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Abstract

Electrostatic interactions drive molecular assembly and organization in the plasma
membrane. Specific protein-lipid interactions, however, are difficult to resolve. Here
we report on a unique approach to investigate these interactions with time-resolved
fluorescence spectroscopy. The experiments were performed on a model membrane
system consisting of a supported lipid bilayer with an asymmetric distribution of PIP,
in the upper leaflet of the bilayer. The bilayer also contained nickel-chelating lipids
that bind to a histidine-tagged peptide of interest. Both the peptide and the lipid
were labeled with orthogonal fluorescent probes, so that diffusion and binding
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could be measured with two-color, pulsed-interleaved excitation fluorescence cross-
correlation spectroscopy (PIE-FCCS). Our PIE-FCCS data showed significant lipid-
peptide cross-correlation between PIP; lipids and membrane-bound cationic peptides.
Cross-correlation is a direct indication of lipid-peptide binding and complexation.
Together with mobility data, we quantified the degree of binding, which offers new
insight into this class of lipid-peptide interactions. Overall, this is the first report of
lipid-peptide cross-correlation by FCCS, and provides a new route to quantifying the
interactions between proteins and lipid membranes, a key interface in cell signaling.

S 1. Introduction

Anionic phospholipids are key components of the cell plasma mem-
brane that can act as substrates for protein binding [1]. Phosphatidylinositol
4,5-bisphosphate (PIP,) is an anionic lipid that plays an important role in the
cytoplasmic leaflet of the plasma membrane [2]. PIP; is essential for a num-
ber of membrane-related phenomena, including signal transduction,
regulation of endocytosis and exocytosis, ion channel function and enzyme
activation [3—6|. Many of these processes are regulated through specific
interactions between PIP, and peripheral membrane proteins [7,8]. For
example, myristoylated alanine-rich C-kinase substrate (MARCKS) binds
PIP; and can thereby modulate the number of available PIP; lipids in the
plasma membrane [9]. The N-terminal hydrophobic myristoyl group of
MARCKS inserts into the plasma membrane; the effector domain (ED),
which carries positively charged amino acids, interacts directly with up to
three PIP; lipids [2,9,10]. The binding of MARCKS to PIP;-containing
membranes has been studied using several techniques including EPR
spectroscopy [11], NMR spectroscopy [12], and x-ray reflectivity [13].
However, these methods do not provide direct evidence that PIP, lipids
form a stable complex with the MARCKS peptide. In this paper, we
describe a novel assay that combines a model membrane system with PIE-
FCCS to quantitatively analyze lipid-peptide binding. PIE-FCCS reports
on the correlated diffusion of lipids and bound peptides, which is direct ev-
idence they are bound together in a single diffusing complex.

Single color fluorescence correlation spectroscopy FCS is well-suited for
measuring the lateral mobility of lipids and bound proteins/peptides [14]. By
exploiting the intensity fluctuations caused by single fluorophores diffusing
through the detection area, FCS can measure local concentrations and diffu-
sion coefficients with quantitative accuracy [15]. A dual-color version of
FCS, fluorescence cross-correlation spectroscopy (FCCS), resolves the
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correlated diffusion of two species [16,17]. It has been used to study mem-
brane protein-protein interactions by our lab and others [18,19]. In princi-
ple, FCCS could also be used to study interactions between membrane
proteins and membrane lipids by labeling the proteins and lipids with
spectrally distinguishable fluorescent probes [20]. To our knowledge,
however, this type of lipid-protein cross-correlation experiment has not
been reported. Here we used pulsed interleaved excitation fluorescence
cross-correlation spectroscopy (PIE-FCCS) to measure the interaction
between anionic lipids and cationic peptides. With pulsed interleaved
excitation, the spectrally resolved photons are assigned to one of the two
excitation pulses [21]. This allows for a more quantitative assessment of
time-correlated events in a lipid-protein system.

In the experiments reported below, we investigated lipid-peptide bind-
ing in an asymmetric supported lipid bilayer (asy-SLB) developed in our lab
[22]. Time-resolved fluorescence was used to measure the interaction
between poly-basic peptides and PIP; lipids in asy-SLBs. The PIP, lipid
was labeled with a BODIPY analogue in the acyl chain to leave the
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Figure 1 (A) The amino acid sequences of TAMRA-labeled Hisg-Lysgs and Hisg-
MARCKS152-176) peptides are shown. Blue text indicates positively charged amino
acid residues that can interact with negatively charged lipids. Purple text indicates
amino acid residues with hydrophobic side chains that can penetrate the polar region
of the lipid bilayer. (B) The chemical structures of DOPC, Ni*"-NTA-DOGS and TopFluor-
Labeled PI(4,5)P, lipids are shown.
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headgroup unmodified (Fig. 1). Two cationic peptides were used as model
systems in this study. The first peptide had eight lysine residues (Hisg-Lysg)
and the second was the membrane proximal domain of MARCKS,
Hisg-MARCKS152-176) (Fig. 1) [23]. The histidine residues were included
to selectively bind nickel-chelating lipids, which anchored the peptide to
the membrane so that we could directly probe the lateral, two-dimensional
lipid-peptide interactions [24].

PIE-FCCS data revealed a significant level of cross-correlation between
cationic peptides with anionic lipids. Specifically, we measured the experi-
mentally determined relative value of cross-correlation ( f) and lifetime, these
data provide direct evidence of stable, electrostatically-driven lipid-peptide
complexes. To analyze the data, we applied a two-component diftusion
model, in which anionic lipids and cationic peptides assemble into slowly-
diffusing lipid-peptide complexes [25]. Based on the two-component
diffusion fits, we could resolve the extent of lipid-peptide binding, as well
as an estimated of the size of the lipid-peptide complexes. Overall, our
approach directly probes the extent of lipid-peptide complexation and
provides a new way to study the dynamics of protein-lipid interactions.

S 2. Materials and methods

2.1 Lipid and reagents

1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1,2-dioleoyl-
sn-glycero-3-[(N-(5-amino-1-carboxypentyl)imino-diaceticacid) succinyl]
(nickel salt) (DOGS-NTA-Ni*"), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS), and 1-oleoyl-2-[6-[4(dipyrrometheneborondifluoride)
butanoyl]amino]hexanoyl-sn-glycero-3-phosphoinositol-4,5-bisphos-
phate (Top Fluor-PI1(4,5)P,), 1-palmitoyl-2-(dipyrrometheneboron difluoride)
undecanoyl-sn-glycero-3-phospho-L-serine (Top Fluor-PS) were pur-
chased from Avanti Polar Lipids (Alabaster, AL).

Two working buffers were prepared, buffer A containing 0.8 mM
sodium phosphate, 15.3 mM sodium chloride, 0.3 mM potassium chloride,
0.2mM potassium phosphate, 100 nM EDTA (pH = 7.4). Buffer B
containing 8§ mM sodium phosphate, 153 mM sodium chloride, 3 mM po-
tassium chloride, 2 mM potassium phosphate, 100 nM EDTA (pH = 7.4).

2.2 Peptide preparation

Hisg-Lysg and Hisg-MAR CKS155_176) peptides (sequences shown in Fig. 1)
were obtained from Peptide 2.0, Inc and stored at -20 °C as arrived.
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Fluorescent dyes tetramethylrhodamine (TAMRA) were added at N-termi-
nus of the peptide for fluorescent probe labeling. The purity of the peptides
was determined to be >95% by HPLC and MS. In order to disrupt peptide
aggregation, the peptides were first dissolved in HFIP, after 2 h incubation,
sonicated 30 min to remove aggregates, and then centrifuged at 14000 rpm
for 30 min at —4 °C, 80% of top solution was collected and stored at
—80 °C. The peptides were then dried with a freeze-dryer and used within
1 day [26].

2.3 Preparation of asymmetric supported lipid bilayers

Asymmetric SLB were prepared by vesicle-fusion as described in previous
work [22]. Briefly, lipid mixture containing 96.5% mol% of DOPC,
3.5 mol% of DOGS-NTA-Ni*" in chloroform were dried by rotational
evaporation under vacuum. Deionized water was added to produce a final
concentration of about 1 mg/mL lipid vesicle suspension. Next, by extruded
lipid suspension with a 100 nm diameter porous membrane 15 times, the
small unilamellar vesicles (SUVs) suspension were produced. The glass sub-
strate was first sonicated with a detergent solution of 1:1 isopropanol and
deionized water for 30 min, then sonicated again for 30 min in deionized
water, and finally etched with piranha solution for 10 min, dried with nitro-
gen gas. 60 UL volume of SUVs suspension and 8 mM PBS mixture solution
(1:1) were ruptured on the glass substrate, fusing into a symmetric lipid
bilayer. The SLB were washed with 15 mL of deionized water and carefully
exchanged to the buffer A. To form asy-SLB, SUVs containing 94.99 mol%
of DOPC, 5 mol% of DOPS and 0.01 mol % of Top Fluor-PI1(4,5)P, were
added onto the SLB and incubated 10 min at room temperature before
washing away unfused vesicles with 15 mL of buffer A. After washing,
asy-SLB were incubated with 10 pL NiCl, in buffer A for 10 min and
wash again.

2.4 FCS data analysis

Fluorescence correlation spectroscopy experiments were carried out with a
customized inverted microscope (Nikon Eclipse Ti, Tokyo, Japan) [27].
Samples were excited by a supercontinuum white light fiber laser (SuperK
NKT Photonics, Birkerod, Denmark) with a pulse rate of 9.7 MHz and a
pulse duration of 5 ps. Two beams were selected to pass through the
narrow-band filters. For blue excitation the light was filtered with a
488 nm bandpass filter (LL01-488-12.5, Semrock, Rochester, NY), and
for green excitation the light was filtered with a 561 nm bandpass filter
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(LL02-561-12.5, Semrock) before entering single mode fibers. The laser
pulses were separated in time with a 15 m difference between the two
optical fibers to achieve a 50 ns delay between the pulse arrival times. Fluo-
rescence excitation and emission were collected through a 100X TIRF
objective (NA 1.47 oil, Nikon Corp, Tokyo, Japan). The emission beam
is imaged through a 50 um diameter pinhole and split onto two spectrally
filtered single photon avalanche diode (SPAD) detectors (Micro Photon
Devices) as described previously [27]. Measurements were performed at
37°C by a stage-top incubator (Chamlide IC, QuorumTechnologies,
Guelph, Ontario, Canada). The laser powers were set to 1 uW for the
blue (488 nm) laser and 1 pW for the green (561 nm) laser before the
measurements. For each area of SLB analyzed, the data were collected in
15 sets of 15s acquisitions by a time-correlated single photon counting
(TCSPC) device (Picoharp300, PicoQuant, Berlin, Germany). Each data
point reported in the figures is the average of five different areas obtained
from at least three individual SLBs.

The autocorrelation function data were fit with a simple 2D diftusion
model:

6@ =[i+2]" 1)
1) =-— —
(N[ ]

where N is the average number of diffusing species and tp is the dwell time
of fluorescence particles in the detection area.

The autocorrelation function data were also fitted with a two-compo-
nent diffusion model, which allowed us to determine the diffusion of free
and bound species separately. The two-component diffusion model is

defined as,

Gap(t) = [(1 )[1—1— T]1+ [14— T]l] ?
2p(T) = 7 |1 — — — .
(N) r D1 ! T2
Here, N is the average number of fluorescent molecules in the detection
area, Tpp and Tpp are the dwell time of fast and slow species, respectively and
y is the fraction of molecules diftusing at Tpy. The diftusion coefficient D, is
defined by the relationship
W

™D
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where W is the radius of the detection area. From this equation, we calculate
the diffusion coefticients of the fast species, D1, and slow species, D».

The degree of lipid-peptide binding is quantified with the parameter f,
which ranges from 0 to 1, depending on how many particles co-diffuse
through the detection area:

Nig
min[(Nr + Nig), (Ng + Nig)]

Jo= S

Fluorescence lifetime is reported as tg, which is calculate by a single-
exponential fit

§ 3. Results

3.1 Bilayer preparation and peptide binding assays

F(t) = ¢ /m. )

We first created a supported lipid bilayer (SLB) with nickel-chelating
lipids and fluorescent PIP; asymmetrically distributed into the upper leaflet
of the bilayer [22]. Nickel-chelating lipids were used to anchor histidine-
tagged peptides to the plasma membrane similar to previous SLB assays
[28]. PIP, lipids were purchased from Avanti Polar Lipids, which contain
a BODIPY analogue, TopFluor attached to the acyl chain of PI(4,5)P;
(TE-PIP;). Two bufters were prepared, buftfer A, which has a relatively
low ionic strength (10x dilution of PBS) and bufter B, which has a higher
ionic strength bufter (undiluted, 1x PBS, see Materials and Methods). Prep-
aration of SLBs was done by vesicle rupture fusion with SUVs containing
DOPC and DOGS-NTA-Ni*"(96.5:3.5) deposited on a hydrophilic glass
surface. After bilayer formation, buffer A was used to wash the lipid bilayers.
Next, a DOPC, DOPS and TF-PIP; (94.95:5:0.05) lipid film was hydrated
by adding 1 mL of water. A small aliquot of these hydrated liposomes was
added to the bufter above the SLBs, which led to incorporation of TE-PIP,
into the top leaflet as described previously [22]. Buffer A was again used to
wash the system before measurement. The precise concentration of TE-PIP;
was measured with FCS, and the micron-scale mobility of PIP; lipids was
verified with fluorescence recovery after photobleaching (FRAP).

Polycationic peptides Hisg-Lysg and Hisg-MARCKS155_176) Were syn-
thesized and labeled with red fluorescent dye 5-carboxytetramethylrhod-
amine (TAMRA) as described in the Materials and Methods. The peptide



56 Xiaosi Li et al.

sequences and the lipid chemical structures are shown in Fig. 1. Binding of
the peptides to the model membranes was monitored by epi-fluorescence
imaging and FRAP experiments. Upon adsorption of peptides to the
asy-SLBs, epi-fluorescence imaging shows a homogeneous distribution of
TF-PIP, and Hisg-Lysg (Fig. 6A and B, left) or TF-PIP, and
Hisg-MARCKS152-176) (Fig. 6C and D, left). FRAP experiments on the
peptide-adsorbed asy-SLBs showed 100% fluorescence intensity recovery
within 30s for both fluorescent probes, which indicates that the lipids and
peptides are highly mobile after peptide binding (Fig. 6E). The concentra-
tion and mobility of the peptides and lipids were quantified with FCS as
described in the following section.

3.2 Dual-color PIE-FCCS measures the interaction of
polybasic peptides with TF-PIP; lipids

To characterize the diffusion dynamics of lipids and peptides, we first discuss

the single color FCS data in Fig. 2A and 2B. Fig. 2A is the autocorrelation
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Figure 2 FCS data is shown for (A) TF-PIP, in asy-SLBs and (B) Hisg-MARCKS152-176)
adsorbed on SLBs without TF-PIP; lipid. Panels (C—D) show the PIE-FCCS data of asy-
SLBs containing TF-PIP, and bound Hisg-MARCKS;5,.176) (C) and TF-PIP, with bound
Hisg-Lysg (D). The autocorrelation functions for TF-PIP, are shown in green; His-tagged
peptides are shown in red; and the cross-correlation functions are shown in blue. Panel
(E) shows the normalized autocorrelation curves of TF-PIP, before (light green) and
after (dark green) Hisg-MARCKS;5-176) adsorption for the same bilayer. Panel (F) shows
the normalized autocorrelation curves of Hisg-MARCKS;5,-176) adsorbed on lipid bilayer
with (dark red) or without (light red) TF-PIP, lipids. All data are under low ionic strength
buffer A. In all the curves, black dashed lines are two-component diffusion model fits to
the data.
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function corresponding to TF-PIP; in an asy-SLB with no peptide. Fig. 2B
is the autocorrelation function of Hisg-MARCKS155_17¢) peptide adsorbed
to an SLBs with no TF-PIP,. Both sets of data fit well to a simple 2D diftu-
sion model (Eq. 1), which yielded an average dwell time (tp) of 1.46 ms
(TF-PIP») and 3.78 ms (Hisg-MARCKS155-176))-

To quantify the interactions of TF-PIP, with Hisg-MARCKS152_176)
we used two-color, PIE-FCCS [29]. This method simultaneously recorded
single color FCS data for both the lipid and peptide. It also generated a cross-
correlation function, in which the amplitude reports on correlated fluctua-
tions of the lipid and peptide. The PIE-FCCS data for peptides bound to a
TF-PIP,-containing asy-SLB (Fig. 2C and D) showed a significant level of
cross-correlation for both Hisg-MARCKS 155176y and Hisg-Lysg. To quan-
tify the degree of cross-correlation we calculate the ratio of the auto- and
cross-correlation functions at early times, represented by the variable, f., as
described in the Materials and Methods section [30]. The value of f. ranges
from O to 1 and will increase with the number of lipid-peptide complexes
formed [20] As reported in Fig. 3, the average f. value for
Hisg-MARCKS 152176y with TF-PIP; at low ionic strength buffer
(buffer A) is 0.103 £ 0.03, indicating significant interactions between the
MARCKS peptides and PIP; lipids. The data for Hisg-Lysg and TFE-PIP,
in buffer A reveals a similar result (0.133 4 0.04). The f. value for

His,-Lys, His,-MARCKS ., .,
024 |-
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0.16 ® | .
* e
e
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0.08 | l. ¢
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Figure 3 Summary of the f. values measured for several bilayers containing Hisg-Lysg:
TF-PIP, and Hisg-MARCKS152-176):TF-PIP, under different buffer conditions. Low ionic
strength buffer A is plotted in black and high ionic strength buffer B is in blue. The
line in the center of each box is the median of the distribution. One-way ANOVA tests
were performed to determine p-values (**** indicates p < 0.0001).
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Hisg-MARCKS152-176) and Hisg-Lysg with TF-PIP; indicated the presence
of strong binding and stable complexation between the peptides and lipids.
In addition, binding between Hisg-Lysg and TF-PIP, were observed to be
slightly higher than Hisg-MARCKS155_17¢).

Electrostatic forces are assumed to be the driving force in these lipid-
peptide interactions. Thus, the correlated diffusion we observed with
PIE-FCCS is likely to be influenced by the surrounding salt concentration
through classic Debye-Huckel screening [31]. To confirm this idea, we
measure the average f. value of Hisg-MARCKS(155-17¢) (0.048 & 0.03)
and Hisg-Lysg (0.061 £ 0.04) with TF-PIP, at high ionic strength bufter
(bufter B). These values are significantly lower than we observed at lower
ionic strength (bufter A) for Hisg-MARCKS155-17¢) (0.103 &= 0.03) and
Hisg-Lysg (0.133 &£ 0.04).

We also conducted experiments with TF-labeled phosphatidylserine
(TE-PS), a lipid with a formal charge of -1 compared to -3 for PIP, [32].
Sample FCS data for TF-PS and Hisg-MARCKS(52_176) before and after
binding are shown in Fig. 4. We observed significant cross-correlation
between TF-PS lipids upon the peptide binding, consistent with PIP; lipid
results. The degree of cross-correlation, however was slightly reduced, the
average f. value for TF-PS and Hisg-MARCKS155_176) was 0.076 & 0.02
compared to 0.103 £ 0.03 for TF-PIP; and Hisg-MARCKS 52176y under
the low ionic strength buffer. These data show the expected result of lower
binding between cationic peptides and PS compared to PIP;, and are further
evidence that the interactions between these peptides and PIP; is driven pri-
marily by electrostatic interactions.

3.3 Two component diffusion

Another salient feature of the PIE-FCCS data is the appearance of a long lag
time component at T ~ 300 ms, which is seen in both the lipid and peptide
autocorrelation functions. This long lag time component is only visible
when both labeled components (Hisg-MARCKS155.176) and TF-PIPy)
are present in the membrane. To illustrate this point, the FCS data before
and after binding are shown in Fig. 2E and F. In Fig. 2E, TF-PIP; autocor-
relation data is shown for the same bilayer before and after peptide binding.
In Fig. 2F, peptide autocorrelation data is shown for bilayers with and
without TE-PIP,. For both the lipid and the peptide autocorrelation data,
the second time-component arises only when both species are present.

In order to be interpret this long-time component, we fit the FCS data to
a 2D, two-component diffusion model (Eq. 2), the fast species (Tp1) is
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Figure 4 The autocorrelation curve of TF-PS lipid (A) before and (B) after Hisg-
MARCKS152-176) adsorption. The autocorrelation function for TF-PS are shown in green,
for his-tagged peptides are shown in red, and the cross-correlation function for the
lipid-peptide complexes are shown in blue. The black dished line is representing the
zero value for compare with the cross-correlation function.
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interpreted as free lipids and peptides, while the slow species (Tpp) is inter-
preted as bound lipids and peptide complexes [25]. This model is used to fit
the autocorrelation functions. The cross-correlation function is fit with the
2D, single component model, G(t), and the amplitude is proportional to the
co-diffusion of the two labeled species [33]. With this two-component
diffusion model we analyzed the dwell times, Tp1 and Tpp, to determine
their respective diffusion coefficients. Because there are two labeled species,
we analyzed the diffusion coefticient of peptide and lipid separately. As
reported in Table 1, focusing on the lipids first, we observed that TF-PIP,
before peptide adsorption had an average diffusion coefficient of 6.78 pum?/s
at (Fig. 5A, bufter A). Upon Hisg-MARCKS157_176) adsorption, the
diffusion coefficient corresponding to the fast component is 7.13 pm>/s.
This observation suggests that the diffusion coefticient of fast lipid



Table 1 Summary of PIE-FCCS data with two-component diffusion model.

f. (mean)° D¢, (1m?/s) Dgr (Lm?/s) Dg,s (Lm?/s)° Dgr (um?/s)® Dgs (um?/s)®
His-Lys" 0.133 4 0.04 8.517 4 0.33 8.213 4+ 0.29 0.086 & 0.01 5.755 4 0.32 0.151 4+ 0.03
His-MARCKS" 0.103 4 0.03 6.780 4 0.10 7.131 4 0.34 0.311 4 0.09 4.088 4 0.33 0.153 4+ 0.03
His-Lys’ 0.061 £ 0.05 7.610 £ 0.25 8.194 £ 0.11 0.198 £ 0.07 5.548 £ 0.22 0.390 £ 0.11
His-MARCKS" 0.049 4 0.03 7.139 4+ 0.09 7.482 4+ 0.10 0.151 4 0.03 4792 4+ 0.21 0.930 4+ 0.11

“Data are reported from experiments in buffer A.
®Data are reported from experiments in buffer B.

“Fraction correlate, f; is calculated from two-component diffusion fit and shown in Fig. 3. Values are reported as the mean %+ SD.
dDGVO, DG r, Dg.s, Dr p and Dy s are the original diftusion coefticient of PIP, lipid before peptide adsorption, fast and slow diftusion coefticient of PIP, lipid after

peptide adsorption, fast and slow diffusion coefficient of peptide, respectively; These values are form Fig. 5 and represented as the mean & SE.
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Figure 5 (A) Fast and slow diffusion coefficients of TF-PIP, lipids calculated from the
two-component diffusion fit. The gray bar represents the diffusion coefficients of TF-
PIP, before peptide binding, while the green bar represents the fast diffusion coeffi-
cient after peptide binding. The blue bar is the slow diffusion coefficient of TF-PIP, after
peptide binding. (B) Fast and slow diffusion coefficients of peptides are calculated from
the two-component diffusion fit. Red bars represent the fast diffusion coefficient; blue
bars represent the slow diffusion coefficient.

component is very similar to the diffusion coefficient before peptide
binding, as expected for lipids that do not associate with the peptides. The
diffusion coefficient of the long lag-time component is 0.31 pm?>/s, which
is more than 23 times slower than diffusion coefficient of fast component
and is consistent with the theory that the formation of peptide-lipid
complexes will reduced mobility. For the peptide autocorrelation data,
two-component diftusion analysis of Hisg-MARCKS(55_176) associate
with the model membrane yielded an averaged diffusion coefficient of
4.09 pm?*/s for the fast component and 0.15 pm?/s for the slow component



62 Xiaosi Li et al.

(Fig. 5B). Similar to the lipid diffusion data, the diftusion coefticient of the
peptide slow component is 27 times slower than the fast component. The
mobility data for TF-PIP; with Hisg-Lysg is consistent with results for the
MARCKS peptide (Fig. 5A and B).

The effects of bufter on the diffusion coefficient were also measured for
peptides and lipids. Despite some variation between bilayers, diffusion of the
lipid species does not show any significant change when comparing mobility
data from buffer A to that from buffer B (Fig. 5A). For the peptide, we note
that there is an increase of the slow diffusion component in buffer B for both
Lys and MARCKS peptide (Fig. 5B).

Under the interpretation that the long lag-time component of the autocor-
relation data corresponds to a lipid-peptide complex, we can estimate the size
of the complex using a model for two-dimensional diffusion in the membrane.
The Saffman—Delbruck model has been successtully applied to deal with a
range of protein complexes in a 2D system |34]. Using this model, we calculate
the radius of the slow-moving complexes with the following equation:

Dy Myt h
Fslow = Vast * €X, 1——— )| In| —— | — 0.5772
e 4
D fast Moy Vast

As an example, the radius of the complex, gy, calculated from the lipid
data is 190 nm in bufter A (assuming rgy = 0.14 nm; w,, = 2.94 P; u,, =
0.01 P;and h = 1.6 nm). Using the peptide data, the radius of the complex is
200 nm, consistent with the lipid results. These calculated sizes are quite
large, implying that such complexes would be visible as bright punctate fea-
tures in the fluorescence images of the bilayer. To illustrate the calculation of
peptide-lipid complexes radius is correct, we provided the time-average fluo-
rescence images of lipid (Fig. 6A and C, right) and peptide (Fig. 6B and D,
right). The bright punctate spots were observed in the fluorescence images
for both Hisg-Lysg and Hisg-MARCKS155_176) interactions. This means
that the scaling of the diffusion coefficient with the radius is affected by
lipid-peptide interactions and the long lag-time component correspond to
the large-size lipid-peptide complexes. One complication to these estimates
is that theories for scaling of the diffusion coefficient for membrane com-
plexes are still being developed. Details like coupling to the bilayer, micro-
scopic defects, and the kinetics of lipid-peptide coupling could strongly
affect the accuracy of the size estimate. In the next section, we investigate
photophysical changes that could result from the close association of fluores-
cent labels in these complexes, which could also affect the size estimate.
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Figure 6 (A) Epi-fluorescence images (left) and time-averaged images (right) of asym-
metric SLB containing 0.05% TF-PIP, and (B) adsorbed Hisg-Lysg. (C) Epi-fluorescence
images (left) and time-averaged images (right) of asymmetric SLB containing 0.05%
TF-PIP, and (D) adsorbed Hisg-MARCKS(155-176). The scale bars are 5 um. The bright
punctate particles observed form time-average images indicates that large-sized
lipid-peptide complexes was formed. (E) Fluorescence recovery after photobleaching
(FRAP) curves of Hisg-MARCKS(152-176) peptides adsorbed TF-PIP, asy-SLB. The red line
is represented recovery of TF-PIP, lipid and the bleach data are shown in black.

3.4 Photophysical changes upon peptide binding

Lipid-peptide associations could lead to static quenching and energy trans-
fer because of the proximity of the fluorescent probes [35,36]. If present,
these photophysical changes will be reflected in the fluorescence lifetime
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Table 2 Overview of molecular brightness (1) and fluorescence lifetime (tq) data.

His-Lys® Original bilayer® His-MARCKS®  Original bilayer®
NG (cpms)” 799 £ 29 1277 £ 73 554 + 64 1330 £ 54
T4 (ns)” 4.205 £ 0.18  4.682 £ 0.06 4109 £ 0.33  4.633 £0.02

Original bilayer is the data calculated from the bilayer before peptide adsorption.
NG, Molecular brightness and data are represented as the mean =+ SE.

Tq, fluorescence lifetime and data are represented as the mean =+ SE.

“Data are reported from experiments in buffer A and displayed in Fig. 7.

and molecular brightness of the fluorophores. Fluorescence lifetimes were
extracted from lifetime histograms constructed with the same time-corre-
lated single photon counting data collected for PIE-FCCS measurements.
Molecular brightness and lifetime data are reported in Table 2. Fluores-
cence lifetime, Tg, is calculated by single-exponential fits to the lifetime his-
tograms (see Materials and Methods) [37]. As shown in Fig. 7A, the average
lifetime of TF-PIP, upon the Hisg-Lysg adsorption decreased from
4.68 £ 0.06 ns to 4.01 £ 0.18 ns. The average lifetime of TF-PIP, upon
adsorption of Hisg-MARCKS(52.176) decreased from 4.63 & 0.02 ns to
4.11 £ 0.33 ns. This decrease in the lifetime for both lipid-peptide systems
suggests that there are significant quenching events upon peptide binding.
Molecular brightness values before and after peptide adsorption are consis-
tent with this conclusion (Fig. 7B). The molecular brightness of TF-PIP;
upon adsorption of Hisg-Lysg decreased 37.5% (from 1277 & 73 cpsm to
799 £ 29 cpsm). Under the same conditions, the molecular brightness of
TE-PIP; upon adsorption of Hisg-MARCKS (52176 decreased 58.3%
(from 1330 £ 54 cpsm to 554 &£ 64 cpsm). Together, the lifetime and
molecular brightness data show that the environment of the TF fluorescent
probe changes significantly upon peptide binding. These photophysical
changes are consistent with tight binding of the lipid and peptide, and
make it impossible to extract precise estimates for the number of lipids
and peptides per complex.

S 4, Discussion

With our time-resolved fluorescence approach, we quantified binding

of polycationic peptides to anionic lipids in model supported lipid bilayers.
We observed cross-correlation between the lipid and peptide probes
indicating specific, long-lived interactions. The cross-correlation decreased
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Figure 7 Lifetime (A) and molecular brightness (B) data for TF-PIP, asy-SLBs before and
after adding Hisg-Lysg and Hisg-MARCKS15,.176) in low ionic buffer condition (buffer A).
Gray bar is before peptide adsorption, and the blue bar is after peptide adsorption.

when going from low to high ionic strength buffer conditions and when
comparing the less negatively charged TF-PS lipids to TF-PIP,. These
data indicate that lipid-peptide binding is driven by electrostatic attractions
between negatively charged lipids and positively charged amino acid side
chains on the peptides. More importantly, these data establish that stable
lipid-peptide complexes diftuse as individual species. While much of the
parameter space still needs to be explored, data like that presented above
provide unique experimental evidence for the stability of lipid-peptide com-
plexes under specific environmental conditions. The idea of using FCCS to
measure lipid-protein interactions has been mentioned in previous reviews
[25,29]. However, experimental evidence of cross-correlation between lipid
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and any peptide or protein system has not been reported. The experimental
approach described here opens new routes to determining the binding affin-
ity between lipids and proteins.

The autocorrelation curves upon peptide binding showed a surprising
long lag-time component. We used a two-component diffusion model,
which assumes that the system partitions into fast and slow diffusion states.
The fast-moving species are assigned as free (unbound) lipids and peptides.
The slow-moving species are assigned to bound lipid-peptide complexes,
which are less mobile due to increased friction with the membrane. Based
on this assumption, the two-component diffusion model measures fast and
slow diffusion for both peptide and lipid as well as the mobility of the
lipid-peptide complexes.

In this paper we have shown that PIE-FCCS is a powerful tool for
resolving lipid-peptide interactions. Such interactions are at the heart of
information transfer across the plasma membrane and are essential to
understanding cell signaling. This work will enable future investigations of
lipid interactions with functional protein domains, which one could then
determine hot spot residues for lipid binding.
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