0188 requirement of hydrophobic and electrostatic interactions for

correct membrane targeting has also been noted for a number
of important signaling proteins including small G protein
as monomers under our experimental solution conditions, it K-ras and the Src kinas&7—39).
clearly has intrinsic propensity to form trimers. The PRL-1 Actie Site The activity of PRL-1 toward the

In the cell, the PRL phosphatases are prenylated at theirchromogenic substrafenitrophenyl phosphat@lPP) was
C termini 6—7), which should anchor them to the plasma orders of magnitude lower than those of tyrosine specific
membrane. The increase in local PRL-1 concentration in the phosphatases (e.g. PTP140) and theYersiniaPTP @1))
membrane upon PRL-1 prenylation would be expected to and dual specificity phosphatases (e.g. VHR)@nd Cdc14
significantly promote trimerization. We speculate that the (30)) (Table 2). Similar low activity toward synthetic
PRL-1 trimers observed in the crystal forms would most substrates was also noted for PRL23)( To begin to probe
likely mimic the trimerization of intact PRL-1 localized in  the active site properties of PRL-1, we determined the kinetic
the membrane given that the C-terminal prenylation motif parameters for the PRL-1 catalyzed hydrolysis of a panel of
resides on the lipid-facing surface. It is possible that PRL-1 aromatic phosphates, including 1-ringed, 2-ringed, and
trimerization in the cell may represent a novel mechanism multiringed substrates. As shown in Table 3, Kagvalues
for regulation, although its biological significance will require  are similar for all aryl phosphate substrates even though their

further investigation. leaving group {. values are markedly different. This
The Polybasic Region in the C-Terminal of PRL-1 Is suggests that the rate-determining step for the PRL-1 reaction
Required for Plasma Membrane Associatiothe PRL is most likely hydrolysis of the phosphoenzyme intermediate

phosphatases have a conserved C-terminal polybasic regior{43), although we cannot exclude the possibility that
composed of multiple lysines and arginines (Lys151, Arg153, intermediate formation is rate-limiting when the general acid
Lys155, Argl57, Argl59 and Lys161), which immediately is in full operation. Thek./Kr, value, which is a measure of
precedes the CaaX sequence (Figure 1C). These basisubstrate specificity, differs in a dramatic manner. An
residues are solvent exposed, and together with Lys90,examination ofk../Km values reveals that the active site
Arg93, and Lys125 they are clustered on the C-terminal side specificity of PRL-1 is distinct from those of other dual
of the trimer forming a strikingly basic patch that should specificity phosphatases, such as Cdc25 phosphatases, MAP
interact favorably with the acidic membrane surface (Figure kinase phosphatases, and VHR, which display a striking
4A). This structural feature was not apparent in the previously preference £2—3 orders of magnitude) for the bulky
reported PRL-1/C104S structure, which contains residues3-ringed substrate @methylfluorescein phosphate (OMFP)
8—156 (22). To investigate whether this polybasic region is (44—49). Thus, in line with the structural similarity to Cdc14,
required for membrane association, we transfected the HA-the active site specificity of PRL-1 is also similar to that of
tagged full-length wild-type as well as mutant PRL-1 Cdc14 @0), with a strong preference for two-ringed aryl
constructs into HEK293 cells and determined their subcel- phosphates (6,8-difluoro-4-methylumbelliferyl phosphate,
lular localization. To ensure that mutations would not cause DiIFMUP) over smaller one-ringecplPP and 2-chloro-4-
gross structural perturbations, all mutant recombinant PRL-1 nitrophenyl phosphate) or larger, 3-ringed substrate (OMFP),
proteins were purified, characterized, and found to have a finding that may have important implications for inhibitor
phosphatase activity similar to that of the wild-type enzyme design.
(Table 2). To determine the molecular basis for the extremely low
Consistent with previous findings,(6), full-length PRL- activity toward small molecule substrates, we analyzed the
1, which should be prenylated inside the cells, was found structure of PRL-1/C104S in complex with a sulfate ion
predominantly in the membrane fraction, whereas a mutantbound at the active site (Figure 5A). Like the substrate
lacking the C-terminal prenylation motif (PRL-1169) phosphate group, the sulfate ion sits in the middle of the
localized entirely to the soluble cytoplasmic fraction (Figure P-loop, which is composed of the PTP signature motif
4B). This confirms the importance of the C-terminal preny- C(X)sR. In the PTP mechanism, the Cys residue in the
lation for PRL-1 plasma membrane localization. To deter- P-loop is situated at the base of the active site pocket and
mine whether PRL-1 trimerization affects its membrane functions as a nucleophile while the Arg coordinates the
localization, we also examined the subcellular fractionation substrate phosphoryl groug3). In addition to strong polar
of PRL-1/G97R, which is defective in trimer formation. As interactions with the P-loop amides, the sulfate ion also
shown in Figure 4B, disruption of trimer formation had no makes two hydrogen bonds with the guanidinium group of
effect on PRL-1 association with the membrane. In stark Arg110 in the P-loop, which in turn is engaged in hydro-
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Ficure 4: The polybasic region in the C-terminal of PRL-1. (A) GRASR)(surface representation of the PRL-1 trimer with the C-terminal
surface facing the reader. The surface is colored according to the electrostatic potential: blue for positive and red for negative. (B) Subcellular
fractionation of HA-tagged PRL-1. The total (T), P100 membrane (P), and S100 cytosol (S) fractions were analyzed-BAGBE%nd

detected by anti-HA antibodies.

Table 3: Kinetic Parameters of the PRL-1-Catalyzed Hydrolysis of including the formation of the phosphoenzyme intermediate,

Small Molecule Aryl Phosphate Substrdtes was only 2-fold higher than that of the wild-type enzyme
Keat Ko KeatKom (Table 2).

Substrate  Ka (s (mM) M~*s™ In addition to the lack of a conserved hydroxyl group in
CD)',\él\'jITJP :11-;5 (11&& g-gg)x ig j 8'3(2)421%10605001 381.26 the PTP signature motif, PRL-1 is also missing a key
PN, & a5 51:151 0:03g§ 107, Sooder 00001 3LY H-bonding network that stabilizes the P-loop. In Cdc14, the
pNPP 714 (0.710.02)x 10 0.54+ 0.07 0.133 conserved Arg348 (equivalent to Arg440 in thiersiniaPTP

. : and Arg257 in PTP1B) makes two well-defined H-bonds
aThe assays were performed at pH 7.0, 45 as described in . . . . .

Materials and Methods. Listed are the leaving grotfa palues for with the main C_haj'n carbonyl oxygens in the m'dd_le of the
the substrates. The substrates include (1) 3-ringed aryl phosphate OMFPP-loop. Arg347 is in turn anchored by polar interactions with
(2) 2-ringed aryl phosphate DIFMUP; and (3) 1-ringed aryl phosphates the side chains of Asn217 and Asp215 (Figure 5B). Substitu-
2-Cl-4-NQ;, (2-chloro-4-nitrophenyl phosphate) aphiPP. tion of this Arg with an Ala in theYersiniaPTP, PTP1B,
and Cdc14 results in greater than 3 orders of magnitude
decrease itk (50, 51; Wang, W.-Q., unpublished observa-
tions). In MKP3, this important Arg is replaced with a Lys,
which was proposed partially responsible for MKP3's low
basal activity towarcpNPP 62). While the corresponding

phobic interactions with the phenyl ring of Phe70 and a polar
interaction with the main chain carbonyl oxygen of Phe70
(Figure 5B). As a result of these interactions, the WPD loop
is in a closed conformation, placing the carboxylate of Asp72

close (3.66 A) to the sulfate oxygen, which is structurall X . . . .
( ) ¥ y Arg137 is present in PRL-1, its interactions with the P-loop

homologous to the scissile oxygen of a substrate. This .
observation suggests that the Asp72 most likely acts as aﬁre rather we_ak (F'g!”e 5B). Furthermore, PRL'l. does not
ave the tertiary residues (Asn217 and Asp215 in Cdcl4)

general acid in PRL-1 catalysis. > )
Although many of the interactions with the oxyanion that serve to stabilize the conformation of Arg137. Conse-

involving the P-loop and the WPD loop in PRL-1 are similar duently, the contribution of Arg137 to PRL-1 catalysis is
to those found in other PTPs, there are also significant NOt €xpectéd to be as important as those from the corre-
differences between the active sites of PRL-1 and other SPONding Arg in theYersinia PTP, PTP1B, and Cdcl14.
members of the PTP superfamily (e.yersiniaPTP and Indeed, when thel side chain of Arg137 is removed,l@ag
Cdc14), which display a higher intrinsic activity toward for PRL-1/R137A is only 10-fold lower than that of the wild-
pNPP. These differences may account for PRL-1's low basal YP€ €nzyme (Table 2).

activity toward artificial substrates. For example, in most ~ Finally, PRL-1 also lacks a H-bond that is potentially
PTPs a conserved Ser or Thr is placed immediately afterimportant for the stabilization of the C-terminal part of the
the invariant Arg residue in the PTP signature motif. In PRLs, P-loop. In Cdc14 (as well as other PTPs), the C-terminal
this position is occupied by Alal1l. In the Cdc14 structure portion of the P-loop is anchored by two H-bonds between
(Figure 5B) 82), the hydroxyl group of the conserved Thr321 the amides of Leu352 and Thr323 and the carbonyls of
is approximately 2.8 A to the,Sof the active site Cys314, Leu318 and Gly319 in the P-loop, plus an additional H-bond
making a good SHO hydrogen bond. Mutagenesis and between the side chain of Thr323 and the carbonyl of Gly319
kinetic studies have shown that the conserved hydroxyl group (Figure 5B). The latter H-bond is absent in PRL-1 because
in the P-loop plays an important role in the hydrolysis of the corresponding Thr323 is substituted by a Val in PRL-1
the phosphoenzyme intermediad&); In agreement with this  (Val113) (Figure 5B). In support of the importance of this
finding, when Alalll was replaced with a Ser, thg of H-bond, introduction of a Thr residue at position 113
PRL-1/A111S towar@NPP increased 15-fold, while thg,/ increased th&.;;andkea/Kn, for the PRL-1/V113T-catalyzed
Km value, which monitors the kinetic steps leading to and pNPP reaction by 4.4- and 7.0-fold, respectively (Table 2).
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Ficure 5: The structure of the PRL-1 active site. (A) Ribbon
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substrate turnover. Binding of a small molecule substrate or
a nonspecific substrate may not be sufficient to induce a
conformational change in PRL-1 so that the P-loop is
properly positioned for catalysis.

Redox Regulation of PRL-1 Agitly. The PRL-1 proteins
were crystallized in the presence of 1 mM DTT. Unexpect-
edly, the crystal structures for the native PRL-1 reported here
showed well-ordered electron density in the active site
consistent with a disulfide bond linking the catalytic Cys104
with a neighboring Cys49 (Figure 6A). Like the active site
Cys104, Cys49 is invariant among all PRLs. The presence
of a disulfide bridge between Cys104 and Cys49 suggests
that the active site Cys104 is highly susceptible to oxidation.
Although oxidation of the PTP active site Cys generally leads
to the formation of a sulfenic acid intermediat&3{-55),
intramolecular disulfide formation between the active site
nucleophilic Cys and a nearby Cys residue has also been
observed in KAP 33), PTEN 66), Cdc25 67, 58), and the
low molecular weight PTP$5Q). The distance between the
C, atoms of the two cysteine residues is 4.68 A in PRL-1,
which is in the range (4:45.9 A long) of the normal ¢
C, distance of disulfide bond$(). This indicates that the
redox-mediated disulfide formation between Cys104 and
Cys49 in PRL-1 should be a facile process and can occur
without any major conformational change. Given the im-
portance of the catalytic Cys in PTP catalysis, blocking of
the nucleophilic thiolate in Cys104 with a disulfide is
expected to render PRL-1 inactive.

In addition to demolition of the nucleophilic capability of
the active site Cysl104, disulfide formation in PRL-1 is
accompanied by localized conformational changes (P-loop
and WPD-loop) in the active site (Figure 6B). As a result of
the disulfide bond between Cys104 and Cys49, theoC
Cys49 is shifted 1.25 A toward the active site, while no other
significant structure movements are observe@invhere
Cys49 resides. Moreover, disulfide bond formation also
imposes conformational constraints on the P-loop and
increases they angle of Cys104 from 20to 56°. Conse-
quently, the P-loop adopts a hairpin conformation in the
native PRL-1 structures as opposed to the helical conforma-
tion in the PRL-1/C104S structure in complex with a sulfate
anion (Figure 6B). In the latter structure, the sulfate is at
the center of the P-loop and withB3 A from every amide
nitrogen of the P-loop. This orientation of the P-loop amides
is essential for oxyanion binding. However, in the oxidized
PRL-1 structures, the carbonyls of Glyl07 and Leul08,
instead of the amides, are pointing toward the inside of the
P-loop, which reduces the positively charge character of the
P-loop. As a result, although PRL-1 was crystallized in 2 M

representation of the PRL-1/C104S structure in complex with sulfate, bound sulfate was not observed in the oxidized

sulfate, in which the active site Cys104 on the P-loop, the general
acid Asp72 on the WPD loop, and the sulfate anion are labeled.

PRL-1 crystal. Thus, disulfide formation in the PRL-1 active

(B) Comparison of active site interactions between PRL-1 and Site also disrupts its ability to bind substrates.

Cdcl4.

The direct observation of a disulfide bond between Cys104
and Cys49 in the PRL-1 crystal structure suggests a redox

Collectively, the structural and biochemical data suggest thatmechanism for PRL-1 regulation. To test this hypothesis,

the active site of PRL-1 is not optimally primed for

we determined the effect of J@, on PRL-1 activity. HO,

hydrolysis of nonspecific substrates. Although the physi- is implicated as an intracellular messenger that is generated
ological substrates of the PRL phosphatases remain to ben response to growth factor stimulatiodl, and HO, can
identified, one would predict that the association of PRL-1 modulate intracellular protein tyrosine phosphorylation by
with its physiological substrates and/or activators would elicit reversible inactivation of PTP$2). As expected, we found

catalytic activation of PRL-1 by facilitating the repositioning

that HO, can inactivate PRL-1 in a time- and concentration-

of the P-loop and other active site residues for optimal dependent first-order process (data not shown). Analysis of
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Ficure 6: Disulfide bond formation between the active site Cys104 and a neighboring Cys49 in PRL-1. (A) Simulated annealing omit map
showing unbiased density for the P-loop and the disulfide between Cys104 and Cys49. The density sheyvn B.anap contoured at

3.20. (B) Conformational changes in the PRL-1 active site as a result of the disulfide formation. The conformational changes are revealed
by structural alignment of the native (oxidized) PRL-1 structure (in violet) and the structure of PRL-1/C104S bound with sulfate (in blue).
Residues Cys104 and Cys49, as well as the sulfate anion, are labeled in the figure.
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Ficure 7: The HO,-mediated disulfide formation between Cys104 and Cys49 in PRL-1. (A) Effect of mutation of Cys104 and Cys49 on
the HOx-induced gel mobility shift of PRL-1 under reducing conditions. (B) MALDI-TOF mass spectrometric detection of a fragment of
the oxidized PRL-1 (peak lllI) containing a disulfide linkage between Cys104 and Cys49. (C) Disulfide bond formation between Cys104
and Cys49 of PRL-1 in HEK293 cells exposed ted Transfected cells expressing HA-tagged PRL or mutants were incubated with
H,0,, after which cellular protein extracts were subjected to nonreducing-#A&E and analyzed with anti-HA antibodies.

the pseudo-first-order rate constant as a function gd,H  treatment. Similar to other PTPs, the activity of thgOq
concentration yielded a second-order rate constant of 15.4inactivated PRL-1 can be fully recovered with DTT.

M~ s71, a value similar to those measured for other PTPs  To determine whether the,@,-mediated PRL-1 inactiva-
(53). PRL-1/C49S displayed a slightly lower activity than tion resulted in the formation of a disulfide bond between
that of the wild-type PRL-1 (Table 2). Like the native Cys104 and Cys49, we analyzed the PRL-1 protein treated
enzyme, PRL-1/C49S could also be inactivated upe®,H  with or without HO, by SDS-PAGE under nonreducing
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conditions. Since disulfide formation generally results in a
more compact protein structure, we would predict that the
disulfide form of PRL-1 should migrate faster on SBS
PAGE under nonreducing conditions. IndeegOkitreatment

Biochemistry, Vol. 44, No. 36, 2009.2019

the lower mobility (reduced) form of PRL-1 was detected,
in accord with the notion that the higher mobility form of
PRL-1 contains a disulfide bond. Consistent with our finding
that the disulfide between Cys104 and Cys49 is responsible

of PRL-1 led to the appearance of a faster migrating band for the mobility shift of PRL-1, mutation of either Cys104

on nonreducing SDSPAGE (Figure 7A). Upon reduction
with DTT, the gel mobility of the HO,-treated PRL-1 was
restored to the same level exhibited by the native PRL-1

or Cys49 prevented the formation of the higher mobility band
upon exposure of the cells to,8, (Figure 7C). Together,
the data show that oxidation of PRL-1 in cells exposed to

protein. However, when either Cys49 or Cys104 was changedH,0, also results in the formation of a disulfide bond

to a Ser, the mobility of the PRL-1/C49S and PRL-1/C104S
mutants was not affected by.8,. These results thus are
consistent with Cys104 in the active site of PRL-1 forming
a disulfide bond with Cys49 upon oxidation with,®b.

To provide more direct evidence for the formation of a

between Cys104 and Cys49.

In conclusion, we have determined the crystal structures
of native PRL-1 at 1.9 and 3.2 A resolution, respectively.
We have also reported the crystal structure of PRL-1/C104S
in complex with sulfate solved to 2.9 A. Structural and

disulfide bond between Cys104 and Cys49, we subjected thekinetic analyses place PRL-1 in the family of dual specificity

H.O,-treated PRL-1 to trypsin digestion followed by MALDI-
TOF mass spectrometric analysis. As shown in Figure 7B,

phopsphatases with closest structural similarity to the Cdc14
phosphatase, and provide a molecular basis for the extremely

peak | was found to contain a peptide of molecular mass low activity of the PRL phosphatases toward nonspecific

MH™ of 2016.13 Da, which corresponds to the active site
tryptic peptide PREEPGCCIAVHCVAGLGR? (calculated

substrates. It is likely that significant structural rearrange-
ments will occur upon association of the PRL phosphatases

MH™ 2016.95 Da). Peak Il corresponds to the same peptidewith their physiological substrates and/or activators in order

from PRL-1/C104S in which Cys104 is replaced with a Ser
(MH* 2000.97 Da calculated, MH2000.19 observed). Peak
Il with an observed MH of 3485.53 is in close agreement
with the MH" of 3485.65 calculated for a 32-residue
fragment of PRL-1 in which a Cys104-containing peptide
(F?’REEPGCCIAVHCVAGLGRY, calculated MH 2016.95)
and a Cys49-containig peptide ®CEATYDTTLVEK?®?,
calculated MH 1471.70) are bridged by a disulfide bond.
In contrast, HO, treatment of PRL-1/C104S and PRL-1/
C49S did not yield the disulfide-bridged peak Il (Figure

to enable efficient substrate turnover. PRL-1 is found to exist
as a trimer in the crystal structures, burying 1140 ok
accessible surface area at each dimer interface. Mutation of
Gly97 in the dimer interface to an Arg significantly reduces
the oligomerization potential of PRL-1. Trimerization creates
a large, bipartite membrane-binding surface in which the
exposed C-terminal basic residues could cooperate with the
adjacent prenylation group to anchor PRL-1 on the acidic
inner membrane. Indeed, replacement of Lys151, Arg153,
Lys155, Argl57, Argl59, and Lysl1l61 by Ala residues

7B). These results provide further support that Cys104 and completely abolished the ability of PRL-1 to bind plasma

Cys49 of PRL-1 form a disulfide bond upon exposure to
H.O,. Interestingly, a new peak (peak IV, M+2048.63 Da)
emerged from the trypsin digest of the®}-treated PRL-
1/C49S sample, whose MHs 32 mass units higher than
that of the active site peptide®’REEPGCCIAVHCVA-
GLGRY? (peak 1). One possibility may be that one of the
Cys residues in the PREEPGCCIAVHCVAGLGR? se-
quence of PRL-1/C49S was oxidized by®4 to produce
an irreversible sulfinic acid derivative. Since peak IV was

membrane. Our results indicate that localization of PRL-1
to the plasma membrane requires both insertion of the
prenylation group into the lipid bilayer and ionic interactions
between the C-terminal basic residues and the acidic
membrane surface. Finally, the active site Cys104 is found
in a disulfide linkage with a neighboring Cys49 in the native
PRL-1 structures. Formation of this disulfide bond would
be expected to block both substrate binding and catalysis.
Biochemical studies indicate that®, can promote intramo-

absent in the PRL-1/C104S sample, the sulfinic acid in peak lecular disulfide bond formation between Cys104 and Cys49

IV is most likely derived from the oxidation of Cys104 in

in solution and in the cell, which supports a potential

PRL-1/C49S. The data thus indicate that, in the absence ofregulatory role of Cys49 in modulating PRL-1 activity in
Cys49, the active site Cys104 is more vulnerable to oxidation response to reactive oxygen species.

by H,O,. We could speculate that one intriguing function of
Cys49 to form an intramolecular-$5 bond with Cys104
would be to protect the catalytic Cys104 from further and
irreversible oxidation.

Finally, we examined whether PRL-1 can be oxidized in
cells exposed to yD,. HEK293 cells transiently transfected
with the HA-tagged PRL-1 were incubated for 5 min with
various HO, concentrations. Subsequently, cell lysates were
fractionated using SDSPAGE under nonreducing condi-

tions, and the separated proteins were then subjected to

immunoblot analysis with anti-HA antibodies. As shown in
Figure 7C, exposure of cells to,8, at concentrations as
low as 100uM led to the appearance of the higher mobility
(the disulfide modified) form of PRL-1, and the intensity of
the higher mobility band increased as thgklconcentration
was raised. When the J@,-treated cell lysates were incu-
bated with 10 mM DTT before SDSPAGE analysis, only
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