A mutant form of PTEN linked to autism
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Abstract: The tumor suppressor, phosphatase, and tensin homologue deleted on chromosome 10
(PTEN), is a phosphoinositide (Pl) phosphatase specific for the 3-position of the inositol ring. PTEN
has been implicated in autism for a subset of patients with macrocephaly. Various studies
identified patients in this subclass with one normal and one mutated PTEN gene. We characterize
the binding, structural properties, activity, and subcellular localization of one of these autism-
related mutants, H93R PTEN. Even though this mutation is located at the phosphatase active site,
we find that it affects the functions of neighboring domains. H93R PTEN binding to
phosphatidylserine-bearing model membranes is 5.6-fold enhanced in comparison to wild-type
PTEN. In contrast, we find that binding to phosphatidylinositol-4,5-bisphosphate (PI(4,5)P5) model
membranes is 2.5-fold decreased for the mutant PTEN in comparison to wild-type PTEN. The
structural change previously found for wild-type PTEN upon interaction with PI(4,5)P,, is absent for
H93R PTEN. Consistent with the increased binding to phosphatidylserine, we find enhanced
plasma membrane association of PTEN-GFP in U87MG cells. However, this enhanced plasma
membrane association does not translate into increased PI(3,4,5)P; turnover, since in vivo studies
show a reduced activity of the H93R PTEN-GFP mutant. Because the interaction of PI(4,5)P, with
PTEN’s N-terminal domain is diminished by this mutation, we hypothesize that the interaction of
PTEN’s N-terminal domain with the phosphatase domain is impacted by the H93R mutation,
preventing PI(4,5)P, from inducing the conformational change that activates phosphatase activity.
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Introduction

A tumor suppressor on human chromosome 10 plays
a major role in the development of gliomas. This
tumor suppressor was cloned and is now known as
phosphatase and tensin homologue deleted on chro-
mosome 10 (PTEN).' Deletions or mutations have
been detected in many tumor types, identifying
PTEN as the second most commonly mutated tumor
suppressor in human cancer.*® The PTEN protein is
a phosphatidylinositol phosphate phosphatase spe-
cific for the 3-position of the inositol ring.” PTEN
and phosphoinositide 3-kinase (PI3SK) have opposing
effects on phosphatidylinositol (3,4,5) trisphosphate
(PI(3,4,5)P3) levels and, consequently, on cell prolif-
eration and survival.®® PI(3,4,5)P; mediates these
processes by inducing phosphorylation and activa-
tion of the Akt kinase.'®
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PTEN’s structure consists of a short N-terminal
PI(4,5)P5-binding domain, a phosphatase domain rich
in a-helix, a C2 domain dominated by B-sheet, and a
C-terminal tail with several phosphorylation sites.!!!2
The C2 domain stabilizes the phosphatase domain
through interdomain contacts and aids the targeting
of the protein to the bilayer-water interface by Ca?*-
independent binding to phospholipids, including phos-
phatidylserine (PS).!%>!3 The tail plays a regulatory
role.!* When phosphorylated, the tail inhibits phos-
phatase activity, probably by binding to the active site
by a pseudo substrate mechanism.'®16

Recently, we and others have proposed a model
for regulation of PTEN by PI(4,5)P,.1"1° Efficient
action of PTEN requires three steps. First, PTEN
binds to PI(4,5)P5 and PS in the membrane. Second,
PI(4,5)P, induces a conformational change that
increases the o-helical content and activates the
phosphatase domain.'® Binding of the C2 domain to
PS is associated with a structural change that leads
to a slightly increased B-sheet content.'® Although
important for binding to the membrane, this struc-
tural change appears to have no effect on phospha-
tase activity. Third, PTEN diffuses on the surface
of the membrane and hydrolyzes PI(3,4,5)P3. Two
approaches have demonstrated the consequences of
the PI(4,5)Ps-induced conformational change. First,
PI(4,5)P, enhances PTEN phosphatase activity in
in vitro assays.?%?! Furthermore, mutations of the
N-terminus (including single point mutations, such
as KI13E) that eliminate PI(4,5)Py binding also
decrease phosphatase activity.'>?%22 Second, the
PI(4,5)P5-binding domain is required for membrane
binding and biological function in cells.1%23

Autism spectrum disorder is a family of diseases
with impaired communication and social interac-
tions. Although environmental factors or autoim-
mune responses may be partially responsible in
some cases, the origin is thought to be largely
genetic, even though no single gene is likely suffi-
cient to cause autism. Instead, mutations in multiple
genes contribute to this disorder.2* Mutations in the
PTEN gene were implicated in a subset of autistic
patients with macrocephaly.?*=2? The 10 known au-
tism-associated point mutations occur in the phos-
phatase domain, the C2 domain, and the phospha-
tase/C2 boundary. None of these autism-associated
mutations are located in the PI(4,5)Ps-binding do-
main or the C-terminal regulatory tail. The R173H
mutation decreased phosphatase activity,®® but there
has been little characterization of the other autism-
associated mutant PTEN proteins.

Loss of both PTEN genes in neural precursor
cells leads to mice with enlarged brains and disor-
ganized laminar patterning.®* Deletion of PTEN also
leads to abnormal dendritic spines and weakened
synaptic transmission and plasticity.?®> Bear and
coworkers suggested that mutations of PTEN and
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other autism-related genes affect synaptic plasticity
by misregulation of synaptic protein synthesis.?%37
Alternatively, formation of synapses may be faulty
because of the rapid growth of head and brain.?®

Given the proposed role of PTEN, a natural
question is whether other proteins in the PI(3,4,5)P;
pathway are associated with autism. Tuberous scle-
rosis complex (TSC) is a disease clearly associated
with autism.®® A fraction of TSC patients show
macrocephaly?® and autistic behavior.?® In the
PI1(3,4,5)P; pathway, the Akt kinase inhibits the
activity of the TSC complex (also known as hamartin
and tuberin).*! These results strongly implicate the
PI(3,4,5)P3 pathway in the etiology of autism.

To understand the molecular basis for the mu-
tant PTEN proteins in autism, we characterized the
autism-related mutation, H93R, which is located
near the phosphatase active site.!?> We found that
the H93R mutation affects multiple steps of PTEN
action. First, the mutation alters binding of PTEN to
membranes bearing negatively charged lipids. Bind-
ing to PS-bearing membranes was increased 5.6-fold
for H93R PTEN relative to wild-type PTEN, while
binding to membranes that contain PI(4,5)P,, but
not PS, was reduced 2.5-fold in comparison to wild-
type PTEN. Second, the phosphatase activity was
decreased for H93R PTEN. Third, a PTEN-GFP
fusion protein showed increased localization at the
plasma membrane of U87MG glioblastoma cells.
This localization was further enhanced by mutations
of the phosphorylation sites in the C-terminal tail.

Results
We expressed the H93R PTEN protein in E. coli
with a yield indistinguishable from wild-type PTEN
(1-2 mg/L culture). The circular dichroism spectrum
for H93R protein was indistinguishable from that of
wild type, and based on dynamic light scattering,
the H93R PTEN was not aggregated (data not
shown). We next assessed phosphatase activity using
a colorimetric assay and soluble C8 PI(3,4,5)P5 as
substrate.?’ H93R PTEN was ~15% as active as
wild-type PTEN [Fig. 1(A)]l. A negative control,
C124S PTEN, showed no phosphatase activity. We
also assessed PTEN activity by cotransfecting PTEN
expression plasmids with an activated PI3K plasmid
to drive PI(3,4,5)P3 production and a HA-Akt plas-
mid to assess PI(3,4,5)P5; levels. US7TMG cells are
ideal for this assay because they are efficiently
transfected and lack functional PTEN. We measured
phosphorylation of immunoprecipitated HA-Akt by
Western blotting with anti-phospho-Akt antibody
[Fig. 1(B)]. Active PTEN decreases Akt phosphoryla-
tion. The H93R mutant showed reduced activity.
Using our multistep model for PTEN action, we
analyzed which step(s) is affected by the H93R
mutation. Because binding to negatively charged lip-
ids is the first step for membrane localization and
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Figure 1. PTEN phosphatase assays for wild type (WT), H93R-
PTEN, and C124S-PTEN. For both recombinant protein and
PTEN expressed in U87MG cells, H93R had reduced
phosphatase activity. A: PTEN protein was expressed in
bacteria and phosphatase activity was assessed using short
chain PI(3,4,5)Ps. These results include three independent
experiments, each carried out in triplicate. The results are
presented as means = SEM. There are no error bars for C124S-
PTEN because every assay with C124S-PTEN gave zero
phosphate release. B: U87TMG cells were transfected with
expression vectors for GFP, PTEN-GFP, or H93R-PTEN-GFP,
HA-Akt and a constitutively activated PI3K. The HA-Akt protein
was immunoprecipitated with anti-HA antibodies and
phosphorylation of Akt was assessed by Western blotting. WT
and A4 PTEN proteins were more active than H93R or HO3R A4
mutants. These results are representative of three independent
experiments.

Figure 2. PTEN binding to lipid membranes. The vesicles
contain pyrene-lipids to quench fluorescence of bound PTEN
proteins. WT and H93R PTEN data points are shown in open
and closed symbols, respectively. In each panel, control
binding curves for vesicles lacking anionic lipids (circles) are
shown. (A) The H93R mutant PTEN (closed triangles) binds
P1(4,5)P, vesicles slightly less strongly than WT PTEN (open
triangles). (B) In contrast, the HO93R-PTEN binds to PS-
bearing vesicles (closed squares) more strongly than WT
(open squares). (C) HI3R-PTEN (closed diamonds) binds to
Pl(4,5)P> + PS vesicles with a slightly higher affinity than
PTEN (open diamonds). All data points represent averages of
at least 3 repeats. The binding curves were fitted to the
equation y = (K[L])/(1 + K[L]) in which [L] is the lipid
concentration. The binding constants are listed in Table I.
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PTEN activation, we assessed binding of wild-type
and H93R PTEN to lipid vesicles doped with nega-
tively charged lipids and pyrene-labeled phosphati-
dylethanolamine (PE). Binding of PTEN to these
vesicles quenches tryptophan fluorescence. The Ky
was calculated using the total lipid concentration.
Also, for samples in which the binding was domi-
nated by the anionic lipid (PI(4,5)P5 or PS), we cal-
culated the binding constants for just the anionic
lipid(s), which we call KY'*%P2 or KPS We previ-
ously demonstrated that PTEN binds more strongly
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to PI(4,5)Py bearing membranes (K3 = 163+6 uM,
KFI45P2 _ 8 1+0.3 uM) than PS-membranes (Kgq =
508+13 pM; K = 22.0+0.5 pM).!® In contrast,
H93R PTEN binds more strongly to PS-membranes
(Kq = 917 uM; K¥5 = 4.5+0.3 pM) than PI(4,5)P,
(K4 = 408+20 uM; KF145P2 — 90.4+1.0 uM) (Fig. 2).
Because H93R PTEN binds more strongly to PS and
less strongly to PI(4,5)P,, we predicted that wild-
type and H93R PTEN proteins would have similar
affinities for membranes with both PS and PI(4,5)Ps.
Indeed, this turned out to be the case. Binding to
PC/PS/PI1(4,5)P, membranes yielded similar bind-
ing constants for wild-type PTEN (K3 = 41+5 uM,
KPSPIARP2 _ 91+0.2) and H93R PTEN (K; =
45+6.0 uM; KPSPI4SP2 — 9 3+0.3 uM).

We next assessed whether binding of H93R
PTEN to negatively charged lipids induces a confor-
mational change in the structure of PTEN. In partic-
ular, we used infrared spectroscopy to analyze the
protein amide I band envelope, which is composed of
several sub-bands representing the secondary struc-
ture elements of proteins. Band intensities in the
16501655 cm ™ region are associated with o-helical
content. In contrast, band intensities in the 1630
cm ! region are associated with antiparallel p-sheet
content. The attenuated total reflectance (ATR) cell
preferentially detects membrane-bound protein due
to settling of the multilamellar vesicles on the sur-
face of the ATR crystal, while unbound protein stays
in solution.'® Hence, we were able to record the
spectra for predominantly lipid-bound PTEN. We
previously showed that binding of PTEN to PI(4,5)P,
bearing membranes increases the o-helical content!®
[Fig. 3(A)]. The spectra for wild-type and H93R
PTEN are identical [Fig. 3(A)], giving another indi-
cation that the H93R protein folds properly. The
interaction of H93R PTEN with PI(4,5)Ps- or PS-
bearing membranes resulted in only a slight broad-
ening of the amide I band at the detection limit of
the experiment, indicating that the overall structure
of the protein was almost unchanged. Vesicles with
both PI(4,5)P, and PS did induce a slight shift of the
amide I band envelope to lower wavenumbers [Fig.
3(A-C)], indicating a slightly increased B-sheet con-
tent. Hence, the H93R mutation also affects mem-
brane-induced conformational changes, because the
PI(4,5)P, induced change toward more o-helical
structural content previously found for wild-type
PTEN" is not observed for H93R PTEN.

We hypothesized that because H93R PTEN has
an unusually strong affinity for PS, and PS is prefer-
entially localized in the plasma membrane,*? the
H93R mutant would show an increased association
with the plasma membrane. Therefore, we expressed
wild-type and mutant PTEN-GFP fusion proteins in
U8TMG cells (Fig. 4). We did not detect PTEN-GFP
at the membrane [Fig. 4(A)], probably because mem-
brane association of wild-type PTEN is transient
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Figure 3. H93R-PTEN protein shows reduced membrane-
induced conformational changes. A, B: Neither PI(4,5)P, nor
PS bearing vesicles lead to a shift of the absorption band
at 1640 cm™', indicating that is neither an increase in o
helical nor B sheet content. The wild-type and H93R
spectra in the absence of lipid are identical. The band at
1730 cm™~" is due to lipid carbonyl groups. C: Vesicles with
both PI(4,5)P, and PS induced a slight shift to lower wave
numbers. All spectra are representative of at least three
experiments.
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Figure 4. H93R-PTEN-GFP shows enhanced membrane association. U87MG cells were transfected with expression vectors,
cells were fixed and subcellular localization was determined with a confocal microscope. A: WT PTEN-GFP does not show
any obvious membrane association. B: HO3R-PTEN-GFP shows faint localization at the plasma membrane. C: 4A-PTEN-GFP
shows weak association with the plasma membrane. D: H93R-4A-PTEN-GFP showed a strong association with the plasma
membrane. E: PTEN-GFP fusion proteins were visualized by an immunoprecipitation-Western blot with anti-GFP antibodies.
We included the immunoprecipitation to avoid confusion with a nonspecific band that appeared in Western blots of cell
extracts. HC is the immunoglobulin heavy chain from the immunoprecipitation.

and difficult to detect.?> There also is no obvious
plasma membrane association for endogenous PTEN
protein.*® In contrast, there were faint membrane
patches for H93R PTEN [Fig. 4(B)]. Phosphorylation
sites on PTEN are known to regulate PTEN localiza-
tion to the membrane; elimination of these phospho-
rylation sites (S380A T382A T383A S385A = A4)

1952 PROTEINSCIENCE.ORG

enhances membrane association.'* We also tested if
combining H93R and A4 would have a synergistic
effect on localization. The A4-PTEN-GFP also
showed very faint membrane patches [Fig. 4(C)],
while H93R-A4-PTEN-GFP showed strong patches
at the plasma membrane [Fig. 4(D)]. Differences in
subcellular localization were not due to proteolytic

Altered Lipid Binding for Mutant Phosphatase



Table 1. Binding Constants Based on Tryptophan Fluorescence Quenching®

PC PC/PI(4,5)P; PC/PS PC/PS/PI(4,5)P,
Wild-type PTEN, Ky (uM) 585 + 15 163 = 6 508 + 13 41 =5
Wild-type PTEN, K'Pid 8.1+ 0.3 22.0 = 0.5 2.1 +0.2
H93R PTEN, Ky (M) 408 + 20 91+ 7 45+ 6
H93R PTEN, K'irid 20.4 + 1.0 45+ 0.3 2.3+0.3

# Binding constants were calculated from data shown in Figure 2. K4 values are based on total
lipid concentrations (i.e., including PC). The K" values are based on the respective anionic
lipid component(s) (P1(4,5)P,, PS, or PS/P1(4,5)Py).

cleavage of the PTEN fusion proteins; SDS-PAGE
analyses showed that the PTEN-GFP fusion proteins
all had the same apparent molecular weight [Fig.
4(E)]. Thus, consistent with the altered binding to
lipid membranes, H93R PTEN shows enhanced
binding to the PS-rich plasma membrane of US7MG
cells.

Discussion

The major goal in this study was to analyze the
effects of the autism-associated H93R mutation in
terms of our recent model for regulation of PTEN.
This mutant protein has reduced phosphatase activ-
ity but is not inactive. A similar mutation (H93A)
also reduced, but did not eliminate, PTEN phospha-
tase activity.'?> The mutation affects multiple steps
for PTEN activation, including membrane binding
and the PI(4,5)Ps-induced conformational change. As
a result, in cells, the H93R mutant protein has
reduced phosphatase activity, even though there is
enhanced membrane association. Since it is usually
assumed that enhanced membrane association of
PTEN leads to increased PI(3,4,5)P3 turnover, this is
a unique and clinically important feature of this
PTEN mutation.

We assessed membrane binding by two inde-
pendent assays. Based on quenching of PTEN tryp-
tophan fluorescence with pyrene-doped vesicles, the
dissociation constant for binding of the H93R
mutant protein to PS-bearing vesicles was 5.6-fold
smaller than that for wild-type PTEN. In contrast,
the dissociation constant for binding of H93R PTEN
to PI(4,5)Py-bearing vesicles was 2.5-fold larger than
that for wild-type PTEN. We also assessed mem-
brane binding for H93R PTEN in biological cells.
Because mammalian plasma membranes have about
15% PS and 1% PI1(4,5)P,, PS is the predominant an-
ionic lipid.** Consistent with the observed changes
in affinity, the H93R PTEN protein was preferen-
tially associated with the PS-rich plasma mem-
brane.*? This association was enhanced by the A4
mutation that deletes four phosphorylation sites in
the C-terminal tail, opening the PTEN structure and
stabilizing PTEN-membrane interactions.'*?® The
C124S mutation at the active site also enhances
membrane binding.2® Notably, combining the C124S
mutation with the A4 mutation further enhances
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membrane binding. These results suggest that for a
number of PTEN mutant proteins, membrane bind-
ing requires the “open” conformation, which is
induced by the A4 mutation.

The H93R mutation at the active site influences
both PI(4,5)Py and PS binding. In wild-type PTEN,
PI(4,5)Py binds to the N-terminal domain and ini-
tiates a conformational change in the phosphatase
domain. It is plausible that the H93R mutation per-
turbs the phosphatase domain and, thereby, affects
the N-terminal PI(4,5)P; binding site. A point
mutation (K13E) in the PI(4,5)Py-binding domain
eliminated the PI(4,5)Ps-induced conformational
change.'® In wild-type PTEN, PS binding is at least
partly mediated by the C2 domain,'®'® and the
H93R mutation might also indirectly affect the C2
domain. Indeed, it has been suggested that confor-
mational changes in the phosphatase domain might
be transmitted across the broad phosphatase-C2
interface.*> These results are consistent with the
emerging model for PTEN—that it is a plastic pro-
tein with strong interdomain interactions.

How might the H93R mutation affect the
bearer’s health? PTEN activity affects development
of the nervous system as well as synaptic plasticity
in adults.®® These functions are thought to be
related to autism, macrocephaly and mental retarda-
tion.?® A related question is whether autistic
patients with one PTEN gene mutated will have an
enhanced risk for cancer. These questions are just
now being addressed.’® However, the effects of
PTEN are highly quantitative so the partial activity
of the H93R PTEN protein may allow it to act as a
tumor suppressor and retard or prevent cancer de-
velopment, whereas, a null PTEN mutant would
not. Finally, an intriguing question is whether the
enhanced association of H93R PTEN might have
additional effects, such as the membrane association
of H93R PTEN affecting complexes with other pro-
teins.™ A question for further study is whether
other autism-associated PTEN mutations also show
partial phosphatase activity and altered subcellular
localization.

Materials and Methods
1-Palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-
palmitoyl-2-oleoylphosphatidylserine (POPS), brain
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phosphatidylinositol (4,5) bisphosphate (PI(4,5)P5),
and 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine-
N-(1-pyrenesulfonyl) (excitation = 347 nm, emission
= 379 nm) (pyrene-labeled DOPE) were purchased
from Avanti Polar Lipids (Alabaster, AL). Chloroform
and methanol used for dissolving lipid samples were
ACS grade, and water for buffers was HPLC grade
(Fisher Scientific, Chicago, IL).

Preparation of PTEN protein and

phosphatase assays

Human PTEN with a six-histidine tag at the C-ter-
minus was expressed in Escherichia coli BL21(DE3)
bacteria as described.!® Mutations were introduced
with a Quick-Change site-directed mutagenesis kit
from Stratagene. PTEN proteins were purified with
a HisTrap HP kit from GE Healthcare, a Superdex
200 column and a Mono@ anion-exchange column.
In vitro activity of PTEN proteins was assessed as
described.2>*" In brief, release of free phosphate
from 36 uM PI(3,4,5)P3; was detected using BIOMOL
GREEN (BIOMOL, Plymouth Meeting, MA).

Phosphatase activity of PTEN in

mammalian cells and confocal microscopy

for subcellular localization

U87TMG glioblastoma cells obtained from the ATCC
were plated in 35-mm cell culture dishes and sub-
jected to transfection with 1.0 pg pcDNA3 PTEN-
GFP plasmid (a gift from Drs. Radhar and Dev-
reotes),*® 0.4 ug HA-Akt plasmid (HA, hemaggluti-
nin epitope), 0.4 pg PI3K plasmid with a CAAX
sequence to induce prenylation, and 0.2 ug pcDNA3
GFP plasmid per dish. After 48 h, the cells were
lysed with 0.5 mL of buffer per dish (1% NP-40, 10%
(v/v) glycerol, 100 mM NaCl, 1 mM EDTA, 2 uL/mL
PIC protease inhibitor mix (Sigma, St. Louis, MO), 2
mg/mL B-glycerophosphate, 2 mg/mL sodium fluo-
ride, 50 mM Tris, pH 7.5). Cell debris was elimi-
nated by centrifugation (17,800g) for 10 min at 4°C.
To prepare immunoprecipitates, we incubated 1 pg
of anti-HA antibody (monoclonal HA.11 from Cova-
nce, Princeton, NJ) with 450 pL of cell extract for
1 h at 4°C. The antibody complexes were collected
with Protein G Sepharose beads (Sigma) and ana-
lyzed by Western blotting with rabbit anti-phospho-
Akt antibody (Cell Signaling, Beverly, MA) and anti-
HA antibody.

To assess subcellular localization, U87TMG cells
were grown on glass coverslips and transfected with
PTEN-GFP expression plasmids, as described above.
After 24 h, the cells were fixed with 4% paraformal-
dehyde for 10 min at 4°C, and the coverslips,
mounted in Vectashield (Vector Laboratories, Burlin-
game, CA). The samples were examined with a Leica
SP1 confocal microscope with a 40x objective.

In some cases, cells were transfected with the
PTEN-GFP expression vectors (1 pg/35-mm dish).!®
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After 24 h, these cells were extracted and clarified
as described above. The extract (0.5 mL) as mixed
with 5 pg of anti-GFP rabbit polyclonal antibody
(ab290, Abcam, Cambridge, MA) for 1 h at 4°C. The
immunoprecipitates were captured with protein G
beads, and GFP fusion proteins were detected by
Western blotting with mouse monoclonal anti-GFP
antibody (0.5 pg/mL, MMS-118P, Covance, Rich-
mond, CA).

Preparation of lipid samples

Lipid stock solutions were dissolved in mixtures of
chloroform and methanol (3:1 v/v) and stored in
amber glass vials to protect the lipids from UV light.
Large unilamellar vesicles were prepared by drying
lipid solutions at about 50°C under a stream of
nitrogen, producing a lipid film. The samples were
kept overnight at about 45°C in high vacuum to
remove residual solvent. The lipid films were resus-
pended in buffer solution and vortexed for 60 s three
times, waiting ~ 5 min between vortexing periods.
The resulting multilamellar vesicles were extruded
through a polycarbonate film (100-nm pore size;
Avestin, Ottawa, ON). The unilamellar vesicles were
characterized by dynamic light scattering (HPPS
and Nanosizer Malvern Instruments, Southborough,
MA) before and after experiments. Typically, these
vesicles exhibited a narrow size distribution cen-
tered at about 110-nm diameter.

Tryptophan quenching experiments

Using a Varian Eclipse spectrometer, tryptophan flu-
orescence spectra were recorded at 20°C, using an
excitation wavelength of 290 nm and scanning the
emission wavelength from 300 to 380 nm. Measure-
ments were made using 1.0 uM protein solutions in
pH 7.0 HEPES buffer (10 mM HEPES, 100 mM
NaCl, and 0.1 mM EDTA). The maximum value of
the tryptophan spectrum was recorded, and unila-
mellar vesicles were titrated into the protein solu-
tion in 20 steps, resulting in a final 1 mM lipid con-
centration. The compositions of the lipid vesicles
included: 93 mol% POPC and 5 mol% brain
PI(4,5)P3, 93 mol% POPC and 5 mol% POPS; 88
mol% POPC and 5 mol% brain PI(4,5)P, with 5
mol% POPS. All lipid mixtures also contained 2
mol% pyrene-labeled DOPE as a quencher for tryp-
tophan fluorescence. The maximum intensity of each
tryptophan fluorescence spectrum was corrected for
dilution as well as fluorescence changes due to an
altered tryptophan environment upon binding (e.g.,
as a result of protein structure changes and the
placement of the protein at the membrane). The
latter correction was made using vesicles lacking py-
rene-labeled DOPE.!® The results were then normal-
ized to the initial value, which was set at 100%.
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Infrared spectroscopy

FTIR experiments were carried out using a Bruker
Tensor Spectrometer (Billerica, MA) equipped with a
narrow band MCT detector and a Bruker BioATRII
unit. Interferograms were collected at 2 em ™ resolu-
tion (512 scans, 20°C), apodized with a Blackman-
Harris function, and Fourier transformed with one
level of zero-filling to yield spectra encoded at 1
em™! intervals. Protein samples were concentrated
using 10,000 MWCO Centricon tubes obtained from
Fisher Scientific (Chicago, IL), reaching a concentration
of 8-9 mg/mL. Protein samples were exchanged against
D,0O buffer as described above. Dialysis against buffer
was done in three steps, each 20 min in length. Then
125 pg of the DyO-exchanged protein was placed in the
ATR unit and analyzed with the Bruker OPUS soft-
ware. Mixed multlamellar lipid vesicle/protein samples
were obtained by resuspending the appropriate lipid
mixtures in protein solutions. The multilamellar
vesicles were formed with protein present, so that all
aqueous compartments included protein. Lipid samples
varied but followed the form 95 mol% POPC, 5 mol%
PI(4,5)P5 or 5 mol% PS as well as 90 mol% POPC, 5
mol% POPS, and 5 mol% PI1(4,5)Ps. The protein-bearing
samples included 1 mole of protein per 8 moles of phos-
phoinositide or PS lipid. After adding the protein solu-
tion to the dried lipids, they were vortexed for 60 s,
three times, waiting ~5 min between vortexing cycles.
The resulting protein/vesicle solutions were placed in
the BioATR II unit and analyzed with the Bruker
OPUS software. The vesicles did not form an aniso-
tropic, ordered film on the ATR crystal but remained
isotropic, as checked by IR measurements using polar-
ized radiation. We obtained buffer spectra using the
buffers against which the proteins were exchanged.
The D,O buffer samples were adjusted with respect to
their H,O (HOD) content so that the intensities of the
Hy0 and HOD bands matched between the respective
protein and buffer solutions. Subsequently, the buffer
spectra were subtracted from the protein/lipid samples
to yield a flat baseline between 1600 and 1900 cm L.
All subtraction values were 1.0000 = 0.0005. The
resulting spectra were exported to Origin software,
where the lipid/protein spectra were normalized to the
protein only spectrum, using the maximum value of the
amide I band (~1638 cm ™).
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