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ABSTRACT: Pleckstrin homology (PH) domains play a central role in a wide array of signaling pathways
by binding second messenger lipids of the phosphatidylinositol phosphate (PIP) lipid family. A given
type of PIP lipid is formed in a specific cellular membrane where it is generally a minor component of
the bulk lipid mixture. For example, the signaling lipid P1(3,4.5)8 PIR) is generated primarily in the

inner leaflet of the plasma membrane where it is believed to never exceed 0.02% of the bulk lipid. The
present study focuses on the PH domain of the general receptor for phosphoinositides, isoform 1 (GRP1),
which regulates the actin cytoskeleton in response tg Sitfhals at the plasma membrane surface. The
study systematically analyzes both the equilibrium and kinetic features of GRP1-PH domain binding to
its PIP lipid target on a bilayer surface. Equilibrium binding measurements utilizing protein-to-membrane
fluorescence resonance energy transfer (FRET) to detect GRP1-PH domain docking to membrane-bound
PIP lipids confirm specific binding to P¥PA novel FRET competitive binding measurement developed

to quantitate docking affinity yields Kp of 50 + 10 nM for GRP1-PH domain binding to membrane-
bound PIR in a physiological lipid mixture approximating the composition of the plasma membrane
inner leaflet. This observedp lies in a suitable range for regulation by physiological f8ynals.
Interestingly, the affinity of the interaction decreases at least 12-fold when the background anionic lipids
phosphatidylserine (PS) and phosphatidylinositol (PI) are removed from the lipid mixture. Stopped-flow
kinetic studies using protein-to-membrane FRET to monitor association and dissociation time courses
reveal that this affinity decrease arises from a corresponding decrease in the on-rate for GRP1-PH domain
docking with little or no change in the off-rate for domain dissociation from membrane-boundRitall,

these findings indicate that the PH domain interacts not only with its target lipid, but also with other
features of the membrane surface. The results are consistent with a previously undescribed type of two-
step search mechanism for lipid binding domains in which weak, nonspecific electrostatic interactions
between the PH domain and background anionic lipids facilitate searching of the membrane surface for
PIP; headgroups, thereby speeding the high-affinity, specific docking of the domain to its rare target
lipid.

Many significant events in cell signaling take place at proteins of the human genome (PFAM databage,An
membrane surfaces, particularly at the surface of the plasmamportant subset of the PH domains examined to date have
membrane where receptors, channels, and signaling com-been found to exhibit both high affinity and strong selectivity
plexes make critical decisions to turn specific pathways on for specific PIP lipids (for reviews see refsand 8—12).
or off. An important class of membrane-bound second PH domains that belong to this high-affinity class of PIP
messengers that often play key roles in such decisions ardipid binders play a crucial role in regulating cellular
the phosphatidylinositol phosphate lipids (Plipids). Three responses to PIP lipid signals with temporal and spatial
of the most well characterized PIP signaling lipids in the precision, serving to drive the docking of their parent protein
plasma membrane are PI(3,4,5)PI(3,4)R, and PI1(4,5)R to the appropriate intracellular membrane in response to the
These PIP lipids regulate a wide array of cellular pathways
and propesse; inCIUdin-g (-:e” growth and chemotaxis, DNA 1 Abbrevations: GRP1, general receptor for phosphoinositides
synthe5|_s, vesicle traﬁ'Ck'n,g’ CytOSkeI_Etal I’(:"arrangemems'isoform 1; PL(Z)l,-phosphc’)Iipase ©1; Arf, ADP-ribosylation factor; ’
apoptosis, and transformation (for reviews see ief§). ARNO, Arf nucleotide-binding site opener; PH domain, pleckstrin

inid si A homology domain; PI3K, phosphoinositide 3-kinase; PIP, phosphati-
PIP lipid ;lgna!s are transduced by a ubIQUItQUS class of dylinositol phosphate; PI(3,4,5kor PIR;), phosphatidylinositol 3,4,5-
conserved s_lgnallng modules, k_nOWn_aS PleCkSt”n ho_mOIOQV trisphosphate; PI(3,4)Pphosphatidylinositol 3,4-bisphosphate; P1(4,5)-
or PH domains, that have been identified in over 320 different p,, phosphatidylinositol 4,5-bisphosphate; I1(1,3,4,5# IPs), o-myo
inositol 1,3,4,5-tetrakisphosphate; 1(1,2,3,4,56)Br IPs), b-myoc
inositol 1,2,3,4,5,6-hexakisphosphate; PC, phosphatidylcholine; PE,
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localized accumulation of a specific target lipid. Although structure of this PH domain has been solved in both apo
high-resolution structural studies have provided significant form and bound to the headgroup analogue 1(1,3,4,60P
insights into the molecular basis of PIP headgroup recogni- IP,) (15, 17).
tion by PH domains¥3—18), much remains to be learned  The present analysis begins by measuring the equilibrium
about the association of PH domains with PIP |Ip|dS on real dissociation ConstamK(D), as well as the kinetic on- and
membrane surfaces. Since target PIP lipids are typically rareoff-rate constantskgn, kofr), for the binding of GRP1-PH
molecules comprising a small fraction of the lipids present domain to membrane bilayers composed of both simple and
on membrane surfaces even during a signaling event, aphysiological lipid mixtures. Together these measurements
molecular understanding of PH domain function would provide a systematic equilibrium and kinetic analysis of
include a description of search mechanisms used by PHGRP1-PH domain docking to membrane-bound target lipids,
c_io_mains to find their rare target lipids in a sea of nontarget yielding limits on the PI(3,4,5)Pconcentrations and time
lipids. scales needed to generate signaling events. Moreover, the
PH domains share a common structural topology10). results reveal a novel mechanism used by the GRP1-PH
The PH fold, typically 106-120 residues in length, is @ domain to search for its rare target lipid on a membrane
sandwich of twoj-sheets, one containing four antiparallel surface. Overall, the findings provide new insights into PH
B-strands g1—/34) and the other containing three antiparallel domain activation parameters and docking mechanism.
p-strands f5—57). A C-terminal amphipathie-helix lies
at one edge of thgs-sandwich, while the opposite edge EXPERIMENTAL PROCEDURES
displays three interstrand loops that vary in length between o ] )
different PH domains. These three loops, knowrBas2, _ R_eagents All I|_p|ds were synthetic unless otherV\_/lse
B3/B4, andB6/87, have been shown to form a basic binding indicated. _1-Palm|f[oyl-2-oleo;dngchero-S-phosphochollne
pocket for the headgroup of a target PIP lipl@), and both  (Phosphatidyicholine, PC); 1-palmitoyl-2-olecst-glycero-
the lengths and primary sequences of these loops are3-Phosphoethanolamine (phosphatidylethanolamine, PE);
specialized to provide the appropriate PIP lipid specificity. Phosphatidylinositol (PI) natural, bovine liver; 1-palmitoyl-
The differing target lipid specificities of PH domains 2-0leoylsnglycero-3-phosphoserine (phosphatidylserine, PS);
largely define their biological roles in modulating different and sphingomyelin (SM) natural, brain, were all from Avanti
signaling pathways. PH domains that specifically interact Polar Lipids. Dipalmitoylo-myophosphatidylinositol 4,5-
with the signaling lipid PI(3,4,5)Pserve as a direct link  Pisphosphate (PI(4,5)F dipalmitoyl o-myophosphatidyl-
between a large class of cell surface receptors that activatdnositol 3,4-bisphosphate (PI(3,4)fnd dipalmitoyb-myo
class | phosphoinositide 3-kinases (PI13KS) 19, 20) and phosphatidylinositol 3,4,5-trisphosphate (PI(3,4:p)Rere
downstream signaling events. PI3K-catalyzed formation of Purchased from Echelon Biosciences. T¢5-(dimethyl-
PI(3,4,5)R in the plasma membrane has been implicated as @Mino)naphthalene-1-sulfonyl]-1,2-dihexadecarsmyiflycero-
the trigger of many crucial cellular signals that regulate cell 3-Phosphoethanolamine (dansyl-PE, dPE) was from Molec-
growth, cell cycle transitions, cell migration, and vesicle Ular Probes.p-myolnositol 1,2,3,4,5,6-hexakisphosphate
trafficking; moreover, defective PI(3,4,%Rignaling has  dodecasodium salt (§Pwas from Calbiochem.
been implicated in human cancers and diabet8s24). On Cloning Expression and Purification of GRP1-PH Do-
a molecular level, PH domain binding to PI(3,4,5)&gets ~ main GRP1-PH domain (residues 25392 of full-length
many signaling enzymes to the plasma membrane surface€GRP1) was cloned by PCR amplification from the human
including GTP/GDP exchange factors, cytoskeleton regula- expressed sequence tag (EST) clone (accession no.
tory proteins, membrane protein kinases, lipid kinases, andBG620295). The PH domain of GRP1 was expressed as a
other lipid modification enzymes that generate new lipid- glutathione S-transferase (GST) fusion protein and isolated
derived second messengers. Other PH domains specificallyon a glutathione affinity column prior to cleavage with
target different PIP lipids (such as PI(3,4)FP1(4,5)R, thrombin and elution of the free PH domain. This free GRP1-
PI(3)R, PI(4)R, and PI(5)R) in various signaling pathways PH domain was further purified to homogeneity with a
localized to the plasma or internal membranes. Sephadex G-75 gel filtration column. The mass of GRP1-
Previous studies, providing much useful information, have PH was confirmed by matrix-assisted laser desorption/
analyzed the binding of isolated PH domains and their fusion ionization time-of-flight mass spectroscopy (MALDI-TOF).
constructs to soluble PIP lipid analogues or to membrane- Protein purity was determined by SBBAGE @2), and
bound PIP lipids in monolayers or bilayer25(38). protein concentration was determined by both absorbance
However, the present study represents the first combinedat 280 nm using the calculated extinction coefficient and the
equilibrium and kinetic analysis of an isolated PH domain tyrosinate difference spectral methotB).
docking to its target lipid on the surface of a membrane Preparation of Lipid Mixtures and Phospholipid Vesicles
bilayer. The study focuses on a representative PI(3,4,5)P Lipids were dissolved in chloroform/methanol/water (1/2/
specific PH domain, namely, that of the general receptor for 0.8) to give the desired lipid ratios, dried under vacuum at
phosphoinositides, isoform 1 (GRP1). GRP1 is a member 45 °C until all solvents were removed, and then hydrated
of the cytohesin family of GTP/GDP exchange factors with buffer A (25 mM N-(2-hydroxyethyl)piperaziné¥-2-
(GEFs) that activate ADP ribosylation factors (Arfs) involved ethanesulfonic acid (HEPES), pH 7.4 with KOH, 140 mM
in actin reorganization3Q) in pathways such as chemotaxis KCI, and 15 mM NaCl, 1 mM MgG) by rapid vortexing.
(23, 24, 40, 41). Structurally, the PH and GEF domains of Sonicated unilamellar phospholipid vesicles were prepared
GRP1 are independent, and membrane binding affinity by sonication of the hydrated lipids to clarity with a Misonix
resides solely in the PH domain, which exhibits high affinity XL2020 probe sonicator. Vesicles were prepared with a total
and selectivity for PI(3,4,5(17, 27, 31). The crystal lipid concentration of 3 mM having the following mole



PH Domain Activation and Mechanism Biochemistry, Vol. 43, No. 51, 200416163

percentages PE/PC/PS/PI/dPE/SM (42.75/19/19/9.5/5/4.75), FRET Competitie Binding Assay to Measure PIP Lipid
PC/dPE/PI(3,4,5YR92/5/3), PC/PS/dPE/PI(3,4,%)®9/23/ Affinity and Specificity Apparent equilibrium competitive
5/3), PE/PC/ISM/dPE/PI(3,4,5159.1/26.3/6.6/5/3), PE/PC/  inhibition constants K;(IPs)apy Were determined by a
PS/PI/dPE/SM/PI(3,4)X41.4/18.4/18.4/9.2/5/4.6/3), PE/PC/ competition assay in which membrane bound GRP1-PH
PS/PI/dPE/SM/PI(4,5)R41.4/18.4/18.4/9.2/5/4.6/3), PE/PC/ domain is displaced from vesicles by the addition of the
PS/PI/dPE/SM/PI(3,4,5)/41.4/18.4/18.4/9.2/5/4.6/3). Follow-  competitive inhibitor IRB. Briefly, a concentrated ¥stock
ing sonication, insoluble material was removed by centrifu- solution was titrated into the sample containing GRP1-PH
gation. domain (0.75«M) and excess sonicated vesicles (1M
Equilibrium Fluorescence Experimentquilibrium fluo- total accessible lipid) in buffer A with 10 mM DTT. The
rescence experiments were carried out on a Photon Technoleompetitive displacement of GRP1-PH domain from the
ogy International QM-2000-6SE fluorescence spectrometer membrane was monitored using protein-to-membrane FRET
at 25°C in buffer A plus 10 mM dithiothreitol (DTT). The as described above. To control for the effects of the
excitation and emission slit widths were 1 and 8 nm, increasing ion concentration caused by the introduction of
respectively, for all measurements. IPs, a concentrated inorganic phosphate A#RO,) solution
Measurement of IPBinding to Free GRP1-PH Domain  was titrated in parallel into a separate but identical control
The binding of IR to GRP1-PH domain in the absence of sample to generate a total phosphate concentration equivalent
lipids generates an increase in the intrinsic tryptophan to that of the IR sample. The control titration data was
fluorescence of the PH domain. To measurghiding to subtracted from the Wtitration data following correction
the free GRP1-PH domain, a concentrated $Bck was for dilution, and maximum fluorescence was normalized to
titrated into a sample containing PH domain (@8) in one. Plots of protein-to-membrane FRET as a function of
buffer A plus 10 mM DTT. The intrinsic tryptophan [|Ps concentration were subjected to nonlinear least-squares
fluorescence was monitored using excitation and emissionbest-fit analysis using eq 2,
wavelengths of.ex = 284 nm andlem, = 332 nm. To control
for the effects of the increasing ion concentration caused by F=AF [1-———X* \4+c )
the introduction of IB12Na, a parallel control titration was ma K (IPg)app T X
carried out with free inorganic phosphate ¢NRO,) in a
separate cuvette containing free GRP1-PH domain such thathereby yielding the apparent competitive inhibition constant
the total phosphate concentration matched that of the IP for 1Ps (Ki(IPe)app. Finally, the best-fit offsetC was

sample. The control was subtracted from the tiration subtracted from all data points, and the bestfina, value
data following correction for dilution. The resulting plot of ~Wwas normalized to unity to simplify graphical presentations.
intrinsic fluorescence as a function ofsl€oncentration was Stopped-Flow FRET Measurements of Association and

subject to nonlinear least-squares best-fit analysis to calculateDissociation KineticsAll kinetic experiments were done on
the apparent dissociation constant fog ([Rp(IPs)), using ~ an Applied Photophysics SX.17 stopped-flow fluorescence

eq 1, which describes binding to a single independent site: instrument at 23C in buffer A plus 10 mM DTT. The dead
time of the instrument was 02 0.1 ms; thus all data points

E— AE X (1) prior to 1 ms were eliminated prior to quantitative analysis.
T ma Kp + X To measure protein-to-membrane FRET in this instrument,
the excitation wavelength and slit width settings on the

whereAFma represents the calculated maximal fluorescence €Xcitation monochromator were 284 and 3 nm, respectively,

change,x represents the total §Fconcentration, andp while a 475 nm long-pass filter was used to select the
represents the apparent macroscopic equilibrium dissociationdetected wavelengths of emitted light.
constant for IR binding. Finally, the best-fitAFyay value To determine the observed rate constant for membrane

was normalized to unity to simplify graphical presentations. association Ky GRP1-PH domain (0.7aM) was mixed
Measurement of Protein-to-Membrane FR&Ralysis of Py stopped-flow with vesicles (1QiM total accessible lipid).

protein-to-membrane FRET for GRP1-PH domain bound to The resulting time course displayed an increasing level of

membranes containing PIP lipids was carried out by titrating Protein-to-membrane FRET as noted above. The resulting

vesicles composed of PE/PC/PS/PI/dPE/SM, PE/PC/PS/PIfime course was subjected to nonlinear least-squares best-

dPE/SM/PI(3,4)R, PE/PC/PS/PI/dPE/SM/PI(4,5)Rr PE/ fit an_alysis using either thg single- or double-exponential

PC/PS/PI/dPE/SM/PI(3,4,5)fmole percentages above) with ~ function, eq 3 or 4, respectively:

the PH domain according to methods previously developed eond

for C2 domains 44, 45). Briefly, sonicated lipids in buffer F=AF(1-e™)+C 3)

A were mixed with a solution containing GRP1-PH domain

(1 uMy) in buffer A plus 10 mM DTT, and the protein-to- ~ F = AF, (1~ g oty + AF (1 — Tty 4C(4)

membrane FRET was quantitated from the dPE emission

(excitation and emission wavelengths wedgg = 284 nm To simplify graphical presentations, the best-fit off€atas

and lem = 522 nm, respectively). In a separate sample, subtracted from all data points, and the besiMimax (of,

identical vesicles were added to buffer lacking protein to for the eq 4 AFmax, + AFmay) Value was normalized to unity.

control for the increasing background emission arising from Finally, the observed rate constant was converted to the on-

direct dPE excitation. Following subtraction of the back- rate constant by division with the concentration of accessible

ground emission and correction for dilution, the FRET target PIP lipid (equal to half the total target PIP lipid

titration curve was best-fit with eq 1, and the bestARqax concentration since lipid exposed to the vesicle interior is

value was normalized to unity. inaccessible to protein).
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To determine the rate constant for dissociati&g)( of 5
GRP1-PH from the membrane, the experiment began with e 10
the preformed binary complex of GRP1-PH domain (0.75 @
uM) and vesicles (10LkM total accessible lipid) in buffer S <
A plus 10 mM DTT. At time zero, the binary complex was ‘g 2 osk
rapidly mixed with an equal volume of §#8.4 mM) in the 2 %
same buffer. The resulting approach to equilibrium was ) c
monitored as a decrease in the protein-to-membrane FRET £ I i —
as the PH domain dissociated from the membrane. The g 00 Y il
resulting time course was subjected to nonlinear least-squares a 0 0.2 0.4 0.6
best-fit analysis using the single function eq 5: [GRP1-PH], uM

Ficure 1: Equilibrium binding of GRP1-PH domain to synthetic
F= AFma)g(e_k%ﬂt) +C (5) lipid vesicles containing different PIP lipids. Sonicated lipid vesicles

possessing the indicated PIP lipid exposed on their surfaces were

: . titrated with isolated GRP1-PH domain (@M) at 25 °C. The
Finally, the best-fit offselC was subtracted from all data docking of GRP1-PH domain to the vesicles was detected by

points, and the best-flkFnax value was normalized to unity  protein-to-membrane FRET using intrinsic protein tryptophan
to simplify graphical presentations. residues as donors and membrane-bound dansyl-phosphatidyl-
ethanolamine lipids as acceptors (see Experimental Procedures).
RESULTS Vesicles were composed of PE/PC/PS/PI/dPE/SM/@P.4/18.4/
18.4/9.2/5/4.6/3 mol %) where the total accessible lipid and
. . . accessible PIP lipid concentrations were 59 and(\B respec-
GRP1-PH Domain Expression and Purificatiaduman tively, or PE/PC/PS/PI/dPE/SM (42.75/19/19/9.5/5/4.7/5 mol %)
GRP1-PH domain was cloned as a GST fusioBscherichia where the total accessible lipid was g, and the final buffer
coli strain BL12D, overexpressed, and affinity purified. The composition was 140 mM KCI, 15 mM NaCl, 1 mM Mg€lI10

free PH domain was generated by cleavage of the GST fusion™™ DTT, 25 mM HEPES, pH 7.4. Individual samples contained
i) AR by PIG4S5)R (O), PI(34)R (W), PI(45)R (#), or no PIP lipid ).
with thrombin and subsequently purilied to homogeneity DY grror pars represent the standard deviation of the mean for three

size-exclusion FPLC. The purity of the resulting GRP1-PH replicate experiments.
domain was determined by SBEAGE and found to exceed

90%. The mass of GRP1-PH domain was found to be 17 396 __ . N s
Da by MALDI-TOF mass spectroscopy, well within the affinity. No significant GRP1-PH domain binding is observed

range of error of the predicted mass (17 399 Da). for P!(A},S)B-containing membran.es nor for those lacking a
GRP1-PH Domain Lipid Specificitythe PIP lipid speci- PIP lipid. Such GRP1-PH domain titrations are useful for
ficity of the isolated GRP1-PH domain was measured using establishing relative affinities but not for accurate determi-
a protein-to-membrane fluorescence resonance energy transdation of affinities. This is especially true for the case of
fer (FRET) assay44, 45), which quantitates protein docking GRP1-PH domain binding to PI(3,4,5)Pontaining mem-
to synthetic membranes composed of well-defined mixtures branes, where the protein concentration needed for the FRET
of pure lipids. In the present application, the four intrinsic assay significantly exceeds tlig, of the interaction (see
tryptophan residues of the PH domain (Trp270, -281, -285, below). Thus, a new experimental approach was developed
and -371) serve as FRET donors and dansylated phosphatito quantitatively determine the equilibrium affinity of PH
dylethanolamine (dPE), a fluorescent lipid incorporated into domains for membrane-bound PIP lipids.
the membranes at small mole fraction, serves as the acceptor. FReT Competitie Binding Assay for Measuring High-

FRET occurs only when the GRP1-PH domain is docked to Affinity PIP Lipid Binding: ApproachA new methodology
the membrane surface, where Aa” four tryptophans are, a5 developed to quantitatively measure the equilibrium
expected to lie at distances (20 A) from the headgroup isqciation constanig) for the high-affinity binding of a

;eSg:&o\n %‘ﬁ" vn\gltzlqrgrra:ge r%ﬂ;'rgivforr efflilientt FdREr]:i?I((E llar membrane docking protein to its target lipid in a membrane
)- The membranes utilized were sonicated unilamella context. The method as applied to PH domains utilizes

vesicles, which provided a stable bilayer structure similar . . . .

to cellular memt?ranes To probe PIP>I/ipid specificity, PH inositol-(1,2,3,4,5,6)-hexakisphosphates|1&s a competitive
Ce : ) L inhibitor of PIP lipid binding, making use of the known

domain binding to three membrane-bound PIP lipids was ability of IPs to bind to a number of PH domains including

compared: PI(3,4,5%Pthe previously identified target of . :
GRP1-PH domain30, 33), and two other important PIP the GRP1-PH domairB0—32, 34, 46). Briefly, the method

Signaling ||p|dS, P|(3,4)Pand P|(4,5)E’ Membranes IaCking first measures the aff|n|ty of the free PH (_:iomain fOE Iﬁ .
PIP lipids were also tested. The overall lipid composition of the absence of membranes. This step provides the equilibrium

the membranes was a mixture designed to mimic the dissociation constankg(IPs)) for IPs binding to the free
cytoplasmic leaflet of the plasma membrane (PE/PC/PS/PI/PH domain. Next, the iis used to competitively displace
dPE/SM/PIR, 41.4/18.4/18.4/9.2/5/4.6/3 mol %). PH domain from its PIP lipid binding sites on target
Figure 1 illustrates the binding curves measured by titrating membranes. This step provides an apparent inhibition
GRP1-PH domain into a suspension of each of the four constant Ki(IPs)app for IPs that depends on the PIP lipid
membrane types while using protein-to-membrane FRET to concentration and the background lipid composition, as well
monitor domain docking to the membrane surface. These as the affinities of the PH domain for PIP lipid and foe.IP
binding curves indicate that GRP1-PH domain binds to Finally, the equilibrium dissociation constarty(PIP,Xy))
PI(3,4,5)B-containing membranes with high affinity and to for PH domain binding to its PIP lipid target in a specific
PI1(3,4)R-containing membranes with substantially weaker membrane context (§ is calculated from the standard
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Table 1: Lipid Composition of Sonicated Unilamellar Vesicles

lipid mixture name lipid mole ratio lipid mol %
PC/PS/APE/PI(3,4,5P Sa 22.5:7.5:1:15 69/23/5/3
PC/dPE/PI(3,4,5)P Sv 30:1:1.5 92/5/3
PE/PC/PS/PI/dPE/SM/PI(3,4,%)P Pa 13.5:6:6:3:1.5:1:1.5 41.4/18.4/18.4/9.2/5/4.6/3
PE/PC/SM/JPE/PI(3,4,5)P Pn 19:9:2:1:1.5 59.1/26.3/6.6/5/3
° 1.0 1.0
2 A
=
K
c
c 0.5}
5 05 b
w m
Q b _—
; 0.0 H .02’ 0.0 1 1 1 1
0 50 100 150 200 EE O 1 2 3 4 5
[IP¢], uM 3€ op
Ficure 2: Equilibrium binding of IR to isolated GRP1 PH domain T B
in the absence of membranes. Free GRP1-PH domainu{@)3 ©
was titrated at 28C with increasing concentrations ofglBinding o
of IPg to the domain was monitored via the observed increase in o
intrinsic tryptophan fluorescence (see Experimental Procedures). 05k
The final buffer composition was 140 mM KCI, 15 mM NacCl, 1
mM MgCl;, 1 mM DTT, 25 mM HEPES, pH 7.4). Error bars
represent the standard deviation of the mean for four replicate
experiments. The solid curve represents the nonlinear least-squares 0.0 1 L ) L
best fit for a homogeneous population of independegbiRding 0 0.1 0.2 0.3 0.4 0.5
sites (eq 1). Inset shows the same data over the fgttdRcentration [IP¢], mM

range used to calculate the binding constant. = o
Ficure 3: Use of FRET competitive binding assay to measure the

equilibrium affinity of GRP1-PH domain for membrane-bound PIP

competitive binding relationship: lipids. A preformed complex between GRP1-PH domain (Vv
and sonicated lipid vesicles containing the indicated PIP lipid (101
[PIP] uM total accessible lipid; M accessible PIP lipid) was titrated
K (IPg).00 = Kp(IP)| 1 + free (6) at 25 °C with increasing concentrations of¢lPThe competitive
I\ 6/app D Ko(PIP,X,) displacement of GRP1-PH domain from the membrane surface was

monitored as decreasing protein-to-membrane FRET (see Experi-
. . mental Procedures). The final buffer composition was 140 mM KCl,
where [PIP}ec is the free PIP concentration (246 4 uM), 15 mM NaCl, 1 mM MgC}, 10 mM DTT, and 25 mM HEPES,
which includes only that portion of the unbound PIP lipid pH 7.4. Membranes contained (A) PE/PC/PS/PI/dPE/SM/PI(3,4,5)-

population exposed on the outer surface of the vesicle WhereEsl(g‘is‘gﬁé“n/}b?;zg-22‘51/142/13;;2?{;@2/8fz(/%)/fggg/o Fl’f//';'/é’r':g/gx/
Itis apceSS|bIe to PH dom‘f’"” binding. For the PH d.omalr.ls représent the stanjard deviation of the mean for gt' least threse
examined thus far, including the GRP1-PH domain, this |epjicate experiments. Solid curves represent nonlinear least-squares
approach requires measurementkaf(IPs) and K;(IPe)app best fits for a homogeneous population of binding sites (eq 2), which
values that fall in experimentally tractable ranges, rather thanyield the apparent Paffinity, enabling calculation of th&p for
the experimentally less-accessillg(PIP,X,) value. In the PH domain docking to membrane-bound PIP lipid (eq 6, Table 2).
present study, four different background lipid compositions
are utilized (X corresponding to B Py, Sy, and Q) as concentration range needed for the experiment will always
summarized in Table 1 and below. significantly exceed the protein concentration in the fluo-
Affinity of the Free GRP1-PH Domain for the Soluble rescence sample.
Ligand IPs. Taking advantage of the increase in the intrinsic  Quantitatve Determination of GRP1-PH Domain PIP
tryptophan fluorescence that occurs upogbding to the Specificity in a Physiological Membrane Contekihe FRET
GRP1-PH domain, an binding curve was generated by competitive binding assay was used to quantitatively compare
titrating IP; into a solution of free PH domain in the absence the affinity of GRP1-PH domain for target PIP lipids in the
of membranes while monitoring tryptophan emission. The context of a lipid bilayer. The synthetic membranes used
resulting binding curve is shown in Figure 2. The data are for this comparison were a mixture of pure PE/PC/PS/PI/
well-approximated by a best-fit curve for a homogeneous dPE/SM/PIR, (mole percent 41.4/18.4/18.4/9.2/5/4.6/3) de-
population of independent §inding sites with &Kp(IPs) signed to mimic the physiological lipid background sur-
of 35+ 2 uM. Since the apparent ¢rRaffinity will decrease rounding PIP lipids in the cytoplasmic leaflet of the plasma
in the presence of PIP-lipid-containing membranes (eq 6), membrane 47). This mixture of background lipids is
the measureKp(IPs) is a lower limit on the apparent designated P(Table 1). Figure 3A presents thesi®Piggered
inhibition constant,K(IP)app for IPs disruption of PH competitive displacement of GRP1-PH domain from P
domain-PIP lipid binding. Thus, the(IPs)app value will membranes containing 3 mol % PI(3,4,5)®hich yielded
always exceed 3BM, ensuring that the FRET competitive  a K|(IPg)app 0f 2.0 £ 0.2 mM, which was in turn used to
binding experiment will be straightforward since the; IP  calculate aKp(PIP5,Ps) of 50 + 10 nM for the binding of
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GRP1-PH domain to PI(3,4,5n a physiological bilayer
context (Figure 3A, eq 6). Similarly, competitive displace-
ment from R membranes containing 3 mol % PI(3,4)P
yieldedK(IPe)appandKp(PI(3,4)R,Pa) values of 46+ 3 and

8 + 3 uM, respectively (Figure 3B, eq 6). By contrast, the
protein-to-membrane FRET signal obtained for mem-
branes containing 3 mol % PI(4,5)Pr P» membranes
lacking PIP lipids was too low for quantitation, confirming
the results of the initial binding screen that indicated no
detectable GRP1-PH domain binding to such membranes
(Figure 1).

Overall, the findings indicate that the GRP1-PH domain
possesses a 160-fold higher affinity for PI(3,4 Hifan for
PI(3,4)R in a physiological bilayer context, while the
unmeasurable affinity for P1(4,5)@r for background lipids
alone is at least Y€fold lower than the PI(3,4,5)yaffinity.

In light of this clear specificity for PI(3,4,5)Pfurther studies

of the GRP1-PH domain focused on the equilibrium and
kinetic parameters for its docking to membranes containing
PI1(3,4,5)R, hereafter abbreviated RIP

Determination of GRP1-PH Domain Equilibrium Dis-
sociation Constants for P@in Different Membrane Con-
texts.To examine the effect of background lipids on GRP1-
PH domain binding to PR the four different lipid mixtures
summarized in Table 1 were utilized. The first mixture, PC/
PS/dPE/PIR(69/23/5/3 mol %), is based on the 3/1 PC/PS
mixture often used as a simplified approximation of the cell
membrane. Due to its simplified nature and to the fact that
it contains the anionic lipid PS, this mixture is designated
Sa. The second mixture is similar but replaces the anionic
lipid PS with neutral PC yielding the mixture PC/dPE/RIP
(92/5/3 mol %), designatedySThe third mixture is designed
to mimic the physiological lipid composition of the plasma

membrane inner leaflet and contains PE/PC/PS/PI/dPE/SM/

PIP; (41.4/18.4/18.4/9.2/5/4.6/3 mol %), designated Fhe
final mixture is based on the latter physiological lipid
mixture, but the anionic lipids PS and Pl are removed to
yield PE/PC/SM/JPE/PK(59.1/26.3/6.6/5/3 mol %), des-
ignated R.

Equilibrium dissociation constantKg(PIP;,Xy)) were
measured for GRP1-PH domain binding to Pi?each of
these four membrane contexts using the FRET competitive
binding assay. Figure 4 illustratessifitration curves for the
displacement of GRP1-PH domain from membranes contain-
ing PIR; in the simple lipid background, both with and
without the anionic lipid PS. Thi,(IPg)ap, values measured
for these PC/PS/dPE/RIFS,) and PC/dPE/PHA(Sy) mem-
branes were 0.8% 0.07 and 0.17 0.02 mM, respectively.
TheseK(IPg)app Values were converted to equilibrium dis-
sociation constants for GRP1-PH domain docking tozPIP
in each simple background lipid context (eq 6), yielding a
Ko(PIP;,S4) value of 110+ 20 nM and &Kp(PIP;,Sy) value
of 700 &+ 200 nM.

Figure 5 illustrates Iptitration curves for the displacement
of GRP1-PH domain from membranes containing sHiP
the physiological lipid background, both with and without
the anionic lipids PS and PI. Thg(IPs)app values measured
for these PE/PC/PS/PI/dPE/SM/RIfP,) and PE/PC/SM/
dPE/PIR (Py) membranes were 24 0.2 mM and 200+
20uM, respectively. ThesK,(IPs)appvalues were converted
to equilibrium dissociation constants for GRP1-PH domain
docking to PIR in each physiological background lipid
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Ficure 4: Use of FRET competitive binding assay to measure the
equilibrium affinity of GRP1-PH domain for membrane-bound#IP

in a simple lipid mixture. A preformed complex between GRP1-
PH domain (0.75M) and sonicated lipid vesicles containing PI-
(3,4,5)R (101 uM total accessible lipid; &M accessible PI(3,4,5)-

P3) was titrated at 28C with increasing concentrations ofgFrhe
competitive displacement of GRP1-PH domain from the membrane
surface was monitored as decreasing protein-to-membrane FRET
(see Experimental Procedures). The final buffer composition was
140 mM KCI, 15 mM NaCl, 1 mM MgGJ, 10 mM DTT, 25 mM
HEPES, pH 7.4, and membranes contained one of the two following
lipid mixtures: PC/PS/dPE/PI(3,4,%F69/23/5/3 mol %) @) or
PC/dPE/PI(3,4,54P(92/5/3 mol %) ). Error bars represent the
standard deviation of the mean for at least three replicate experi-
ments. Solid curves represent nonlinear least-squares best fits for
a homogeneous population of binding sites (eq 2), which yield the
apparent IRaffinity, enabling calculation of th&p for PH domain
docking to membrane-bound PI(3,4,5)Pid (eq 6, Table 2).
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Ficure 5: Use of FRET competitive binding assay to measure the
equilibrium affinity of GRP1-PH domain for membrane-boundIP

in a physiological lipid mixture. A preformed complex between
GRP1-PH domain (0.78M) and sonicated lipid vesicles containing
PI(3,4,5)R (101 uM total accessible lipid; 3uM accessible
PI(3,4,5)R) was titrated at 25C with increasing concentrations

of IPs. The competitive displacement of GRP1-PH domain from
the membrane surface was monitored as decreasing protein-to-
membrane FRET (see Experimental Procedures). The final buffer
composition was 140 mM KCI, 15 mM NaCl, 1 mM MggI10

mM DTT, 25 mM HEPES, pH 7.4, and membranes contained one
of the two following lipid mixtures: PE/PC/PS/PI/dPE/SM/PI-
(3,4,5)R (41.4/18.4/18.4/9.2/5/4.6/3 mol ¥#) or PE/PC/SM/dPE/
PI1(3,4,5)R (59.1/26.3/6.6/5/3 mol %)X). Error bars represent the
standard deviation of the mean for at least three replicate experi-
ments. Solid curves represent nonlinear least-squares best fits for
a homogeneous population of binding sites (eq 2), which yield the
apparent IRaffinity, enabling calculation of th&p for PH domain
docking to membrane-bound PI(3,4,5)Pid (eq 6, Table 2).

0.0

Protein-to-Membrane FRET
w

context (eq 6), yielding &p(PI1P5,P,) value of 50+ 10 nM
and aKp(PIP;,Py) value of 600+ 100 nM.

Table 2 summarizes the equilibrium affinities for GRP1-
PH domain docking to PEn each of the four background
lipid contexts. Overall, the affinities of GRP1-PH domain
for membrane-bound P4Rn the simple and physiological
lipid mixtures are nearly the same, within 2-fold. When the
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Table 2: Summary of Equilibrium and Kinetic Parameters for A
GRP1-PH Domain Docking to PtRn Membranes 1.0 -

equilibrium parametefs kinetic parametefs

"pid Kl(lpe)app KD(P”D?:)b kon koff koff/kon
mixture  (mM) (nM)  (stuMY  (sh (nM)

Sa 0.87+0.07 11020 14+2 1.3£0.2 90£20
Sy 0.17+£0.02 7004+ 200 2.5+0.5 1.6+0.2 600+ 100
Pa 20+£02 50+10 17+3 1.1+£0.2 70£20
Pn 0.204+0.02 6004+ 100 1.4+0.3 1.2+0.2 900+ 300

aDetermined at 25C in samples containing 0.7V GRP1-PH
domain and the indicated lipid mixture (see Table 1 for lipid
compositions) in buffer containing 140 mM KCI, 15 mM NaCl, 1 mM
MgCl;, 10 mM DTT, and 25 mM HEPES, pH 7.4 with KOH.
b Calculated from equilibrium parameters using eq 6.
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anionic lipids PS and PI are removed, the GRP1-PH domain 0%

affinities for PIR in the modified simple and physiological
lipid mixtures are even more similar, but the loss of the
anionic lipids decreases the affinity of GRP1-PH domain for 00 e o1 o2 s os o5
its membrane-bound PjRarget by a factor of 6-fold or 12- ’ ’ Ti.me (se'c) ' '
fold in the simple and physiological lipid systems, respec- o o ) ]
tively. It follows that background anionic lipids play a FiGURE 6: Association kinetics of GRP1-PH domain docking to
. 'f: t role in defining the ob d affinity of the PH membrane-bound PiRn a simple lipid mixture. The association
signi '_Can role |.n elining the observed arlinity or the reaction was triggered by rapid mixing of GRP1-PH domain with
domain for PIR in both membrane contexts. sonicated lipid vesicles containing PI(3,4,53®25°C in a stopped-
Kinetic Analysis of GRP1-PH Domain Docking to BIP  flow spectrofluorimeter while monitoring the increasing protein-
MembranesThe kinetics of GRP1-PH domain membrane [o-membrane FRET (see Experimental Procedures). The GRP1-

. . L . . .. PH domain and lipid concentrations following mixing were
docking were studied to probe the kinetic basis of the affinity equivalent to those Esed in the equilibrium expe?iments %01\715

enhancement observeo_l when the_a_nionic lipids PS, or PSGRP1-PH domain; 10&M total lipid accessible; &M PI(3,4,5)R
and PI, are present in PHeontaining membranes. In accessible). The buffer contained 140 mM KCI, 15 mM NacCl, 1

principle, such an affinity enhancement could arise from an mM MgCl,, 1 mM DTT, and 25 mM HEPES, pH 7.4, and the

increase in the on-rate constaitJ or a decrease in the ~Membranes were composed of (A) PC/PS/APE/PI(3,4(5§723/

T 5/3 mol %) or (B) PC/dPE/PI(3,4,5)®92/5/3 mol %). Data points
off-rate constantk) when the background anionic lipids  roresent the average values from at least six separate replicate
are present. The time courses of GRP1-PH domain associatimecourses. The solid curves represent the best fit to (A) a double-

tion and dissociation reactions were monitored by protein- exponential equation or (B) a single-exponential equation (eq 3 or
to-membrane FRET in a stopped-flow fluorescence spec- 4, respectively). Panel B inset shows the same data over the full
trometer. All conditions and concentrations utilized in these M€ course used to determikg,
kinetic studies were identical to those of the equilibrium
experiments to ensure that the kinetic and equilibrium results
can be directly compared. 5
The association reaction was trlgg_ered by r_apld MXING b3 from the simple membranes yields a 6-fold decrease in
(<1 ms) of a membrane suspension with a solution of GRP1- .
PH domain while monitoring the increase in protein-to- the mag.nltudfa 9f the onjrate cons.tant (Table 2).
membrane FRET as the protein docked to the membrane. The dissociation reaction was triggered by stopped-flow
An excess of available P{Ptogether with the high affinity ~ Mixing (<1 ms) a suspension of GRP1-PH domain bound
of the PH domain for its target, ensured that the vast majority 10 PIP-containing membranes with a solution of the
of PH domain became membrane bound as equilibrium was¢ompetitive inhibitor IB. In the presence of saturatings)P
achieved. As a result, the contribution of dissociation kinetics @s the domain dissociated from the membrane, it was rapidly
to the observed approach to equilibrium was negligible. The 0ccupied by the inhibitor, thereby effectively making mem-
time course of GRP1-PH domain docking to simple PC/PS/ t_)rane dissociation an |r_rever5|ble reaction. The dlssoua_tlon
dPE/PIR membranes (Table 1) is shown in Figure 6A. time course was monitored by foIIOW|_ng the decreasing
Nonlinear least-squares best-fit analysis revealed that aProtein-to-membrane FRET as the protein left the membrane
double-exponential function was required to adequately fit Surface, as illustrated in Figure 7. For simple membranes
the data, yielding the primary observed rate constap{Ss) containing and lacking PS, the resulting kinetic data was
= 38 + 1 s, corresponding to the majority of the adequately fit by a single-exponential function, yielding the
association curve amplitude. This observed rate constant wa®ff-rate constant&(Sa) = 1.3+ 0.2 andki(Sy) = 1.6 £
then divided by the concentration of accessiblesRiR/ield 0.2 s*. Thus, the off-rate constants measured for simple
the on-rate constanko(Sx) = 14+ 1 5T uM~1. When PS memb_raljes containing and lacking the anionic lipid PS were
was removed from the simple membranes, the time courseVery similar (Table 2).
of GRP1-PH domain docking was slowed significantly =~ Analogous kinetic measurements of association and dis-
(compare Figure 6A,B). The resulting kinetic data was sociation time courses were carried out for physiological PE/
adequately fit by a single-exponential function, yielding the PC/PS/PI/SM/dPE/Pmembranes (Table 1) containing and
observed rate constark,d{Sy) = 7 &+ 1 s % This observed lacking the anionic lipids PS and PI. For physiological

rate constant was subsequently corrected for the concentration
of accessible PHPto yield the on-rate constarksn(Sy) =
5+ 0.5 st uM™1. Thus, the removal of the anionic lipid



16168 Biochemistry, Vol. 43, No. 51, 2004 Corbin et al.

1.0
0.5 £
- b oshk/f
w o -
[
(T8
L
o
o c
c 0.0 E —_
g 'd‘; s g 0.0 1 1 1 1
> - . . . . .
g2 o p ) 3 4 s uE>§ 00 01 02 03 04 05
o8 =0
=) oL
1 -
2= 10 £ 1of B
£ \ [
2 [
o o
& o5
0.0 00 ) : :
00 01 02 03 04 05
0 1 2 3 4 5 Time (sec)

Time (sec) Ficure 8: Assaciation kinetics of GRP1-PH domain docking to
FIGURE 7: Dissociation kinetics of GRP1-PH domain docked to membrane-bound PiPin a physiological lipid mixture. The
membrane-bound P3Rn a simple lipid mixture. The dissociation ~ association reaction was triggered by rapid mixing of GRP1-PH
reaction was triggered by rapid mixing of gRvith GRP1-PH domain with sonicated lipid vesicles containing PI(3,4;59P25
domain bound to PI(3,4,5)Pon vesicles in a stopped-flow °C in a stopped-flow spectrofluorimeter while monitoring the
fluorimeter at 25°C. The resulting dissociation of GRP1-PH domain increasing protein-to-membrane FRET (see Experimental Proce-
from the vesicles was monitored by protein-to-membrane FRET dures). The GRP1-PH domain and lipid concentrations following
(see Experimental Procedures). The GRP1-PH domain and lipid mixing were equivalent to those used in the equilibrium experiments
concentrations following mixing were equivalent to those used in (0.754M GRP1-PH domain: 104M total lipid accessible; &M
the equilibrium experiments (0.78M GRP1-PH; 101uM total PI(3,4,5)R accessible). The buffer contained 140 mM KCI, 15 mM
lipid accessible; &M PI(3,4,5)R accessible). The buffer contained NaCl, 1 mM MgCp, 10 mM DTT, and 25 mM HEPES, pH 7.4,
140 mM KCI, 15 mM NaCl, 1 mM MgGJ, 10 mM DTT, and 25 and the membranes were composed of (A) PE/PC/PS/PI/dPE/SM/
mM HEPES, pH 7.4, and the membranes were composed of PI(3,4,5)R (41.4/18.4/18.4/9.2/5/4.6/3 mol %) or (B) PE/PC/SM/
(A) PC/PSI/APE/PI(3,4,5)P(69/23/5/3 mol %) or (B) PC/dPE/  dPE/PI(3,4,5)P(59.1/26.3/6.6/5/3 mol %). Data points represent
PI1(3,4,5)R (92/5/3 mol %). Data points represent the average values the average values from at least six separate replicate time courses.
from at least six separate replicate time courses. The solid curvesThe solid curves represent the best fit to (A) a double-exponential
represent the best fits to a single-exponential equation (eq 5).  equation or (B) a single-exponential equation (eq 3 or 4, respec-

tively). Panel B inset shows the same data over the full time course
used to determin&.

membranes in the presence of anionic lipids, the time course . . o —
of the association reaction required a double-exponential membranes, the dissociation kinetics were not significantly

function to adequately fit the data as illustrated in Figure altéred by removal of background anionic lipids.

8A, yielding the primary observed rate constdgi{P,) = Overall, for _both_the _si_mple_ lipid mixture and the more
44 + 2 s7%, corresponding to the majority of the association complex physiological lipid mixture, the presence of back-

; - d anionic lipids significantly speeds the rate of binding
curve amplitude. Division of the observed rate constant by groun ) :
the concentration of accessible Rliielded the on-rate of GRP1-PH domain to membran_e—poundfbat has little
constant, ken(Pa) = 17 + 3 s+ uM-% for docking to or no effect on the'rate of dlssomatlon: The 6-fold and 12-
physioloéical membranes. When the a,mionic lipids PS and fold faster association rates fully explain the 6-fold and 12-
Pl were removed from thé physiological lipid mixture, a fold higher affinities observed for equilibrium GRP1-PH

single-exponential function was adequate to fit the associationdomain binding to simple and physiological membranes that

rea%tion ?Figure 8B), yielding the ?)bserved rate constant contain the full complement of anionic lipids, respectively.
' ) ; "N | ilibri i iati lcul f

keodPy) = 3.5+ 0.5 S1, and, following correction for the otably, equilibrium dissociation constants calculated from

. . the kinetic datakp = kosi/kon) @re in good agreement with
accessible PIPconc_entratlon, the on-rate Cons_tedlu_ ’(P_N) the experimental dissociation constants measured by the
= 1.4+ 0.3 s* uM~1 Thus, removal of the anionic lipids

. . FRET competitive binding assay (Table 2). This self-
PS and P.I from _the lipid mlxture_slow_s the rate of GRP1- consistency provides strong evidence that the kinetic analysis
PH domain docking to PN physiological membranes by

accurately depicts the rates of the microscopic processes
a factor of 12. occurring during equilibrium binding. Moreover, the good
The time courses for dissociation from physiological agreement supports the use of the fast, major-amplitude
membranes containing and lacking the anionic lipics PS and component from the double-exponential fits to calculate the
Pl were adequately fit by a single-exponential function, as on-rate constants for membranes containing anionic lipids.
illustrated in Figure 9. The resulting off-rate constants were The minor-amplitude component of these fits is 6-fold to
Ktf(Pa) = 1.1 £ 0.2 andkys(Py) = 1.2 &+ 0.2 st for 8-fold slower than the major component, and the simplest
physiological membranes containing and lacking the anionic explanation for the slow component is that PH domain
lipids PS and PI, respectively. Thus, as in the case of simpledocking triggers a slow rearrangement of lipids involving
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membrane-bound target lipids that are difficult to quantitate
by standard methods.

Equilibrium binding measurements using this FRET

competitive binding assay confirm predictions based on
m soluble analogue studies that the GRP1-PH domain would
o« be specific for membrane-bound PI(3,4,53Ad also would
P exhibit weak binding to membrane-bound PI(3 ARt not
§ % to PI(4,5)R (27, 30, 33, 50). The present results reveal that
€2 o 1 2 3 4 5 the GRP1-PH domain binds to membrane-bound PI(3,4)P
2 < and PI(4,5)R with 160-fold lower and>10*fold lower
3 affinities, respectively, than PI(3,4,%)h the same lipid
_E background. Thus, the GRP1-PH domain exhibits at least a
g 2-log preference for target lipid P1(3,4,5)relative to other
a membrane-bound PIP lipids.

The present work also examines the docking of GRP1-
PH domain to PI(3,4,5Rhereafter termed PYpin different
background lipid mixtures, thereby analyzing the effect of
bilayer context on the docking equilibrium and kinetics. The
results indicate that the PH domain docks with similar (within
2-fold) affinities to PIR in either a simplified lipid mixture
(PC/PS/dPE/PIF 69/23/5/3 mol %) or a physiological lipid
mixture designed to mimic the lipid composition of the
plasma membrane inner leaflet (PE/PC/PS/PI/dPE/SM/PIP
41.4/18.4/18.4/9.2/5/4.6/3 mol %). Removal of the anionic
lipid PS from the simple lipid mixture reduces the GRP1-
PH domain affinity for membrane-bound RIR-fold.
Similarly, removal of anionic lipids PS and PI from the

Time (sec)

Ficure 9: Dissociation kinetics of GRP1-PH domain docked to
membrane-bound P}Pin a physiological lipid mixture. The
dissociation reaction was triggered by rapid mixing of iFith
GRP1-PH domain bound to PI(3,4,5)en vesicles in a stopped-
flow fluorimeter at 25°C. The resulting dissociation of GRP1-PH
domain from the vesicles was monitored by protein-to-membrane
FRET (see Experimental Procedures). The GRP1-PH domain and
lipid concentrations following mixing were equivalent to those used

in the equilibrium experiments (0.78M GRP1-PH domain; 101
uM total lipid accessible; &M PI(3,4,5)R accessible). The buffer
contained 140 mM KClI, 15 mM NaCl, 1 mM Mgg&Il10 mM DTT,

and 25 mM HEPES, pH 7.4, and the membranes were composed

of (A) PE/PC/PS/PI/dPE/SM/PI(3,4,5)R11.4/18.4/18.4/9.2/5/4.6/3

physiological lipid mixture reduces the PH domain affinity
for membrane-bound PiP12-fold. Thus, the affinity of
GRP1-PH domain for its target PJfs dependent on the
composition of the background lipids, providing evidence
for direct or indirect interactions between the PH domain

mol %) or (B) PE/PC/SM/APE/PI(3,4,5)159.1/26.3/6.6/5/3 mol ire
%). Data points represent the average values from at least sixand nontarget lipid components of the membrane surface.

separate replicate time courses. The solid curves represent the best To probe the mechanism by which anionic background
fits to a single-exponential equation (eq 5). lipids increase the PH domain affinity for membrane-bound
) ) ) PIP;, the effects of these lipids on association and dissocia-
PS and PI, since no slow component is observed in the o, kinetics have been measured. Notably, the equilibrium
association reaction when membranes lack one or both of g kinetic data are self-consistent (as indicated<by=
these background anionic lipids. Such redistribution of lipids kei/kon See Table 2), providing strong evidence for the

has previously been observed following the binding of certain 4¢cyracy of both types of data. The on-rate for the association
proteins to membrane surface8(49). Also notable isthe ot GRP1-PH domain with membrane-bound PIR the
observation that dissociation of the GRP1-PH domain from simple lipid mixture is 6-fold faster when the mixture

all four types of membrane yields a single-exponential time contains the anionic lipid PS, while the off-rate for PH
course and a nearly identical off-rate constant s™), domain dissociation from these membranes is independent,
independent of whether background anionic lipids are thin error, of whether the mixture contains or lacks PS.
present. It follows that once the PH domain is stably bound Similarly, the on-rate for association of GRP1-PH domain
to its target PIR lipid, its dissociation from the membrane \yith membrane-bound P4 the physiological lipid mixture
is relatively insensitive to the anionic lipid composition of s 17.fo|d faster when the mixture contains the anionic lipids
the surrounding lipid mixture. PS and PI, while the off-rate for PH domain dissociation
from the physiological membranes is independent of whether
the mixture contains or lacks these anionic lipids. Thus, the
The present study uses a protein-to-membrane FRETPIP; affinity enhancement provided by the presence of
assay, previously developed for C2 domaidd, (45), to background anionic lipids arises entirely from a faster on-
monitor PH domain docking to target lipids in synthetic rate for docking to the membrane-bound PiBther than
bilayers of controlled composition. The advantages of this from a slower membrane dissociation. Such enhancement
assay include high sensitivity and precision, use of minimal of the on-rate by background anionic lipids has important
guantities of lipids and proteins, and avoidance of membraneimplications for the mechanism used by the GRP1-PH
stresses due to loading of vesicles with the nonphysiological domain to find its rare target lipid.
solutes used in pelleting methods. Furthermore, a novel During a cellular signaling event, PJis generated as a
extension of this protein-to-membrane FRET approach hasrare lipid component in the cytoplasmic leaflet of the plasma
enabled the development of a competitive binding assay thatmembrane. Most of this rare target lipid is generated by the
accurately measures very high PH domain affinities for class | phosphoinositide 3-kinases (PI3Ks) through the

DISCUSSION
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phosphorylation of the precursor lipid P1(4,5)B yield PIR
(5). Estimates of the cellular quantities of P1(4,53Ad PIR
vary widely, but the available information suggests that the
total cytoplasmic concentration of RIPanges from ap-
proximately 2 nM in a resting cell to a peak cytoplasmic
concentration of 200 nM in a stimulated cell. (These values
assume that (i) P1(4,5)Represents 2% of the lipids in the
cytoplasmic leaflet of the plasma membane, (ii) the resting
and peak levels of PHre 0.01% and 1% of total P1(4,5)P
in the cytoplasmic leaflet, respectively, (iii) the total number
of lipids in the cytoplasmic leaflet is & 1, and (iv) the
cytoplasmic volume is 1 pL5 25, 48, 51, 52). Significantly,
the Kp of 50 nM measured herein for the binding of GRP1-
PH domain to membrane-bound RIR a physiological lipid
context is perfectly tuned to act as a recruitment switch in
these cytoplasmic PiRconcentrations. Thus, as the cyto-
plasmic PIR concentration increases from approximately 2
nM to a peak value of 200 nM during a signaling event, the
affinity of the PH domain for the plasma membrane would
increase dramatically as expected for a targeting motif.
The peak signaling concentration of Ri€an further be
used to estimate the time scale of GRP1-PH domain docking
to membrane-bound P a cellular context. The present
data (Figure 8) illustrate the time scale of the docking
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Step 1:
Weak, nonspecific
binding to anionic
lipids facilitates
2-D search
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Step 2:

Tight, specific binding
to PIP; yields stable
membrane recruitment

1

reaction for GRP1-PH domain docking to membrane-bound
PIP; in a physiological lipid mixture; however, the total
accessible Pconcentration is 13-fold higher than the 200
nM peak concentration estimated for a cellular signaling ,
event. It follows that in the cellular context, the docking time F/GURE 10: Model of the search mechanism used by GRP1-PH

domain to find the rare target lipid PIP3. Shown is a schematic
course could be slowed at least 13-fold by the lowersPIP plasma membrane consisting of a core hydrocarbon region (yellow),

concentration. In this scenario, the docking reaction would the headgroups of the outer leaflet (black) and the headgroups of
take at leas2 s toreach completion (obtained by 13-fold the cytoplasmic inner leaflet color coded according to chemical

slowing of the time course in Figure 8A). If anionic lipids identity (cyan for neutral headgroups, green for the anionic lipids
were not present, the docking reaction would be further PS and PI, and blue for PI(3,4,5)PAlso shown is the full-length

| d and Id tak | 20 h leti GRP1 protein with its distinct PH and GEF (guanine-nucleotide
slowed and would take at least 20 s to reach completion gychange factor) domains. Panel A depicts step 1: The PH domain

(obtained by 13-fold slowing of the time course in Figure of cytosolic GRP1 forms transient weak electrostatic interactions
8B). Given that cellular Pifsignals can be generated within  with the abundant background anionic lipids PS and PI. The
10 s and can decay within 30 s in fast pathways such asnonspecific electrostatic interactions with PS and PI are not
chemotaxis %3, 54), the interaction of GRP1-PH domain sufficient to generate stable docking of GRP1 to the membrane

. S A ) : but are sufficient to significantly increase the residency time of
with anionic lipids is likely to play a physiologically relevant  the protein at or near the membrane. This increased residency time
role in allowing PH domain recruitment to rapidly track

near the membrane facilitates electrostatic steering, as well as a
changing PIR levels at the plasma membrane surface. short-range two-dimensional search across the membrane surface
Overall, the available evidence suggests that the ratefor the rare target PEYet the membrane association is transient,

: : . . and the bold arrow emphasizes that the equilibrium favors the free
e“har.‘cem‘?”t provided by mtera.ctlons with baCkgrOl,md cytosolic state of the protein, while the curved arrows indicate that
anionic lipids plays a physiologically relevant role in the short intervals of the two-dimensional search are frequently

speeding the docking and activation kinetics of GRP1 in vivo, interrupted by dissociation events. Panel B depicts step 2: Once
especially in pathways that generate rapid signals. Moreover,its target lipid has been found, the PH domain of GRP1 binds
such rate enhancement may be even more important in cellsSPecifically and with high affinity to Plpresulting in stable

. . membrane docking. The bold arrow emphasizes that the equilibrium
where large numbers of other proteins bind Jlfhereby favors the membrane-bound state of the protein. The dissociation

effectively lowering the concentration of free signaling lipid event is dominated by the interaction with RIBnd perhaps
available for GRP1 docking. additional hydrophobic interactions with the surrounding membrane,
Figue 10 presents  model that explains e alect of B s Foskpo Sone 1o b
background anionic lipids on the on-rate constaaf) (and little effect onythe dizsociation kinetics %see text). P
the equilibrium dissociation constanKd) for GRP1-PH
domain docking to membrane-bound RI®Vhen the PH not drive a significant fraction of the PH domain population
domain approaches the cytoplasmic leaflet of the plasmaonto the membrane. Such a weak interaction ensures that
membrane, the highly basic PIP docking face observed onthere is little or no premature membrane docking in the
the GRP1-PH domain and other PH domaibs (L7, 55) is absence of a PlPsignal. However, the weak interaction
proposed to interact weakly with anionic lipids on the increases the residence time of the PH domain in the vicinity
membrane surface (predominantly PS and PI). For GRP1-of the membrane and thereby also increases the rate of
PH domain, the affinity of this nonspecific electrostatic collisions of the PH domain with the membrane surface.
interaction is too low to measure; thus the interaction does Moreover, electrostatic steering toward the anionic back-
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ground lipids 66, 57) helps rotate the PH domain into the 31). By contrast, the&p value measured herein for BRI
correct orientation for membrane docking. These factors neutral membranes lacking other anionic lipids is 700 nM.
increase the probability that the PH domain will hop along (The use of membranes lacking anionic lipids is most
the membrane surface until it finds a RHarget lipid and appropriate for the purposes of this comparison since anionic
docks. In short, the weak electrostatic interaction with anionic lipids would enable a target search mechanism not present
lipids increases the likelihood that the PH domain will in solution). It follows that the observed affinity for neutral
execute a transient, stochastic two-dimensional search of thenembrane-bound PiRs an order of magnitude lower than
membrane surface before it returns to the bulk population for the soluble analogues. Similarly, previous studies have
in the cytosol, thereby enhancing the efficiency of the search shown that the PL&L-PH domain binds PI(4,5)Rncorpo-
process at least 10-fold when anionic lipids are present. Oncerated into neutral membranes an order of magnitude more
the PH domain is docked to PJRts dissociation rate is  weakly than soluble analogues of P1(4,5)B6). There are
determined by the high-affinity interaction with the target two simple explanations for these observations. First, the
lipid and perhaps additional hydrophobic interactions with  GRP1- and PL&81-PH domains could have thermodynami-
the surrounding membrandq, 58, 59), but electrostatic  cally unfavorable interactions with the neutral background
interactions with the surrounding membrane appear to belipids surrounding their target lipids, which, in the broader
minor by comparison, thus the dissociation rate is indepen- context of the biological membrane, could play an important
dent of background anionic lipids. role in tuning the affinity of each PH domain as appropriate

In a cellular context, the enhancement of on-rate and for cellular signal amplitudes. Alternatively, if the target lipid
equilibrium affinity provided by weak interactions with  binding reaction is diffusion-limited, the lower affinity for
anionic lipids could be even greater than observed in the membrane-bound target could have a purely kinetic explana-
present study, since the Rl@ensities achieved during peak tion. In this scenario, the membrane-bound target lipid on
cellular signals is at least 10-fold lower than that used herein. the surface of a nearly stationary vesicle would collide
Preliminary studies indicate that the enhancement factor approximately 10-fold more slowly with the PH domain than
increases as the PJEensity decreases (Corbin and Falke, a rapidly diffusing, soluble target analogue. As a result, the
unpublished), presumably because search efficiency becomesembrane-bound target lipid would yield a significantly
more important as one moves from high to low PIP slower on-rate and high&t value than a soluble headgroup
densities. Other PH domains may share this search mechaanalogue. Further studies are needed to resolve the thermo-
nism; for example, the PH domains from the GRP1 homo- dynamic and kinetic hypotheses for the affinity loss observed
logues ARNO and PL€&1 have both been observed to bind when PH domain target lipids are incorporated into neutral
weakly to the anionic background lipid PS in addition to membranes.

their target PIP lipids28, 36). Moreover, PL@1-PH exhibits In either case, the thermodynamic and kinetic hypotheses
a 10-fold greater affinity for P1(4,5#nembranes containing  both emphasize that it is simply a coincidence that GRP1-
PS and PI than for membranes lacking background anionicPH domain exhibits similar affinities for soluble RIP
lipids (36, 38). While the mechanistic basis for the affinity analoguesKp of 30—50 nM) (27, 30, 31) and for PIR in
enhancement due to PS and Pl has not been experimentallyhysiological membranes containing the anionic lipids PS
investigated, molecular modeling studies suggest that non-and PI Kp of 50 nM) (measured herein). Such coincident
specific electrostatic interactions could contribute to the affinities arise from the on-rate enhancement provided by
membrane association of PBC-PH (5). interactions between the PH domain and background anionic
The present findings provide the first direct evidence that lipids, which restores the overall affinity for neutral membrane-
a PH domain uses a two-dimensional search mechanism tahound target lipid back to the level observed for soluble
more rapidly find its rare target lipid. Evidence that a analogues. It follows that the on-rate enhancement generated
different type of two-dimensional search mechanism is used by nonspecific interactions with ionic lipids plays an essential
by protein kinase @Il has been presente6( 61). During role in ensuring not only rapid binding to target lipid but
the membrane targeting of this protein, the?Gactivated  also the carefully optimized target lipid affinity needed for
C2 domain first docks to the anionic lipid PS on the plasma physiological signaling processes.
membrane surface, thereby effectively tethering the protein
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