Biochemistry2001,40, 10485-10490 10485

Identification of Amino Acids in the Tetratricopeptide Repeat and C-Terminal
Domains of Protein Phosphatase 5 Involved in Autoinhibition and Lipid Activation
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ABSTRACT: Protein phosphatase 5 (PP5) exhibits low basal activity due to the autoinhibitory properties of
its N-terminal and C-terminal domains but can be activated approximately 40-fold in vitro by
polyunsaturated fatty acids. To identify residues involved in regulating PP5 activity, we performed scanning
mutagenesis of its N-terminal tetratricopeptide repeat (TPR) domain and deletion mutagenesis of its
C-terminal domain. Mutating residues in a groove of the TPR domain that binds to heat shock protein 90
had no effect on basal phosphatase activity. Mutation of Glu-76, however, whose side chain projects
away from this groove, resulted in a 10-fold elevation of basal activity without affecting arachidonic
acid-stimulated activity. Thus, the interface of the TPR domain involved in PP5 autoinhibition appears to
be different from that involved in heat shock protein 90 binding. We also observed a 10-fold elevation of
basal phosphatase activity upon removing the C-terminal 13 amino acids of PP5, with a concomitant
50% decrease in arachidonic acid-stimulated activity. These two effects were accounted for by two distinct
amino acid deletions: deleting the four C-terminal residues-{49®) of PP5 had no effect on its activity,

but removing GIn-495 elevated basal activity 10-fold. Removal of a further three amino acids had no
additional effect, but deleting Asn-491 resulted in a 50% reduction in arachidonic acid-stimulated activity.
Thus, Glu-76 in the TPR domain and GIn-495 at the C-terminus were implicated in maintaining the low
basal activity of PP5. While the TPR domain alone has been thought to mediate fatty acid activation of
PP5, our data suggest that Asn-491, near its C-terminus, may also be involved in this process.

Several years ago we and others identified the protein structure of this domainl@) as a guide, we have performed
serine/threonine phosphatase that has been designatéd PPSite-directed mutagenesis to identify which portion of the
(1—3). The catalytic domain of PP5 is closely related to the TPR domain was involved in binding to hspaD4y. In this
catalytic subunits of PP1, PP2A, and PP2R Unlike those way, we identified a binding groove that contains three basic
enzymes, however, PP5 contains regulatory and targetingresidues essential for hsp90 bindirigl); These residues are
domains within a single polypeptide chain rather than in conserved in all known hsp90-binding TPR proteins and have
separate subunits. PP5 has been implicated in severabubsequently been shown, in FKBP52, Hop, and AIP, to
signaling pathways (reviewed in ref 5). Through its associa- interact with the C-terminus of hsp905-17). TPR domains
tion with heat shock protein 90 (hsp90), PP5 appears to beconsist of a series of antiparallethelices bundled together
involved in signaling through the glucocorticoid receptor and to form a cradle-shaped groov&3{ 17—20). On the basis
to have a potential role as a cochaperofe7j. A recent of our mutagenesis studies, PP5 was suggested to represent
study also demonstrates that overexpression of PP5 cara paradigm for TPR proteins, in which consensus TPR
stimulate the growth of cultured cell8)( In biochemical sequences form the backbone structure, while variable
studies, PP5 was purified in a search for an arachidonic acid-residues lining the binding groove form the basis for targeting
activated phosphatase that regulates potassium channedpecificity (L0). Consistent with this postulate, not only do
activity (9). A clear demonstration of the normal biological TPR proteins bind to hsp90 via this groove but the binding
function of PP5 has yet to be achieved, however, and ourof Tupl to Ssn6, which is predicted to have a hydrophobic
understanding of its biochemical regulation remains limited. groove in its TPR domain, is mediated by hydrophobic

A distinctive feature of PP5 is its amino-terminal tetra- interactions 21). More recently, however, it has been shown
tricopeptide repeat (TPR) domain. TPR domains mediate that binding of target proteins to some TPR domains can be
specific proteir-protein interactions 10), and the TPR mediated by loops connecting the TPR helices, in addition
domain of PP5 mediates its binding to hsp8pgnd to other  to (19), or instead of 20), the binding groove.

signaling proteins¥, 11, 12). Using the three-dimensional In addition to binding other proteins, the TPR domain of
PP5 plays a key role in regulating its phosphatase activity.

t This work was supported by National Institutes of Health Grants Partial proteolysis removing the TPR domain results in a
HL 47063 and DK 55877 to M.C. concomitant increase in phosphatase activity of up to 50-
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460-6782. Fax: 334-460-6798. E-mail: michalelc@jaguarl.usouthal.edu.]cOId (9, 22). Arachidonic acid, which activates PP5 to the

L Abbreviations: PP, protein phosphatase; TPR, tetratricopeptide S&M€ extent as prOt_e()')_’SiSa binds to th? TPR donmiﬁ_%)' _
repeat; pNPPp-nitrophenyl phosphate; BSA, bovine serum albumin. presumably displacing it from the autoinhibitory position it
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holds in the basal state. Activation of PP5 by arachidonic TATGCCATGGG; 10 amino acid deletion, CCCGAAT-
acid and other long-chain unsaturated fatty acids currently TCTCAGTATGCCATGGGCTT; 11 amino acid deletion,
represents the best model for its regulation. High micromolar CCCGAATTCTCATGCCATGGGCTTGAC; 12 amino acid
concentrations are required for full activation in vitro, but deletion, CCCGAATTCTCACATGGGCTTGACGTT; 13
native PP5 may gradually lose its ability to be activated amino acid deletion, CCCGAATTCTCAGGGCTTGACGT-
during purification, and in the cell the enzyme may be TGGG.
responsive to physiological concentrations of arachidonic PCR products were cloned into pCR2.1 (Invitrogen) and
acid 9). A short C-terminal sequence in PP5 has also beensequenced to confirm the presence of the desired mutations
shown to be autoinhibitory2@). We have now used site- and the lack of additional mutations. The 0.5Mbil/EcoRl
directed mutagenesis to test whether the groove in the TPRfragments were then used to replace the corresponding wild-
domain that binds to hsp90 also mediates the autoinhibitory type fragment in pET15b-PP5, and the replacement was
function of this domain. We report here that the autoinhibi- confirmed by sequencing.
tory face of the TPR domain appears to be distinct from the  Expression and Purification of Recombinant PPEhe
hsp90-binding groove, corresponding instead to a loop pET15b constructs were transformed iffecherichia coli
connecting the TPR helices. We also report that GIn-495, BL21(DE3) cells, which were grown at &, in LB medium
four residues from the C-terminus of PP5, is an important containing 5Q:g/mL ampicillin, until the ORQg reached 0.7.
autoinhibitory residue. Unexpectedly, Asn-491, near the Cells were then induced f@ h with 1 mM IPTG. Pelleted
C-terminus, is required for full activation by arachidonic acid. cells were lysed by sonication in buffer A (20 mM Tris-
This is the first evidence for a positive role for the C-terminal HCI, pH 8.0, 500 mM NacCl) containing 5 mM imidazole, 1
sequences, previously described as purely autoinhibitory. mM PMSF, and 20 mM benzamidine. All subsequent
purification procedures were performed at°€@. After
EXPERIMENTAL PROCEDURES centrifugation for 30 min at 200Qf the supernatant was
applied b a 5 mLnickel-saturated chelating HiTrap column
Amersham Pharmacia Biotech) equilibrated with buffer A
ontaining 5 mM imidazole. The column was washed with

Preparation of Bacterial Expression Constructsor
studies to be described elsewhere, sequences encoding th

'LPR_don:jain ocl;\lrgt PPg were amplifiedhby PCR USich primers equilibration buffer and then with buffer A containing 65
that introducedNdd andBamHI sites. The PCR productwas o\ imidazole. Elution was then conducted using a linear

cloned into the corresponding sites of pET15b (Novagen), agradient of 65250 mM imidazole in buffer A. Active

vEctor thaft in(tjrod_ucgd an _amino-termir}_al H(ijsbtag. The fractions, assayed as described below, were pooled, concen-
absence of undesired mutations was confirmed by S€qUENCy e by ultrafiltration in an Amicon stirred cell (YM-30),

ing. Full-length PP5 was introduced into this vector by and dialyzed against 20 mM Hepes, pH 7.5, and 50 mM
replacing theXhd/EcdRI fragment containing sequences aCl. The purity of the samples wa95% as assessed by

. . o N
encoding the TPR domain (and additional vector Seq”enceS)SDS—PAGE and Coomassie Blue staining. Proteins were
with the 1.9 kbXhd/EcaR| fragment of full-length rat PP5 stored at—80 °C before use. '

3. 6). Preparation of Phosphatase Domains by Partial Proteoly-
To introduce mutations into the TPR domain, the PP5 sjs After binding to a chelating HiTrap column, with washes
sequences were excised from pET15b-PP5 and subclonegnd equilibration as described above, the column was filled

into pGEM-3Zf(~) as anXba/EcoRlI fragment. Sequences  with 20 mM Tris, pH 8.0, containing 50g/mL trypsin, and
encoding TPR sequences with single amino acid mutationsincubated for 20 min at 38C. Trypsin cleaves the N-terminal
were excised from previously described construt® @s ~ TPR domain from PP5 but does not cleave the C-terminus
Xhd/Nhe fragments and used to replace wild-type sequences(23). The catalytic domains were eluted by washing with
in the pGEM-3Zf(-)-PP5 construct. After the replacements puffer A containing 10 mM imidazole, while the His-tagged
were confirmed by sequencing, the mutant full-length PP5 TPR domains remained bound to the column. After addition
constructs were cloned into téa/EcaRl sites of pET15b.  of 1 mg of soybean trypsin inhibitor, the eluant was dialyzed
For C-terminal deletions, PCR was used to generate 3 against buffer B (20 mM Hepes, pH 7.5, 1 mM PMSF, 20
sequences with deletions of the indicated lengths. The mM benzamidine). The dialyzate was then passed through
forward primer (GGCAAAGTGCTGATCATGCATGGAG- a1 mL Mono S column (Amersham Pharmacia Biotech)
GCC) encompassed the uniglsil site in rat PP5, while equilibrated with buffer B, and the wash fractions were
the reverse primers incorporatedBeoR| site, a termination  pooled and loaded omta 1 mLMono Q column (Amersham
codon, and appropriate sequences to delete from 1 to 13Pharmacia Biotech). After being washed with buffer B, the
amino acids from the wild-type C-terminus of PP5. The catalytic domains were eluted using a linear gradient of
oligonucleotides used were as follows: 1 amino acid deletion, 0—300 mM NaCl in buffer B. Fractions containing catalytic
CCCGAATTCTCACATTCCTAGCTGCAG; 2 amino acid  activity were pooled and concentrated by ultrafiltration in
deletion, CCCGAATTCTCATCCTAGCTGCAGCAG; 3 an Amicon YM-10 cell. Samples were then fractionated on
amino acid deletion, CCCGAATTCTCATAGCTGCAG- a 24 mL Superose 12 column (Amersham Pharmacia
CAGCGT; 4 amino acid deletion, CCCGAATTCTCACT- Biotech) equilibrated with buffer B. Active fractions were
GCAGCAGCGTGTT,; 5 amino acid deletion, CCCGAAT- pooled, dialyzed against 20 mM Hepes, pH 7.5, and 50 mM
TCTCACAGCAGCGTGTTGGC; 6 amino acid deletion, NaCl, concentrated by ultrafiltration as describe above, and
CCCGAATTCTCACAGCGTGTTGGCGTA,; 7 amino acid  stored at—80 °C.
deletion, CCCGAATTCTCACGTGTTGGCGTATGC; 8 Phosphatase AssayBhosphatase activity was measured
amino acid deletion, CCCGAATTCTCAGTTGGCGTAT- using eithemp-nitrophenyl phosphate (pNPP) &P-labeled
GCCAT; 9 amino acid deletion, CCCGAATTCTCAGGCG- casein as substrate. The latter was prepared as des@#ed (
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and contained approximately 2.5 nmol of phosphate/mg of
protein. To measure activity toward pNPP, except where
indicated otherwise, 200L reactions contained 50 mM Tris-
HCI, pH 7.5, 30 mM MgC}, 30 mM pNPP, 0.1%3-mer-
captoethanol, and 50 nM enzyme in the presence of the
indicated concentrations of arachidonic acid. Reactions were
allowed to proceed for 10 min at 3 and terminated by
addition of 0.25 M NaOH. After clarification by centrifuga-
tion, absorbance was determined at 410 nm. To measure
activity toward casein, 2@L reactions were performed as
above except that 2/M *?P-labeled casein was substituted | ‘~

for pNPP. Reactions were stopped by addition of AZ®f " eoon S aon P ean Rrek | yaon  R101A
cold 20% trichloroacetic acid and 1A of 3% BSA. After PP5 mutant

the mixtures were vortexed and incubated-20 °C for 20
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min, samples were centrifuged for 20 min at 19900he '_% 2500

amount of radioactivity released into 1@Q of the super- g_ h L M P E

natant was determined by liquid scintillation counting. o 20001

Results from representative experiments are presented as the E 15001

mean ( = 4) & standard error. All results were substantiated E

using at least three different sets of enzyme preparations B 1000/

(wild-type PP5 and the TPR mutants or wild-type PP5 and §

the C-terminal mutants). © 500
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Effects of Mutations within the TPR Domain on PP5 S E20A K40A 163A E76A  YEOA RI01A

Activity. We have previously performed site-directed mu- ~ PPSmutant o
Ficure 1. Effects of mutations in the TPR domain on arachidonic

targlj_eﬂess _gf the |sol§1ted TtPRt (:omg_lndgf PI:S rt]o d;@t:armmeacid-s’[imulated phosphatase activity of PP5. Wild-type PP5 or the
which residues are important for binding to hsp )( _indicated mutants were assayed for phosphatase activity in the
Mutations were designed to minimize effects on protein apsence (solid bars) or presence (open bars) ofi20@rachidonic
folding (most of the mutations were made in polar residues acid, using pNPP (A) of?P-labeled casein (B) as a substrate.

at the protein’s surface), and the mutations were distributed Results from a representative experiment are presented as the mean
throughout the various faces of the TPR domdif) (Using g'_l = 4) & standard error. Similar results were obtained using six

. . 4 L ifferent preparations of each enzyme.
this approach, we found that three amino acids lining a
groove in the TPR domain (Lys-32, Lys-97, and Arg-101) observations were made when the substrate usedfi®as
were required for hsp90 binding. We hypothesized that this labeled casein (Figure 1B). These results indicated that the
same binding groove might mediate the autoinhibitory three basic residues (Lys-32, Lys-97, and Arg-101) that lie
interactions between the TPR domain and the catalytic in the binding groove of the TPR domain, and are essential
domain of PP514). To test this hypothesis, we have now for hsp90 binding14), are not required for the autoinhibitory
introduced the previously described TPR mutations into full- function of this domain. Glu-76, whose side chain projects
length PP5, and the recombinant proteins were expressed irffrom the edge of the hsp90-binding groove (Figure 2), was
bacteria and purified by affinity chromatography. We the only residue tested whose mutation significantly elevated
examined the basal and arachidonic acid-stimulated phos-the basal activity of PP5. Thus, different faces of the TPR
phatase activity of wild-type PP5 and each of the mutant domain appear to be important for binding to hsp90 and
proteins. As shown in Figure 1, most of the mutations had inhibition of PP5 activity (Figure 2).
no significant effect on basal or stimulated activity. Only Identification of C-Terminal Residues Regulating PP5
one mutation, that of Glu-76, resulted in a substantial Activity. Sinclair et al. 23) have reported that deletion of
elevation of the normally low basal activity of PP5 (Figure the 13 C-terminal amino acids of PP5 by mutagenesis
1). Although this was only a partial activation relative to resulted in activation of bacterially expressed PP5. Full
that observed with arachidonic acid, it represented a 10-fold activation was observed, relative to that obtained with
increase over the basal activity of the wild-type enzyme, and arachidonic acid, when casein was used as a substrate, but
this increase was highly reproducible. We have made the only about a 50% activation was observed when myelin basic
same observation using six different enzyme preparations,protein was used as a substra28)( In our hands, deletion
i.e., that there is activation of the Glu-76 mutant but not of of the 13 C-terminal amino acids of PP5 resulted in slightly
other PP5 mutants. This suggests that Glu-76 is importantless dramatic elevations of basal activity. Similar to our
for the autoinhibitory function of the TPR domain. Mutation observations with the Glu-76 mutant, we found that deleting
of Lys-40 reproducibly led to a 30% reduction in arachidonic the C-terminal 13 amino acids led to a 10-fold elevation of
acid-stimulated activity, but it is not clear how to interpret basal activity, representing approximately 25% of the activa-
this modest effect. It may be due to altered protein folding, tion obtained with arachidonic acid. Surprisingly, arachidonic
or Lys-40 may have a small role in the binding of arachidonic acid-stimulated activity was decreased by approximately 50%
acid. in the deletion mutant (Figure 3). This observation was

In the experiments shown in Figure 1A, the activity of repeated using three different enzyme preparations. Full
PP5 was measured using pNPP as a substrate. Similaactivation of PP5 by deletion of its C-terminus was never
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Ficure 2: Ribbon diagram showing separate interfaces for hsp90
binding and autoinhibition by the TPR domain of PP5. The side
chains of Lys-32, Lys-97, and Lys-101 (cyan) are required for
binding of hsp9014) and line a groove formed by the TPR helices
(13). The side chain of Glu-76 (yellow) is required for maintaining
the low basal activity of PP5 and projects away from this groove
in a connecting loop between helices A and B of TPR2. This image
of the TPR domain of PP5 [Protein Data Bank accession code 1A17
(13)] was prepared using WebLab ViewerLite 4.0.
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Ficure 4: Effect of C-terminal truncations on the activity of PP5.
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25 Activity was measured in the absence (filled bars) or presence (open
bars) of 15uM arachidonic acid, using pNPP (A) &tP-labeled
201 casein (B) as a substrate. Results from a representative experiment

are presented as the mear 4) & standard error. Similar results
were obtained using three different preparations of each enzyme.
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the ability of the enzyme to be activated by arachidonic acid
was significantly impaired.

We next examined which of the 13 deleted C-terminal
residues were involved in elevating basal activity and which
were involved in diminishing arachidonic acid-stimulated
activity. We performed a systematic series of deletions in
which the C-terminal amino acids were removed one by one.
ety incacs B8 Loy sonty v SEermicd as A5, Shown in Figure 4, deleion of the four C-ermin
deescrit?eg in Experimental Procgdures, usir):g pNPP as a substratereSIduesf had no eﬁ.eCt on pasal or arf"‘Ch'dor?'C acid-stimulated
Symbols: filled circles, wild-type PP5; open circles, PP5 lacking PP activity. Deletion of five C-terminal residues, however,
residues 487499. Results from a representative experiment are resulted in as dramatic an elevation in basal activity as
presented as the meam= 4) & standard error. Similar concentra-  deletion of all 13 residues (Figure 4). Deletion of the next
tion—response curves were obtained using three different prepara-three C-terminal residues had no additional effect on phos-
tions of each enzyme. phatase activity, but deletion of nine C-terminal residues
observed, and arachidonic acid-stimulated activity was resulted in a 50% decrease in arachidonic acid-stimulated
always dramatically decreased after this deletion. activity. No further effects were seen upon deletion of up to

Because the reduction in arachidonic acid-stimulated 13 C-terminal residues (Figure 4). Thus, GIn-495, the fifth
activity was unexpected on the basis of the results of Sinclair residue from the C-terminus, appears to play a role in
et al. €3), we performed an experiment to test whether it maintaining the low basal activity of PP5. In addition, and
might be due to improper folding of the mutant enzyme in unexpectedly based on previous work, removal of Asn-491
our hands. In this experiment, we purified the wild-type and impaired the ability of PP5 to be activated by arachidonic
mutant enzymes, subjected them to partial proteolysis with acid. This suggests an active role for C-terminal sequences
trypsin to remove their TPR domains, and then purified their of PP5 in conformational changes that occur upon activation
catalytic domains. Partial proteolysis with trypsin does not of the enzyme by arachidonic acid rather than these
cleave the C-terminus of PP23). Enzymatic activity was  sequences simply being important for repressing activity in
then measured. The activities of the wild-type and C- the basal state. Similar results were obtained ugPdabeled
terminally truncated catalytic domains, measured using pNPPcasein as a substrate (Figure 4B), though the effects of

—
(=)
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o
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arachidonic acid concentration (UM)

specific activity (umol/min/mg protein)
o

as substrate, were essentially identical [12.8.2 vs 14.6
+ 0.2umol min~* (mg of protein)* for the catalytic domains
from the wild-type and truncated enzymes, respectively]. The

deleting Asn-491 and GIn-495 were somewhat less dramatic
than those observed using pNPP (Figure 4A).
Kinetic Parameters of the PP5 MutanBecause activation

ability of the deletion mutant to be activated to the same of PP5 by site-directed mutagenesis was only on the order
extent as the wild-type protein by partial proteolysis indicated of 10-fold, as opposed to the 40-fold observed with arachi-
that its catalytic domain was folded properly, even though donic acid, we examined the activity of wild-type PP5 and
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Table 1: Michaelis-Menten Kinetic Parameters f@-Nitrophenol groove, in a connecting loop between the A and B helices

Production f = 4) of the second TPR repeat (Figure 2), is required for full
arachidonic acid Vi [emol min - autoinhibitory function. This suggests that the previously

enzyme (200uM) Ko (MM) (mg of protein)] identified hsp90-binding groove is not the region that
wild type — 2653+ 035 147+ 0.01 interacts with the (_:atalytic _d(_)main of PP_5. Rather, an edge
+ 9.63+ 0.37 19.82+ 0.46 of the TPR domain containing connecting loops between

E76A - 17.95+ 3.65 5.82+ 0.83 helices seems to be involved in autoinhibition. This sort of
+ 9.08+0.14 21.88+3.98 interaction with a TPR domain has recently been observed

C-5 jr g'ggi g'g‘; 2‘2";& 8'22 in crystallographic studies of the binding of PEX5 to a
c-9 - 28,35+ 2.43 4.82+ 0.37 peroxisomal targeting signal as well as of the binding of
+ 15.24+ 0.67 12.114 0.55 p67"°x to the small GTPase Rad¢, 20). Others have

a Reaction mixtures and conditions used for kinetic studies were Previously shown that different TPR domains within a single
identical to the standard assay using varying concentrations of pNPPprotein can serve different function25 26). Our results
in the absence or presence of 208 arachidonic acid. Data from  go farther, suggesting that different faces of the single TPR
these experiments were fitted to double reciprocal plots to calculate yomain of PP5 are responsible for targeting vs autoinhibitory
K andVimax values. functions. These mutagenesis studies, however, cannot

definitively rule out a role for the hsp90-binding groove in

of three key mutants in more detail. Activity was character- autoinhibition. It is conceivable that residues within this
ized in the presence of various concentrations of pNPP andgroove that were not mutated in the current study are required
in the absence or presence of arachidonic acid. Kinetic for interactions with the catalytic domain.
parameters were then calculated and are presented in Table We have also confirmed and extended work defining a
1. The elevations of basal activity in the E76A mutant and short C-terminal sequence of PP5 as autoinhibit@8).(As
in the C-terminal truncation mutants were due to a severalfold previously described by other workers, we observed partial
increase iNVmax. In the absence of arachidonic acid, there activation of PP5 by deletion of these sequences. In contrast
was no significant effect oKy, produced by the C-terminal  to the previous study, however, we found that residues near
truncations and only a borderline effect Kip for the E76A the C-terminus of PP5 were important not only for auto-
mutant. In the presence of arachidonic acid, the E76A inhibition but also for full activation by arachidonic acid
mutation had no significant effect Ofax or Km. TheVmax ~ (Figure 3). We have gone on to define GIn-495 as a key
was also unchanged, in the presence of arachidonic acid, forresidue for the autoinhibitory properties of the C-terminal
the 5 amino acid truncation mutant. Tgaxof the 9 amino  domain and to define Asn-491 as important for PP5 activa-
acid truncation mutant was, however, reduced by ap- tion by arachidonic acid. One interpretation of these results
proximately 50% relative to the wild-type enzyme in the is that the hydrophobic C-terminus of PP5, as well as the
presence of arachidonic acid. Small increase&inwere  TPR domain, may be involved in the binding of arachidonic
also observed for the C-terminal truncation mutants, but their acid, as well as in inhibition of basal enzyme activity.
significance is uncertain. In summary, the effects of the three Whatever the mechanism, Asn-491 appears to be involved
mutants on basal and arachidonic acid-stimulated phosphatasg the conformational changes leading to increased activity

activity are primarily due to effects O¥imax. after treatment with arachidonic acid. The specifics of the
interactions between catalytic and autoinhibitory domains
DISCUSSION may be complex; activity of the isolated catalytic domain

was not inhibited by the isolated TPR domain or C-terminal
We previously used a series of mutations in the TPR peptide 23). It will be important, in future work, to define

domain of PP5 to define an interface for its interaction with the residues in the catalytic domain that interact with the
hsp90 (4). The hsp90-binding groove in the TPR domain autoinhibitory domains and in particular with the auto-
defined in this way and the importance of conserved basic inhibitory residues defined in the studies presented here.
residues in the binding of hsp90 have been confirmed in both  The results presented here should be interpreted with the
mutagenesis and crystallographic studies of other TPRusual caveats regarding the possible global effects of site-
proteins (5—17). We hypothesized that the groove involved directed mutagenesis on protein folding. The regulation of
in hsp90 binding might interact with the catalytic domain PP5 will be best understood upon solution of its three-
of PP5 in a similar manner, accounting for its autoinhibitory dimensional structure in both its basal and activated states.
properties. We have now tested this hypothesis by introduc- The partial proteolysis experiment shown in Figure 3,
ing the same mutations into full-length PP5 and studying however, indicates that the loss of arachidonic acid sensitivity
their effects on its enzymatic activity. In doing so, we have observed after deletion of C-terminal residues is not due to
confirmed and extended previous observations that the TPRmisfolding of the catalytic domain of PP5. We believe,
domain is autoinhibitory and that it binds to hsp90 via a therefore, that it is likely that Asn-491 does play a role in
groove lined with basic residues. In particular, we have the activation of PP5 by arachidonic acid. It should be noted
defined a specific autoinhibitory residue within the TPR that none of the TPR mutations, which in general involved
domain that, in turn, suggests which face of the TPR domain charged residues, led to full activation of PP5, if full
is responsible for autoinhibition (Figure 2). It is clear that activation is defined as the activity observed in the presence
mutations of basic residues that interact with hsp90, or other of arachidonic acid. Kinetic analyses of the mutated proteins,
residues in the binding groove, do not disrupt the auto- however, were consistent in showing severalfold effects on
inhibitory function of the TPR domain. We show here, Vna« Thus, while our results suggest roles for Glu-76 and
however, that Glu-76, a residue outside the hsp90-binding GIn-495 in repressing basal activity, other residues are also
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likely to be important. It may be that nonpolar TPR residues, ACKNOWLEDGMENT
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