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Abstract
Peripheral membrane proteins bound to lipids on bilayer surfaces play central roles in a wide array
of cellular processes, including many signaling pathways. These proteins diffuse in the plane of
the bilayer and often undergo complex reactions involving the binding of regulatory and substrate
lipids and proteins they encounter during their 2-D diffusion. Some peripheral proteins, for
example pleckstrin homology (PH) domains, dock to the bilayer in a relatively shallow position
with little penetration into the bilayer. Other peripheral proteins exhibit more complex bilayer
contacts, for example classical protein kinase C isoforms (PKCs) bind as many as six lipids in
stepwise fashion, resulting in the penetration of three PKC domains (C1A, C1B, C2) into the
bilayer headgroup and hydrocarbon regions. A molecular understanding of the molecular features
that control the diffusion speeds of proteins bound to supported bilayers would enable key
molecular information to be extracted from experimental diffusion constants, revealing protein-
lipid and protein-bilayer interactions difficult to study by other methods. The present study
investigates a range of 11 different peripheral protein constructs comprised by 1 to 3 distinct
domains (PH, C1A, C1B, C2, anti-lipid antibody). By combining these constructs with various
combinations of target lipids, the study measures 2-D diffusion constants on supported bilayers for
17 different protein-lipid complexes. The resulting experimental diffusion constants, together with
the known membrane interaction parameters of each complex, are used to analyze the molecular
features correlated with diffusional slowing and bilayer friction. The findings show that both 1)
individual bound lipids and 2) individual protein domains that penetrate into the hydrocarbon core
make additive contributions to the friction against the bilayer, thereby defining the 2-D diffusion
constant. An empirical formula is developed that accurately estimates the diffusion constant and
bilayer friction of a peripheral protein in terms of its number of bound lipids and its geometry of
penetration into the bilayer hydrocarbon core, yielding an excellent global best fit (R2 of 0.97) to
the experimental diffusion constants. Finally, the observed additivity of the frictional contributions
suggests that further development of current theory describing bilayer dynamics may be needed.
The present findings provide constraints that will be useful in such theory development.
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Introduction
Many crucial cell signaling pathways are assembled on membrane surfaces when and where
they are needed. Assembly is often triggered by the appearance of a localized second
messenger, such as a signaling lipid or Ca2+ ion, that in turn recruits a defined set of
peripheral membrane proteins to the local bilayer (1–9). These bilayer-targeted signaling
proteins bind to specific lipids and undergo 2-dimensional diffusion on the membrane
surface thereby enabling collisions with each other – and with key membrane-bound lipids
and proteins needed for regulation, signaling complex formation, and enzymatic reactions.
The lipid bilayer plays a central role in such surface reactions both by acting as a scaffold
that increases the local concentrations of signaling components, and by serving as a
diffusion platform that enables dynamic interactions between those components.

Previous exploratory studies have indicated that 2-dimensional diffusion rates of peripheral
membrane proteins on planar supported bilayers provide a new window into (i) protein-lipid,
(ii) protein-bilayer, and (iii) protein-protein interactions (10–13). Each of these interactions
can trigger a significant, detectable change in diffusion speed on the supported bilayer
surface that provides key insights into a molecular interaction or event. Supported bilayers
lack the diffusional complexities of cell membranes, including the barriers and
inhomogeneities imposed by cytoskeletal structures, transmembrane proteins, and lipid
microdomains (14). In addition, supported bilayers are flat, especially compared to cell
membranes. The overall homogeneity and simplicity of supported bilayers greatly facilitates
quantitative 2-dimensional diffusion measurements. Moreover, the unique boundary
conditions and interactions of one leaflet with the glass support may expand the dynamic
range of lipid and protein diffusion constants in supported bilayers (15,16). Taken together,
the characteristic features of supported bilayers make them especially well suited for single
molecule mechanistic studies that detect and analyze molecular events based on changes of
diffusion speed (11–13). Such diffusional changes can be used to monitor, for example, the
events that occur as membrane-recruited signaling proteins become activated by the
stepwise binding of activator lipids, regulatory proteins, and substrates.

Previous studies of an anti-lipid antibody and a pleckstrin homology (PH) domain have
revealed a remarkably simple relationship between the 2-dimensional diffusion speed and
the number of tightly bound lipids (10–12). For example, GRP1 PH domain is known to
bind a single PIP3 lipid with minimal protein penetration into the bilayer – it accomplishes
this feat by grasping the large (Pi)n-inositol headgroup that projects off the surface of the
bilayer (17,18). In this case the PIP3-PH domain complex exhibits the same 2-dimensional
diffusion constant, within error, as a single free lipid in the same bilayer (11 ). When 1 to 3
PH domains are chained together by flexible linkers, the supported bilayer 2D diffusion
constant is given by D = Dlipid / N where D is the single lipid diffusion constant and N is the
total number of PH domains (or, equivalently, the total number of bound PIP3 molecules in
the construct) (12). This simple relationship suggests that, to a first approximation, (i) the
friction of bound lipids against the bilayer dominates due to 100-fold higher viscosity of
bilayer, and (ii) the individual bound lipids make additive contributions to the friction (12).
Such simplicity is not predicted by current models of bilayer dynamics, suggesting that the
theoretical description of the bilayer is not yet complete (12,16).
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More generally, in contrast to the PH domain motif, many peripheral membrane binding
proteins not only bind specific lipids but also penetrate significantly into the bilayer (18–26).
For such proteins both the bound lipid and penetrating protein components may generate
friction against the bilayer that would slow diffusion.

The present study investigates the relationship between the 2-dimensional diffusion constant
of an arbitrary peripheral protein, its number of bound lipids, and its degree of protein
penetration into the bilayer. The analysis compares the 2-dimensional diffusion constants of
17 different protein-lipid complexes undergoing lateral diffusion on supported bilayers,
where the bound lipid stoichiometries and protein-membrane docking geometries are known
for each complex. The results indicate that the experimental diffusion constant D slows with
increasing contacts between the protein-lipid complex and the bilayer. Strikingly, the
findings show that the contributions of individual bound lipids and individual bilayer-
contacting domains to the total friction are, to a first approximation, additive. To elucidate
the parameter that best defines the contribution of protein-bilayer contacts to friction, a set
of candidate parameters is developed and the data reveal the most important frictional
contacts are those in the bilayer hydrocarbon core. Looking forward, the study provides a set
of constraints that will facilitate future development of dynamic bilayer theories capable of
describing the 2D diffusion of peripheral membrane proteins on supported bilayers, and
perhaps bilayers in general.

Materials and Methods
Reagents

Synthetic phospholipids PC (phosphatidylcholine; 1,2-dioleoyl-sn-glycero-3-
phosphocholine), PS (phosphatidylserine; 1,2-dioleoyl-sn-glycero-3-phospho-L-serine),
PIP2 (1,2-dioleoyl-sn-glycero-3-phosphoinositol-4,5-diphosphate), PIP3 (1,2-dioleoyl-sn-
glycero-3-phosphoinositol-3,4,5-trisphosphate), DAG (diacylglycerol; 1,2-dioleoyl-sn-
glycerol), LRB-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[lissamine
rhodamine B sulfonyl]) and Biotinyl-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(biotinyl) were from Avanti Polar Lipids (Alabaster, AL). Alexa Fluor 555 (AF555) C2-
maleimide and Alexa Fluor 555 (AF555-SE) succinimidyl ester were from Invitrogen
(Carlsbad, CA). 2-mercaptoethanol was from Fluka (Buchs, Germany). CoA trilithium salt
was from Sigma (St. Louis, MO). Goat polyclonal anti-biotin antibody (IgG) was from
Abcam (Cambridge, MA). TCEP was from Thermo Fisher Scientific (Rockford, IL).
Ultrapure (>99%) BSA from Sigma-Aldrich (St. Louis, MO).

AF555-labeled proteins
DNA sequences encoding human cPLA2 C2 (residues 1-138), human PKCα C2 (residues
155-293), human PKCα C1 (C1A-C1B, residues 27-165), human PKCα C1C2 (C1A-C1B-
C2, residues 27-292) and human PKCα C1B (residues 94-165) were inserted into both
pGEX-4T1 and pMAL-c2G expression vectors. To enable sequence-specific labeling with a
CoA-linked fluorophore, each respective 5′-term PCR amplification oligonucleotide was
synthesized (Integrated DNA Technologies, Coralville, IA) to include the 11-amino acid
recognition sequence for Sfp phosphopantethienyl-transferase (27), such that the labeling
sequence resides upstream of the insert. DNA sequencing confirmed the correct full
sequence of all final constructs. Human GRP1 PH (residues 255-392) monomer or multimer
constructs were prepared as described previously (12). Human MARCKS ED peptide
(MARCKSp, residues 151-175) was fabricated by SynBioSci Corporation (Livermore, CA)
and includes an N-terminal cysteine residue (N-CKKKKKRFSFKKSFKLSGFSFKKNKK-
C).
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Recombinant proteins were expressed in E. coli Rosetta 2 (DE3) cells as N-terminal
glutathione S-transferase (GST) or maltose-binding protein (MBP) fusions, and purified
using glutathione affinity resin or amylose resin (New England Biolabs) as described
previously (28,29). Proteins were labeled with AF555 by Sfp enzyme using our published
protocol (12,27). Briefly, ~2 μM target protein was incubated with 2.5 μM Alexa Fluor 555-
CoA conjugate and 0.5 μM Sfp at room temperature for 1 hr. Excess fluorophore was
removed by buffer exchange in Vivaspin concentrators (Sartorius Stedim, Göttingen,
Germany) until the flow-through was not visibly colored by AF555 absorption, and the
flow-through was checked for absorbance at 555 nm. Concentration of labeled protein and
labeling efficiency were determined from the measured absorbances of AF555 and intrinsic
tryptophan residues.

MARCKS ED peptide (MARCKSp) was labeled by incubating ~1 μM target protein and 1.5
μM AF555-maleimide in the presence of 1 μM TCEP at room temperature for 1 hr. Anti-
biotin IgG was labeled by adding 1 μL of 1M sodium bicarbonate to 10 μL of 1 mg/mL (10
μg) antibody in phosphate buffered saline, and then incubating with ~20 μg AF555-
succinimidyl ester for 1 hr at room temperature. Free fluorophore was removed from each
labeling reaction and labeling efficiency was determined as described above.

Supported lipid bilayer preparation
Supported lipid bilayers were prepared from sonicated unilamellar vesicles (SUVs) as
described previously (11,12). Table 1 lists the lipid compositions of the supported bilayers
employed herein. To make SUVs, the desired phospholipids were solubilized in
chloroform:methanol:water (5:6:2) at the desired lipid molar ratio, then the solvent was
removed by vacuum prior to lipid rehydration with aqueous storage buffer (140 mM KCl, 15
mM NaCl, 0.5 mM MgCl2, 0.02% NaN3, 20 mM 2-mercaptoethanol, 25 mM HEPES, pH
7.5). The resulting aqueous lipid suspension (3.0 mM total lipid), was sonicated with a
Misonix XL 2020 probe sonicator to produce sonicated, unilamellar vesicles that could be
stored at 4°C for up to 5 days before use. To make supported bilayers, glass coverslips
(Pella, Redding, CA) were soaked for 1 h in piranha solution (3:1 H2SO4:H2O2), rinsed
extensively with Milli-Q water, dried under a stream of N2, and irradiated for 0.8 h in a
Novascan PSD-UV ozone cleaner. A 60 μM perfusion chamber (Invitrogen; Eugene, OR)
was adhered to each cleaned glass slide and supported bilayers were formed via the vesicle
fusion method using the SUVs described above (11,12,28,29). The resulting bilayers were
rinsed extensively with Milli-Q water and then exchanged into room temperature assay
buffer (140 mM KCl, 15 mM NaCl, 0.5 mM MgCl2, 5 mM reduced L-glutathione, 25 mM
HEPES, pH 7.5) in preparation for TIRFM measurements. To improve fluidity and block
imperfections in bilayers, 100 μg mL−1 BSA (30) was incubated for 30 minutes and
subsequently rinsed from each bilayer where recombinant PKC regulatory proteins or anti-
biotin antibodies were assayed. Control experiments using fluorescent lipid and a lipid-
binding protein tested and confirmed this BSA blocking step did not significantly affect
bilayer fluidity or protein-bilayer interactions.

TIRFM measurements
TIRFM experiments were carried out on a home-built, objective-based TIRFM instrument,
as described previously (11, 12). Supported lipid bilayers (described above) were imaged
before and after addition of fluorescent protein. Typically, only a few dim, rapidly
dissociating fluorescent particles were observed on the bilayer prior to protein addition.
After protein addition, samples were allowed to equilibrate 5 min to the ambient room
temperature of 22.5 ± 0.6 °C. To minimize contributions from small numbers of immobile
fluorescent particles (presumably inactive protein aggregates), a bleach pulse ~30-fold
higher power than used for imaging was applied for 2–5 s, then fluorescence was allowed to
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recover for 60 s before data acquisition. Movie streams were acquired at a frame rate of 20
frames/s, and a spatial resolution of 4.2 pixels/μm, for each sample using NIS Elements
Basic Research (Nikon). Subsequent particle tracking analysis was carried out using ImageJ
(31), and data processing and fitting were carried out using Mathematica (Wolfram
Research), IGOR Pro (WaveMetrics) and GraphPad Prism 5 (GraphPad Software, Inc.).

Single particle tracking
As in our previous studies (11,12), diffusion trajectories of single fluorescent lipid and
protein molecules were tracked and quantitated using the Particle Tracker plugin for ImageJ
(31), then diffusion data was imported into Mathematica for further analysis. Briefly, the
plugin determines the center position and intensity of each fluorescent particle in each
frame, then links the particles in successive frames to form trajectories. Only particles
possessing fluorescence intensities within a defined range were included in the analysis,
thereby eliminating bright protein aggregates and dim, non-protein contaminants. Additional
exclusions removed immobile particles, rapidly dissociating particles, and overlapping
tracks for which particle identity is lost. All exclusions were described and validated
previously (11, 12).

Determination of diffusion coefficients from single molecule data
Each data set was analyzed in three ways to determine the best model (i) a homogeneous, 1-
component fit; (ii) a 2-component Rayleigh fit; and (iii) a 3-component Rayleigh fit, as
described previously (12). Briefly, trajectory displacement data from were calculated for Δt
= 8 frames (0.16 s) and converted to binned probability distribution histograms. These
distributions were fit to a single component distribution, or the sum of two Rayleigh
distributions, or the sum of three Rayleigh distributions as in (12).

Modeling
Modeling of bilayer-embedded, protein-lipid complexes was performed in PyMol (DeLano
Scientific). The lipid bilayer was assumed to be perfectly planar, and was divided into
parallel layers of established, experimentally-determined thicknesses (32) as follows. The
headgroup layer was defined as the zone from the average plane of PC choline nitrogen
atoms to the average plane of PC acyl chain carbon 2 atoms. The hydrocarbon core was
defined as the region between the carbon 2 planes of the opposing leaflets. In addition, to
assist in positioning membrane-penetrating proteins, the average backbone phosphate plane
was positioned inside the headgroup layer the standard distance from the choline nitrogen
plane. Subsequently, each protein domain was docked into the bilayer based on its known
depth of penetration and docking angle relative to the backbone phosphate plane, thereby
reproducing the experimentally determined membrane docking geometry. For this
application, C1A and C1B are modeled as PKCγ C1B (PDB ID 1TBN) and were placed in
the model lipid bilayer based on NMR-determined protein-lipid interactions (33).
Placements of cPLA2 C2 (PDB ID 1RLW), PKCα C2 (PDB ID 1DSY) and GRP1 PH (PDB
ID 1GFY) domains were guided by their EPR-determined docking parameters (18,21,34).
MARCKSp placement was guided by several NMR and EPR studies (35–38). After
experimentally-guided placement in the model bilayer, the specific regions of each protein
exposed to the headgroup layer or the hydrocarbon core were measured. Exposed protein
surface area and volume were determined for each bilayer region using the 3V Voss Volume
Voxelator (39). Total footprint area (FPA) on the bilayer surface was determined by
calculating the two-dimensional cross-sectional area of the protein where it crosses the
average PC choline nitrogen plane.(32)(33)(18,21,34)(35–38)(39)
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Statistics
Each diffusion coefficient in the text and tables is a mean ± 1 S.D. determined from at least
6 movies obtained in at least 3 separate experiments under identical conditions.

Results
The constructs selected for quantitative 2-D diffusion analysis, and their membrane
contact parameters

Figure 1 presents the 11 protein constructs selected for study in their 17 unique lipid binding
modes on target bilayers. Each selected construct is well-characterized with respect to (i) the
total number and type of lipids it binds, (ii) the structure(s) of its individual protein domains,
and (iii) the membrane docking geometry(s) of its protein domains. All but two constructs
contain one or more of the following component domains: a C1 domain (C1A and/or C1B)
from protein kinase C isoform α (PKCα), a C2 domain from PKCα or from cytosolic
phospholipase A2 (cPLA2), and a PH domain from general receptor for phosphoinositides
isoform 1 (GRP1). The remaining constructs are the basic effector fragment (MARCKSp, a
25-residue peptide) from the MARCKS protein and an anti-biotin IgG antibody.

Figure 2 defines the geometric parameters measured for each construct. Table 2 lists the key
parameters for each construct, based on its known lipid binding properties and the
membrane docking geometries its component domains, including: the total number (N) and
types of bound lipids, total footprint area (FPA(HG)) on the surface of the bilayer, total
surface area exposed to the headgroup layer (SA(HG)) or the hydrocarbon core (SA(HC)) of
the membrane, and total volume within the headgroup layer (V(HG)) or the hydrocarbon
core (V(HC)).

Single molecule TIRF quantitation of surface diffusion on supported bilayers, and the
measured 2-D diffusion constants

Each construct was labeled with the relatively photostable fluorescent probe AlexaFluor-555
(AF555), and single molecule TIRF microscopy was employed to monitor its binding and
surface diffusion on PC/PS (3:1) supported bilayers containing, where indicated, 2 mole
percent of additional target lipid(s). Table 1 lists the lipid compositions of the supported
bilayers employed. All lipids were dioleoyl (DO, both acyl chains 18:1) so that the bilayer
was chain-matched, and experiments were carried out in a near-physiological assay buffer
(140 mM KCl, 15 mM NaCl, 0.5 mM MgCl2, 5 mM reduced L-glutathione, 25 mM HEPES,
pH 7.5) at 22.5° C.

As in previous studies, single molecule diffusion tracks were recorded with a 20 msec frame
rate, and populations of hundreds of tracks were analyzed (11–13). A significant advantage
of the single molecule analysis is the ability to resolve diffusional heterogeneity and to filter
out minor population components exhibiting anomalous diffusion, thereby more accurately
defining the diffusion constant of the major component. For a single domain construct, the
diffusing population is often homogeneous, while for multi-domain constructs, as previously
observed, the diffusing population often exhibits detectable heterogeneity, presumably due
to the increased probability that domain(s) of individual molecules are misfolded or bound
to rare bilayer defects (12,13). For each construct, Table 2 presents the diffusion constant
(D) of the major component and its fractional contribution to the total population. Due to the
greater uncertainties inherent in measuring small step sizes, the error of D increases as
diffusion slows.
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Bound lipids make additive contributions to total friction
The diffusion constant (D) and the frictional coefficient (f) are defined by a simple inverse
relationship:

Eq. 1

Here, for convenience, we define the variable “friction” (F) as the inverse of the diffusion
constant, such that friction is directly proportional to the frictional coefficient:

Eq. 2

For the diffusion of peripheral proteins on a membrane the friction against the aqueous
solvent is generally negligible and the friction against the bilayer controls the 2-dimensional
diffusion rate, since the bilayer is ~100-fold more viscous than the aqueous phase
(11,12,14).

Previous studies of surface-associated peripheral proteins bound to lipid headgroups have
indicated that individual lipids bound to different protein domains make additive
contributions to total friction (10–12,13 ). These studies have found that the friction against
the bilayer simply increases linearly with N, the number of lipids tightly bound in the
complex (weakly associated boundary lipids are not counted in N), so that the diffusion
constant is inversely related to N:

Eq. 3

where F1 lipid is the friction experienced by a single free lipid in the bilayer. Thus, Tamm
observed that an antibody bound to 1 or 2 lipids exhibits a diffusion coefficient 1/1 or 1/2
that of a free lipid, respectively (10). Similarly, a subsequent study of PH domain constructs
bound to 1, 2 or 3 PIP3 lipids, respectively, found these constructs exhibit diffusion
constants 1/1, 1/2 or 1/3 that of a free lipid (12).

Table 2 shows the newly measured diffusion constants for surface-associated antibody
bound to 1 or 2 biotin-labeled lipids, and for PH domain constructs bound to 1, 2, or 3 PIP3
lipids, respectively, where all diffusion measurements employed the same standard
conditions. The findings reiterate that the diffusion constant is inversely proportional to N,
the number of bound lipids, thereby validating the earlier conclusion that bound lipids make
additive contributions to total friction and thus are in or near the free draining limit (10–12).
The large solvent-exposed regions of the antibody molecule, or the mutant PH* domain that
is fully solvent exposed, do not slow diffusion; as a result, antibody-lipid and PH-PH*
complexes bound to a single lipid exhibit the same (within error) D as a single PH-lipid
complex, or as a single free lipid in the bilayer (Table 2). Thus, as previously noted, only
drag against the bilayer makes a significant contribution to friction (10–12).

Bilayer-penetrating protein domains also make additive contributions to total friction
The antibody and PH domain constructs bind lipid headgroups while penetrating very little
into the bilayer (Fig. 1). In contrast, the C1 and C2 domain constructs employed in this study
exhibit significantly greater penetration into the headgroup layer. Moreover, both C1
domains (C1A, C1B) and one of the C2 domains (cPLA2 C2) employed also penetrate
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significantly into the hydrocarbon core. These membrane-penetrating domains exhibit
significantly larger total frictions than predicted by Equation 3 for their numbers of bound
lipids, indicating that protein penetration into the bilayer is generating additional friction.
Analysis of the total frictions observed for all the multi-domain constructs, irregardless of
whether the domains are surface-bound or membrane-penetrating, reveals a striking result.
For the multi-domain constructs the total friction is, with only one exception, equal to the
sum of the frictions from its individual domains within error (Table 2). (The exception is a
PH-PH construct that diffuses ~20% faster than expected by additivity, consistent with
occasional “skating” of this dimeric construct on one PH-lipid contact as previously
proposed (13)). The simplest interpretation of this notable trend is that the total friction is
composed of additive contributions from both bound lipids and penetrating protein domains:

Eq. 4

Here, the total friction in the denominator possesses (a) a lipid term defined by the total
number of tightly bound lipids (Ni, summed over all domains i of the construct) multiplied
by the friction of a single lipid (F1 lipid); and (b) a protein penetration term defined by the
total protein penetration parameter (Pi, summed over all domains i of the construct)
multiplied by a proportionality constant. The relevant F1 lipid and Ni values, together with
the parameters used to calculate Pi, are summarized in Table 2. Thus the only unknown
parameter is the constant c, which can be determined by global best fitting of Equation 4 to
the experimentally determined diffusion constants.

In the simplified approach employed by Equation 4, the number of lipids bound to a given
domain (Ni) is used to calculate the bound lipid contribution to the domain friction, which
assumes that the frictional contributions of all types of lipids are approximately the same. In
the present application this assumption appears to be valid as indicated by the excellent fits
Equation 4 provides to the data (see below). All of the lipids used in the present study
possess the same acyl chains (di-(18:1)oleoyl), which likely is an important factor in
minimizing the frictional differences between lipids, especially since the data indicate that
friction is dominated by molecular interactions in the hydrocarbon core rather than in the
headgroup layer (see below). In cases where a single domain binds multiple lipids, they
could be located too close together to be independent (in the free draining limit (12)). In this
case, the additional friction generated by the binding of additional lipids to the same domain
in Equation 4 could arise from deeper penetration of the protein into the bilayer triggered by
the lipid association, as observed for the binding of PIP2 to PKCα C2 domain already bound
to PS (19,21).

Initial search for a molecular quantity that best defines the protein penetration parameter
The measured diffusion constants for 17 protein-lipid complexes enabled an initial search
for the molecular quantity(s) that best define the protein penetration parameter P in Equation
4. The candidate quantities are summarized in Table 3; each quantity was tested by using
that quantity in the global best fitting of Equation 4 to the measured diffusion constants. In
the fitting, Table 2 was used to calculate the candidate quantity for each domain, and the
result was used as Pi in Equation 4. (Note for square root and cube root parameters, the root
is calculated for individual domains prior to the Eq. 4 sum). The ensuing global fit yielded
the best fit constant c, and the goodness of fit parameter R2 that ranges from 0 to 1 – the
latter for a perfect fit.
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Altogether, 14 molecular quantities were tested as candidates to represent the protein
penetration parameter, as defined in Figure 2 and summarized in Table 3. Of these
candidates, 4/14 yielded excellent fits with an R2 of 0.97 or better, while the worst fits
yielded R2 as low as 0.78. Notably, all four of the highest R2 values were produced by
quantities that measured protein penetration into the hydrocarbon core (HC), either based on
the volume penetrating into the hydrocarbon core [V(HC) or V1/3(HC)], or on the surface
area exposed to the hydrocarbon core [SA(HC) or SA1/2(HC)]. Figure 3 presents the two
very best fits for SA1/2(HC) (R2 of 0.971) and V1/3(HC) (R2 of 0.970), as well as the worst
fit (R2 of 0.777) for contrast. Interestingly, the two very best fits both scale to the radius of
the protein region exposed to the hydrocarbon core.

The findings support a model in which the protein penetration parameter is most accurately
defined by protein drag in the hydrocarbon core, with little or no contribution from protein
drag in the headgroup layer. On first glance it was curious that the four top candidate
parameters quantified the protein-hydrocarbon core interactions differently [V(HC),
V1/3(HC), SA(HC), SA1/2(HC)] but yielded very similar fits (Table 3). Such similarity is
likely an artifact of the construct library since 7 of the 8 constructs penetrating into the
hydrocarbon core make their deep contacts via one (C1B) or two (C1A-C1B) C1 domains –
the remaining cPLA2 C2 construct penetrates less deeply into the hydrocarbon core. Thus,
7/8 of the hydrocarbon penetrating constructs employ the same C1 motif, which means that
the present analysis of the protein penetration parameter might be biased by the
characteristics of this motif. Careful examination shows that the four best fits yield c x Pi
terms in Equation 4 that are very similar in magnitude, explaining why their R2 values are so
similar. Overall, the data provide strong evidence that interactions with the hydrocarbon
core are the main component of protein frictional drag, but further studies employing a
broader range of hydrocarbon-penetrating motifs are needed to unambiguously identify the
hydrocarbon contact parameter that best quantifies this frictional contribution.

Discussion
The present findings show that the 2-dimensional diffusion rate of a peripheral protein on
the surface of a supported lipid bilayer is defined by two distinct classes of additive
frictional drags generated by (i) tightly bound lipids and (ii) protein domains that penetrate
into the hydrocarbon core. When a construct possesses multiple tightly bound lipids and/or
multiple hydrocarbon-penetrating domains, its total friction against the bilayer is the sum of
contributions from these individual lipids and domains. Empirical Equation 4 defines these
lipid and protein components of friction, and can be used to calculate the total friction and
diffusion constant (D = 1 / friction) of a given domain or multi-domain construct from its
known lipid and bilayer contact parameters. Table 2 summarizes these parameters for the
PH, C1A, C1B, C2 and antibody proteins employed in this study. Figure 3 illustrates the
striking agreement between the measured D values and the corresponding frictions
calculated by Equation 4. The available data does not unambiguously identify a single
protein-bilayer contact parameter best suited to describe the protein component of friction;
however, the data strongly support a model in which the bilayer drag of tightly bound lipids,
together with protein drag in the bilayer hydrocarbon core, combine in an additive fashion to
define 2-dimensional diffusion speed.

The present analysis primarily utilizes a single motif, the C1 domain, to introduce contacts
with the hydrocarbon core. Unambiguous identification of the optimal protein-bilayer
contact parameter –likely either the cube root of hydrocarbon-exposed volume or the square
root of hydrocarbon-exposed surface area – will require a broader library of deeply
penetrating protein motifs.
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It is not yet clear whether present analysis of peripheral protein diffusion on supported
bilayers will also pertain to protein diffusion on free standing bilayers. Further studies are
needed to resolve this issue by comparing the 2-dimensional diffusion rates of peripheral
proteins in different bilayer systems including supported bilayers; sparsely and densely
tethered bilayers; and free standing bilayers such as black lipid membranes and giant
unilamellar vesicles (GUVs) (14,40–43). Whether or not the diffusion features observed
herein are unique to supported bilayers, it is clear that supported bilayer measurements are
ideally suited for both (i) comparing the 2-dimensional diffusion constants of different
peripheral proteins docked to their target membranes to elucidate their specialized protein-
lipid and protein-bilayer interactions, and (ii) observing changes in diffusion constants as a
membrane-docked protein acquires new bound lipids and inserts additional domains into the
bilayer in a stepwise fashion during, for example, its multi-step activation process. It follows
that quantitative diffusion measurements on supported bilayers will provide a new window
into protein-membrane interactions, and into complex signaling reactions on membrane
surfaces.

Conclusions
The study measures 2-D diffusion constants on supported bilayers for 17 different protein-
lipid complexes. The resulting experimental diffusion constants, together with the known
membrane interaction parameters of each complex, are used to analyze the molecular
features correlated with diffusional slowing and bilayer friction. The findings show that:

1. both individual bound lipids and individual protein domains that penetrate into the
hydrocarbon core make additive contributions to the friction against the bilayer,
thereby defining the 2-D diffusion constant;

2. an empirical formula is developed that accurately estimates the diffusion constant
and bilayer friction of a peripheral protein in terms of its number of bound lipids
and its geometry of penetration into the bilayer hydrocarbon core, yielding an
excellent global best fit (R2 of 0.97) to the experimental diffusion constants;

3. unambiguous identification of the optimal protein-bilayer contact parameter –
likely either the cube root of hydrocarbon-exposed volume or the square root of
hydrocarbon-exposed surface area – will require a broader library of deeply
penetrating protein motifs than employed herein.
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Abbreviations

PH domain pleckstrin homology domain

C1A and C1B first conserved domains of classical protein kinase C

C2 second conserved domain of classical protein kinase C

GRP1 general receptor for phosphoinositides isoform 1

PKCα protein kinase C isoform α

cPLA2 cytosolic phospholipase A2

Ziemba and Falke Page 10

Chem Phys Lipids. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sfp phosphopantethienyl-transferase

AF555 Alexa Fluor 555

PC phosphatidylcholine; 1,2-dioleoyl-sn-glycero-3-phosphocholine

PS phosphatidylserine; 1,2-dioleoyl-sn-glycero-3-phospho-L-serine

PI(4,5)P2 or PIP2 1,2-dioleoyl-sn-glycero-3-phosphoinositol-4,5-diphosphate

PI(3,4,5)P3 or PIP3 1,2-dioleoyl-sn-glycero-3-phosphoinositol-3,4,5-trisphosphate

DAG diacylglycerol; 1,2-dioleoyl-sn-glycerol

biotinyl-PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(biotinyl)

LRB-PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[lissamine
rhodamine B sulfonyl]

SUV sonicated unilamellar vesicle

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

TIRFM total internal reflection fluorescence microscopy

GST glutathione S-transferase
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Highlights

• We measure lateral diffusion constants (D) on supported bilayers for 17 protein-
lipid complexes.

• We examine the relationship between friction (= 1/D), lipid binding
stoichiometry and protein penetration into the bilayer.

• Friction arises from the additive drags of bound lipids and penetrating protein
against the viscous bilayer.

• The protein component is dominated by drag against the bilayer hydrocarbon
core.
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Figure 1. The 17 protein-lipid complexes employed in this study
Shown are schematic views of the 17 protein-lipid complexes modeled into a bilayer as
described in Methods. As in Table 2, the complexes are arranged in order of increasing
diffusion constant, or decreasing protein-bilayer friction. The protein domains are solid
surfaces, their tightly bound lipids are depicted in CPK format, and the surrounding bilayer
in stick format (bilayer headgroup atoms including glycerol backbone and ester linkage of
acyl chains in red, hydrocarbon chains beginning with carbon 2 in grey). Linker lengths are
indicated in grey as the number of amino acids between defined secondary structure
elements. The indicated protein domains are from PKC (C1A, C1B, C2), cPLA2 (C2
(cPLA2)), MARCKS protein (MARCKSp), and GRP1 (PH). In the PH-PH* construct one
PIP3 binding site is eliminated by mutation (12). Anti-biotin is a divalent IgG antibody.
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Figure 2. Schematic upper leaflet of a supported bilayer, showing the definitions of key
parameters
Shown are representative lipids and a membrane-penetrating PKC C1B domain. The
headgroup region is the space between the two planes defined by (i) the average position of
the PC choline headgroup nitrogen atoms (the nitrogen plane), and (ii) the average position
of the PC acyl chain carbon 2 atoms (the carbon plane). As noted by Nagle & Tristram-
Nagle, the distance between these planes is ~9 Å. For dioleoyl lipids, the hydrocarbon
region extends 27 Å between the average carbon planes of the two bilayer headgroup
regions. Here the footprint area (FPA(HG)) is defined as the protein crossection in the
average nitrogen plane of the headgroup region (HG); surface area (SA(HG), SA(HC)) is the
protein surface area defined by the rolling water sphere method in the headgroup (HG) or
hydrocarbon (HC) region; volume (V(HG), V(HC)) is the protein volume within the same
surface area in the headgroup (HG) or hydrocarbon (HC) region.
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Figure 3. Global best fit of the empirical bilayer friction model (Equation 4) to the experimental
diffusion constants
Shown are the two best fits obtained thus far by setting the protein penetration parameter in
Eq. 4 to either (i) the square root of the protein surface area exposed to the bilayer
hydrocarbon core, or (ii) the cube root of the protein volume exposed to the hydrocarbon
core. Notably, both these approaches scale the protein penetration parameter to the effective
radius of protein exposed to the bilayer. Also shown is the worst fit obtained by setting the
penetration parameter to the square root of the footprint area. In each case the solid line
represents perfect agreement between the measured diffusion constants (D) and calculated
friction values (friction = 1/D).
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Table 1

Lipid compositions of supported lipid bilayers

Lipid mixture Lipid mole %

PC:PS 75:25

PC:PS:PIP3 74:24:2

PC:PS:PIP2 74:24:2

PC:PS:DAG 74:24:2

PC:PS:PIP2:DAG 73:23:2:2

PC:PS:Biotinyl-PE (high) 74:24:2

PC:PS:Biotinyl-PE (low) 75:25:0.001

PC:PS:LRB-PE 75:25:200 ppb

All lipids are dioleoyl (DO)
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Table 3

Global best fit parameters of different models for the protein penetration parameter

Fit Parameter R2 (1/D) F1 lipid c

V(HG+HC) 0.948 0.3806 0.00026 ± 0.00003

V(HG+HC)1/3 0.801 0.3806 0.0370 ± 0.0066

SA(HG+HC) 0.916 0.3806 0.00042 ± 0.00006

SA(HG+HC)1/2 0.815 0.3806 0.0135 ± 0.0024

FPA(HG) 0.929 0.3806 0.00171 ± 0.00022

FPA(HG)1/2 0.777 0.3806 0.0648 ± 0.0120

V(HG) 0.939 0.3806 0.00032 ± 0.00004

V(HG)1/3 0.804 0.3806 0.0360 ± 0.0063

SA(HG) 0.875 0.3806 0.00056 ± 0.00009

SA(HG)1/2 0.780 0.3806 0.0153 ± 0.0028

V(HC) 0.969 0.3806 0.00145 ± 0.00012

V(HC)1/3 0.970 0.3806 0.0890 ± 0.0072

SA(HC) 0.970 0.3806 0.00167 ± 0.00012

SA(HC)1/2 0.971 0.3806 0.0341 ± 0.0027

Fit Parameter: the parameter used as the domain penetration term Pi in Equation 4.

R2: the goodness of fit obtained by global fitting of Eq. 4 to the experimental diffusion constants (Table 2) using this fit parameter.

F1 lipid: the value used for the single lipid friction in Eq. 4, determined by the friction observed for LRB-PE lipid.

c: the best fit constant in Eq. 4.
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