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ABSTRACT: PTEN (phosphatase and tensin homologue deleted on chromosome 10) is a tumor suppressor
that is mutated or deleted in a variety of human tumors, and even loss of only one PTEN gene profoundly
affects carcinogenesis. PTEN encodes a phosphatidylinositol phosphate phosphatase specific for the
3-position of the inositol ring. Despite its importance, we are just beginning to understand the regulatory
circuits that maintain the correct levels of PTEN phosphatase activity. Several independent studies reported
that PI(4,5)R enhances PTEN phosphatase activity, but the reasons for this enhancement are currently
being debated. In this study, PTEN bound to Pl(4;8)@aring vesicles has increasedhelicity, providing

direct spectroscopic proof of a conformational change. Neither PIBr®)PPI(3,4,5)R induced this
conformational change. On the basis of experiments with two mutant PTEN proteins, it is shown that
P1(4,5)R induces this conformational change by binding to the PTEN N-terminal domain. Using PTEN
protein and a 21-amino acid peptide based on the PTEN N-terminus, we tested all natural phosphatidyli-
nositol phosphates and found preferential binding of PI(4,3FEN also binds to phosphatidylserine-
bearing vesicles, resulting in a slight increas@-sheet content. In addition, PTEN binds synergistically

to PI(4,5)R and phosphatidylserine, and hence, these anionic lipids do not compete for PTEN binding
sites. Collectively, these results demonstrate that PTEN binds to membranes through multiple sites, but
only PI(4,5)R binding to the N-terminal domain triggers a conformational change with increabkedcity.

PTEN (phosphatase and tensin homologue deleted onmany biological processes in both developing and adult
chromosome 10) is a phosphatidylinositol phosphate (PIP)organisms %, 6). PTEN is also involved in pathological
phosphatase specific for the 3-position of the inositol ring processes and is deleted or inactivated in many tumor types
(1). Although PTEN shows activity toward PI(3)P, PI(3,4)- (7). The frequency of tumor-associated mutations rivals that
P,, and PI(3,4,5)R, it is likely that PI(3,4,5)R is the most of the p53 tumor suppressor.
important substrate in vivo]. PI(3,4,5)R affects a large PTEN'’s structure consists of a short N-terminal PI(4,5)-
variety of physiological processes by binding to signaling P,-binding domain, a phosphatase domain rickxihelix, a
proteins, particularly those with a pleckstrin homology (PH) 2 domain dominated h§-sheet, and a C-terminal tail with
domain. Most importantly, PI(3,4,5)fpromotes cell prolif-  geyeral phosphorylation site8)( The C2 domain stabilizes
eration and surv!val by inducing phosphorylatlon and activa- ihe phosphatase domain through several interdomain contacts
tion of the Akt kinase §, 4). As a result, PTEN influences 54 aids the targeting of the protein to the bilayemter
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1 Abbreviations: ATR, attenuated total reflection; BODIPY TMR, ; ; _
bordifluoropyrromethane-tetramethylrhodamine; MARCKS, myristoy- Mutational analysis of PTEN suggests that both the phos

lated alanine-rich C-kinase substrate; NAP-22, neuronal axonal myris- Phatase and the C2 domains play pivotal roles in the
toylated membrane protein of 22 kDa; PC, phosphatidylcholine; PE, membrane binding evenl{, 12). High salt concentrations
phosphatidylethanolamine; PIP, phosphatidylinositol phosphate; POPC,nhibit PTEN binding, indicating that electrostatic forces are

1-palmitoyl-2-oleoylphosphatidylcholine; POPE, 1,2-diolesiyglycerol- : . . :
3-phosphoethanolamine; PS, phosphatidylserine; PI, phosphatidylinosi-'mportam for PTEN-membrane interactiond {). In addi-

tol; PI(3)P, phosphatidylinositol 3-phosphate; PI(4)P, phosphatidyli- tion, physiological salt concentrations significantly inhibited
nositol 4-phosphate; PI(5)P, phosphatidylinositol 5-phosphate; PI¢3,4)P PTEN’s phosphatase activity against soluble substrates like

phosphatidylinositol 3,4-bisphosphate; PI(35)shosphatidylinositol ; . .
3,5-bisphosphate; Pl(4,5mPhosphatidylinositol 4,5-bisphosphate; PI- Ins(1,3,4,5)8, possibly due to altered electrostatic interac

(3,4,5)R, phosphatidylinositol 3,4,5-trisphosphate; PTEN, phosphatase tior]s b?tween the positively charged residues in PTEN's
and tensin homologue deleted on chromosome 10. active site and the substrate. In contrast, PTEN’s phosphatase
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activity toward lipid substrates [e.g., PI(3,4,5)R a lipid pyrenesulfonyl) (excitation at 347 nm, emission at 379 nm)
vesicle] was enhanced by physiological salt concentrations (pyrene-labeled DOPE) were purchased from Avanti Polar
(9). The analysis of such data is complex because the Lipids (Alabaster, AL). 1-Stearoyl-2-arachidonoylphosphati-
univalent salt concentration strongly affects the charge of dylinositol 3,4,5-trisphosphate was purchased from Cayman
phosphoinositide headgroupk3], which impacts phosphoi-  Chemical (Ann Arbor, M), while all C6-BODIPY TMR-
nositide-phosphoinositide interactiond4, 15) and most labeled phosphoinositides (excitation at 542 nm, emission
likely the accessibility of the PI(3,4,5)Fheadgroup for at 574 nm) were purchased from Echelon Biosciences Inc.
interfacial enzymes such as PTEN. (Salt Lake City, UT). All buffers (HEPES and Tris) were of

Several independent studies reported that PI(4,8)®  enzyme grade quality, as were EDTA, NaCl, and DTT
hances PTEN phosphatase aCtiij 16)1 but the reasons (FiSher SCientifiC, ChigaCO, ”_) Buffers used for all fluo-
for this enhancement are currently being debated. Downesfescence experiments were composed of 100 mM NaCl, 10
and co-workersg, 17) proposed that PTEN binds PI(4,5)P MM HEPES, and 0.1 mM EDTA (pH 7.0). The buffer used
and, thereby, place the phosphatase domain proximal to thefor the infrared experiments consisted of 100 mM NaCl, 10
substrate, P1(3,4,5)PIn contrast to the lipid substrates, they MM Tris, and 10 mM DTT. These salts were dissolved in
observed that the extent of |ns(1,3,4’5)ﬁydro|ysis is D,O (999% deuterium, Fisher SC|ent|f|C) and brought to pH
reduced in the presence of membrane resident P|(£,5)P 7.0 USing DCI and NaOD. Chloroform and methanol used
which suggests that association of PTEN with the lipid for preparing lipid samples were ACS grade, while the water
bilayer blocks access of soluble substrates to the active siteUsed for these buffers was HPLC grade (Fisher Scientific).
On the basis of kinetic analysis of phosphatase activity, the The peptide PTEN; that includes the N-terminal PI(4,5)-
Ross lab proposed that in addition, PI(4 S}Rtivates the ~ Pe-binding domain was purchased from GenScript Corp.
phosphatase domain by inducing a conformational change(Scotch Plains, NJ). The purity is99%. Mass spectra were
(16). The Devreotes group suggested that PTEN’s N-terminus taken to ensure the quality of the peptide. Earlier attempts
blocks the active site, while binding to PI(4,5)Rsultsina  t0 use the shorter PTEN, peptide failed because the
conformational change that reverses the block of the phos-Peptide aggregated strongly.
phatase site1®). In contrast, Walker et al. concluded, on  Preparation of Recombinant PTENhe cDNA encoding
the basis of their kinetic studies, that the enhancement couldfull-length (1-403) human PTEN was cloned into theld
be best explained by membrane tethering without a confor- and Xhd sites of the pET30b vector (Novagen), thereby
mational changel(?). It is also possible that the conforma- introducing a six-histidine tag at the C-terminus. Point
tional change upon membrane association results in enhance#nutations were introduced with the Quick-Change site-
specificity for lipid substrates and decreased specificity for directed mutagenesis kit from Stratagene. Deletion mutant
soluble substrates like Ins(1,3,4,5)fFor myotubularin, a ~ 16-403 was prepared by PCR with the Phusion DNA
PTEN-related phosphatase specific for the 3-position of PI- Polymerase (New England Biolabs). Thepimer included
(3)P and PI(3,5)P(19), a related model has been proposed. anNdd restriction site and a Met initiation codon. The 3
Binding of PI(5)P triggers a conformational change, which Primer included arXha site. The PCR product was blunt
results in oligomerization and activation of the enzyme. It €nd cloned into thdEcoRV site of the pcDNA3 plasmid.
is intriguing that like PTEN, one of its products, PI(5)P, This insert was released from the pcDNA3 plasmid and
activates myotubularin. Despite the importance of these cloned into theNdd and Xhd sites of pET30b.
phosphatases to normal and pathological processes, the PTEN proteins were expressedischerichia colBL21-
mechanism by which interactions with anionic lipid bilayers (DE3) cells. To increase protein solubility, cells were grown

lead to structural changes and phosphatase activation has natt 37°C until the OD at 560 nm reached 6:8.6. The culture
been delineated. was shifted to 2FC, and after 30 min, protein expression

was induced with 0.05 mM isopropyi-p-thiogalactoside.

In this study, we reach three conclusions. First, we provide h.th I h ) :
spectroscopic proof that PI(4,5)duces a conformational Aftgr. 20—2,2 € ecu ture was arvested. kfisoteins were
y purified with a HisTrap HP kit from GE Healthcare using

change for PTEN, thereby resolving the current controvers 3 ;
buffers with 10 mM mercaptoethanol. The PTEN proteins

(9, 10, 16). Second, we find that this conformational change o _ :
is specifically induced by PI(4,5)PThis result contrasts with ~ Were further purified with a Superdex 200 16/60 column in

the recent proposal that the interaction of PTEN's N-terminal 100 MM NaCl, 10 mM Tris (pH 7.4), and 1 mM dithio-
domain with phosphoinositides is purely nonspecific elec- threitol. The final purification was done with a MonoQ 5/5

trostatic and does not depend on which sites of the inositol 21100 exchange column in 10 mM Tris (pH 7.4) with a linear

ring are phosphorylate@(). Third, we find that PTEN binds ~ 9radient from 50 to 600 mM NaCl. Fractions were analyzed
synergistically to PI(4,5)Pand PS, and hence, these anionic PY SDS-PAGE and Coomassie Blue staining. Those frac-
lipids do not compete for binding sites. Furthermore, the 1ONS containing>95% pure protein were pooled. Dithio-

effects of PI(4,5)Pand PS on the conformation of PTEN threitol was added to a concentration of 10 mM, and the
are distinct as,judged by infrared spectroscopy proteins were stored on ice because initial experiments
' revealed that freezing and thawing resulted in protein

MATERIALS AND METHODS aggregation. The yield of recombinant protein was-2%
mg/mL. Phosphatase activity was confirmed as described
1-Palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-palmi- previously (6).
toyl-2-oleoylphosphatidylserine (POPS), brain phosphati- Sample Preparatiorlipid stock solutions were dissolved
dylinositol 4,5-bisphosphate, brain phosphatidylinositol 4-phos- in mixtures of chloroform and methanol (3:1, v/v) and stored
phate, 1-stearoyl-2-arachidonoyl 3,5-bisphosphate, and 1,24in amber glass vials to protect them from UV light. Large
dioleoyl-sn-glycerol-3-phosphoethanolaming-(1- unilamellar vesicles were prepared by drying lipid solutions
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at~50°C under a stream of nitrogen to produce a lipid film.
The samples were then kept overnight~a5 °C in high 1.0+ NTLL "'-q.
vacuum to remove any residual solvent. The lipid films were ] w8
resuspended in buffer solution and vortexed for 60 s three 4| e AAR
times, waiting approximately 5 min between vortexing | - "A,A»A»NAA"“"’A
cycles. The resulting multilamellar vesicles were then /" A
extruded through a polycarbonate film with a 100 nm pore  x %67 . ixa
size (Avestin, Ottawa, ON). The resulting unilamellar u; /w8 .,._9692
vesicles were checked using dynamic light scattering (HPPS § 0.4 / aa gﬁ?gﬁf{,o"
and Nanosizer, Malvern Instruments, Southborough, MA) < ] / A/ e = ad
before and after experiments. Typically, these unilamellar 0.2 [/ 0;9 X ° « PSIPI4,5)P
vesicles exhibited a narrow size distribution centered at a f / e A e
diameter of~112 nm. The size of the unilamellar vesicles 1 .-° PI4,5)P,
remained unchanged during the experiments; i.e., vesicle 0.0 . ; :,'(S:
fusion, which would unfavorably affect our fluorescence -—

0 100 200 300 400 500

quenching experiments, did not occur.
Fluorescence Quenching Experiments Using BODIPY lipid concentration (uM)

TMR-Labeled Phosphoinositidgduorescence experiments  Ficure 1: Binding of PTEN to mixed lipid vesicles. Tryptophan

were carried out with a Varian (Walnut Creek, CA) Eclipse fluorescence is decreased by FRET to pyrene-labeled PE. Titration

fluorescence spectrometer equipped with a temperature-of 1,-? #M PTEN Wiﬂl‘, D;%‘;dspoﬁ(g//%gges'z)'f/gnionlico/”%iﬁ(s)
- - - oz Vesicles: no anionic lipid<), 5 mol % , 5 mol % PI-
controlled sample holder. Unilamellar mixed vesicles [99.9% (4,5)B (2), and 5 mol % POPS with 5 mol % PI(4,5)@). Buffer

POPC and 0.1% BODIPY TMR-Pify)P,] were made as  of 150 mM NaCl, 10 mM HEPES, and 0.1 mM EDTA at pH 7.0.
described above, resulting in a final total lipid concentration All data points were corrected for dilution and the change in Trp
of 0.23 mM. Half of the fluorescently labeled lipid is located fluorescence upon titration in the absence of pyrene-PE. All data

on the inside of the unilamellar vesicles and, therefore, is POINts represent the averages of at least three experiments. Solid
lines represent best fits using the formalism described in Materials

inaccessible for the prote?n. These_unil_amellz_ir vgsicles WEr€and MethodsAF is the initial fluorescence minus the residual
titrated at 20°C with protein or peptide in 40 titration steps,  fluorescence after a titration stefEaxis the maximal fluorescence
reaching a protein to (outer leaflet) anionic lipid molar ratio change observed (normalization).
of 0.5. The fluorescence of the BODIPY TMR probe
(excitation at 542 nm, emission at 574 nm) was recorded 10
after each addition of PTEN protein. These values were '
normalized to the initial fluorescence value in the absence
of protein, which was set to 100%. The fluorescence 0.8+ ” A
intensities were then corrected for dilution. :
Tryptophan Quenching Experimentslsing a Varian 056 -|
Eclipse spectrometer, the tryptophan fluorescence spectra of
1.5 uM protein solutions in pH 7.0 HEPES buffer (10 mM = 04
HEPES, 100 mM NaCl, and 0.1 mM EDTA) were recorded
at 20 °C, using an excitation wavelength of 290 nm and
scanning the emission wavelength from 300 to 380 nm. The
maximum intensity value of the tryptophan emission band
was recorded, and unilamellar vesicles prepared as described 0.0
above were then titrated into the solution in 20 steps, until , ,
a total of 1 mM lipid had been added. The composition of 0 100
the lipid vesicles varied; experiments were carried out using lipid concentration (uM)
97 mol % POPC and 1 mol % brain PI(4,5)P3 mol % Ficure 2: Binding of PTENg-403 and PTENu3e. Truncation of
POPC and 5 mol % brain PI(4,5Pand 88 mol % POPC  PTEN's N-terminus or mutation of the lysine at position 13

0 i i i abolishes PTEN's ability to bind PI(4,5ontaining vesicles.
and 10 mol % brain PI(4,5)P All vesicle mixtures also Binding of PTEN . (4) and PTENs. a0, (M) to PI(4.5)B vesicles

'contal'n'ed 2 mol % pyrene-labeled DOPE. The maximum is similar to binding of full-length PTEN to POPC only vesicles
intensities of the tryptophan fluorescence spectra were (o), highlighting the importance of the lysine at this position. We
recorded and corrected for dilution of fluorescence as well show data for full-length PTEN binding to PI(4,5)Bontaining

as changes in fluorescence due to the phosphoinositidevesicles for comparisomy). All data points represent the averages

indi ; ; ; of at least three repeats. Solid lines represent best fits using the
binding. The latter correction was made using vesicles formalism described in Materials and Methods. Buffer of 150 mM

Iacking.pyrene-labele.d PE. They were then normalized to NaCl, 10 mM HEPES, and 0.1 mM EDTA at pH 7.0.

the initial value, which was set at 100%. All of these

experiments were repeated at least three times. The fluoresiipid(s) and used only the concentration of the anionic lipid-
cence quenching data shown in Figures 1 and 2 were fitted(s) to determine the binding constant. To make the binding
with a simple binding mode}; = (K [lipid])/(1 + K[lipid]), constant calculated for anionic lipids easily recognized, we
based on the total lipid concentration (i.e., PRCanionic refer to them asPS or KP!(45)p,

lipid). In the case of strong binding to the vesicles containing  Infrared Spectroscopy ExperimentSTIR experiments
PI(4,5)R or high concentrations of PS, we made the were carried out using a Bruker (Billerica, MA) Tensor
assumption that binding was primarily due to the anionic spectrometer equipped with a narrow band MCT detector

PTENIPI(4,5)P,
= PTEN,_, IPI{4,5)P,

16-403

4 PTEN, IPI{4,5)P,

K13E

¢ PTENIPC
T T T T
200 300 400 500
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and a Bruker BiOATR” unit. Interferograms were CO_”eCted Table 1: Binding Constants for PTEN Binding to Lipid Vesicles
at 2 cnt? resolution (512 scans, 2TC), apodized with @  with Different Compositiorss
Blackman-Harris function, and Fourier transformed with one

— SP—— —
level of zero-filling to yield spectra encoded at 1 ©m pid Ka (), toral lipid K7 (M), anionic lipid only
intervals. Protein samples were concentrated using lOOOOEg/PS 55%5; ig

molecular weight cutoff (MWCO) Centricon tubes obtained pc/pi(4,5)p 163+ 6 8.144 0.29

from Fisher Scientific, reaching a concentration of 8.33 mg/ PC/PS/PI(4,5)p 414+ 438 2.07+0.24

mL. Using Pierce dialysis cartridges with a MWCO of 10000~ aThe binding constants were derived from the fluorescence quench-
(Fisher Scientific), protein samples were then exchangeding experiments shown in Figure 1 using the fitting procedure described
against the BO buffer described above. Dialysis against in Materials and Methods. The total lipid concentration was used to
buffer was done in three steps, each 20 min in length; 125 calculate the binding constant (middle column). If the anionic lipid
. . component of the mixed lipid vesicles was primarily responsible for
ug of the DO-exchanged protein sample was placed in the prey pinging, the binding constant was also derived using only the
ATR unit and analyzed with the Bruker OPUS software. anionic lipid concentration (right column).
Mixed multilamellar lipid vesicle/protein samples were
obtained by resuspending the appropriate lipid mixtures in Binding of PTEN to vesicles containing no anionic lipid (PC/
a protein solution. Collection of IR spectra of this kind does pyrene-PE) was similar to that for vesicles with 5 mol %
not require the use of unilamellar vesicles. Multilamellar PS (PC/pyrene-PE/PS). This in agreement with earlier
vesicles are ideal for IR data collection because they arefindings that only high concentrations of PS substantially
formed with protein present in all aqueous compartments, enhance PTEN binding~3-fold increase in the level of
leading to a better signal-to-noise ratio. Lipid samples varied binding for 10 mol % PS)47). In contrast, PC/pyrene-PE/
but followed the form 95 mol % POPC, 5 mol % R¥2)- PI(4,5)R (5 mol %) vesicles led to ar2-fold greater change
Pn, or 90 mol % POPC, 5 mol % POPS, and 5 mol % PI- in Trp fluorescence, indicating that PTEN associates with
(4,5)R. The protein-bearing samples included 1 mol of PI(4,5)R more strongly than PS.
protein per 8 mol of phosphoinositide lipid. After the protein ~ To analyze these data, we calculated binding constants by
solution had been added to the dried lipid samples, they weretwo methods. For all samples, tig was calculated using
vortexed for 60 s, three times, waiting approximately 5 min the total lipid concentrations. In addition, for samples in
between vortexing cycles. The resulting solution of protein which the binding is dominated by the anionic lipid [PC/
and multilamellar vesicles was placed in the BioATR Il unit  PI(4,5)R and PC/PI(4,5)#PS], we calculated the binding
and then analyzed using Bruker OPUS software. The vesiclesconstants using just the concentrations of the anionic lipid-
did not form an anisotropic, ordered film on the ATR crystal (s), which we callKP'®5% or KP@5%PS The observed
but remained isotropic (which was checked by IR measure- binding constants in Table 1 are in accord with enzyme
ments using polarized radiation). We obtained buffer spectrakinetic measurements showing that PI(4 5¢Rhances PI-
by using the buffers against which the proteins had been (3,4,5)R hydrolysis more effectively than PS, and ti&“5%
H.O—D,0O exchanged. The O buffer samples were ad- of 8.14 uM determined here is in general agreement with
justed with respect to their # (HOD) content so that the  the PI(4,5)R concentration required to activate the PTEN
intensities of the KO and HOD bands matched between the phosphatasef,; = 20.2 M (16)]. The magnitude of this
respective protein and buffer solutions. Subsequently, the binding constant indicates that PTERI(4,5)R interactions
buffer spectra were subtracted from the protein/(lipid) are physiologically relevant since the effective cellular
samples to yield a flat baseline between 1600 and 1906.cm concentration of PI(4,5)Pis thought to be~10 uM, and
All subtraction values were 1.000@ 0.0005, indicating  local PI(4,5)R concentrations are likely to reach even higher
an essentially perfect match between buffer and samplelevels. Increasing the PS concentration to 25 mol % resulted
spectra. The resulting spectra were exported to Origin in stronger binding, but even for these higher surface charge
software, where the lipid/protein spectra were normalized densities K4 was still lower than the corresponding values
to the protein only spectrum, using the maximum intensity for the PC/PI(4,5)Pvesicle systemKq for 25 mol % PS=
value of the amide | band (at1638 cntl). All experiments 259 + 20 uM for a total lipid concentration okPS of 65 +
were repeated at least three times, and representative spectid .M, based on the concentration of the anionic lipid only;
are shown. The spectra for the repeats are essentiallytitration curve not shown). This observation is in apparent
superimposable. disagreement with earlier findings by Walker et al7), who
reported stronger binding of PTEN to vesicles with 10 mol
RESULTS % PS in comparison to vesicles with 5 mol % PI(4.5)P
Synergistic Lipid Binding of PTENAs a first step in The main purpose of this set of experiments was to test
assessing the effects of membrane association on PTENwhether PI(4,5)P and PS compete for the same anionic
structure, we developed methods for quantifying binding of binding site(s) or bind to distinct binding sites and synergisti-
PTEN to vesicles containing PS, PI(4,8)Br both. Interac- cally enhance PTEN binding. We found that PTEN binds to
tions of protein with vesicles can be investigated by including vesicles containing PI(4,5)Rnd PS (both 5 mol %) more
small amounts of pyrene- or dansyl-labeled phosphatidyle- effectively than vesicles containing only 5 mol % PI(4,5)P
thanolamine (pyrene-PE) in the vesicleal,(22), which or 5 mol % PS (Figure 1). The fit for the PC/PI(4,5/S
reduces Trp fluorescence for proteins bound to these vesiclesdata is not as good, indicating that binding of PTEN to these
Unilamellar vesicles composed of phosphatidylcholine (PC), more complex lipid systems cannot be adequately described
pyrene-PE, and the anionic lipid of interest were titrated into with a simple binding model. Therefore, the binding constant
a PTEN solution, and Trp fluorescence was followed as ais only an estimate {*'*5»PS = 2,07 &+ 0.24 uM]. To
function of lipid concentration (Figure 1 and Table 1). explore whether the enhanced binding to PC/PI(4/P®
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Ficure 3: Structural changes of PTEN in the presence of PI(4;%PPI(3,4,5)RB-containing vesicles. Spectra were normalized to amide

| peak maximum. Buffer of 150 mM NaCl, 10 mM HEPES, and 0.1 mM EDTA at pH 7.0. (a) Infrared spectra of PTEN in the absence or
presence of multilamellar POPC/PI(4,5)Rixed vesicles. In the presence of vesicles containing 5 mol % PIA(5)}R), full-length

PTEN () adopts a moret-helical conformation. (b) Infrared spectra of PTEN were measured in the absence or presence of multilamellar
POPC/PI(3,4,5)Pmixed vesicles. The structure of PTEN) does not change in the presence of 5 mol % PI(3,4,;6dRtaining vesicles

(- - -). (c) Infrared spectra of PTEN in the absence or presence of multilamellar POPC/PS mixed vesicles. The structure of) RMEHN (

toward -sheet in the presence of 5 mol % POPS-containing vesicles (- - -). (d) Infrared spectra of PTEN in the absence or presence of
multilamellar POPC/PS/PI(4,5)Pnixed vesicles. The spectrum of PTEN in the presence of 5 mol % POPS (- - -) is similar to that in the
presence of 5 mol % POPS and 5 mol % PI(4.5)P). All spectra are representative of at least three experiments. The curves were

essentially superimposable.

vesicles is due to the higher surface charge of the vesicles,suggestions that PTEN’s N-terminal domain is the PI1(4,5)-
we assessed binding of PTEN to vesicles that contain 10P;, interacting moduleq, 16).

mol % PI(4,5)B, which exhibit a higher surface charge
density than the PC/PI(4,5PS vesicles. Binding of PTEN

In summary, the data in Figures 1 and 2 confirm that the
enhanced binding of PTEN to PI(4,5%)Bearing vesicles is

to these vesicles was weaker than that for the vesicles withassociated with its N-terminal domain. In particular, the

both anionic lipids presentKP'®9% = 7.2 uM (data not
shown)]. These findings suggest that PI(4.53Ad PS do

K13E and PTEMs-403 mutant proteins show weakened
binding to PI(4,5)Rcontaining vesicles. Also, we show that

not compete for the same binding site and, instead, bind toPTEN binds PS and PI(4,5Bynergistically. Walker et al.
distinct sites or at least by different mechanisms, enhancing(17) previously suggested that the N-terminal domain might

PTEN binding in a synergistic fashion. This point will be

addressed further in the Discussion.

We next checked whether this Pl(4,5YRediated binding
of PTEN is associated with its N-terminal domain. An
N-terminally truncated PTEN (amino acids -2803) has

greatly reduced biological activityg(16), and PI(4,5)Phas
no effect on binding of PTEN-403 [Kg = 469 £+ 13 uM

(Figure 2)]. Similarly, the binding of the PTEN mutant K13E,
which is a tumor-derived mutatior28, 24) that renders

PTEN inactive 17), is not affected by PI(4,5RK4 = 501
+ 31uM). Both of these results are consistent with the earlier compares the infrared spectra of PTEN in the absence and

be nonspecific and bind both PS and Pl(4.5)Fowever,
our binding data indicate that these anionic lipids bind to
independent sites.

Lipid-Induced Conformational Changeslaving estab-
lished that PTEN binds to the lipid vesicles under our
experimental conditions, we tested for structural changes in
PTEN induced by interactions with membranes containing
anionic lipids. Infrared spectroscopy is ideal for these studies
because vesicular light scattering does not obscure the
spectra, which occurs for CD spectroscopy. Figure 3a
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presence of POPC/PI(4,5)R95:5) mixed multilamellar a
vesicles. In the presence of PI(4,5)fhe PTEN amide | band
envelope shows a pronounced intensity increase in the
spectral region arounet1654 cnt'. Protein amide | band
envelopes are composed of several sub-bands representing
the different secondary structure elements of proteins. Band
features localized at 1648.658 cn* are generally associ-
ated witha-helical structuresp). This indicates that PTEN,
upon interaction with PI(4,5)Pundergoes a structural change ,~
leading to increasedr-helical content. In contrast, the N
presence of PC/PI(3,4,5%mnixed vesicles did not lead to ’ \
changes in PTEN’s amide | band envelope (Figure 3b), \
highlighting the fact that even a highly negatively charged
membrane does not affect PTEN’s secondary structure in i : . : .
the absence of PI(4,5)P 1800 1750 1700 1650 1600

The next question is whether PTEN bound to PS- wavenumbers (cm™)
containing membranes also undergoes a conformational
change. Figure 3c shows PTEN’s amide | band envelopes P b
in the presence and absence of PS. The presence of PS results ;e
in a shift of the amide | band to slightly lower wavenumbers, ‘e
which is indicative of increased antiparalf@sheet content .
(25). This observation is not surprising considering that PS "
binds to the C2 domain, which exhibits predominantly A ' '
B-sheet structures8). Hence, the anionic lipid, PS, may 1660 1650 1640 1630
induce a slight conformational change that is distinct from
the PI1(4,5)R effect. ;N

We compared the spectra for full-length PTEN in the /s
presence of PS and with PS and PI(4:5)R each of three !
experiments, PI(4,5}n the presence of PS induced only a X
slight shift to higher wavenumbers (Figure 3d). This apparent K13
difference is much smaller than that observed in the absence i : . — 'PTEIN’P'(“’?)Pz
of PS (Figure 3a). Because these spectra are complex and 1800 1750 1700 1650 1600
the difference is slight, we reserve our detailed interpretation wavenumbers (cm™)
to the Discussion. However, it is clear that PS affects the E . o

- . . IGURE 4: Structure of mutated PTEN proteins in the presence of

P1(4,5)R-induced conformational change in PTEN. PI(4,5)B-containing vesicles. Spectra were normalized to amide |

In contrast to full-length PTEN, truncated PTENos did peak maximum. Buffer of 150 mM NaCl, 10 mM HEPES, and 0.1
not exhibit any structural changes in the presence of PI(4,5)-mM EDTA at pH 7.0. (a) Infrared spectra of PTENsos in the
P, (Figure 4a), while the PTEN mutant K13E showed only absence or presence of multilamellar POPC/PI(4,5)kxed

. . N . vesicles. The structure of PTEN43 does not change in the
a very minor increase in-helical content (Figure 4b). Hence, presence of 5 mol % PI(4,5)Resicles (- - -). (b) Mutation of the

the PI(4,5)R-induced changes in PTEN conformation require jysine at position 13 of the N-terminus causes a smaller shift toward
an intact N-terminal domain. higher a-helical content. The structure of PTRNe (—) is

Specificity of Binding of Lipid to PTENIt has been  compared to PTERNse with vesicles containing 5 mol % PI(4,5)-
suggested that PTEN’s N-terminal domain binds anionic P2 (:*) and PTEN with vesicles containing 5 mol % PI(45)P
linids via nonspecific electrostatic interactiord(20). To (- - -). All presented spectra are representative at least three repeat

P p : ’(, ) . . experiments with essentially superimposable curves.
test whether the phosphorylation pattern on the inositol ring
affects phosphoinositidePTEN interactions, we assessed or the PTEN-,; peptide derived from PTEN’s N-terminal
binding of PTEN to all naturally occurring phosphoinositide sequence. Addition of PTEN or PTEN; [PTEN:BODIPY
derivatives. For this part of the study, we were not able to TMR-PI(4,5)B maximum molar ratio of 0.5] reduces lipid
employ the pyrene-PE binding assay described above becausBiuorescence to~81 or 91% of its original value, respec-
some phosphoinositide derivatives were not commercially tively, which is similar to that for other PI(4,5)®inding
available with the needed unsaturated/saturated acyl chairpeptides, such as the N-terminal fragment of NAP-22
combination. Phosphoinositides with saturated chains form (neuronal axonal myristoylated membrane protein of 22 kDa)
ordered rather than fluid phases, which is likely to affect (29). Figure 6a summarizes the fluorescence quenching for
PTEN-bilayer interactions, particularly if PTEN partially = phosphoinositides [PTEN:BODIPY TMR-RIY,2)P, ratio of
inserts into the bilayer. Instead, we adopted an assay that0.5]. Most strikingly, addition of PTEN to vesicles containing
utilizes large unilamellar vesicles composed of PC and 0.1 BODIPY TMR-PI(3,4)B or BODIPY TMR-PI(3,5)R re-

mol % chain-labeled BODIPY TMR phosphoinositid@§) sulted in a reduction in fluorescence intensity 3-fold smaller
Binding of peptides or proteins to the phosphoinositides than that observed for BODIPY TMR-PI(4,5)R.e., PTEN
results in lipid clustering and reduced fluorescence due to interacts more strongly with PI(4,5)Phan with the other
self-quenching 47, 28). Figure 5 shows the reduction in  phosphatidylinositol bisphosphates. Furthermore, even though
fluorescence for vesicles composed of 99.9% POPC and 0.1PI1(3,4,5)R has a greater negative charge, addition of PTEN
mol % BODIPY TMR-PI(4,5)R upon titration with PTEN to BODIPY TMR-PI(3,4,5)Rvesicles resulted in a reduction
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Ficure 5: Binding of PTEN and PTEN; to PI(4,5)R. Titration

of PTEN and peptide PTEN,; into unilamellar vesicles composed

of 99.9 mol % POPC and 0.1 mol % BODIPY TMR-PI(4,5)P
(m) full-length PTEN and 4) PTEN,—;. All data points represent
the averages of at least three repeats. Solid lines represent best fit
using the formalism outlined in Materials and Methods.

in fluorescence 6-fold smaller than that observed for BO-
DIPY TMR-PI(4,5)R. In contrast, PTEN;-403lacks binding
specificity for P1(4,5)R (Figure 6b). Figure 6¢ shows that
the peptide PTEN,;, which is derived from PTEN'’s
N-terminal end, exhibits slightly weaker binding than full-
length PTEN but still shows a preference for PI(45)P
Addition of PTEN—»; to BODIPY TMR-PI(3,4)B or BO-
DIPY TMR-PI(3,5)R vesicles resulted in a reduction in
fluorescence-2-fold smaller than that observed for BODIPY
TMR-PI(4,5)R. These binding preferences mirror the previ-
ously observed activation of PTEN phosphatase by PI(4,5)-
P, (16) and the assignment of the N-terminal region as the
P1(4,5)R-binding domain.

To further test the specificity of the PTENdhosphoi-
nositide interaction, we characterized PTEN’s secondary
structure in the presence of PI(3,5)fFigure 7). PI(3,5)P
did not alter PTEN’s secondary structure, consistent with
the weak binding of PTEN to PI(3,5)RFigure 6a).

To determine whether the increasedhelical content
observed for full-length PTEN in the presence of PI(4;5)P
is localized in the N-terminal domain, we conducted circular
dichroism (CD) and IR experiments on the peptide PTEN
i.e., PTEN’s N-terminal domain that includes the PI(4,5)-
P,-binding domain. The CD measurements [PI1(4:5)-
celles] and IR experiments [POPC/PI(4,b)fixed vesicles]

did not reveal any structural changes in peptide PTEN

i.e., the peptide remained in an apparently random conforma-
tion upon interaction with PI(4,5)P(data not shown).
Although there is some risk in deducing structures of protein
segments from peptide studies, it seems to be a reasonabl

approach in this case because the full-length PTEN and thet

N-terminal peptide have similar phosphoinositide binding
preferences (Figure 6).

DISCUSSION

The major conclusions from this study follow. (1) The
N-terminal domain preferentially binds P1(4,5)F2) Binding
of PI(4,5)R induces a conformational change resulting in
increasedx-helical content. Association of PTEN to PC/PS

Redfern et al.

vesicles is not sufficient to induce this conformational
change. (3) Despite its inability to induce thehelical
conformational change, PS does enhance hinding of PTEN
to PI(4,5)B-containing vesicles, indicating that these anionic
lipids bind to independent sites. These results strongly
support our proposal that Pl(4,5)fegulates PTEN confor-
mation by an allosteric mechanism and provide the first
evidence that the conformational change occurs in the
phosphatase domain. This regulation is important since there
are a number of cancer-related point mutations in the
N-terminal P1(4,5)Rbinding domain, and truncated PTEN
proteins lacking the PI(4,5)inding domain show greatly
reduced membrane binding and biological activity. The PI-
(4,5)R-induced conformational change is one of the mech-
anisms by which PTEN phosphatase activity is maintained
at correct levels, which is essential for suppressing carcino-
genesis.

Using several independent approaches, we have demon-
strated a specific interaction between PTEN and PI(4,5)P
We have shown saturable binding of PTEN to PI(4;5)P
€ontaining vesicles. In addition, we assessed binding for all
natural phosphoinositides and detected preferential binding
for P1(4,5)R, which is intriguing since this lipid activates
PTEN (@6). The K13E PTEN mutant and the truncated
PTENs-403 Show greatly weakened binding to PI(4,5)P
containing vesicles. Finally, a PTEN; peptide also showed
preferential binding to P1(4,5)P

What is the origin of this specificity for P1(4,5)P The
sequence of the PTEN PI(4,%)Binding domain is in general
agreement with the signature binding motif for P1(458)P
binding domains, such as gelsoliB0) 31). PTEN's N-
terminal domain has been compared to MARGKS 5
(myristoylated alanine-rich C-kinase substrate), which has
been reported to have a nonspecific electrostatic interaction
with P1(4,5)R (28). On the basis of this observation, it has
been proposed that PTEN also binds to Pl(45)R
nonspecific electrostatic interactior®df. However, in this
study, we demonstrate that PTEN discriminates between
different phosphoinositides with the same net charge. Fur-
thermore, PI(3,4,5)the phosphoinositide with the greatest
negative charge, does not enhance binding of PTEN to
vesicles and does not activate PTEN phosphatase activity
(9, 16). Finally, the K13E PTEN mutant showed greatly
weakened binding to PI(4,5)Presicles, even though the
N-terminus of this mutant PTEN still contains a large number
of positively charged amino acids. Small protein segments
or peptides for phosphoinositides also have been shown to
specifically bind phosphoinositides. For example, the N-
terminal fragment of NAP-22 peptide binds more strongly
to PI(4,5)R vesicles than to PI(3,5)Rresicles 29). In this
study, we observed that the PTER, peptide preferentially
binds PI(4,5)R. Both peptides (PTEN2; and NAP-22)
Bxhibit behavior different from that of the MARCKS peptide
hat lacks phosphoinositide specificity. The MARCKS pep-
tide is very highly positively charged (13 of 25 amino acids),
whereas our PTEN,; peptide has five positively charged
amino acids out of 21. A plausible explanation is that the
MARCKS peptide is so highly charged that it binds anionic
lipids nonspecifically, but less positively charged peptides,
such as PTEN.,;, require both nonspecific electrostatic and
specific interactions for strong binding. Therefore, hydrogen
bonds are likely to be important for the interaction of PTEN’s
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N-terminal end with phosphoinositides, and it appears that
optimal interaction requires a specific orientation and/or
sequence of the functional groups at the phosphoinositide
inositol ring, leading to the preferential binding of PTEN to
P1(4,5)R.

Relative Fluorescence Intensity
©
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80 A critical question is which PTEN domain(s) undergoes
Y U v v v U v v the structural chang_e Wlth mcreasee_hellcal co_ntent. The
T 5 B 5 S E TS D phosphatase domain is largety-helical and is a good
T v v & e e candidate. This hypothesis is supported by preliminary
N NN g fluorescence studies on PTEN Trp 111 in the phosphatase
w

domain (not shown). In addition, although the N-terminus
is a PI(4,5)R-binding domain and PTEN,; preferentially
binds PI(4,5)R, we were unable to detect any change in
secondary structure for the N-terminal peptide. The peptide
exhibits the same binding preference as PTEN; i.e., the
peptide conformation is likely to be the same as the
secondary structure of the corresponding N-terminal end of
PTEN. Hence, we do not think that the shift in the infrared
spectrum for full-length PTEN reflects changes in the
residues directly interacting with P1(4,5)fP1(4,5)R did not
induce an obvious change in the amide sub-band associated
with the 5-sheet. Because the C2 domain is largglsheet,
there do not appear to be PI(4,5JRduced changes in the
C2 domain. The simplest interpretation of these data is that
P1(4,5)R enhances the-helical content of the phosphatase
domain.

A natural question is whether the fraction of bound PTEN
affects the interpretation of the infrared spectra. For example,
PS does not induce an increaseximelicity. Our interpreta-
FiGURe 6 Binding specificities of PTEN, PTEM.sa and tion is that PS does not induce the same conformational

PTEN,—,; for unilamellar vesicles composed of 99.9% POPC and change t_hat PI(4,5)I?JIc_)es. However_, one might asfk whether
0.1% BODIPY TMR-PIg,y,2)P,. The quenching at the highest lipid ~ the inability to detect increasexthelical structure is due to
concentration is given (see Figure 5 for details). Each bar representsa smaller percentage of PTEN bound to PS vesicles. We
the aVEfetlgtt?hOf at least th(;ee_ |?de|c;end$rr:t titrations. Tlhe e(rrﬂ:bﬁlfreject the second interpretation for two reasons. First, vesicles
represents the maximum deviation from the average value. (a) Full-,, i ; ; ; i
length PTEN shows specific binding, preferring Pl(45)fer other vgtg hlgg PS ancentratlohnﬁ.th?t bind as QUCh F;TEN as Pl
phosphoinositides. (b) PTEMN 403 lacking PTEN’s N-terminus, ( 1 )P do not increasex-helica Cf)ment' econd, We_a_r_e
does not show a preference for PI(45)kc) The N-terminal using ATR cells to measure the infrared spectra. In initial

peptide, PTEN-»;, also shows a preference for Pl(4,5)P experiments, we noted that the protein infrared spectra were
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less intense for PTEN mutants with a decreased level of phosphatase cannot cycle between open and closed confor-
membrane association. This was a result of large multila- mations, then phosphatase activity is inhibited. Cycling for
mellar vesicles settling on top of the ATR crystal. Because protein tyrosine phosphatase 1B can be allosterically regu-
the ATR crystal detects absorbance only within a few lated @4). Even though such open and closed states have

micrometers of the crystal, this system preferentially detects not been demonstrated for PTEN, this is still an appealing
membrane-bound protein. As a result, the infrared absorbancanodel. We plan to test further whether PI(4,5)Y#nding
spectra emphasize membrane-bound PTEN and are nogffects cycling between open and closed states.

obscured by soluble PTEN.

PS at high concentrations (10 mol %) can enhance binding ACKNOWLEDGMENT

of PTEN to vesicles, and 5 mol % can enhance binding to

We thank Marie-Claire Daou and Jennifer Saporita for

PI(4,5)B-containing vesicles. This result suggests that PTEN qir help with these experiments.

binds PI(4,5)Rand PS at separate sites. Indeed, it is common

for interfacial enzymes to bind to membranes via multiple REFERENCES

sites 82). On the flip side, Das et all() found binding of
PTEN to PC/PS and PC/PG vesicles to be essentially the
same, implying that PTEN's interaction with PS is the result
of nonspecific long-range electrostatic interactions. Com-

bining our findings with those of Das et al. leads to a model ~ 2:

in which PTEN is initially attracted by the PS/PI(4,5)P
electric double layer and subsequently binds specifically to 3
PI(4,5)R. In the context of such a model, however, it is

unclear why PTEN exhibits a weaker binding to vesicles with -

10 mol % PI(4,5)Rthan to the less charged PC/PS (5 mol
%)/P1(4,5)B (5 mol %) vesicles. It might be that the observed

binding preference for vesicles containing both PS and PI- 5.

(4,5)R is the result of an altered lateral organization and/or
a different protonation state of PI(4,%)i the presence of
PS. But it might also well be that PTEN binds to both PS

and PG via specific hydrogen bond formation rather than 7.

though nonspecific long-range electrostatic interactions. This
data set does not allow us to decide unequivocally whether
association of PS with PTEN occurs via a specific binding
site, long-range electrostatic nonspecific interactions, or both
of these mechanisms.
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