
The Protein Phosphatase 2A Phosphatase Activator Is a Novel
Peptidyl-Prolyl cis/trans-Isomerase*□S

Received for publication, July 18, 2005, and in revised form, December 23, 2005 Published, JBC Papers in Press, December 27, 2005, DOI 10.1074/jbc.M507760200

Jan Jordens‡, Veerle Janssens‡1, Sari Longin‡, Ilse Stevens‡, Ellen Martens‡, Geert Bultynck§1,2, Yves Engelborghs¶,
Eveline Lescrinier�, Etienne Waelkens‡, Jozef Goris‡3, and Christine Van Hoof ‡1

From the ‡Afdeling Biochemie, Faculteit Geneeskunde, Katholieke Universiteit Leuven, Campus Gasthuisberg, Herestraat 49,
B-3000 Leuven, Belgium, §Laboratorium voor Fysiologie, Katholieke Universiteit Leuven, Campus Gasthuisberg, Herestraat 49,
B-3000 Leuven, Belgium, ¶Laboratory for Biomolecular Dynamics, Faculteit Wetenschappen, Katholieke Universiteit Leuven,
Celestijnenlaan 200D, B-3001 Heverlee, Belgium, and �Laboratory for Medicinal Chemistry, Katholieke Universiteit Leuven,
Minderbroedersstraat 10, B-3000 Leuven, Belgium

The protein phosphatase 2A (PP2A) phosphatase activator
(PTPA) is an essential protein involved in the regulation of PP2A
and the PP2A-like enzymes. In this study we demonstrate that
PTPA and its yeast homologues Ypa1 and Ypa2 can induce a con-
formational change in some model substrates. Using these model
substrates indifferent assayswith andwithout helper proteases, this
isomerase activity is similar to the isomerase activity of FKBP12, the
human cyclophilin A, and one of its yeast homologs Cpr7 but dis-
similar to the isomerase activity of Pin1. However, neither FKBP12
norCpr7 can reactivate the inactive formofPP2A.Therefore, PTPA
belongs to a novel peptidyl-prolyl cis/trans-isomerase (PPIase) fam-
ily. The PPIase activity of PTPA correlates with its activating activ-
ity since both are stimulated by the presence of Mg2�ATP, and a
PTPA mutant (�208–213) with 400-fold less activity in the activa-
tion reaction of PP2A also showed almost no PPIase activity. The
point mutant Asp2053 Gly (in Ypa1) identified this amino acid as
essential for both activities. Moreover, PTPA dissociates the inac-
tive form from the complex with the PP2A methylesterase. Finally,
Pro190 in the catalytic subunit of PP2A (PP2AC) could be identified
as the target Pro isomerized by PTPA/Mg2�ATP since among the
14 Pro residues present in 12 synthesized peptides representing the
microenvironments of these prolines in PP2AC, only Pro190 could
be isomerized by PTPA/Mg2�ATP. This Pro190 is present in a pre-
dicted loop structure near the catalytic center of PP2AC and, if
mutated into a Phe, the phosphatase is inactive and canno longer be
activated by PTPA/Mg2�ATP.

Protein phosphatase 2A (PP2A)4 represents amajor group of Ser/Thr
phosphatases involved in the regulation of a plethora of cellular func-

tions. The structure of the holoenzyme comprises a regulatory A scaf-
folding subunit (PR65) and a catalytic C subunit, forming the dimeric
core enzyme (PP2AD). This dimer can further associate with a number
of “third” regulatory B subunits (PR55/B, PR61/B�, PR72/B�, each rep-
resented in mammals by at least four isoforms). The regulatory B sub-
units determine the catalytic properties of PP2A aswell as its subcellular
localization and substrate specificity (for review, see Ref. 1). The cata-
lytic subunit itself is further regulated by phosphorylation (2, 3) and
methylation (4–8). The in vivo role of PP2A is diverse. PP2A is involved
in cell growth, intracellular signaling, cell transformation, DNA replica-
tion, transcription, protein synthesis, cell differentiation, and apoptosis
(1, 9). Besides its Ser/Thr phosphatase activity, PP2A also has a low basal
phosphotyrosyl phosphatase activity (10–13) that can be up-regulated
in vitro by a protein that was originally named phosphotyrosyl phospha-
tase activator (PTPA). This protein was renamed phosphatase two A
phosphatase activator because recent findings (14–16) suggest that its
physiological function is more likely to reactivate the Ser/Thr phospha-
tase activity of an inactive form of PP2A. This inactive form can be
isolated as a complex with PME1, the methylesterase that specifically
demethylates PP2A (14).
PTPA is a well conserved protein that has been found from yeast to

human (13, 17, 18). Human PTPA is encoded by a single gene that is
mapped to chromosome 9q34 (17). The transcription gives rise to seven
different splice variants, four of which are active (18). Basal expression
of the gene is dependent on the ubiquitous transcription factor YinYang
1 (19) and functionally antagonized by p53 (20). In yeast, PTPA is
encoded by two genes, YPA1 and YPA2. Deletion of both genes is lethal
(21, 22), and a single deletion of YPA1 is more severe than deletion of
YPA2 (21–23). Deletion of YPA1 leads to an aberrant bud morphology,
abnormal actin distribution, and growth defects (21, 23). Genetic evi-
dence identifiedYPA1 andYPA2 as positive regulators of PP2A (21–23),
implicated in the regulation of the TOR pathway (21, 22), and recent
studies revealed that Ypa1 physically interacts with the PP2A-like phos-
phatases Pph3, Sit4, and Ppg, whereas Ypa2 binds to Pph21 and Pph22,
the yeast homologues of PP2A. This latter interaction is promoted by
Ypa1 (16).
The activation of PP2A by PTPA, Ypa1, or Ypa2 is dependent on the

presence of ATP or an hydrolyzable ATP analogue (10, 13) in the pres-
ence of Mg2�. Nevertheless, neither a kinase signature was found in the
primary structure nor could kinase activity could be demonstrated (12).
Therefore, the mechanism of activation of PP2A by PTPA is still not
known, but it has been suggested that PTPA induces a reversible con-
formational change in PP2A (10, 14, 15). In this study we investigated
whether PTPA can induce a conformational change in some model
substrates and whether it has peptidyl prolyl cis/trans isomerase
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(PPIase) activity that could be responsible for a conformational change
in PP2A.
Pro is the only amino acid that adopts the cis conformation for a

reasonable amount (10–15% in unfolded peptides) (24). Pro isomeriza-
tion is one of the rate-limiting steps in protein folding (25), but it can
also play regulatory roles by subtle conformational changes in native
proteins. Prolyl cis/trans isomerization is a spontaneous process, but it
can also be catalyzed by different enzymes. PPIase was first described by
Fischer et al. (26). Later, this PPIase and the immunosuppressant cyclo-
sporinA-binding protein, cyclophilin, turned out to be the same protein
(27, 28). FKBP12, the immunosuppressant FK506-binding protein, also
showed PPIase activity (29, 30). Both proteins have an important func-
tion in protein folding (31) and are recognized now as representatives of
broader families of FKBPs and cyclophilins (32–34). A third family of
PPIases is the parvulins, with Pin1 as an important representative (35–
37). Cyclophilins and FKBPs have a broad spectrum of peptide
sequences that can be isomerized, whereas Pin1 specifically isomerizes
Pro residues, which are preceded by a phosphorylated Ser/Thr (38, 39)
as present in mitotic substrates such as Cdc25c, Myt1, Wee1, Plk1,
NIMA, Cdc27 (37, 40, 41), p53 (42), and p73 (43).
In this report we demonstrate that PTPA and its yeast homologues

Ypa1 and Ypa2 can function as peptidyl-prolyl cis/trans-isomerases.
Their PPIase activity is similar to the activity of FKBP12 and cyclophilin,
and unlike the Pin family (39), a glutamic acid in the �1 position of the
prolyl residue inhibits the PPIase activity of PTPA. In addition, we pro-
vide evidence that this PPIase activity represents the mechanism by
which PTPA may regulate PP2A activity.

EXPERIMENTAL PROCEDURES

Materials, Plasmids, and Site-directed Mutagenesis—Human cyclo-
philin A, chymotrypsin, and subtilisin were obtained from Sigma, tryp-
sin was from Roche Applied Science, thrombin was from Amersham
Biosciences, and BSA was purchased from Serva. Recombinant gluta-
thione S-transfersase-FKBP12 and FKBP12were expressed and purified
according to Bultinck et al. (44), Ypa1 and Ypa2were purified according
toVanHoof et al. (16), Pin1was purified according toWinkler et al. (45)
with a bacterial expression vector obtained from A. Means (Duke Uni-
versity, Durham, NC), and recombinant Cpr7 was purified as a His-
tagged version in a one-step procedure using Ni2�-Sepharose. The cat-
alytic subunit of PP2A (PP2AC) was purified from bovine heart (46), the
dimeric form of PP2A (PP2AD), was from rabbit skeletal muscle (47),
and the inactive form of PP2A (PP2Ai) was from porcine brain (14)
according to published procedures.
Suc-Ala-Ala-Pro-Phe-methylcoumarylamine (s-AAPF-MCA), Suc-

Ala-Ala-Pro-Phe-para-nitroanilide (s-AAPF-pNA), Suc-Ala-Ala-Pro-
Lys-pNA (s-AAPK-pNA), and Suc-Ala-Glu-Pro-Phe-pNA (s-AEPF-
pNA) were purchased from Bachem. Different stock solutions were
made in ethanol and diluted in MilliQ water before assay. The PP2A-
derived peptideswere synthesized in the laboratorywith the Fmoc tech-
nology (Table 1).
Human PP2Ac� was subcloned in the pMB001 vector (48) (a gift of

Dr. Aleyde Van Eynde, Division of Biochemistry, Faculty of Medicine,
KULeuven, Belgium) to obtain anN-terminal HA-tagged version. Point
mutations were introduced with the QuikChange protocol (Stratagene)
using Pwo proofreading polymerase (Roche Applied Science). All sub-
cloning steps and point mutations were verified by DNA sequencing.

Recombinant PTPAPurification—Twodifferent types of PTPAprep-
arations were used, recombinant wild type rabbit PTPA and a His-
tagged version. Recombinant wild type PTPA was expressed and puri-
fied as described (12) with some minor modifications to diminish

interference in the optical measurements as much as possible. The final
concentration step (dialysis against polyethylene glycol and glycerol)
was replaced by a vivaspin centrifugation to obtain a minimal stock
solution concentration of 1mg/ml (27�M), and dithiothreitol was omit-
ted in the last purification steps. The His-tagged rabbit PTPA and a
mutant (�208–213) that is 400-fold less active than the wild type (13)
and the point mutant His-Ypa1 (D205G) were purified using a one step
Ni2�-Sepharose column purification. Recombinant His-tagged rabbit
PTPA in a pET15b vector was expressed in Escherichia coli BL21 cells.
The transformed cells were used to inoculate 200 ml of LB medium
containing 100 �g/ml ampicillin with anA600 � 0.2–0.3. The cells were
grown at 37 °C until the medium reached an A600 � 0.6. Expression of
the plasmid was induced for up to 4 h at 37 °C by the addition of 0.4 mM

isopropyl-thio-�-D-galactopyranoside. The cells were harvested at
4000 � g and stored at least overnight at �80 °C. Thereafter, cells were
lysed by the addition of 10ml of ice-cold lysis buffer (50mMTris, pH 7.5,
100mMNaCl, 2mg/ml lysozyme, 10mMphenylmethylsulfonyl fluoride,
2 mM leupeptin, and 1 mM pepstatin). The pellet was dispersed and left
on ice for 15 min. After vortexing, the suspension was left on ice for
another 15 min and centrifuged for 15 min at 13000 � g, and the super-
natant was allowed to bind on 1 ml of a Ni2�-Sepharose (Amersham
Biosciences) suspension (0.5-ml beads) equilibrated in lysis buffer with-
out lysozyme for 2 h at 4 °C on a rotating wheel. Subsequently the beads
were poured in a column and washed with 3 � 10 ml of buffer (50 mM

Tris, pH 7.5, 100 mM NaCl). Then the column was washed with 3 � 10
ml of wash buffer (50 mM Tris pH 7.5, 300 mM NaCl, and 10 mM imid-
azole), and finally the bound proteins were eluted with 7 � 1 ml of
elution buffer (50 mM Tris, pH 7.5, 300 mM NaCl, and 250 mM imidaz-
ole). The first 3–4 fractions (containing each 10 mg PTPA/ml or more)
were individually cleaned up by a Superdex-200 gel filtration column
(1 � 100 cm), equilibrated, and eluted with 20 mM Tris, pH 7.5. Frac-
tions of 0.5 ml were collected. The three peak fractions contained about
3 mg/ml, and the four side fractions contained about 1–2mg/ml. These
fractions were separated into aliquots and stored at �20 °C. This puri-
fication scheme resulted in 100% pure PTPA as judged by silver staining
after SDS-PAGE and by mass spectrometry. In some preparations the
His tag was removed by an overnight thrombin cleavage at 4 °C (5 units/
ml), whereas His-PTPAwas still bound to theNi2�-Sepharose beads. In
this case PTPA was eluted with 50 mM Tris, pH 7.5, and the thrombin
was removed during the final Superdex-200 gel filtration.
During these purifications PTPA was followed by activity measure-

ments with PP2Ai as described (14), and in neither these nor in the
isomerase activity measurements could a substantial difference be
observed between the different PTPA preparations. The PTPA inactive

TABLE 1
Pro-containing peptides from PP2A (and 1 from PP1) used to test
isomerase activity of PTPA
All peptides were synthesized by the Fmoc technology.

Peptide Sequence
1 47EVRCPVTVC55

2 72GGKSPDTNY80

3 104KVRYPERIT112

4 150FDYLPLTAL158
5 168GGLSPSIDT176

6 186LQEVPHEGPMCDL198
6-bis 186LQEVPHEGAMCDL198
6-ter PTDVPDTGLLCD
7 199LWSDPDDRG207

8 209WGISPRGAGY218

9 259IFSAPNYCY267

10 287LQFDPAPRRGE297
11 294RRGEPHVTR302

12 302RRTPDYFL309
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mutant (�208–213) and Ypa1 D205G mutant were followed during
their purification spectrophotometrically at 280 nm and by SDS-PAGE.
In addition, activity of the protein was measured after the last purifica-
tion step.

Mass Spectrometry—Mass spectrometry was performed on an API-
3000 (Applied Biosystems) triple quadrupole mass spectrometry. The
PTPA sample was analyzed with nanospray mass spectrometer, and the
mass spectrum was deconvoluted making use of the Biotoolbox algo-
rithms provided with the instrument and proved to be a pure homoge-
neous population of a protein of 36,869 Da. This represents the mass of
PTPA (36,456Da) plus 3 amino acids (GSH), remaining after the throm-
bin cleavage of the His tag. Purity of the protein was also proven by
SDS-PAGE (Supplemental Fig. 1)

PPIase Assay—The routine PPIase assay was essentially based on the
protease-coupled method described by Fischer et al. (26) and Schut-
kowski et al. (38). Basically, the assay consists of a conformation-specific
proteolysis by an endopeptidase such as subtilisin, trypsin, or chymo-
trypsin of a substrate peptide, carrying a C-terminal fluorophore or
chromophore with a different physical property in the bound and
unbound forms.
Substrates are of the type Suc-Ala-X-Pro-Y-Z. X and Y denote vari-

able amino-acyl residues, and Z denotes a fluorophore such as MCA or
a chromophore such as para-nitroaniline. In solution, such substrates
are largely (80–90%) in the trans conformation and can be cleaved by
the protease. In the presence of sufficient amounts of protease in the
reactionmixture, the trans population is rapidly cleaved, whereas the cis
population remains intact (first phase, rapid). The subsequent slow
isomerization reaction is accelerated by PPIases, resulting in the cleav-
able trans conformation (second phase, slow) (Fig. 1A). A disadvantage
of this protease-coupled assay is the requirement for high concentra-
tions of helper proteases to obtain the two phases. This assay could,
therefore, only be used for proteins that proved to be relatively resistant
to the protease in assay, at least for the duration of the experiment.
These parameters have to be determined for each PPIase in combina-
tion with the substrate and the protease. In practice, the substrate was
pre-equilibrated in the cuvette at 20 °C in 450 �l of 50 mM Tris, pH 7.4,
with or without the addition of Mg2�ATP, and the reaction was started
by the simultaneous (�1 s) addition of 25 �l of protease solution and 25
�l of PPIase solution. As a positive control for the prolyl isomerase
assay, we used the activity of recombinant FKBP12. This enzyme was
measured in the past with subtilisin or chymotrypsin as the isomer
specific protease and s-AAPF-MCA as the substrate (49). Therefore,
these conditionswere first optimizedwith PTPAas the potential PPIase.
The optimal concentration for chymotrypsin and subtilisin was, respec-
tively, 1.92 and 1.73 �M. Lower concentrations resulted in a slower
proteolysis of the substrate and produced lower calculated kinetic con-
stants. Higher concentrations of chymotrypsin or subtilisin also
resulted in lower calculated kinetic constants, probably due to proteol-
ysis of PTPA or FKBP12 during the second phase of the assay. Indeed,
SDS-PAGE of samples taken at different time intervals during an exper-
iment with the optimal protease concentration revealed that after 10
min only 20–30% of the original amount of PTPA (1.4 �M) remained
intact. Therefore, it was obligatory to do these experiments with rela-
tively high concentrations of PTPA and short assay times (standard
conditions less than 3 min). In principle the proteolytic breakdown
products of the protein could interfere in the assay, but a control with
2.5 �M BSA showed that this is not the case (Fig. 1B).
Because it is known that PTPA is resistant to relatively high concen-

trations of trypsin (10), s-AAPK-pNA was the substrate by preference
because it could be hydrolyzed by trypsin. By using this protease (4.4

�M) and this substrate, lower PTPA concentrations could be used in the
PPIase assays. The resistance of PTPA to trypsin was confirmed by
SDS-PAGE of PTPA samples, taken at different time intervals after
incubation with trypsin even at a concentration 10-fold higher than
used in the assay. After 10 min there was no detectable difference in
PTPA concentration.

FluorescenceMeasurements—Time-dependent fluorescence intensi-
ties were measured on a Photon Technology International spectrofluo-
rimeter. Photobleaching was prevented by a shutter, programmed to
open for 10 s at various time intervals. The fluorescence signal was
simultaneously detected every second on two different detectors set to
detect at different emissionwavelengths. Sampleswere allowed to equil-
ibrate for 10min in the cuvette holder. Fluorescence data were acquired
with the FELIX computer program that accompanied the PTI spec-
trofluorimeter and later transferred to Sigma-plot 8.1 for mathematical
analysis (Fig. 1A). The optimal excitation and emission wavelengths for
theMCA substrate were confirmed for the intact (respectively, 320 and
390 nm) as well as for the freeMCAmolecule (respectively, 352 and 439
nm). To allow a simultaneous measurement of the leftover (intact) sub-
strate and the formed product (free MCA) and to minimize reciprocal
interference asmuch as possible, emissionwasmeasured at 370 and 460
nm simultaneously using an excitation wavelength at 336 nm. Every
experiment was repeated three times so we obtained six graphs per
assay condition, three after the intact substrate and three after the free
MCA after proteolysis.

Absorbance Measurements—The pNA substrate time-resolved
absorbance measurements at 400 nm were performed on a Shimadzu
UV-160 double-beam spectrophotometer using 50 mM Tris, pH 7.5, as
the reference solution. At this wavelength we followed the formation of
free para-nitroaniline, where less than 0.5% absorbance is due to intact
peptide, protein, orMg2�ATP. The intact peptide could not be followed
because of the overlap between intact peptide and the other compo-
nents of the reaction. Absorbance was measured every second, and
results were transferred to Sigma-plot 8.1 for mathematical analysis.

Calculation of the Kinetic Constants—The reaction is biphasic, with
an initial fast phase (the initial proteolysis of the substrate in the trans-
conformation) and a subsequent slowphase (the cis/trans isomerization
of the substrate, after which it is proteolyzed). The two phases could be
distinguished when the data were fitted in a semilog plot (Fig. 1A). The
second part of the reaction fit the formula.

y � y0 � ae�bx
(Eq. 1)

y � y0 � 	1 � ae�bx
 (Eq. 2)

Equation 1 is used when monitoring the intact substrate, and Equation
2 is used when following the free MCA or pNA, wherein a equals the
amplitude of the isomerase reaction, and b is the observed k value (kobs).

Autoisomerization Activity—The rate of autoisomerization of the
substrate was determined in the absence of a peptidyl-prolyl cis/trans-
isomerase. This autoisomerization was measured both in the presence
and absence of BSA, a protein without an isomerase activity. The results
of the experiments in the presence or absence of BSA are comparable,
proving that the addition of a protein as such has little or no effect on the
hydrolysis rate of the substrate by subtilisin (Fig. 1B), chymotrypsin, or
trypsin. The autoisomerization rate constant was kobs � 0.03 s�1 at
20 °C.

NMRMeasurements—1HNMRmeasurements were performed on a
Varian Unity 500 spectrometer with a 3-mm HCPzgrd probe at 27 and
37 °C. Water-suppressed one-dimensional proton spectra with a spec-
tral width of 4560 Hz were measured by accumulating 100 transients,
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each using 3-s presaturation delay followed by a 90° (angle) observation
pulse and 1-s acquisition time. Processing was performed with VNMR
6.1 software.

A 10%D2O 275-�l standard solution of 40mMTris, pH 7.1, and 1mM

concentrations of different substrates were used (final concentrations).
2 mM ATP/10 mM Mg2� or Tris 40 mM (final concentrations) were

FIGURE 1. PPIase measurement by the protease based assay. A, upper panel, time-resolved fluorescence spectrum. The free (E) and bound MCA (F) are simultaneously detected
showing, respectively, an increasing and decreasing graph. Lower panel, the data are shown in a semilog plot of % substrate intact versus time. Two distinct phases can be observed,
the fast phase (F) of the initial cleavage of the peptide, already in the trans conformation by the protease, and the slow phase (E) resulting from the isomerization reaction
(spontaneous or induced by a PPIase activity). B, semilog plot of individual measurements with the addition of either BSA (F), PTPA (E), FKBP12 (�), or without addition (ƒ).
Experimental conditions: [s-AAPF-MCA] � 7.56 �M, [subtilisin] � 1.82 �M, [Mg2�ATP] � 1 mM/5 mM, [Tris] � 42.5 mM, pH � 7.4, T � 20 °C, [BSA] � 0.4 �M, [PTPA] � 0.5 �M, [FKBP12] �
0.5 �M. The points shown on the graph are the average of the measurements during 10 consecutive seconds. S.E. bars are smaller than the size of the symbols and, therefore, not
plotted. C, graph showing the determination of the kobs value by using different amounts of PTPA (E) or FKBP12 (F) in the assay. Experiment conditions: total sample volume � 500
�l, [Mg2�ATP] � 5 mM/1 mM, [s-AAPF-MCA] � 7.56 �M, [subtilisin] � 1.82 �M, [Tris] � 42.5 mM, pH � 7.4, T � 20 °C, [PTPA] � 2.72, 1.36, 0.68, 0.34, 0.17, 0.085, 0.043, 0.021, and 0.012
�M, and [FKBP12] � 4.9, 1.39, 0.36, and 0.069 �M. Each point represents the mean of three independent measurements. D, prolyl isomerase activity of PTPA. The k value of the PPIase
activity of PTPA is shown in function of the PTPA concentration. Measurements were done in 50 mM Tris, pH 7.4, in the presence of 8.25 �M s-AAPK-pNA and 4.4 �M trypsin. The slope
of the line is equivalent to kcat/Km (n � 3 for each concentration).
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added to test the ATP dependence of the PPIase activity of PTPA. 5 �M

PTPA, Ypa1, or Ypa2were added to test the PPIase activity. Tris or 5�M

BSA were used as a negative control, and 5 �M FKBP12 was used as a
positive control for the PPIase activity.

Sequence Homology and Three-dimensional Structure Predictions—
Alignments were calculated with BLAST. Homology between the dif-
ferent isomerase families was calculated with MULTALIN, LALIGN,
DIALIGN, and MUSCA. The secondary structure was predicted using
Prof, GOR IV, HNN, jPred, nnPredict, PSA, and PSIpred. Results of
these algorithms were compared and condensed in a secondary struc-
ture with the highest probability. We used SwissModel (swissmodel.
expasy.org), three-dimensional Jigsaw (www.bmm.icnet.uk/servers/
3djigsaw), and ESyPred3D (www.fundp.ac.be/urbm/bioinfo/esypred) as
algorithms to model the structure of PP2A with the three-dimensional
structure of PP1 as a template.

Cell Culture, Transfections, and Immunoprecipitation—COS7 cells
were cultured in Dulbecco’s modified Eagle’s medium containing 1 g/li-
ter glucose (BioWhittaker) supplemented with 2 mM L-glutamine (Bio-
Whittaker), 100 units/ml penicillin (BioWhittaker), 100mg/ml strepto-
mycin (BioWhittaker), and 10% fetal calf serum (Sera Laboratories
International). 24 h after seeding into 10-cm plates, cells were trans-
fected with FuGENE 6 (Roche Applied Science) according to the man-
ufacturer’s protocol. 36 h after transfection, cells (2� 10 cm plate) were
washedwith ice-cold phosphate-buffered saline and scraped into 500�l
of ice-cold Tris-buffered saline plus 0.1% Nonidet P-40 supplemented
with 50 �g/ml leupeptine, 20 �g/ml pepstatin, 1 mM phenylmethane-
sulfonyl fluoride, 0.1 mM N-�-Tosyl-L-lysine chloromethyl ketone, and
10mM dithiothreitol. This suspension was briefly vortexed, and after 15
min of incubation on ice, it was centrifuged at 16,000 � g for 15 min at
4 °C. The HA-tagged fusion proteins were immunoprecipitated from
the supernatant with 6 �l of monoclonal anti-HA antibodies (Sigma)
and 80 �l of 50% protein G-Sepharose beads (Amersham Biosciences).
Immunoprecipitates were washed 3 times with Tris-buffered saline
buffer plus 0.1%Nonidet P-40 supplementedwith 5�g/ml leupeptine, 2
�g/ml pepstatin, 0.1 mM phenylmethanesulfonyl fluoride, and once in
Tris/dithiothreitol (20 mM Tris-HCl, 0.1 mM dithiothreitol, pH 7.4). As
controls, the empty vectorwas also transfected, and the non-transfected
cells were also immunoprecipitated. Finally, the beads were resus-
pended in 100 �l of Tris/dithiothreitol and assayed for phosphatase

activity or subjected toWestern blotting after the addition of SDS sam-
ple buffer and boiling and SDS-PAGE.

Western Blot Analysis—After separation on SDS-PAGE, the proteins
were transferred to a polyvinylidene difluoride membrane. The West-
ern blots were preincubated in phosphate-buffered saline supple-
mented with 0.1% Tween 20 and 5% skimmed milk powder. Subse-
quently, Western blots were incubated overnight with the indicated
primary antibodies at 4 °C. Mouse immunoglobulins coupled to horse-
radish peroxidase (Dako) were used as secondary antibodies. After
extensive washing, Western blots were visualized using the ECL plus
Western blotting detection system (Amersham Biosciences).

RESULTS

PPIase Activity of PTPA in Comparison with FKBP12, Cyclophilin A,
and Cpr7—Cyclophilins and FKBPs are ubiquitous and highly con-
served enzyme families, both characterized as PPIases. Therefore, we
compared the PPIase activity of PTPA with a representative of each
family; mammalian FKBP12, mammalian cyclophilin, and Cpr7, a Sac-
charomyces cerevisiae homologue of cyclophilin 40 (50).
First the PPIase activity of PTPAwas comparedwith the PPIase activ-

ity of FKBP12, a known prolyl cis/trans-isomerase with a well docu-
mented activity for the MCA substrates used. Unless stated otherwise,
all PPIase activities of PTPA, Ypa1, and Ypa2 were measured in the
presence of a saturating concentration of Mg2�ATP, since these com-
ponents are proven to be stimulatory also for the PPIase activity (see
below). As shown in Fig. 1B, the rate of cis/trans isomerization during
the second “slow” phase by PTPA and FKBP12 was very comparable.
Second, the kobs was measured for PTPA and FKBP12 for different pro-
tein concentrations, and as demonstrated in Fig. 1C, the kobs for PTPA
and FKBP12 depended on the concentration of PPIases reaching amax-
imum of, respectively, kobs � 0.13 s�1 at 0.25 �M PTPA and 0.11 s�1 at
0.5 �M FKBP12 at 20 °C. Therefore, kobs is measured (Table 2) at lower
enzyme concentrations where a linear relationship exists between the
PPIase concentration and kobs (Fig. 1D).

Because PTPA is resistant to trypsin, the kinetic parameters were
preferentially measured with the s-AAPK-pNA substrate since trypsin
is the stereospecific protease for this substrate. When measured with
s-AAPK-pNA as substrate, human cyclophilin A and yeast Cpr7, both
known as PPIases, (51, 52) and PTPA showed a PPIase activity in the

TABLE 2
kobs values of different PPIases with some model substrates
kobs values were measured at 20 °C as described under “Experimental Procedures” under the following conditions: �s-AAPF-MCA� � 7.55 �M; �s-AAPK-pNA� � 8.25 �M;
�s-AEPF-pNA� � 7.3�M; �Mg2�ATP� � 1mMATP, 5mMMgCl2; �FKBP12� � 0.5�M; �Cpr7� � 0.6�M; �cyclophilin� � 0.2�M; �PTPA� � 0.5�M; �Ypa1� � 0.6�M; �Ypa2� � 0.5
�M; �Pin1��0.3�M; �subtilisin��1.8�M; �trypsin��4.4�M.All experimentsweremeasured in triplicate except the fluorescencemeasurements,whichweremeasured in triplicate
andweredoublyanalyzedafter the formationof freeMCAandafter thedrop inboundMCA(seeFig. 1A).Themeanvaluesaregiven�S.D.All valuesarepresentedafter subtraction
of the blank, measured with the addition of �BSA� � 0.4 �M.

Enzyme ATP/Mg2� s-AAPF-MCA s-AAPK-pNA s-AEPF-pNA
FKBP12 0.08 � 0.01 s�1

�ATP/Mg2� 0.08 � 0.01 s�1 a

Cpr7 0.062 � 0.008 s�1

�ATP/Mg2� 0.06 � 0.01 s�1 a

Cyclophilin 0.13 � 0.02 s�1

�ATP/Mg2� 0.14 � 0.03 s�1 a

PTPA 0.03 � 0.01 s�1 0.03 � 0.01 s�1 0.01 � 0.01 s�1

�ATP/Mg2� 0.19 � 0.02 s�1 b 0.10 � 0.02 s�1 b 0.003 � 0.006 s�1 a

Ypa1 0.02 � 0.01 s�1

�ATP/Mg2� 0.07 � 0.02 s�1 b

Ypa2 0.03 � 0.02 s�1

�ATP/Mg2� 0.05 � 0.03 s�1 a

Pin1 0.004 � 0.002 s�1 0.08 � 0.02 s�1

�ATP/Mg2� 0.00 � 0.01 s�1 a 0.07 � 0.01 s�1 a

Blank (BSA) 0.03 � 0.01 s�1 0.032 � 0.003 s�1 0.023 � 0.002 s�1

�ATP/Mg2� 0.031 � 0.007 s�1 a 0.03 � 0.01 s�1 a 0.025 � 0.003 s�1 a

a Difference between the measurements with and without Mg2�ATP, p 
 0.05.
b Difference between the measurements with and without Mg2�ATP, p � 0.05.
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same range (Table 2). Also, the yeast homologues of PTPA, Ypa1 and
Ypa2 (named also RRD1-YIL153w and RRD2-YPL152w) (15, 22), dis-
played a similar PPIase activity with this substrate.
We measured the kcat/Km values by varying the PTPA concentration

(Fig. 1D). With a substrate concentration of 8.25 �M and a trypsin con-
centration of 4.4 �M, we obtained a kcat/Km � 1.1 �M�1s�1. This result
can be compared with previous results obtained for cyclophilin (kcat/
Km � 5.1 �M�1s�1) and FKBP12 (kcat/Km � 0.14 �M�1s�1) (52).

PPIase Activity of PTPA Is Stimulated by Mg2�ATP—Because the
activation of PP2A by PTPA is dependent on the presence of hydrolys-
able Mg2�ATP during the activation of the tyrosyl phosphatase activity
(10) and also during the activation of the Ser/Thr phosphatase activity of
the inactive form of PP2A (14), we tested whether the PPIase activity is
also dependent on the presence ofMg2�ATP. PTPA showed an isomer-
ase activity in the absence of Mg2�ATP, but the addition of Mg2�ATP
increased this activity at least 3-fold. An A50 value for ATP was deter-
mined as 0.2 mM in the presence of 5 mM MgCl2. This should be com-
pared with the 0.12 mM found for the stimulation of the tyrosyl phos-
phatase activity (10) and to the 3 �M found for the activation of the
inactive form of PP2A (14). On the other hand, an excess of ATP over
Mg2�, resulting in “free” ATP, was inhibitory in both the activation and
PPIase reaction (results not shown). No Mg2�ATP stimulation was
found with the other PPIases (Table 2), whereas the stimulation of the
PPIase activity of Ypa2 was somewhat less in comparison with Ypa1 or
PTPA.

Protease-free Measurement of the PPIase Activity of PTPA—We
sought independent evidence for the PPIase activity of PTPA by
dynamic protonNMRspectroscopy using the band-shape analysis tech-
nique (53). This allows proof of isomerization of the prolyl peptide bond
independent of any protease activity. The basic theory behind this type
of NMR measurement is the acceleration of the cis to trans transition,
which is translated into a broadening of the peaks of the methyl groups
of Ala preceding the Pro. Although only about 10% of the peptide is in
the cis conformation, one can distinguish some small peaks next to the
large peak resulting from the trans conformation. The identity of these
peaks was confirmed by two-dimensional NMR. Upon the addition of
PTPA it can be seen that the peaks broaden, indicating a PPIase activity
of PTPA; this broadening is more pronounced when more PTPA is
added to the sample (Fig. 2) and clearly stimulated by the presence of
Mg2�ATP. Positive (FKBP12) and negative (BSA) controls validated the
conclusion that PTPA can indeed isomerase the prolyl residue from a cis
to a trans conformation in the context of this model substrate and that
this PPIase activity is stimulated by Mg2�ATP.

PTPAand Pin1Have aDifferent Substrate Specificity—Pin1 is impor-
tant in cell signaling and regulation of the cell cycle since it can isomer-
ase the prolyl residues preceded by phospho-Ser/Thr. Phosphorylation
of these Ser/Thr-Pro motifs is governed by the so-called Pro-directed
kinases such as the mitogen-activated protein kinases and the cyclin-
dependent kinases, and Pin1 activity is dependent on the phosphoryla-
tion of these Ser/Thr-Pro motives (38, 39). Because of this highly selec-
tive substrate specificity, it was important to know whether PTPA has a
similar substrate selectivity. When the Pin1 substrate, s-AEPF-pNA,
where Glu (E) mimics the phospho-Ser/Thr, was used in the PPIase
assay of PTPA (0.67 �M) with subtilisin as the trans-specific protease,
the kobs value was only slightly higher than the blank values. In contrast,
Pin1 showed a significant PPIase activity toward this substrate, whereas
it had no activity toward the s-AAPK-pNA substrate (Table 2). From
this result it is clear that theGlu in the�1 position of the Pro is certainly
not a prerequisite for isomerization by PTPA but is, rather, unfavorable.

Other PPIases Cannot Activate PP2A—From the current data one
could hypothesize that PTPA can activate PP2A by a conformational
change induced by its PPIase activity. Therefore, it was investigated
whether other PPIases such as cyclophilins or FKBPs could replace
PTPA in the activation reaction. Recombinant FKBP12 and cyclophilin
Cpr7 were tested in several concentrations with and without 1mMATP
and 5 mM MgCl2 in the activation assay of inactive PP2A. No effect of
these proteins could be detected (data not shown). Because the immu-
nosuppressive and toxic effects of cyclophilins and FKBPs are mediated
by binding to cyclosporin A and the macrolide FK506 (27–30) or rapa-
mycin, respectively, the activation of PP2A by PTPA, FKBP12, or Cpr7
was also measured in the presence of these effectors. No effects on the
activation were observed (data not shown). These data indicate that if
the PPIase activity of PTPA is indeed causal for a conformational change
in PP2A, it is specific for PTPA since other PPIases cannot do the same.

PTPA Is a New Family of Prolyl cis/trans-Isomerase—Similarity stud-
ies of the primary structure of PTPA with the cyclophilins, the FKBP-
like proteins, and the parvulins further demonstrated that PTPA
belongs to a new class of PPIases. PTPA yielded a maximum sequence
similarity of 7.14%, probably not significant since the similarities are
scattered over the protein. In addition, using a BLAST search, no other
proteins were found with any homology to PTPA, as previously noticed
(12).
A prediction study of the secondary structure of PTPA was per-

formed using different databases and algorithms. This secondary struc-
ture was compared with the secondary structures of the three other
known families of prolyl cis/trans-isomerases. Also in the secondary
structure, there was no similarity found between PTPA and any of the
other families. The crystal structure of PTPA is not yet available to
compare possible three-dimensional structures and domains among the
different families of prolyl cis/trans-isomerases and PTPA.
Although we cannot yet rule out the possibility that the spatial con-

figuration of the PPIase catalytic site of PTPAmight be similar to other

FIGURE 2. 1H NMR measurements of the PPIase activity. Measurements were con-
ducted in 275 �l of 40 mM Tris, pH 7.1, and 10% D2O. A, 1 mM peptide (s-AAPK-pNA), 2 mM

ATP/10 mM Mg2 (AM), and 40 mM Tris (a), 5 �M PTPA (b), 10 �M PTPA (a) at T � 37 °C, and
5 �M PTPA without Mg2�ATP added previously (d). B, control results without Mg2�ATP
and PPIase and with 5 �M FKBP12.
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PPIases, its biochemical and structural characteristics are sufficiently
distinct to catalog PTPA as a new family of prolyl cis/trans-isomerases
(see also “Discussion”).

The Catalytic Center of PTPA—The catalytic center of the PPIase in
PTPA is not known, but highly conserved domains were found and
tested for their importance in the activation reaction (13). By deleting
one such well conserved domain, 208GVWGLD213, PTPA was about
400-fold less active than the wild type in the phosphotyrosyl phospha-
tase activation reaction of PP2A (13). We confirmed this by the activa-
tion of PP2Ai with the purifiedHis-tagged version of thismutant; also in
this assay, about 400-fold more protein was needed to obtain the same
activity as thewild type. As shown inTable 3, the kobs that wasmeasured
with thismutantwas very low (kobs � 0.008 s�1), not significantly higher
than the autoisomerization reaction. By changing Asp205 into Gly in the
Ypa1 context (Asp213 in mammalian PTPA), we could identify this
amino acid as essential both for the activation of PP2Ai (Fig. 3) and for
the PPIase activity of Ypa1 (Table 3). Therefore, Asp205 probably par-
ticipates in the catalysis of both reactions, further substantiating the
correlation between both activities.

PTPA Induces a Conformational Change in PP2A—Many reasons
exist to assume that PTPAcan induce a conformational change in PP2A.
1) Because after activation PP2A can dephosphorylate phosphotyrosyl
substrates apparently by the same catalytic center, a conformational
change was assumed (10, 12). 2) Inactivating mutations of some amino
acids in PP2A, essential for catalysis, changed the affinity of PP2A for
some proteins such as PME1 (15, 53) and PTPA (15). 3) When PME1
was purified from tissues, an inactive form of PP2A was found associ-
ated in a complex with PME1, and PTPA could activate this form of
PP2A, leading to a dissociation of the complex (14). Taken together, it is
clear that PTPA not only changes the catalytic center of PP2A but also
some interacting surfaces. 4) In a yeast strain wherein both YPA1
(RRD1) and YPA2 (RRD2) were deleted and lethality was rescued by a
different genetic background, PP2AC was not only less stable but was
also altered in substrate specificity andmetal ion dependence (15), indicat-
ing that in the absence of PTPA aPP2A formwas synthesizedwith a differ-
ent conformation. Becausewe now found a PPIase activity in PTPA and its
yeast homologues Ypa1 and Ypa2 and Mg2�ATP plays a role both in the

PPIase activity of PTPA and the activation of PP2A, it is reasonable to
assume that bothactivities are linkedand that thePPIase activity ofPTPA is
not accidental but essential for the activation reaction of PP2A.

Which Proline in PP2A Is the Target for PTPA PPIase Activity?—Be-
cause no three-dimensional structure is yet available either for the
active or for the inactive forms of PP2A, we do not have direct proof for
which proline in PP2A might be the target for a cis/trans isomerization
reaction. In PP2AC, 14 Pro are present, and we reasoned that if the
PPIase activity of PTPA could be responsible for the activity change of
PP2A, at least one of these prolines should be a substrate in the isomer-
ization reaction. Therefore, we synthesized 12 peptides representing the
microenvironment of these 14 Pro residues in PP2A (Table 1). To
exclude a potential influence of the length of the peptides in the isomer-
ization reaction and to provide a minimal length, possibly necessary for
specificity, 9-merswere synthesizedwith Pro in themiddle. This rule could
not be followed inpeptide 6 and10 since 2Prowere too close; therefore,we
chose for aminimal of 4 amino acids after the secondPro. This reasoning is
proven to be fruitful. The only peptide that showed apeak broadening in its
NMRspectrumby addingPTPA/Mg2�ATPwaspeptide 6 (fig. 4) (see Sup-
plemental Fig. 2 for the results with the 11 other peptides). Because peptide
6 contains Pro190 and Pro194, potentially both could undergo a cis/trans
isomerization. Therefore, an additional peptide (6-bis) was synthesized
with the second Pro mutated into a Ala. Also, this peptide showed a peak
broadening in the presence of PTPA/Mg2�ATP, clearly demonstrating
that it is Pro190 that is the substrate for the PPIase activity of PTPA. To
further substantiate the specificity of the isomerization reaction by PTPA/
Mg2�ATP, we synthesized peptide 6-ter, representing the peptide taking a
similarposition inPP1.Also, thePro in thispeptide isnotconverted into the
trans configuration by PTPA/Mg2�ATP.
Because PP1 and PP2A have a high degree of similarity (55) and the

three-dimensional structure of PP1 is known (56, 57), PP1 can be used as
template to predict the structure of PP2AC. By doing so, the position of
peptide 6 could also be predicted. This peptide is on the surface of
PP2AC and is part of a loop structure connecting � helix 6 and � strand
6 near the catalytic center. This is a strategic position for influencing the
activity of PP2A since changing the conformation of the Pro in this loop
will also change the conformation of the loop and, therefore, the acces-
sibility of the PP2A catalytic site or the efficiency of the catalysis.

A Pro190 Mutant of PP2AC Cannot Be Activated by PTPA—To prove
the importance of Pro190 in PP2A for activation by PTPA/Mg2�ATP,we
mutated Pro190 in the context of PP2AC into a Phe or an Ala, expressed
them as HA-tagged versions in COS 7 cells, immunoprecipitated the
constructs, and attempted to determine the possibility of activating this
PP2A by PTPA/Mg2�ATP. As controls, a HA-tagged version of wt
PP2Ac was used, and the same construct with Pro263 mutated into an
Ala. As can be seen in Fig. 5A, the amount of precipitated PP2A is very
similar for the four constructs. PP2A was specifically measured in the

FIGURE 3. Activation of inactive PP2A by WT and mutant Ypa1. Activation of inactive
PP2A by different concentrations of WT Ypa1 (F) and the Ypa1-mutant D205G (E) is
shown. Activity is displayed in % of the activity of inactive PP2A when activated by an
excess of PTPA (n � 2 for each concentration).

TABLE 3
kobs values of PTPA mutants
kobs values were measured at 20 °C as described under “Experimental Procedures”
with the following conditions: �s-AAPK-pNA� � 8.25 �M; �Mg2�ATP� � 1 mM
ATP, 5 mM MgCl2; �trypsin� � 4.4 �M; �PTPA (�208–213)� � 0.5 �M; �Ypa1
(D205G)� � 0.5�M. Themean values are given� S.D. All values are presented after
subtraction of the blank, measured with the addition of �BSA� � 0.4 �M (see
Table 1).

Enzyme ATP/Mg2� s-AAPK-pNA
PTPA (�208–213) 0.006 � 0.002 s�1

�ATP/Mg2� 0.008 � 0.001s�1 a

Ypa1 (D205G) 0.011 � 0.004 s�1

�ATP/Mg2� 0.016 � 0.002s�1 a

a Difference between measurements with the mutants and blank measurement,
p 
 0.05.
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presence of protamine sulfate (16) plus or minus activation by a saturating
amount of PTPA/Mg2�ATP, and as can be seen in Fig. 5B, PP2Ac wt was
spontaneously active and could not be further activated by PTPA/
Mg2�ATP, PP2Ac (P190A)was partially active and not activable by PTPA/
Mg2�ATP, and PP2Ac (P190F) was almost completely inactive and not
activable either, whereas the PP2Ac (P263A)mutant was almost as active as
WT and also not activable. These results clearly show the importance of
Pro190 for the activity of PP2Ac. The fact that PP2AC WT is fully active in
this experiment is probably due to the fact that in COS7 cells, PTPA is
highly expressed5 and, therefore, is not the limiting factor for all PP2A
activity. If Pro190 is mutated into a Phe, a conformational change will be
induced that inactivatesPP2Aand that canno longerbe reversedbyPTPA/
Mg2�ATP. Replacement of Pro190 byAla results in a partially active PP2AC
(
50% of WT activity), but that can also not be activated by PTPA/
Mg2�ATP, indicating that Pro190 is essential for an activation to take place.

DISCUSSION

Because PTPA has a PPIase activity that is comparable with previ-
ously characterized PPIases such as FKBP12 and cyclophilin, it is rea-
sonable to assume that this PPIase activity is an essential element for its
cellular function. The substrate specificity of this PPIase is not yet
known and might have a broader activity spectrum than just PP2A and
the PP2A-like enzymes, but so far only this group of protein phosphata-
ses is shown to be regulated by PTPA. Biochemical (10–15), genetic
(20–23), and physical (15, 16) evidences exist for this regulation, and it
was already suggested that PTPA accomplishes this function by induc-
ing a conformational change in PP2A (10, 14, 15). However, direct evi-
dence for such a change was missing. In this study we demonstrate with
different techniques that PTPA has PPIase activity and, therefore, could
indeed induce a conformational change due to a prolyl isomerization
reaction. Evidence for a specific prolyl residue of PP2A that can be
isomerized by PTPA is presented by the NMR results of the different
PP2A-specific peptides of which only one peptide containing Pro190 can
be isomerized by PTPA. This peptide is situated in an easily accessible
region of PP2A, nearby the catalytic site. The primary structure of this
peptide is conserved among PP2A and its yeast homologues PPH21 and
PPH22 and the PP2A-like proteins Ppg, Sit4, and Pph3. Although this
peptide is situated in an area with a large identity with PP1, the latter is

not activated by PTPA, confirming the specificity of the PPIase reaction
on PP2A. A PP2AC mutant with Pro190 changed into a Phe was inactive
and could not be activated by PTPA/Mg2�ATP, strongly arguing for the
importance of Pro190 in the activation reaction. Although we cannot
rule out other explanations for the inability of PTPA/Mg2�ATP to acti-
vate the PP2AC (P190F) inactive mutant, the most plausible hypothesis
would be that Pro190 will indeed undergo a conformational change
induced by the PPIase activity of PTPA. Further studieswill be necessary
to delineate the exact structural change(s) induced in the complete
PP2A by the PPIase activity of PTPA.No crystals are available yet for the
active and inactive forms of PP2A, but the high similarity of PP1 and
PP2A at the primary structure level allowed predictions for amino acids
that are essential for catalysis (58). Mutations of some of these essential
amino acids renders PP2A inactive, and these inactive PP2As associate
with the PP2A-specificmethylesterase PME1 (54), suggesting that some
interacting surfaces are different in the active and this inactive PP2A.
Also, by purifying PME1 from tissues, an inactive form of PP2A was
found associated with PME1. After incubation with PTPA and
Mg2�ATP, PP2A was activated and dissociated from PME1 (14). These
observations strongly argue for the existence in vivo of two conforma-
tions of PP2A, one of them favored by PTPA.
The requirement of Mg2�ATP in the activation reaction of PP2A is

still intriguing. Also, for the PPIase activity of PTPA, the presence of
Mg2�ATP seems to be stimulatory but less stringent since also in the
absence of Mg2�ATP a low but measurable PPIase activity could be
detected. This is not so surprising since small peptides are used as sub-
strate in the PPIase reaction. Inducing a conformational change of a
prolyl residue in awhole proteinmight need to overcome interactions of
other side chains to allow the prolyl cis/trans isomerization. To over-
come these resistances, the addition of extra energymight be necessary.5 S. Longin, unpublished results.

FIGURE 5. Importance of Pro190 for activity of PP2AC. Cos7 cells were not transfected
(lane 1), transfected with pMB001 (empty vector, lane 2), or transfected with PP2ACWT-
pMB001, PP2ACP190A-pMB001, PP2ACP190F-pMB001, and PP2ACP263A-pMB001 and
immunoprecipitated. These immunoprecipitations were further analyzed by Western
blotting after SDS-PAGE with anti-HA antibodies (A) or phosphatase activity measure-
ments (B) with or without activation by PTPA/Mg2�ATP as indicated (n � 2). Background
activity as measured in two control conditions (less than 20% of the WT conditions) was
subtracted. For more details see “Experimental Procedures.”

FIGURE 4. 1H NMR spectra of a PP2A-derived peptide. Shown is a region of a one-
dimensional NMR proton spectrum with signals from methyl groups in the LQEVPHEG-
PMCDL peptide. Measurements were conducted in 275 �l of 40 mM Tris, pH 7.1, 10% D2O,
and 1 mM peptide (peptide 6 in Table 1) at 27 °C and 2 mM ATP/10 mM Mg2� (AM) and/or
5 �M PTPA. In A and B, the order of addition of the components was alternated as indi-
cated in the figure.
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To further substantiate the hypothesis that the PPIase activity of
PTPA is probably causal for the activity change in PP2A, we measured
the PPIase activity in a mutant of PTPA (�208GVWGLD213) that is
almost completely inactive in the phosphotyrosyl phosphatase activa-
tion reaction of PP2A (13) and in the activation of PP2Ai (this
study).Thismutantwas also inactive as PPIase. Therefore, the activation
of PP2A and the PPIase activity of PTPA are correlated. The fact that a
low activity could be measured in this mutant seems to exclude the
possibility that it is completely misfolded. Moreover, the point mutant
D205G in Ypa1, equivalent to Asp213 in PTPA, shows a similar correla-
tion, corroborating its implication in the catalysis of the PPIase.
So far three families of peptidyl-prolyl isomerases are known: cyclo-

philins, FKBPs, and parvulins. Cyclophilins and FKBPs were originally
discovered as the intracellular binding targets of immunosuppressive
drugs. Almost simultaneous, these proteins were characterized as PPI-
ases. These enzymes have long been thought to play an exclusive role in
protein folding, but since in yeast all cyclophilins (eight) and FKBPs
(four) are individually and collectively dispensable for viability in S. cer-
evisiae (33), it was concluded that each cyclophilin and FKBP probably
regulates a restricted number of unique partner proteins that still
remain to be identified (33). In the genome of the same organism only
one parvulin is present. ESS1, also known as PTF1 (processing/termi-
nation factor), is the homologue of the mammalian Pin1, and this gene
was found to be essential (33, 59). Remarkably, the yeast orthologues of
PTPA, Ypa1 and Ypa2, also have PPIase activity (this study) and also
cover an essential function since a double deletion strain is not viable
(21–23). PTPA and Pin1 have different substrate specificities as PPIases
(this study), differentiating PTPA as different from the parvulins. PTPA
is also the only PPIase known so far that shows a stimulatory effect of
Mg2�ATP. Furthermore, only PTPA could activate inactive PP2A,
whereas recombinant FKBP12 andCpr7 had no effect in the presence or
absence of FK506 and cyclosporin A, respectively. Finally, similarity
studies showed only a minor similarity in the primary structure as well
as in the secondary structure of PTPA with the other PPIases. For all
these reasons, PTPA can be catalogued as a separate, fourth family of
PPIases, targeting PP2A and the PP2A-like phosphatases.
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