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ABSTRACT Proteins containing membrane targeting domains play essential roles in many cellular signaling pathways.
However, important features of the membrane-bound state are invisible to bulk methods, thereby hindering mechanistic analysis
of membrane targeting reactions. Here we use total internal reflection fluorescence microscopy (TIRFM), combined with single
particle tracking, to probe the membrane docking mechanism of a representative pleckstrin homology (PH) domain isolated from
the general receptor for phosphoinositides, isoform 1 (GRP1). The findings show three previously undescribed features of GRP1
PH domain docking to membranes containing its rare target lipid, phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3]. First,
analysis of surface diffusion kinetics on supported lipid bilayers shows that in the absence of other anionic lipids, the PI(3,4,5)P3-
bound protein exhibits the same diffusion constant as a single lipid molecule. Second, the binding of the anionic lipid phospha-
tidylserine to a previously unidentified secondary binding site slows both diffusion and dissociation kinetics. Third, TIRFM
enables direct observation of rare events in which dissociation from the membrane surface is followed by transient diffusion
through solution and rapid rebinding to a nearby, membrane-associated target lipid. Overall, this study shows that in vitro
single-molecule TIRFM provides a new window into the molecular mechanisms of membrane docking reactions.
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INTRODUCTION

Many critical cell signaling events occur at membrane

surfaces, and organisms have evolved efficient regulatory

mechanisms for these processes. In particular, a broad array

of intracellular signaling proteins are recruited to the plasma

membrane during second messenger signals by conserved

membrane-targeting domains (1–3). Such membrane recruit-

ment events are often coordinated by second messenger

appearance at a precisely controlled time in a highly local-

ized region of the cell. The most common membrane

targeting motif is the pleckstrin homology (PH) domain,

which has been identified in over 600 human proteins

[Pfam database (4)]. PH domain-containing proteins regulate

a wide array of essential cell processes including growth,

metabolism, and chemotaxis (1–3,5). Many PH domains

dock to cellular membranes via specific binding to the

lipid second messenger phosphatidylinositol-(3,4,5)-tris-

phosphate [PI(3,4,5)P3], or to other phosphatidylinositol

phosphate (PIP) lipids (6). The PIP lipid specificity is domi-

nated by headgroup recognition; however, other features of

the docking reaction are less well understood. For example,

even during a signaling event, the peak mole density of

PI(3,4,5)P3 in the plasma membrane is typically less than

200 ppm, making this target lipid an extremely rare plasma

membrane component. Yet, PI(3,4,5)P3 triggers recruitment

of certain PH domains on a timescale of seconds in rapid

signaling pathways such as leukocyte chemotaxis (7–10).

Such PH domains must overcome an immense search

problem to find this rare target lipid on the appropriate time-

scale. The elucidation of the molecular mechanism of rare
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target searching is critical for full understanding of these

signaling pathways.

The PH domain from the general receptor for phosphoino-

sitides (GRP1, also known as cytohesin-3) is a representative

PI(3,4,5)P3-specific PH domain that exhibits rapid docking

to this rare target lipid. GRP1 functions as a guanine nucle-

otide exchange factor (GEF) for Arf family GTPases, which

are involved in reorganization of the cellular membrane

and actin network in migrating cells (5,11,12). GRP1 is re-

cruited to the plasma membrane in response to PI(3,4,5)P3

synthesized by phosphatidylinositol 3-kinase (11,13). Struc-

turally, GRP1 consists of an N-terminal heptad repeat region,

a catalytic GEF domain, and a C-terminal PH domain. X-ray

crystal structures have been solved for the stable, isolated

PH domain bound to a soluble analog of the PI(3,4,5)P3

headgroup [inositol (1,3,4,5)-tetrakisphosphate (IP4)] (14–

16). Specific PI(3,4,5)P3 recognition is mediated by a binding

pocket comprised primarily of lysines and arginines, as

well as a titratable histidine (14,15,17–19). These residues,

along with several additional basic side chains not directly

involved in PI(3,4,5)P3 coordination, render the mem-

brane-binding face highly positively charged. Correspond-

ingly, the presence of background anionic lipids such as

phosphatidylserine (PS) has been shown to enhance the

PI(3,4,5)P3 association rate, and thus equilibrium affinity,

by a factor of 10 (17). This enhanced on-rate arises from

an efficient search mechanism involving an electrostatic

attraction between the cationic membrane docking face of

the PH domain and the anionic surface of the membrane,

which is proposed to increase the rate of random collisions

both with the membrane surface and with the rare target lipid

PI(3,4,5)P3. The resulting faster target lipid on-rate is critical
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for rapid binding to plasma membrane PI(3,4,5)P3 on the

timescale required for leukocyte chemotaxis in vivo (17).

The current molecular model for the docking of GRP1 PH

domain to its target membrane leads to at least three testable

predictions. First, the PI(3,4,5)P3-bound PH domain is

predicted to sit on the surface of the bilayer with little pene-

tration. This prediction is based on the low density of hydro-

phobic residues within its putative membrane docking face

relative to other membrane targeting domains (20), and on

the large size of the PIP lipid headgroup that protrudes out

from the headgroup layer into solvent (21). Second, while

the PH domain is bound to its PI(3,4,5)P3 target lipid on

the membrane surface, multiple positively charged side

chains surrounding the PI(3,4,5)P3 binding pocket are pre-

dicted to form direct contacts with background anionic

lipids. Because the predominant anionic lipid in the plasma

membrane inner leaflet is PS, this lipid is expected to domi-

nate such interactions. Third, when the PH domain dissoci-

ates from the membrane, the electrostatic search mechanism

is predicted to increase the probability of local membrane re-

binding events before return to bulk solution. In principle,

the first two predictions can be tested by measurements of

PH domain diffusion on the surface of the membrane, which

should be slowed by significant bilayer penetration or inter-

actions with multiple anionic lipids. The third prediction can

be tested by direct detection of membrane rebinding events

immediately after dissociation. However, the predicted

effects on surface diffusion and rebinding kinetics would

be difficult or impossible to observe directly in standard

bulk kinetic experiments. Thus, this study develops a novel

application of single-molecule microscopy that enables

direct mechanistic analysis of the membrane docking reac-

tion at a molecular level in vitro.

Single-molecule techniques are rapidly emerging as tools

for direct interrogation of molecular mechanisms and

dynamics on a microscopic scale (22). Total internal reflec-

tion fluorescence microscopy (TIRFM), which can be readily

combined with single-molecule detection, is an exquisitely

sensitive technique for measuring interactions at surfaces

of supported lipid bilayers or living cells (23,24). Single-

molecule TIRFM methods have been used to measure diffu-

sion of lipids and integral membrane proteins in synthetic

bilayers and in cells, revealing interesting properties

including compartmentalized diffusion in the plasma

membrane (25–27). PH domains and other membrane

binding proteins have also been observed at the single mole-

cule level in living cells (28–30). Detection in live cells

represents a major advantage of TIRFM and provides direct

information about targeting to specific intracellular

membranes. For the molecular analysis of membrane target-

ing mechanisms, however, fully controlled systems are

preferable in which the membrane composition, buffer condi-

tions, and protein concentration can be varied as needed.

Such systems have been used with TIRFM at the ensemble

level to measure protein-surface interactions (23,31), and
are even more powerful when combined with single-mole-

cule detection. For example, recent studies have used

membrane-bound synaptotagmin proteins as platforms for

single-molecule TIRFM measurements of protein complex

formation (32,33). More recently, single-molecule TIRFM

showed that the soluble acyl-CoA binding protein is a useful

probe of lipid dynamics (34). All of these studies uncovered

aspects of molecular behavior that were undetected in tradi-

tional bulk experiments.

This study shows that in vitro single-molecule TIRFM is

a powerful new tool in the mechanistic analysis of membrane

targeting proteins and their lipid docking reactions. By

applying single-molecule TIRFM to investigate the docking

of purified GRP1 PH domain to target lipid, we are able to

uncover hidden features of the docking mechanism. This

study is, to our knowledge, the first to use single-molecule

TIRFM with purified protein and synthetic bilayers to inves-

tigate the molecular mechanisms of a membrane targeting

domain docking to, diffusing on, and dissociating from a lipid

membrane. Supported bilayers are prepared containing

PI(3,4,5)P3 in a simple lipid background either containing

or lacking anionic phospholipids. On addition, fluorophore-

tagged PH domains dock to PI(3,4,5)P3 on the surface of

the accessible bilayer leaflet. Single-particle tracking is used

to measure statistics of both the diffusion and dissociation

of the membrane-docked protein. Finally, rare microdissocia-

tion and rebinding events are detected, in which a particle

appears to dissociate transiently from the membrane, diffuse

briefly in solution, and rebind rapidly to PI(3,4,5)P3 a short

distance away. These findings provide additional evidence

supporting the electrostatic search mechanism proposed for

the binding of GRP1 PH domain to its rare, membrane-asso-

ciated target lipid, and show features of the membrane-bound

state undetected previously.

MATERIALS AND METHODS

Reagents

Synthetic phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC,

PC); 1,2-dioleoyl-sn-glycero-3-[phospho-L-serine] (DOPS, PS); 1,2-dioleoyl-

sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)

(LRB-DOPE, LRB-PE); and 1,2-dioleoyl-sn-glycero-3-phosphoinositol-

3,4,5-trisphosphate [DOPI(3,4,5)P3, PI(3,4,5)P3] were from Avanti Polar

Lipids (Alabaster, AL). N-[5-(dimethylamino)naphthalene-1-sulfonyl]-

1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (dansyl-PE); Alexa

Fluor 555 (AF555) C2-maleimide; and Texas Red 1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (TR-PE) were from Invitrogen (Carlsbad,

CA). 2-Mercaptoethanol was from Fluka (Buchs, Germany); dithiothreitol

(DTT) was from Research Products International (Mount Prospect, IL);

D-myo-inositol (1–6)-hexakisphosphate (IP6) used in bulk experiments was

from Sigma (St. Louis, MO). For single-molecule experiments, a higher-

purity grade of IP6 was used from Calbiochem (La Jolla, CA).

Protein mutagenesis, expression, labeling,
and purification

Wild-type GRP1 PH domain (residues 255–392 of full-length human GRP1)

was expressed in Escherichia coli as a glutathione S-transferase (GST)
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fusion protein, separated from the GST domain, and purified as described

previously (17). A cysteine-free version of the protein (C291S/C325A/

C341S) was created using site-directed mutagenesis (QuikChange II XL,

Stratagene, La Jolla, CA), and was found to retain PI(3,4,5)P3 binding

properties identical to wild-type, within measurement error (J. Corbin, D.

Dukellis, and J. Falke, unpublished data). For fluorescence labeling, an

engineered Cys was introduced at the 303 position, and the resulting mutant

(C291S/C325A/C341S/E303C) at a concentration of 15 mM was incubated

with 75 mM AF555 C2-maleimide and 15 mM Tris(2-carboxyethyl) phos-

phine (TCEP) for 1 h at room temperature in labeling buffer (140 mM

KCl, 0.5 mM MgCl2, 15 mM NaCl, 50 mM L-glutamic acid, 50 mM L-argi-

nine, 25 mM HEPES, pH 7.1). The inclusion of 50 mM Glu/Arg increases

stability of the protein during labeling (35). The reaction was quenched

by addition of 1 mM DTT, and free dye was then removed by repeated

exchange into labeling buffer using a 5000 MWCO centrifugal concentrator

(Amicon). The labeling efficiency (>80%) and concentration of labeled

protein were determined by absorbance measurements of tryptophan and

Alexa Fluor 555 (AF555).

Preparation of phospholipid vesicles

Sonicated unilamellar vesicles (SUVs) were prepared as described previ-

ously (17). Briefly, phospholipids were dissolved in chloroform/methanol/

water (1.0:1.2:0.4) at the desired molar ratio, dried under vacuum, and resus-

pended with vortexing in lipid storage buffer (140 mM KCl, 0.5 mM MgCl2,

15 mM NaCl, 0.02% NaN3, 25 mM HEPES, pH 7.5), yielding a concentra-

tion of 3.0 mM total lipid, followed by sonication with a Misonix XL 2020

probe sonicator. The resulting SUVs were stored at 4�C for no more than 1

week before use. Lipid compositions used in this study are listed in Table 1.

Bulk equilibrium FRET assay

Equilibrium fluorescence measurements were carried out on a QM-2000-

6SE fluorescence spectrophotometer (Photon Technology International,

Birmingham, NJ) at 21.5�C using methods developed previously (17). For

measurement of inositol (1–6)-hexakisphosphate (IP6) affinity, a concentrated

IP6 solution was titrated into 0.75 mM protein in assay buffer (140 mM KCl,

0.5 mM MgCl2, 15 mM NaCl, 10 mM DTT, 25 mM HEPES, pH 7.5) while

monitoring the binding-induced change in tryptophan fluorescence (lex ¼
284 nm, lem ¼ 332 nm). The resulting binding curve was fit to a single-site

binding model to determine the equilibrium dissociation constant KD(IP6).

PI(3,4,5)P3 affinities were measured using IP6 as a competitive inhibitor

in a competitive displacement binding assay (17). For wild-type PH domain,

0.75 mM protein was prebound to vesicles (SUVs) containing 3.0 mM acces-

sible PI(3,4,5)P3 and 5% dansyl-PE. Subsequently, the displacement of

membrane-bound protein was quantitated by the loss of protein-to-

membrane FRET (donor tryptophan to acceptor dansyl-PE; lex ¼ 284 nm,

lem ¼ 522 nm; slit widths 4 nm and 8 nm, respectively) as IP6 was titrated

into the sample. For AF555-labeled PH domain, the analogous experiment

was carried out using a different protein-to-membrane FRET pair. Thus,

0.1 mM AF555-labeled PH domain was prebound to SUVs containing

0.36 mM accessible PI(3,4,5)P3 and 0.5% TR-PE, then protein-to-membrane

FRET (donor AF555 to acceptor TR-PE; lex ¼ 515 nm, lem ¼ 608 nm; slit

widths 4 nm and 8 nm, respectively) was quantitated during IP6 titration. The

excitation wavelengths used for both FRET measurements result in some

direct excitation of the acceptor fluorophore, which was measured using

an identical sample lacking protein and subtracted from the total FRET to

yield the corrected FRET. The resulting IP6 competitive displacement curves

were subjected to a nonlinear least-squares fit using Eq. 1, yielding an

apparent competitive inhibition constant for IP6 [KI(IP6)app]:

F ¼ DFmax

�
1� x

KIðIP6Þappþ x

�
þ C: (1)

The best-fit offset value C was subtracted from all data points, and DFmax

was normalized to unity to simplify graphical representations. Finally, the
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equilibrium dissociation constant for PI(3,4,5)P3 [KD(PIP3)] was calculated

using Eq. 2 (17):

KIðIP6Þapp¼ KDðIP6Þ
�

1 þ ½PIP3�free

KDðPIP3Þ

�
(2)

from the measured KD(IP6) and KI(IP6)app values.

Bulk kinetic measurements

Protein-membrane association and dissociation rates were measured on an

Applied Photophysics SX.17 stopped-flow fluorimeter, using protein-to-

membrane FRET pairs as described above. All measurements were carried

out at 21.5�C in assay buffer. For FRET from wild-type protein to dansyl-

labeled lipid, excitation was set to 284 nm with a 3-nm monochromator

slit width, and a 475-nm longpass filter was used for emission. For measure-

ments with AF555-labeled protein, excitation was set to 515 nm with an

8-nm slit width, and emission wavelengths were selected with a 610-nm

bandpass filter, bandwidth 60 nm.

Association measurements were initiated by rapid mixing of PH domain

and vesicles (SUVs) at the concentrations indicated in the text. GRP1 PH

domain membrane association has previously been shown to exhibit

biphasic behavior; thus time courses were fit to a double exponential func-

tion (17):

F ¼ DFmax1

�
1� e�kobs1t

�
þ DFmax2

�
1� e�kobs2t

�
þ C:

(3)

In the above equation, the observed rate constants kobs are the product of the

true rate constants kon and the concentration of accessible PI(3,4,5)P3.

(Under the conditions used, nearly all of the PH domain binds to

PI(3,4,5)P3 at equilibrium, thus the contribution of koff during the approach

to equilibrium can be neglected). Because the PI(3,4,5)P3 in the interior

leaflet of the SUVs is inaccessible, kon was calculated by dividing kobs by

half the total PI(3,4,5)P3 concentration.

Dissociation measurements were initiated by rapid mixing of preformed

PH domain-membrane complexes (SUVs) with excess IP6 at the concentra-

tions indicated in the text. Time courses were fit to a single exponential

decay function:

F ¼ DFmax

�
e�koff t

�
þ C: (4)

For graphical presentation of kinetic data, the best-fit offset C was subtracted

from all data and the best-fit amplitude DFmax (or DFmax1 þ DFmax2) was

normalized to unity.

Sample preparation for single molecule
experiments

Glass coverslips (Pella, Redding, CA) were soaked for 1 h in piranha solu-

tion (a 3:1 mixture of sulfuric acid and 30% H2O2), rinsed extensively with

Milli-Q water, dried under a stream of N2, and irradiated 0.6 h in a Novascan

PSD-UV ozone cleaner. A 60-ml perfusion chamber (Invitrogen, Eugene,

OR) was adhered to the cleaned glass slide. To deposit supported lipid bila-

yers, SUVs of the desired lipid composition were mixed 1:1 with buffer con-

taining 1M NaCl, injected into the perfusion chamber, and incubated 30 min

at 22�C. After bilayer formation, samples were rinsed with 10–20 ml Milli-Q

water, followed by washing with assay buffer containing 20 mM 2-mercap-

toethanol in place of 10 mM DTT. All samples were imaged before and after

addition of fluorescent protein, to ensure that background fluorescent

contamination was negligible. Several other methods for cleaning the glass

slides were also tested, and it was found in side-by-side studies that etching

with piranha solution followed by UV-ozone cleaning provided the best

combination of low background fluorescence and fluidity of PI(3,4,5)P3-

containing bilayers.
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TIRFM measurement

Measurements were taken on a home-built, objective-based TIRFM instru-

ment (V. Fomenko, H. Lee, and A. Pardi, unpublished). The microscope

is a modified Nikon TE-2000U and uses illumination from a 532-nm

solid-state laser (Blue Sky Research, Milpitas, CA). Excitation intensity

was varied by inserting neutral density filters in the laser beam, and was

measured at the microscope objective with a power meter at various laser

powers while in epifluorescence mode, and then the instrument was

switched to TIR mode for measurement. For measurements involving

protein samples, protein was added to the sample chamber and incubated

5 min for thermal equilibration to room temperature (20–22�C). To eliminate

contributions from immobile fluorescent particles in experiments other than

the direct photobleaching measurement, a high-power bleach pulse (~30-

fold higher than used for imaging) was applied for 2–5 s, and fluorescence

was allowed to recover for 60 s before data acquisition. Fluorescence was

detected with a Photometrics Cascade II 16-bit electron-multiplying CCD

camera and recorded at 20 frames/s, with a spatial resolution of 7.0 pixels/

mm unless otherwise indicated. The maximum video frame rate of our instru-

ment at this pixel resolution is 50 frames/s. Streaming movies were acquired

using MetaMorph software (AG Heinze) and subsequent analysis was

carried out using ImageJ (36). Data processing and fitting were carried out

using Mathematica (Wolfram Research).

Photobleaching measurement and analysis

When 100 pM AF555-GRP1PH was added to a PC/PIP3 bilayer and incu-

bated at room temperature for 15 min, followed by equilibration with

100 mM IP6 for 30 min to displace mobile particles, a population of immo-

bile fluorescent particles remained on the surface. By omitting the high-

power bleach pulse (see above) these immobile particles were imaged and

used to measure photobleaching rates at four different incident laser powers.

Photobleaching time courses were generated by acquiring movies on previ-

ously unexposed areas of the slide until >90% of the particles in the area

disappeared. The time at which each immobile particle disappeared in

a single step was recorded. Occasionally, clusters of particles were immobi-

lized close together; these were excluded from analysis based on high initial

intensity and multi-step photobleaching. Rarely, a particle with a normal

initial intensity was observed to transition to a low-intensity state before

bleaching, or to ‘‘blink’’ on again after disappearing. Such anomalies consti-

tuted less than 10% of all particles and were excluded from analysis. The

probability distribution P(t) of bleaching times for the particles with

single-step bleaching (43–65 particles at each laser power) was plotted

and fit to a single exponential distribution:

PðtÞ ¼ P0 � e�kbl t; (5)

where P0 is the amplitude and kbl is the photobleaching rate.

Single particle tracking and analysis

For all single molecule analysis other than photobleaching, trajectories of

individual lipid and protein molecules in acquired movies were determined

using the Particle Tracker plugin for ImageJ (37). This software package

determines the center position and intensity of each particle above an inten-

sity percentage threshold in each frame, and then links particles together into

trajectories. The relative intensities of mobile particles can vary from frame

to frame depending on the area sampled by the randomly diffusing particle

during each exposure (34). To maximize the fidelity of tracking, parameters

were chosen for the Particle Tracker plugin using low intensity thresholds

for detection to ensure oversampling (i.e., a significant amount of spurious

detection was permitted in each frame) rather than undersampling (i.e., loss

of legitimate trajectories). The resulting preliminary trajectories were im-

ported into Mathematica, and spurious trajectories and contaminants were

removed from analysis through application of a series of exclusion tests.

First, the trajectories of spurious detections and dim contaminants were
excluded by applying a minimum threshold for intensity averaged over

the entire trajectory. Similarly, unusually bright contaminants were excluded

by applying a maximum threshold for intensity averaged over the entire

trajectory. The values for these thresholds were set empirically based on

the distributions of average trajectory intensities. These distributions gener-

ally exhibited bimodal profiles, in which the dim population reflected

spurious detections and dim contaminants, and the bright population repre-

sented fluorescently-labeled PH domains. To exclude rapidly dissociating

contaminants and trajectory fragments not properly linked, trajectories

shorter than five frames were eliminated. To exclude immobile contami-

nants that escape the high-power bleach pulse (see above), the diffusion

coefficient D was calculated for each particle, and particles with D below

threshold (0.5 mm2/s for lipid or protein diffusion analysis, 0.1 mm2/s for

protein dissociation analysis) were eliminated. For protein dissociation

measurements, fast-moving contaminants were also excluded by eliminating

particles with D > 4.0 mm2/s. Finally, to exclude partial trajectories from

protein dissociation measurements, those trajectories that began or ended

on the first or last frame of the movie; or whose position began or ended

within 6 pixels of the edge of the field of view, were eliminated. Overall,

the success of these exclusion rules in removing fluorescent contaminants

is clearly shown by the simple behavior of the trajectories retained for anal-

ysis, which exhibit ideal diffusion kinetics for the fluorescent lipid, and

exhibit near-ideal diffusion and dissociation kinetics for the fluorescent

PH domain (see Results).

Single molecule diffusion analysis

All steps from lipid or protein trajectories that passed exclusion tests (>1800

steps per movie) were combined and subjected to diffusion analysis using

a method based on that of Schütz et al. (38). Briefly, the cumulative proba-

bility distribution P(r2,Dt) of square displacement r2 or greater over a given

time interval Dt was plotted and fit to either a single-component or two-

component model using Eqs. 6 and 7 respectively:

P
�
r2;Dt

�
¼ 1� e�r2=hr2i; (6)

or

P
�
r2;Dt

�
¼ 1�

h
a � e�r2=hr2

1
i þ ð1� aÞ � e�r2=hr2

2
i
i
:

(7)

In these equations, hr2i, hr1
2i, and hr2

2i are mean square displacement

values, and a in the two-component model is the fraction exhibiting mean

square displacement hr1
2i. An f-test was applied to determine whether

two-component fitting provided statistically significant improvement, and

fitting was repeated using Dt values from one to eight frames. The resulting

mean square displacement values were plotted as a function of Dt. For

simple, homogeneous, two-dimensional diffusion the mean square displace-

ment is linearly related to Dt as in Eq. 8:�
r2
�
¼ 4DDt: (8)

Thus, the diffusion constant D was determined by least-squares fitting to

a straight line through the origin. Diffusion constants listed in the text and

tables are mean 5 SD from at least six movies representing at least three

separate but identically prepared samples.

Single molecule dissociation analysis

For protein dissociation analysis, trajectories that passed exclusion criteria

(see above) were manually validated to determine the length of time each

fluorescent particle was visible on the surface. Imperfect tracking in Particle

Tracker sometimes resulted in two or more shorter trajectories correspond-

ing to the same particle; in such cases, the summed dwell time was recorded

and any duplication was eliminated. The probability distribution of the vali-

dated dwell times was plotted and fit to a single-exponential distribution:
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PðtÞ ¼ P0 � e�koff t (9)

from which the dissociation rate constant koff was extracted. As this analysis

method tends to bias against shorter trajectories (that, if split, may not have

passed exclusion tests above), only trajectories whose total time was 10

frames (0.5 s) or more were included in the analysis. Bin sizes used for distri-

butions were optimized to yield a best-fit curve with the lowest uncertainty.

Rate constants listed in text and tables are mean 5 SD from three separate

but identically prepared samples. For the conditions yielding the slowest

dissociation rate, the measurement was carried out at two different laser

powers to determine the relative contribution of photobleaching, which

was found to be negligible.

Single molecule jump analysis

To analyze the frequency of ‘‘jumps’’ arising from microdissociation, diffu-

sion through solvent, then rebinding, the total number of frame-to-frame

steps with extremely long step sizes was counted for at least three movies

(2000 frames/movie, 50 ms/frame) acquired at a given condition. For two-

dimensional diffusion without microdissociation and rebinding, the ex-

pected distribution of step sizes P(r,Dt) is given by the Rayleigh distribution:

Pðr;DtÞ ¼ r � e�
r2

2s2

s2
; (10)

where s2 ¼ 2D Dt. The threshold length rmin for the top 0.5% of this distri-

bution was determined by numeric integration of:

ZN

rmin

Pðr;DtÞdr ¼ 0:005; Dt ¼ 50 ms: (11)

Jumps were operationally defined as steps between adjacent frames, or

within the same frame, of length between rmin and rmax ¼ 5 mm. The latter

upper limit is significantly longer than the average distance the PH

domain is expected to diffuse through solution during a given microdisso-

ciation and rebinding event (because the average diffusion distance for

a protein of this size in solution is 4 mm in 50 ms, the time per frame,

and most microdissociation events are faster than 50 ms). Overall,

apparent steps of r < rmin are predominantly due to random two-dimen-

sional diffusion of particles that remain bound to the membrane, and

apparent steps of r > rmax arise predominantly from near-simultaneous

association and dissociation of two different particles. It follows that steps

arising from microdissociation and rebinding will often exhibit step sizes

between rmin and rmax. Exclusion of both shorter and longer steps helps

maximize the fraction of jumps corresponding to true microdissociation

and rebinding events.

Particle Tracker identified many jumps meeting both distance criteria,

which were each further validated manually. Additional jumps not detected

by Particle Tracker were identified by querying the data for sets of trajecto-

ries in which one trajectory begins in the same frame or the frame immedi-

ately after the end of another trajectory. These were also validated manually,

and only those that met the distance criteria were retained.

The number of expected randomly correlated trajectories Nrc (in which

one trajectory ends and another begins 0 or 1 frames later) arising from

near-simultaneous association and dissociation of distinct molecules was

calculated based on the ratio of the total number of trajectories NT to the total

number of frames Nf:

Nrc ¼ 2

�
NT �

NT � 1

Nf

�
� r; (12)

where r is the ratio of the allowed area for observed jumps [p(rmax
2� rmin

2)]

to the total area of the field of view.
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RESULTS

Strategy

The overall goal of this study is to use single-molecule

TIRFM measurements in vitro to elucidate protein-

membrane docking mechanisms. The TIRFM system used

herein provides direct detection of individual molecules

bound to the membrane surface while ignoring proteins

diffusing freely in solution, thereby providing a new

window into the dynamics of the membrane-bound state.

This surface-selective detection arises from two features of

TIRFM. First, TIRFM fluorescence excitation occurs in

a localized zone near a glass-water interface. This excitation

zone decays to 50% intensity at a distance of ~100 nm from

the glass (24), and thus can easily accommodate a supported

bilayer ~5 nm in thickness separated from the glass by a

1–2 nm water layer (39,40). Only those fluorescent mole-

cules bound to the surface or diffusing in solution near the

surface are excited by the evanescent field. Second, small

proteins freely diffusing in solution move too rapidly to be

imaged by standard CCD cameras, thus only those proteins

associated with the bilayer are detected. Relative to aqueous

solution, the bilayer is ~100-fold more viscous, thereby

slowing diffusion rates into the range of CCD detection.

The slow membrane diffusion ensures that fluorescent spots

are broadened to an apparent size only ~2-fold larger than

the diffraction limit. Moreover, the selective detection of

lipid-associated proteins greatly simplifies the kinetic anal-

ysis of molecular events that occur while bound to the

membrane.

The PH domain from human GRP1 (GRP1-PH) was

selected for analysis by single-molecule TIRFM, to test

and further develop our published hypothesis that this

domain uses background anionic lipids and an electrostatic

search mechanism to rapidly locate its rare target lipid

PI(3,4,5)P3 (17). Dissociation rate measurements, which

can be carried out using both single-molecule and bulk

methods, are compared to verify that the protein bound state

lifetime is independent of the vastly different protein concen-

trations and bilayer geometries used for the two methods,

thereby validating the single molecule measurements.

TIRFM measurement and statistical analysis of diffusion

and rare molecular events are then used to gain insight into

the dynamic behavior of this protein domain on the

membrane surface, both in the absence and presence of PS,

the predominant, native background anionic lipid.

Lipid bilayers supported on a clean glass surface were

used to create a membrane interface for GRP1-PH docking

suitable for single-molecule TIRFM. For this initial study,

simple mixtures of phospholipids with matched, monounsat-

urated, dioleoyl acyl chains were chosen to ensure that sup-

ported bilayers were as uniform and fluid as possible (Table

1). The resulting simple bilayers are ideal for a first study of

the PH domain-membrane interaction, leaving important
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complexities such as leaflet asymmetry (40) and lipid micro-

domains (26,39,41) for future investigations. To maximize

the homogeneity of the supported bilayer, the glass surface

was etched by aggressive chemical treatment before bilayer

deposition. This treatment also removes organic compounds

from the glass surface, providing an extremely low level of

background fluorescence ideal for single-molecule measure-

ments.

For single-molecule fluorescence studies of GRP1-PH, the

Cy3-derivative Alexa Fluor 555 (AF555) was conjugated to

an engineered cysteine at position 303, well outside of the

PI(3,4,5)P3 binding pocket. To directly test the effect of

the probe on membrane binding, the labeled protein, here-

after referred to as AF555-GRP1PH, was compared to

wild-type using established bulk fluorescence assays to

determine the equilibrium affinity and kinetics of binding

to PI(3,4,5)P3-containing membranes.

Characterization of AF555-labeled GRP1 PH
domain docking to membranes: bulk
measurements

AF555-GRP1PH exhibits a binding affinity for membranes

containing PI(3,4,5)P3 similar to the wild-type domain, both

in the absence of PS and in the presence of a near-native PS

mole density. PI(3,4,5)P3 affinity was measured using an es-

tablished assay that uses competitive displacement from

membrane induced by inositol (1,2,3,4,5,6)-hexakisphosphate

(IP6) to measure KD values in the nanomolar range (17). The

assay is based on measurement of protein-to-membrane FRET

between a donor fluorophore on the protein (tryptophan for

wild-type, AF555 for labeled mutant) and an acceptor

conjugated to lipid headgroups in the bilayer (dansyl for

wild-type, Texas Red for labeled mutant). Titration of the

competitive inhibitor (IP6) into preassembled protein-

membrane complexes induces loss of FRET with a character-

istic inhibition constant, KI. The KD of protein-membrane

binding can then be calculated from this KI value and the inde-

pendently determined affinity of the free protein for the

competitive inhibitor (see Materials and Methods). The results

of these measurements are shown in Supporting Material,

Fig. S1, and summarized in Table 2. The fluorophore-labeled

domain has an affinity for PI(3,4,5)P3 in pure PC within error

of wild-type, and for PI(3,4,5)P3 in 3:1 PC/PS within 4-fold of

wild-type. Notably, as observed for wild-type, the presence of

background PS significantly enhances the target lipid affinity

of the labeled domain, yielding 2.5-fold tighter binding (Table

2). This PS-associated affinity enhancement is modestly lower

than the 10-fold enhancement previously reported for wild-

type, but nevertheless shows that the labeled domain retains

a functional electrostatic search mechanism that enhances

target lipid association (17).

Bulk kinetic measurements further reveal that the AF555

probe has only minor effects on target membrane association

and dissociation kinetics. Association rates were measured

by the appearance of protein-to-membrane FRET in

stopped-flow reactions where protein was rapidly mixed

with lipid vesicles (Table 2, Fig. S2). Dissociation rates

TABLE 2 Thermodynamic and kinetic binding parameters from bulk experiments

Protein domain Lipid composition KD (nM)* kon (mM�1 s�1)y koff (s�1)z koff/kon (nM)

WT GRP1-PH PC/PIP3 60 5 10 2.6 5 0.2 0.38 5 0.01 150 5 10

WT GRP1-PH PC/PS/PIP3 5 5 1 19 5 1 0.22 5 0.01 12 5 1

AF555-GRP1PH PC/PIP3 50 5 10 6 5 4 0.75 5 0.03 130 5 80

AF555-GRP1PH PC/PS/PIP3 19 5 5 13 5 7 0.42 5 0.02 30 5 10

*KD values calculated from equilibrium IP6 competition titrations using Eq. 2. Measured IP6 affinities: WT 4.3 5 0.8 mM, AF555-GRP1PH 24 5 5 mM.
yBiexponential association kinetics were observed, and the fast rate constant is reported, consistent with previous studies (17).
zTo improve signal/noise, membranes containing 3% PI(3,4,5)P3 were used for measurement of labeled GRP1-PH koff values, whereas 2% PI(3,4,5)P3 was

used elsewhere. Corresponding measurements of koff using 2% PI(3,4,5)P3 yielded rate constants of 0.8 5 0.2 for PC/PIP3 and 0.38 5 0.02 for PC/PS/PIP3.

TABLE 1 Lipid compositions used in this study

Name* Experiment Componentsy Mol %

PC/PIP3 Bulk (wild-type protein) PC/dansyl-PE/PI(3,4,5)P3 93/5/2

Bulk (labeled protein) PC/TR-PE/PI(3,4,5)P3 97.5/0.5/2z

TIRFM (labeled protein) PC/PI(3,4,5)P3 98/2

PC/PS/PIP3 Bulk (wild-type protein) PC/PS/dansyl-PE/PI(3,4,5)P3 69.8/23.2/5/2

Bulk (labeled protein) PC/PS/TR-PE/PI(3,4,5)P3 73.1/24.4/0.5/2z

TIRFM (labeled protein) PC/PS/PI(3,4,5)P3 73.5/24.5/2

PC/PS TIRFM (labeled protein) PC/PS 75/25

*Indicated names are used for lipid mixtures throughout the Results, Discussion, tables, and figures.
yAll lipid acyl chains used were dioleoyl, except dansyl-PE and TR-PE (dihexadecanoyl).
zPI(3,4,5)P3 density used for bulk dissociation measurements with labeled protein was 3 mol %, as described in the Table 2 legend.
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FIGURE 1 Diffusion of lipids in supported bilayers. Supported lipid bila-

yers containing 150 ppb fluorescent lipid (LRB-DOPE) were prepared as

described in Materials and Methods. (A) Representative diffusion track for

a single lipid particle in PC/PIP3, acquired with an exposure of 50 ms/frame.

(B) Representative cumulative distribution plot of square displacement (r2)

for one movie (pooled data from 398 single particle tracks) of single lipid

molecules diffusing in PC/PIP3. The vertical axis represents the probability

of a particle having a square displacement of at least r2 in images acquired 8

frames apart. Solid line represents the best-fit to a single-exponential distri-

bution, according to Eq. 6. (C) Plots of mean square displacement (hr2i)
versus time interval for single lipid molecules in PC/PIP3 (open) or

PC/PS/PIP3 (solid). The value for each point was determined by fitting

a square displacement distribution from a single movie as illustrated in B.

The solid line represents a linear fit according to Eq. 8. Error bars were calcu-

lated as described in Qian et al. (58).
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were similarly measured via the loss of protein-to-membrane

FRET after rapid addition of excess competitive inhibitor to

preformed PH domain-lipid complexes (Table 2, Fig. S3). In

the latter experiment, IP6 serves as a competitive trapping

agent that saturates the PH domains as they leave the

membrane surface, thereby preventing rebinding to

PI(3,4,5)P3. Overall, the rate constants kon and koff each

differ by no more than a factor of 3 between wild-type and

labeled protein. The koff/kon ratios indicate a 4-fold enhance-

ment of PI(3,4,5)P3 binding for AF555-GRP1PH in the pres-

ence of PS and a 12-fold enhancement for wild-type, in

reasonable agreement with the equilibrium measurements

and again showing that both proteins possess the electrostatic

search mechanism. In summary, bulk equilibrium and kinetic

measurements indicate that fluorophore attachment modestly

alters affinities but retains the electrostatic search mechanism

of the GRP1 PH domain.

TIRFM detection of single lipid and GRP1 PH
domain molecules in supported bilayers

Single-molecule diffusion measurements of a fluorescent

phospholipid indicate that supported bilayers of the compo-

sitions used in this study are uniform and fluid. Glass-sup-

ported lipid bilayers were formed by vesicle fusion onto

ultra-cleaned coverslips (see Materials and Methods).

When the bilayer is doped with fluorescent phospholipid

(lissamine rhodamine B-DOPE, or LRB-DOPE, at 150

ppb), rapidly diffusing fluorescent spots are readily observ-

able by TIRFM (Movie S1). Using single-particle tracking,

the lateral diffusion constant of the fluorescent phospholipid

was measured to be 3.0 5 0.2 mm2/s in PC/PIP3 bilayers

and 2.7 5 0.2 mm2/s in PC/PS/PIP3 bilayers (Fig. 1;

Table 3). These diffusion constants are within error of

each other, indicating that lipid diffusion is independent

of the bilayer compositions used in this study. Moreover,

the observed values are well within the range of lipid diffu-

sion constants in supported bilayers reported previously

(26,38,39,42–44)).

In the lipid diffusion measurements, some particles are

occasionally observed that i), are much brighter than the

other fluorescent spots, ii), are stationary or very slowly

moving, and iii), tend to appear suddenly within the field

of view rather than diffusing into view from the edge of

the field. Fluorescent particles exhibiting these characteris-

tics are observed only in the LRB-DOPE samples, and are

thus contaminants of the lipid probe. When these easily iden-

tified contaminants are eliminated from diffusion analysis by

application of simple exclusion rules (see Materials and

Methods), lipid diffusion fits well to a single population

distribution, indicating that the two leaflets of the supported

bilayer exhibit virtually identical lipid diffusion constants

and together represent a single, homogeneous lipid phase

(Fig. 1 A), as observed previously in other supported bilayer

studies (43,45). Plots of mean square displacement versus
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time were linear, indicating no barriers to free diffusion are

present on the scale of several micrometers (Fig. 1 B)

(27,38). Thus, the bilayers used in this study are uniform

and fluid, and provide an excellent interaction surface for

peripheral membrane binding protein domains.

Single molecules of AF555-GRP1PH are observed to bind

to supported lipid bilayers in a PI(3,4,5)P3-dependent

manner (Fig. 2). Four types of supported bilayers were

prepared: PC, PC/PIP3, PC/PS, and PC/PS/PIP3 (Table 1).

Upon imaging in sample buffer before addition of fluores-

cent components, dimly fluorescent spots are observed

only occasionally on all four types of bilayers (Fig. 2, A
and D, and data not shown). This is indicative of a low level

of fluorescent contamination, yielding a density of spots at

least 10-fold smaller than observed after addition of 100

pM AF555-GRP1PH to membranes containing PI(3,4,5)P3

(Fig. 2, B and E; Movie S2 and Movie S3). By contrast, addi-

tion of AF555-GRP1PH to bilayers lacking PI(3,4,5)P3

yields no additional fluorescent particles (Fig. 2, C and F).

This is consistent with our previous report using bulk

FRET experiments that showed no GRP1-PH binding to

PC/PS vesicles, due to a very low affinity of the PH domain

for PS in the absence of the target PI(3,4,5)P3 lipid (17).

Here, most of the bright fluorescent particles observed on

addition of AF555-GRP1PH to PI(3,4,5)P3 seem to diffuse

freely on the surface while bound to the bilayer. These

mobile fluorescent protein particles appear and disappear

in single steps, suggesting that single protein molecules are

binding and being released from the membrane surface on

the timescale of the measurement (under these conditions

dissociation is ~10-fold faster than bleaching; see below).

Importantly, single-step disappearance of particles is main-

tained even when illumination power is increased to an

intensity at which photobleaching becomes faster than disso-

ciation. This observation confirms that the observed species

are indeed single molecules. Thus, in these measurements,

individual molecules of AF555-GRP1PH are observed to

bind to, diffuse laterally on, and dissociate from membranes

containing PI(3,4,5)P3.

Single-molecule diffusion of membrane-bound
GRP1 PH domain

Tracking of individual diffusing PH domains shows both

free and constrained diffusional states, even after application

of exclusion rules to eliminate fluorescent contaminants (see

Materials and Methods). Although the high mobility parti-

cles are more common, low mobility particles are clearly

apparent in movies of AF555-GRP1PH on either PC/PIP3

or PC/PS/PIP3, and particles are sometimes observed to tran-

sition between the two states (Movie S2 and Movie S3,

circles). The diffusion and relative populations of these

two states were quantified by single particle tracking, fol-

lowed by a two-component analysis using established

methods (38,42). Probability density plots of square

displacement fit significantly better to two-component than

TABLE 3 Diffusion rates of lipids and PH domains

Lipid composition Diffusing species D (mm2/s)*

PC/PIP3 Lipid 3.0 5 0.2

PC/PIP3 GRP1 PH domain 3.0 5 0.3

PC/PS/PIP3 Lipid 2.7 5 0.2

PC/PS/PIP3 GRP1 PH domain 2.0 5 0.2

*Values shown are the mean 5 SD from at least six movies (20 ms or 50 ms

frame rate, 2000 frames each) using at least three independent replicate

samples.

E F

B CA

D

FIGURE 2 PI(3,4,5)P3-specific binding of AF555-

GRP1PH to supported bilayers. Supported lipid bilayers

were prepared containing (A and B) PC/PIP3, (C) PC, (D

and E) PC/PS/PIP3, or (F) PC/PS. (A and D) Representa-

tive images of the bilayer imaged in buffer, before addition

of protein. (B, C, E, and F) Representative images of the

bilayer after addition of 100 pM AF555-GRP1PH. The

field of illumination by the laser is outlined in E. Illumina-

tion intensity is highest near the center of the field and dim

near the edge, leading to positional variation in particle

intensity. Exposure time for all panels was 20 ms. Scale

bars ¼ 2 mm.
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FIGURE 3 Lateral diffusion of AF555-GRP1PH on supported lipid bila-

yers. (A) Representative diffusion track for a single fluorescent PH domain

on PC/PIP3, acquired with a 50 ms exposure per frame. (B) Representative

cumulative distribution plot of square displacement (r2) for PH domain on

PC/PIP3, from one representative movie (94 tracks pooled). The vertical

axis represents the probability of a particle having a square displacement

of at least r2 in images acquired 8 frames apart (50 ms/frame). Dashed

line represents the best-fit to a single-exponential distribution, according

to Eq. 6. Solid line represents the best-fit to a double-exponential (two-pop-

ulation) distribution, according to Eq. 7. (C) Plots of mean-square displace-

ment (hr2i) versus time interval for PH domain on PC/PIP3 (open) or PC/PS/

PIP3 (solid). The value for each point was determined by fitting a square

displacement distribution from a single movie as illustrated in B. The solid

line represents a linear fit according to Eq. 8. Error bars were calculated as

described in Qian et al. (58). Where not visible, error bars are smaller than

the data points.
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single-component equations (Fig. 3 B). The mean square

displacement of the faster, major component increases line-

arly with increasing time interval, indicating barrier-free

diffusion for the mobile protein as well as lipid. The minor

component represents 5%–15% of the membrane-associated

protein and exhibits a diffusion constant<0.1 mm2/s. Similar

low-mobility or immobilized states have been observed

previously for lipid and protein diffusion on supported lipid

bilayers, and are attributed to defects in the lipid bilayer or to

glass spikes protruding through the bilayer (34,38). The

chemically etched coverslips used were imaged with AFM,

and glass spikes were occasionally observed, consistent

with a minor contribution to protein mobility (data not

shown). Because these low mobility states are not relevant

to the membrane targeting mechanism of the GRP1 PH

domain, all further diffusion analysis focuses on the major,

mobile component of GRP1 PH domain diffusion.

Strikingly, when bound to PI(3,4,5)P3 embedded in

membranes lacking the background anionic lipid PS,

AF555-GRP1PH diffuses at the same rate, within error, as

the fluorescent lipid LRB-DOPE. By contrast, the PH

domain diffuses significantly more slowly on bilayers also

containing PS. Thus, AF555-GRP1PH exhibits diffusion

constants of 3.0 5 0.3 mm2/s on PC/PIP3 and 2.0 5 0.2

mm2/s on PC/PS/PIP3 (Table 3, Fig. 3 C). It is highly unlikely

that the reduced protein diffusion is due to lipid-lipid interac-

tions between PI(3,4,5)P3 and PS, because i), the PI(3,4,5)P3

headgroup is nearly completely engulfed by the PH domain

(14), ii), both lipids are negatively charged, and iii), the

PI(3,4,5)P3 acyl chains are matched to the other lipids in

the bilayer, which exhibit identical diffusion in the presence

and absence of PS (Fig. 1). Rather, the change in protein

diffusion suggests an interaction of the PI(3,4,5)P3-docked

protein with PS. Importantly, PS in the absence of

PI(3,4,5)P3 is insufficient to target the GRP1 PH domain to

the membrane (Fig. 2 and (17)). Overall, the results indicate

that GRP1 PH domain docked to PI(3,4,5)P3 on a bilayer

surface can simultaneously associate with PS at one or

more low affinity binding sites.

Single-molecule measurement of dissociation
kinetics for membrane-bound GRP1 PH domain

Dissociation rates of single molecules can be measured by

tracking many particles from the time each appears on the

surface until the time it disappears. A probability density distri-

bution of the resulting dwell times is an exponential distribu-

tion with a decay constant equal to the sum of the dissociation

and photobleaching rate constants (29). The photobleaching

rate of AF555-GRP1PH was measured explicitly by moni-

toring the disappearance of immobilized particles under condi-

tions identical to those used for dissociation measurements. A

high density of protein was applied to the membrane, and IP6

was added to competitively displace all freely diffusing PH

domains from the membrane surface. This IP6 treatment did
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not displace PH domains trapped in immobile states, which re-

mained on the surface for over 30 min. A previously unex-

posed region of the surface was imaged until at least 95% of

the immobilized spots had disappeared, and the amount of

time to disappearance was recorded for all immobile particles

that bleached in a single step. Thus, for this photobleaching

measurement, analysis focused on particles that, in other

experiments, would have been prebleached or excluded by

thresholding. The density of particles was sufficiently high

that contributions from immobile contaminants were negli-

gible. The photobleaching rate increased linearly with incident

laser power, and was 0.05 5 0.02 s�1 at the power densities

used for dissociation measurements of AF555-GRP1PH

(Fig. S4). All measured dissociation rates of AF555-GRP1PH

are 8- to 16-fold faster than this rate, thus photobleaching is

a minor contribution to the apparent dissociation kinetics.

For GRP1 PH domain, the single-molecule TIRFM

measurements yielded dissociation rate constants within

FIGURE 4 Dissociation rates of AF555-GRP1PH from PI(3,4,5)P3,

determined from single molecule measurements. The length of time each

PH domain molecule was visible on the surface (dwell time) was determined

as described in Materials and Methods. Histograms of these dwell times are

shown for (A) 20 pM AF555-GRP1PH on PC/PIP3, and (B) 7 pM AF555-

GRP1PH on PC/PS/PIP3. Solid curves are best-fits to single-exponential

decays according to Eq. 9, from which the koff values in Table 4 were ob-

tained.
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error of those observed in bulk measurements. Mobile mole-

cules of AF555-GRP1PH were monitored on supported bila-

yers at densities optimal for dissociation measurement

(Movie S4 and Movie S5), and particles were tracked auto-

matically. In the analysis of this measurement, it was found

that automated particle tracking software occasionally failed

to correctly link particles from frame to frame. This occurred

frequently enough that the dissociation rate was overesti-

mated by up to a factor of 2 (data not shown). Thus, all tracks

were validated by hand, and individual dwell times were

adjusted as necessary to ensure that such tracking artifacts

did not contribute to the measured distribution. Only parti-

cles whose entire tracks fell within the field of view were

included in the dwell time analysis; i.e., molecules whose

tracks began or ended at the edge of the view area were dis-

carded for this measurement. Single-exponential fits to the

resulting dwell time distributions yield dissociation rate

constants of 0.4 5 0.1 s�1 from PC/PS/PIP3 and 0.7 5

0.1 s�1 from PC/PIP3 (Fig. 4, Table 4). Relative to these

rates, photobleaching is slow, and in fact is within the uncer-

tainty of the dissociation measurement. To independently

verify that photobleaching did not significantly contribute

to the distribution of dwell times, analogous measurements

were made at a 2-fold higher laser power for dissociation

from PC/PS/PIP3 (the longest bound state lifetime). The re-

sulting koff value was within error of that measured under

standard conditions, confirming that photobleaching is negli-

gible relative to dissociation. Thus, these measurements

show that the off-rate, or, equivalently, the bound state life-

time, is indistinguishable for GRP1 PH domain docked to

PI(3,4,5)P3-containing vesicles and supported bilayers.

Furthermore, the measurements demonstrate the utility of

single-molecule TIRFM for the measurement of protein-

membrane dissociation rates without perturbing equilibrium.

Observation of microdissociation and rebinding
events

One advantage of single-molecule techniques is the ability to

directly observe events that may remain hidden in bulk

measurements. For a protein molecule bound to a membrane,

TABLE 4 Dissociation rates measured from single-molecule

experiments

Lipid composition IP6 (mM) koff (s�1)*

PC/PIP3 0 0.7 5 0.1

PC/PIP3 0.1y 0.8 5 0.2

PC/PS/PIP3 0 0.4 5 0.1

PC/PS/PIP3 0.5y 0.6 5 0.1

*Values shown are the mean 5 SD from three independent samples, from

single-exponential fits to dwell time distributions of at least 33 tracks per

sample.
yDifferent IP6 concentrations used for the two membrane compositions

reflect the different KD values for PI(3,4,5)P3 (Table 2, Fig. S1) and the

need to maintain an optimal density of membrane-bound protein for

single-molecule dissociation measurements.
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FIGURE 5 Direct observation of single

molecule jumps. A series of screen shots

is shown for a representative GRP1 PH

domain jump event occurring (A) near the

middle of a 50-ms exposure frame, or (C)

near the end of a frame. (B and D) Line

scans integrating along the path of the

jump, in the regions highlighted with boxes

in A and C. The two sets of images are from

separate experiments, thus illumination

intensity and particle brightness may vary

slightly. Scale bars ¼ 2 mm.
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dissociation enables diffusion through solution, sometimes

followed by rapid rebinding to membrane when the local

concentration of target is high near the membrane surface

(46). This study detects kinetic events we term ‘‘microdisso-

ciation and rebinding’’ for AF555-GRP1PH using single-

molecule TIRFM. [Note that we avoid the term ‘‘hop

diffusion’’ already used in the literature to describe a different

phenomenon–translocation of membrane-embedded mole-

cules between regions of cell membrane confined by the

cytoskeleton (27)]. During microdissociation and rebinding

events, illustrated in Fig. 5, the particle moves in an apparent

‘‘jump’’ that is farther than expected for membrane-bound

diffusion. If a microdissociation and rebinding event occurs

near the middle of the 50-ms exposure of a given frame, the

molecule appears as two spots in that frame, each with

roughly half the intensity of a typical protein molecule

(Fig. 5 A and B). If an event occurs near the beginning or

end of an exposure, the particle may simply seem to jump

a large distance between frames (Fig. 5 C). In either case,

it is important to note that a given observed jump may repre-

sent one of three possibilities: i), microdissociation and re-

binding, ii), an unusually large two-dimensional diffusion

step from the tail of the step size distribution, or iii), near-

simultaneous association and dissociation of distinct mole-

cules. Statistical analysis was used to distinguish whether

the rate of observed jumps was significantly greater than

that expected for the latter two classes of random events.

Here, jumps were operationally defined as possessing

a length between defined rmin and rmax values, where the

minimum distance threshold rmin corresponds to the longest

0.5% of the two-dimensional diffusion steps, and the

maximum distance threshold rmax is set to a value, 5 mm,
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greater than the average distance a microdissociated PH

domain is likely to diffuse in a single 50-ms frame. This

jump analysis excludes steps shorter than rmin or longer

than rmax, because such steps will often represent simple

diffusional events or the near-simultaneous association and

dissociation of two different molecules, respectively (see

Materials and Methods).

For AF555-GRP1PH, the number of observed jumps is

2.6-fold greater than the number of expected random jumps

on PC/PS/PIP3, but only 0.5-fold greater than the number ex-

pected from random events on PC/PIP3 (Table 5). Histo-

grams of observed jump distances clearly show that a large

TABLE 5 Frequency of jump events observed

PC/PIP3 PC/PS/PIP3

Minimum threshold

distance (mm)* 1.783 1.456

Maximum threshold

distance (mm) 5.0 5.0

Total number

of tracks analyzed 266 244

Total number

of steps analyzed 8041 8850

Expected random 2-D steps 40 44

Expected randomly

correlated trajectoriesy 2 3

Total expected

random jumps 42 47

Total observed jumps 62 123

*Minimum distance was calculated as the distance equivalent to the top

0.5% of the expected distribution of step sizes for a 50-ms time window

(Eq. 10) using diffusion constants reported in Table 3.
yNumber of expected random correlations was calculated as described in

Materials and Methods.



fraction of the jumps on PS-containing membranes are

longer than expected for simple two-dimensional diffusion

in the bilayer (Fig. S5). Thus, most of the observed jumps

on membranes containing both PI(3,4,5)P3 and PS are true

microdissociation and rebinding events, and removal of the

PS causes the loss of most rebinding events as predicted

by the electrostatic search hypothesis.

In principle, microdissociation and rebinding could

increase the apparent bound-state lifetime, or decrease the

apparent dissociation rate, if the probability of rebinding is

sufficiently high. For AF555-GRP1PH on PC/PS/PIP3,

roughly 76 microdissociation and rebinding events are

observed for 244 tracked particles (Table 5). This corre-

sponds to roughly 30% of the total trajectories. A simple

simulation indicates that when rebinding is blocked by addi-

tion of IP6, which occupies the PIP3 binding site and thereby

prevents rebinding, the single molecule off-rate should

increase from 0.4 s�1 to 0.6 s�1 (Fig. S6). Indeed, measure-

ment of the single molecule dissociation kinetics in the

absence and presence of IP6 yields off-rates of 0.4 5

0.1 s�1 and 0.6 5 0.1 s�1, respectively (Table 4). Although

any difference between these off-rates is near the limits of

our current precision, the findings are consistent with the

predictions of the microdissociation and rebinding model.

Moreover, the observation that the off-rate measured in the

absence of PS (0.7 5 0.1 s�1) is within error of the off-

rate measured in the presence of the rebinding blocker

suggests that the electrostatic search mechanism, which

requires background PS, is essential for efficient rebinding

(Table 4). Overall, the findings indicate that GRP1 PH mi-

crodissociation and rebinding events are observable both

directly, by tracking analysis of jumps, and indirectly, by

effects on dissociation kinetics. Thus, in principle, microdis-

sociation and rebinding could be detected by bulk kinetic

measurements of dissociation rates. However, because the

effect of jumps on dissociation kinetics is subtle and the

observation is indirect, the single molecule approach, which

analyzes both jumps and dissociation kinetics, is far superior

to bulk analysis.

DISCUSSION

The measurements of GRP1 PH domain docking and diffu-

sion on supported lipid bilayers show that single-molecule

measurements made with supported bilayers yield the

same membrane residency times, within error, as bulk

measurements made with sonicated vesicles. In addition,

the single molecule approach shows three features of the

membrane-docked PH domain undetected previously: i),

in the absence of background anionic lipids, GRP1 PH

domain bound to its membrane-embedded target lipid

PI(3,4,5)P3 diffuses at the same rate as a single lipid mole-

cule, ii), GRP1 PH domain bound to its target lipid can

interact with PS via one or more secondary binding sites,

which when occupied slow PH domain diffusion on the

Single Molecule Protein-Membrane Docking
membrane surface, and iii), an electrostatic search mecha-

nism not only speeds GRP1 PH domain binding to its

rare target lipid PI(3,4,5)P3 during membrane association,

but also promotes target lipid rebinding events on microdis-

sociation. These observations provide what we believe are

new mechanistic insights, inaccessible via standard bulk

methods, into the target membrane docking reaction. Over-

all, this study shows the power of in vitro single-molecule

TIRFM to analyze the molecular mechanisms of peripheral

proteins docking to their target membranes.

Single-molecule measurement of peripheral
membrane protein docking and diffusion

Diffusion measurements provide important information

about the dynamics of the supported bilayer. Lipids in sup-

ported bilayers are known to diffuse ~5-fold more slowly

than in unsupported bilayers or vesicles (34,42). This is

likely due to weak frictional coupling between the bilayer

and the glass support through the intervening water layer

(47). Numerous studies have shown that strong frictional

coupling exists between monolayers of a supported bilayer,

resulting in diffusion constants that are usually indistinguish-

able in the two leaflets (43,45), and differ by no more than a

factor of 2 even when the proximal leaflet is connected to the

substrate by a flexible linker (26). Consistent with these

observations, this study measures a single diffusion constant

of 3 mm2/s for lipid diffusion in supported bilayers (Table 3,

Fig. 1). This value is fully consistent with the previously

observed range of lipid diffusion constants (1–10 mm2/s)

observed in various supported bilayer systems (26,38,39,

42–44).

Supported lipid bilayers are excellent membrane

substrates for single-molecule TIRFM studies of PH

domains and other peripheral membrane binding proteins

(48). The protein is added to the solution after the bilayer

is deposited on glass, ensuring that it is excluded from the

glass-exposed leaflet and docks only to the solvent-exposed

leaflet. However, support-induced membrane defects can

lead to small immobile fractions of protein or lipid. Care

must be taken to exclude these immobile particles from anal-

ysis: this study focuses only on the mobile particles. For the

mobile state, both simple diffusion and established theory for

supported bilayers predict that diffusion will slow as the

number of membrane contacts increases, due to increased

drag from the high-viscosity bilayer (47,49). Thus, in prin-

ciple, diffusion measurements of peripheral membrane

proteins can provide meaningful information on protein-

membrane contacts.

The dissociation kinetics of single protein molecules from

the surface can provide additional information about protein-

membrane contacts. However, measurement of such kinetics

requires carefully optimized parameters, and is thus limited

to experiments wherein certain requirements can be met.

For example, the membrane-bound fluorescent protein

Biophysical Journal 96(2) 566–582

577



must be bound at sufficiently high density, and possess one

or more distinguishing features, to prevent fluorescent

contaminants from dominating the analysis. At the same

time, however, the protein density must be low enough

that fluorescent particles do not overlap with each other

too often, so that individual particle tracks can be distin-

guished. The maximum measurable off-rate is governed by

the maximum video frame rate, which is ~100 s�1 for the

system used here. Limits to measurement of slow off rates

are a), photobleaching, and b), the amount of time a typical

particle spends in the field of view before diffusing out. The

latter factor is determined by both the size of the field of view

(in this case, ~490 mm2) and the diffusion rate, with slower

dissociation rates measurable for slower-diffusing particles.

For this field of view and an organic fluorophore such as

AF555, dissociation rates approaching 0.1 s�1 are measur-

able. Thus, when the other requirements are met, this method

can directly measure membrane dissociation rates spanning

nearly three orders of magnitude without perturbing the

binding equilibrium.

An obvious advantage of any single-molecule measure-

ment is the requirement of vanishingly small amounts of

labeled macromolecule. As with any study using labeled

protein, care must be taken to ensure that the extrinsic probe

does not destroy the activity being investigated. The second-

generation, red-shifted fluorophores with the best photo-

physical properties for single-molecule studies are bulky

aromatics that typically possess a net charge, thus it is impor-

tant to measure their effects on activity. In this study, probe

effects were tested directly by producing large enough

amounts of labeled protein for bulk measurements in parallel

with the single-molecule measurements, and were found to

be detectable but small.

Diffusion of a PI(3,4,5)P3-docked PH domain
in a supported bilayer

Strikingly, when bound to PC/PIP3 bilayers, the GRP1 PH

domain diffuses at a rate indistinguishable from free lipid

(Figs. 1 and 3 A). This observation suggests that the contact

between the PH domain and bilayer is dominated by the

high-affinity interaction between the protein and the head-

group of its target lipid PI(3,4,5)P3. This headgroup, like

that of other PIP lipids, is significantly larger than the non-

PIP headgroups of the plasma membrane inner leaflet, pro-

jecting as much as 10 Å out of the bilayer surface into solvent

(21). Structural studies of PH domain-PIP complexes

suggest that the protein can almost completely engulf the

headgroup in its specific binding pocket without penetrating

deeply into the bilayer (14,15). Indeed, many PH domains

that target PIP lipids, including GRP1 PH domain, produce

only minor increases in lateral surface pressure when bound

to membrane monolayers (19,20). The observation that the

GRP1 PH domain-PI(3,4,5)P3 complex experiences essen-

tially the same lateral friction in the membrane as a single
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lipid molecule strongly suggests that diffusion is governed

almost entirely by the lipid acyl chains.

When the PI(3,4,5)P3-associated GRP1 PH domain binds

simultaneously to PS in the same membrane, its diffusion is

significantly slowed. The 33% decrease in diffusion constant

triggered by a physiological membrane density of PS

suggests that one or more secondary binding sites for

PS exist on the surface of GRP1 PH domain. Furthermore,

PS coordination by the PI(3,4,5)P3-docked domain decreases

the membrane dissociation rate by a factor of 2, as observed

for both AF555-labeled and wild-type PH domain (Table 2,

Fig. S3). PS binding likely involves one or more cationic

side chains exposed on the membrane-proximal surface of

the PH domain. Examination of the protein surface

surrounding the PI(3,4,5)P3 docking cleft shows seven

candidate Arg or Lys residues. Further studies are needed

to determine whether the site is saturated by native PS levels

when the PH domain is bound to its target PI(3,4,5)P3 lipid,

and whether the site is specific for PS or also binds other

anionic lipids. Further work will also probe which of the

seven cationic residues comprise the secondary PS site and

generate its effects on diffusion and dissociation kinetics,

and whether these same residues, or different ones, underlie

the electrostatic search process that occurs during PI(3,4,5)P3

docking.

Notably, the PS affinity of the secondary binding site is

too low to drive detectable equilibrium binding to

membranes lacking target lipid. Indeed, our previously pub-

lished FRET measurements (17) and current findings

provide no evidence for GRP1-PH binding to PC/PS

membranes in the absence of PI(3,4,5)P3. Furthermore, our

ensemble TIRFM measurements with ~100 nM AF555-

GRP1PH indicate that the same background fluorescence

intensity is observed in the evanescent field region of both

PC and PC/PS bilayers (data not shown). Together, these

observations indicate that if the secondary site has any direct

interaction with PS in the absence of PI(3,4,5)P3, it must be

both transient and weak (lifetime << 20 ms, KD > 10 mM).

By contrast, for a PH domain bound to PI(3,4,5)P3 on the

surface of a membrane composed of 25 mol % PS, the effec-

tive local PS concentration is extremely high (>100 mM).

Thus, it is reasonable to propose that the secondary site is

significantly occupied by PS only when the PH domain is

bound to target lipid on the membrane surface, thereby

altering the interaction of the GRP1 PH domain with the

bilayer surface and slowing PH domain surface diffusion.

The presence of secondary lipid binding sites is an

emerging theme for membrane-targeting protein domains.

Biophysical methods of interrogating membrane interac-

tions, along with the use of more complex, physiologically

relevant lipid mixtures, have aided in the recent identification

of secondary lipid binding sites in the PKCa C2 domain, the

synaptotagmin C2B domain, the p47phox PX domain, and the

SOS PH domain (50–54). In cells, such secondary sites can

confer additional specificity to membrane targeting, and can
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provide regulation of binding affinity, enzymatic activity,

and membrane residency time by altering the orientation of

the protein relative to the bilayer surface, as well as the

rate of membrane dissociation (21,55).

Implications of microdissociation and rebinding
for GRP1 search mechanisms

The findings include direct observation of transient microdis-

sociation and rebinding events for single molecules of GRP1

PH domain. Rebinding is a general property of surface-asso-

ciated proteins, and evidence for rebinding of other proteins

after dissociation has been provided previously by ensemble

TIRFM measurements (56). The rebinding of GRP1 PH

domain is likely to be dominated by the same electrostatic

search mechanism that enhances the PI(3,4,5)P3 on-rate. In

the simplest physical model, illustrated in Fig. 6,

PI(3,4,5)P3 binding and rebinding rates are enhanced by

the same local, electrostatic search mechanism, in which

transient interactions with anionic background lipids,

primarily PS, increase the rate of PH domain collisions

with the membrane surface (Fig. 6). The increased

membrane collision rate speeds binding to the rare target

lipid PI(3,4,5)P3, but the transient background lipid contacts

do not result in detectable levels of membrane binding in the

absence of target lipid. The resulting dependence of

membrane targeting on the presence of target lipid is essen-

tial to cellular function, since the PH domain drives plasma

membrane docking only during a PI(3,4,5)P3 signal.

During a microdissociation and rebinding event, the PH

domain dissociates from PI(3,4,5)P3 and diffuses through

aqueous solution, but instead of diffusing away from the

membrane as in macrodissociation, the protein returns to

the membrane and finds a second PI(3,4,5)P3 molecule via

another electrostatic search (Fig. 6). It is clear that the micro-

dissociation and rebinding events detected here by single

molecule tracking, which yield jumps over micrometer

distances, involve aqueous diffusion rather than rapid diffu-

sion over the membrane surface, because the PH domain

would encounter many PI(3,4,5)P3 molecules during such

a surface scan (on average, PI(3,4,5)P3 molecules are

~6 nm apart in our membranes). Moreover, the observation

that the PH domain disappears from TIRFM detection during

the jump is consistent with rapid aqueous diffusion, rather

than slow, lipid-bound diffusion. Strong evidence supporting

the proposal that electrostatic searching is essential to effi-

cient rebinding is provided by the observation that rebinding

is stimulated by the anionic lipid PS, and the degree of PS

stimulation is nearly identical for the on-rate and the rebind-

ing rate (2- to 4-fold, Tables 2 and 5). This model predicts

that, in the presence of PS, the rebinding rate of the wild-

type PH domain will be a further 4-fold faster than that of

the probe-labeled PH domain used herein, because the probe

slightly weakens the electrostatic search mechanism, such

that the PS stimulation of the PI(3,4,5)P3 on-rate is 4-fold

higher for the native domain than for the probe-labeled

domain (Table 2).

The current rebinding hypothesis makes a prediction that

will be tested in a future two-color TIRFM system (57): in

a mixture of PH domains labeled with two different fluors,

most of the operationally identified ‘‘jumps’’ are predicted

to retain the same color as required by true microdissociation

FIGURE 6 Working model for the

role of electrostatic searching in rare

target lipid acquisition, microdissocia-

tion and rebinding. Shown is a simpli-

fied view of a PH domain (green) with

its positively charged PI(3,4,5)P3

binding face (blue), together with a lipid

bilayer containing high levels of anionic

background lipids (red, primarily PS)

and a rare target lipid (purple). As the

PH domain approaches the membrane,

a long-range electrostatic interaction

between the PI(3,4,5)P3 binding face

and the anionic membrane surface

drives rotational steering. Subsequently,

the positive face of the PH domain inter-

acts weakly and transiently with anionic

background lipids as it ‘‘bounces’’

multiple times along the membrane

surface. Usually, the PH domain returns

to solution, but occasionally the domain encounters and binds a PI(3,4,5)P3 target molecule. The residency time of the PI(3,4,5)P3-bound GRP1 PH domain is

typically over 1 s, during which time the lipid-bound domain undergoes two-dimensional diffusion on the membrane surface (not shown). After PI(3,4,5)P3

dissociation, the PH domain may bounce along the anionic membrane surface before diffusing back into bulk solution. During a typical microdissociation and

rebinding event, the domain diffuses up to several microns through solution (a large distance on the scale of this figure, as indicated by the break in the

membrane) before returning to the same membrane. The membrane-proximal domain then engages in a new electrostatic search that yields binding to a second

PI(3,4,5)P3 target lipid at location L2, several microns away from the original target lipid at location L1. Ultimately, the domain undergoes a macroscopic

dissociation event and returns to bulk aqueous solution.
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and rebinding of the same particle, except in the absence of

PS when relative proportions of same-color and different-

color jumps will approach random behavior.

For GRP1 PH domain, the most important functional

effect of the electrostatic search mechanism is to speed

binding to PI(3,4,5)P3 by 10-fold during the membrane asso-

ciation reaction (17). In cells, this 10-fold rate enhancement

is predicted to speed the domain response time from 20 s to 2

s, which is essential for the rapid response time of chemotax-

ing leukocytes (17). By contrast, the available evidence indi-

cates that although the electrostatic search mechanism signif-

icantly speeds target lipid acquisition and generates

detectable rebinding events, the effect on the macroscopic

membrane dissociation rate is more subtle, even for the

native PH domain that exhibits the most robust electrostatic

searching.

More broadly, the association, dissociation, and diffusion

rates of membrane targeting domains are precisely tuned for

optimal interactions with target lipids and effector proteins

during cell signaling. The GRP1 PH domain possesses an

electrostatic search mechanism that significantly speeds its

docking to rare target lipid during the membrane association

reaction. Other targeting domains that possess similar elec-

trostatic search mechanisms may also exhibit large effects

on dissociation kinetics. In principle, efficient electrostatic

stimulation of rebinding could both enable jumps into new

membrane regions where substrate or downstream effector

proteins are located, and significantly extend the membrane

residency time. Thus, like electrostatic searching for rare

target lipids, efficient microdissociation and rebinding mech-

anisms are likely part of a toolkit used by evolution to opti-

mize the biophysical parameters of signaling events at

membrane surfaces.

CONCLUSIONS

This study shows the power of single molecule TIRFM

methods, when applied in vitro to well-defined protein

and lipid systems, to uncover the hidden dynamics and

protein-lipid interactions of membrane targeting proteins.

The application of these methods to the GRP1 PH domain

has revealed three previously undetected features of its

interactions with membranes: i), exclusive interaction

with a single target PI(3,4,5)P3 headgroup in the absence

of other anionic lipids, yielding a membrane surface diffu-

sion equivalent to a single lipid molecule, ii), simultaneous

interaction with both its target PI(3,4,5)P3 headgroup and

one or more PS molecules when both types of lipids are

present, yielding a slowing of diffusion and dissociation,

and iii), transient microdissociation and rebinding events

when both lipids are present. Simultaneous binding of the

PI(3,4,5)P3 headgroup to the primary site and PS binding

to one or more weak, secondary sites are stable features

of the membrane-bound state, whereas rebinding uses tran-

sient, collisional electrostatic interactions to speed redock-
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ing to rare target lipid. Identification of these and similar

hidden properties of membrane docking reactions is crucial

to a mechanistic understanding of specific membrane tar-

geting in a wide array of cellular signaling pathways.

Thus, in vitro TIRFM studies of membrane targeting

proteins are expected to have broad applications in the field

of signaling biology.
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