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Abstract: Thus far, quantitative studies of lateral protein interactions in membranes have been restricted
peptides or simplified protein constructs in lipid vesicles or bacterial membranes. Here we show how free
energies of membrane protein dimerization can be measured in mammalian plasma membrane-derived
vesicles. The measurements, performed in single vesicles, utilize the quantitative imaging FRET (QI-FRET)
method. The experiments are described in a step-by-step protocol. The protein characterized is the
transmembrane domain of glycophorin A, the most extensively studied membrane protein, known to form
homodimers in hydrophobic environments. The results suggest that molecular crowding in cellular
membranes has a dramatic effect on the strength of membrane protein interactions.

Introduction

Interactions between proteins in cells define signaling net-
works and determine cellular responses to environmental stimuli.
Quantitative measurements of protein interactions, yielding
binding curves and equilibrium constants, give us the power to
predict the distribution of proteins in their monomeric and
associated states, as a function of protein expression, and
ultimately predict biological activity. Measurements in model
systems, however, rarely take into account that the native cellular
environment is complex and crowded with macromolecules.* 3
Thus, predictions of biological outcomes will be more accurate
if the interaction strengths are measured in the crowded cellular
environments.

Of al interactions between biologica macromolecules,
interactions between membrane proteins are the least character-
ized due to many experimental challenges (see refs 4, 5 for
reviews). Since most mammalian membrane proteins are a-heli-
cal, this problem often reduces to studies of lateral interactions
of transmembrane (TM) a-helices. While there are afew studies
of interaction energetics of TM helicesin lipid bilayers,®° most
of the experimental studies are carried out in detergent micelles,
an environment that is not an appropriate mimetic of the
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biological membrane.’® 2 Y et, interactions between TM helices
underlievital cellular processes, such asthe folding of multispan
membrane proteins into their unique three-dimensional struc-
tures, and RTK-mediated signal transduction across the plasma
membrane.***~1® Thus, the ability to measure strengths of TM
helix association in the native cellular environment will enhance
our knowledge of these biological processes.

Experimental limitations and unanswered questions pertaining
to TM helix association are particularly obvious in the studies
of glycophorin A (GpA), the primary sialoglycoprotein of human
erythrocyte membranes. GpA is the most extensively studied
transmembrane protein in terms of its dimerization energetics.
In particular, numerous studies utilizing SDS-PAGE, ultracen-
trifugation, FRET, and bacterial two-hybrid assays have shown
that the TM helix of GpA has a propensity for sequence-specific
dimerization in detergents and in bacterial membranes.*’ %
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GpA runs as a dimer on SDS gels, indicative of high dimer
stability in detergent.>”?%23 The high stability in detergent makes
the dimer amenable to structure determination using high-
resolution NMR.2* Furthermore, GpA gives a strong signal in
a semiquantitative genetic assay termed “TOXCAT” for mea-
suring self-association between transmembrane helices.”® On
the basis of al these measurements, it has been proposed that
GpA is constitutively dimeric in al membranes.’®%® Yet, a
recent paper by MacK enzie and colleagues presented arguments
that although GpA givesastrong signal in TOXCAT, the actual
dimer fraction in the bacterial membranes is small, even at the
high concentrations achieved in overexpression experiments.?’
This contradiction raises the possibility that protein crowding
in cellular membranes, an effect that is not present in detergent
micelles and lipid bilayers, may be reducing the stability of the
GpA dimer. Furthermore, there may be additional unknown
factors in cellular membranes that modulate dimer stability.
Thus, even for the extensively studied GpA, dimerization
strength in mammalian membranes is unknown, demonstrating
a huge gap of knowledge about interactions of proteins in
crowded biological membranes.

Here we bridge this gap by measuring the energetics of GpA
TM domain dimerization in vesicles derived from mammalian
membranes. These vesicles have been used as a model system
for studies of plasma membrane lipids and proteins,?6° and
here we demonstrate their utility as a platform for quantitative
FRET measurements of GpA dimerization. We provide the first
experimental demonstration that the recently introduced QI-
FRET method™® canbeusedtouncover strengthsof protein—protein
interactions in plasma membrane-derived vesicles, and we
present the first direct measurement of protein dimer fractions
and dimerization free energy in mammalian membranes.

Results

QI-FRET Calculation of GpA Dimerization Free Energy.
Recently, we introduced quantitative imaging FRET (QI-FRET)
as a method that could yield free energies of protein—protein
interactions in the crowded cellular environment.*® The QI-
FRET method allows the determination of the FRET efficiency
E, aswell as the concentration of donors and acceptors, Cp and
Ca (the three parameters needed to calculate association
constants), in plasma membrane-derived vesicles. These vesicles,
which bud off cells upon treatments disrupting the cytoskeleton,
are loaded with cytoplasm and are bound by the plasma
membrane. They are produced using established methods and
have been extensively characterized.®>3? We produced the
plasma membrane-derived vesicles from CHO cells, 24 h after
cotransfecting the cells with genes encoding GpA tagged with
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Figure 1. Overview of measurements of GpA dimerization energy in
plasma membrane-derived vesicles.

a FRET donor and a FRET acceptor (see Figure 1), and we
determined the dimeric and monomeric GpA fractions in each
vesicle using QI-FRET. Unlike cells, the plasma membrane-
derived vesicles are characterized by homogeneous distribution
of the fluorescently tagged proteins inside the vesicles or in the
membrane.*® The uniform fluorescence allowed us to compare
the fluorescence intensity of the vesicles with the fluorescence
intensity of solutions of purified proteins of known concentra-
tion, thus allowing the implementation of the QI-FRET method.

The steps involved in the QI-FRET method, as applied to
GpA dimerization, are outlined in Figure 2. The steps are divided
into two phases. Phase | utilizes vesicles loaded with soluble
fluorescent proteins and solutions of purified fluorescent protein
as standards and yields the parameters required to measure the
FRET efficiency and the concentrations of donors and acceptors.
Phase | was described in detail in ref 30. A critical parameter,
calculated in this step, is the gauge factor Gg, which correlates
the sensitized emission of the acceptor to donor quenching.
Single vesicles, with membranes loaded with GpA, were imaged
in phase |1 of the QI-FRET method using a confocal microscope.
The GpA concentration in the membrane of each vesicle, the
FRET efficiency, and the dimeric fraction were determined from
the intensities measured in the donor, FRET, and acceptor scans
for each vesicle using the parameters determined in phase I,
ultimately yielding the free energy of GpA dimerization.

Phase I, Step 1. Selection of a FRET Pair. The requirement
for the donor—acceptor pair (the FRET pair) isthat three distinct
image scans can be performed for a particular imaging system:
(i) adonor scan which gives the fluorescence image of the donor
only when the donor is excited, (ii) a FRET scan which gives
the fluorescence image of the acceptor when the donor is excited,
and (iii) an acceptor scan which gives the fluorescence image
of the acceptor when only the acceptor is excited.

For this work, the fluorescent proteins EY FP and mCherry
were selected as the donor and acceptor, respectively. As shown
in Figure S1 in Supporting Information, EYFP and mCherry
satisfy the above requirements for an imaging system consisting
of two lasers (488 and 543 nm) and three detection channels:
channel 1 (500—530 nm), channel 2 (565—615 nm), and channel
3 (>650 nm). Thus, the intensity of the donor emission (Ip) is
obtained in the donor scan by using the 488 nm laser and
channel 1. The sensitized emission Igger is obtained from the
FRET scan, which uses the 488 nm laser to excite EY FP, and
channel 2 to record the emission of mCherry. The acceptor scan
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Step 3. Calibration of donor and acceptor
intensities

1

Step 4. Determination of the Gauge Factor

Phase Il
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i §

Step 7. Calculation of dimerization free energy

Figure 2. Flowchart describing the steps involved in the QI-FRET method. The parameters determined in phase | are used to calculate the free energy of

GpA dimerization in phase I1.

utilizes the 543 nm laser and channel 3 to yield the emission
intensity of the acceptor mCherry (14).

Phase |, Step 2. Determination of the Donor and Acceptor
Bleed-Through coefficients. Bleed-through coefficients were
calculated from images of purified EY FP or mCherry solutions.
The fluorescent proteins were expressed in BL21(DE) competent
cells, purified using Histag affinity chromatography, and
concentrated in vesiculation buffer as described.*

The donor bleed-through coefficient, Sp, was determined from
the measured intensities of EY FP in the donor and FRET scans,
Io and lereT, @S fO”OWS:SO

ﬁD — IFRET/ (1)

ID

Similarly, the acceptor bleed-through coefficient, Sa, was
determined from the acceptor and FRET intensities (1, and | rer)
of the mCherry solution:°

Ba =", @

EY FP and mCherry bleed-throughs were calculated as ffp =
0.34 £ 0.01 and 5 = 0.20 £ 0.01, respectively.

Phase I, Step 3. Calibration of Donor and Acceptor
Intensities. A set of purified EYFP and mCherry solutions of
known concentrations ranging from 1 to 10 uM were analyzed
using the donor and acceptor scans, respectively. Figure S2 in
Supporting Information shows the calibration curves, giving the
emission intensity versus concentration. The slopes of the lines
gave the calibration constants for EY FP and mCherry, ip and
ia, 856544 + 256 and 1409 + 17, respectively. These constants
can be used to determine the apparent concentration of the donor
and the actual concentration of the acceptor as discussed below.
The linear dependence shown in Figure S2 indicated that there
are no inner-filter effects, such that protein concentrations and
image intensities can be correlated.

Phase |, Step 4. Determination of the Gauge Factor, Gg. The
gauge factor, Gg, correlates the measured sensitized emission
to the donor quenching. To calculate G, we used a linked
fluorescent protein construct (EYFP_mCherry) as a positive

3630 J. AM. CHEM. SOC. =m VOL. 132, NO. 10, 2010

FRET control with a donor-to-acceptor ratio of 1.%° CHO cells
transfected with this construct were vesicul ated as described,*
and each vesicle was imaged in the three acans to obtain Ip,
Ierer, @nd 15 (see Figure S3 in Supporting Information). The
acceptor concentration (Ca) and the apparent donor concentration
(Cp.app) Were calculated as follows:*

C, =" 3

Coan = /i, ©

Note that Ip is the intensity of the donor in the presence of
the acceptor. Therefore, Cpap < Cp because the donor is
guenched due to FRET in vesicles containing the linked
fluorescent proteins.

The gauge factor was determined as®

C = Cogp o

Gr = ©)

CD,app Isen
where the sensitized emission |, is given by:
sen = lerer = Bolp = Bala (6)

The value of G was determined here as 8.2 + 1.6, by
analyzing about 60 different vesicles. Next, the donor intensity
in the absence of FRET, Ip ¢, @nd the actual donor concentra-
tion Cp were also calculated according to*°

ID,corr = ID + GFlsen (7)
ID,corr ID + GFlsen
CD - iD - iD (8)

With the value of Gg known, we also calculated the FRET
efficiency for the linked EY FP_mCherry construct as E = 0.46
+ 0.06. Previously we have measured the FRET in the linked
construct using the purified construct in buffer solutions.* The
FRET efficiency was determined as 0.49 £ 0.06.%° Therefore,
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Figure 3. One vesicle loaded with GpA_EY FP and GpA_mCherry. Intensities per unit membrane area were obtained by integrating the Gaussian intensity

profiles across the membrane.

the measurements in vesicles and in solution gave the same
value of E, validating the calculations in phase I. Next, the
values of Gg, fip, Ba, ia, and ip determined above were used in
phase |1 to calculate the free energy of GpA dimerization.

Phase II, Step 1. Production of Vesicles with Labeled
GpA. The design of the GpA plasmids is shown in Supporting
Information. EY FP or mCherry were attached to the C-terminus
of GpA via a 15 amino acid flexible linker. GpA_EYFP and
GpA_mCherry were cotransfected into CHO cells. Twenty-four
hours after transfection, vesiculation was carried out as described
in Supporting Information. Vesicles loaded with GpA_EYFP
and GpA_mCherry were collected and imaged.

Three images (donor, FRET, acceptor) of a single vesicle
are shown in Figure 3. The images are processed with a Matlab
program written in the lab, which automatically recognizes the
vesicles and integrates the membrane intensity, fitting the signal
that originates from the membrane to a Gaussian function (and
the background fluorescence inside the vesicle to an error
function, see dashed line in Figure 3), calculating the three
intensities, 18, I%ket, IA. Unlike the intensities discussed in phase
I, these are fluorescence intensities per unit membrane area.

Phase I, Step 2. Calculation of Acceptor-Labeled GpA
Concentrations. Using the intensities IR and the calibration
constant i, determined in phase I, step 3, the concentrations of
acceptor-labeled GpA per unit membrane area (normal to the
focal plane) were calculated for each vesicle as

m
IA

m
Ch ="
A

9)

Phase I, Step 3. Calculation of Donor-Labeled GpA
Concentrations. Using Ifker and the bleedthrough coefficients
PBp and S determined in phase |, step 2, the sensitized acceptor
emission %, was determined using eq 6. Using the values of

I%, and the gauge factor (Gg), the corrected donor intensity IS corr

(as if FRET did not exist) was determined using eq 8. The

concentration of donor-labeled GpA molecules per unit mem-
brane area (C) was determined as

Im

Cg _ D.,corr

Ia

(10)

Phase Il, Step 4. Calculation of the FRET Efficiency (E).
Using the donor intensities IB and 18 .oy calculated above, the
FRET efficiency (E) was calculated for each vesicle according
t030

m

E=1-—"

o (11)
D,corr

E, calculated in this step, is plotted for each vesicle as a
function of the acceptor concentration in the vesicle in Figure
4A.

Phase 11, Step 5. Correction for Random Colocalization of
Donors and Acceptors. The measured E calculated in eq 11
contains two contributions. Ep, the FRET efficiency due to
sequence-specific dimerization, and Epoximiy, the FRET ef-
ficiency due to random colocalization of donor and acceptor.>*3*
The FRET efficiency due to random colocalization depends only
on the acceptor concentration. One way to determine the
proximity contribution is to calculate it using the model of
Wolber and Hudson,® a model that describes the proximity
contribution very well.*33¢ Previously, we have verified the

(33) Li, E.; You, M.; Hristova, K. Biochemistry 2005, 44, 352—60.

(34) You, M.; Li, E.; Wimley, W. C.; Hristova, K. Anal. Biochem. 2005,
340, 154-64.

(35) Wolber, P. K.; Hudson, B. S. Biophys. J. 1979, 28, 197-210.
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Figure 4. (A) FRET data and proximity contribution for GpA in CHO
plasma membrane-derived vesicles. Each data point represents a single
vesicle, for which E, Ca, and Cp, are determined using the QI-FRET method.
Data analysis suggests that the scatter is largely due to random nogise in
image acquisition (see text). (B) Calculated dimeric fraction timesE. E is
the FRET efficiency in a GpA dimer with a donor and an acceptor. (C) Fit
of the data to the dimerization model while varying the two unknowns, E
and the dimerization constant Kp.

proximity contribution cal culations experimentally using lifetime
measurements.®” To account for the fact that EY FP and mCherry
are bulky and thus the two fluorophores cannot approach closer
than 30 A, here we modified the model to prohibit such close
random encounters. Note that the correction for proximity in
each vesicle can be performed because we determine the actual
concentration of acceptors in each vesicle using eq 9.

The proximity contribution is shown in Figure 4A. Next, it
is subtracted from the measured FRET to obtain FRET due to
sequence-specific dimerization, Ep:

ED =E- Eproximity (12
Phase I, Step 6. Calculation of the GpA Dimerization
Constant. The FRET efficiency due to sequence specific

dimerization Ep can be written as:*®
Ep = foxaE (13)

where fp, is the fraction of GpA moleculesin the dimeric state,
and E isthe FRET efficiency in a GpA dimer with a donor and
an acceptor. E depends on the distance between the donor and
the acceptor in the dimer, i.e., on the structure of the dimer. X
is the probability of a donor-labeled GpA to dimerize with an
acceptor-labeled GpA:

Ca

= o 14
C +C,

Xa

where C} and CP are determined using egs 9 and 10,
respectively.
The fraction of GpA molecules that are dimeric is

= 2b]

o=

(15

where [D] is the dimer concentration and [T] = C} + CJ isthe
total GpA concentration. Thus, eg 13 can be rewritten as

_2D], ¢

ED WXAE (16)
and therefore
= _2DJE _Bo
foE = m - X an

This quantity is plotted in Figure 4B for each vesicle, against
the total GpA concentration [T] = CX + CF in the vesicle. Each
data point corresponds to a single vesicle. The theoretical
prediction for the GpA dimeric fraction f, = 2[D]/[T] as a
function of GpA concentration was calculated on the basis of
the following two equations describing the dimerization process:

— 1Bl
Ko i (18)
[T = [M] + 2[D] (19)

These two equations yield the unknown monomer and dimer
concentrations, [M] and [D], and thus the dimeric fraction 2[D]/
[T], as afunction of the dimerization constant Kp and the total
GpA concentration [T]. The theoretical 2[D]/[T] curve was fitted
to the experimental 2[D]E/[T] datain atwo-parameter fit, while
optimizing for both E and the dimerization constant Kp. The
optimal values determined in the fit were E = 0.63 4 0.04 and
Kp = 714 4 161 nm?. These values did not depend on the initial
guesses. The uncertainties are a measure of the robustness of
the fit.

The value of E was higher than the value of E measured for
the linked EY FP_mCherry construct in phase |, E = 0.46 +
0.06. This result can be rationalized, since the two fluorescent
proteins in the linked construct are attached one after the other

(37) Posokhov, Y. O.; Merzlyakov, M.; Hristova, K.; Ladokhin, A. S. Anal.
Biochem. 2008, 380, 134-36.
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(the N-terminus of EYFP is linked to mCherry), while in the
GpA dimer they are positioned side by side, as shown in Figure
1. Thus, the distance between the fluorophores is expected to
be smaller in the GpA dimer, as compared to the linked
construct. We measured the Forster radius, Ry, of the EYFP-
_mCherry FRET pair as described® as 53 A, and using the
relation E = 1/1 +(r/Ry)® we calculated the distance between
the fluorophores as r ~ 54 A in the linked EYFP_mCherry
construct, and r ~ 48.5 A in the GpA dimer.

The optimized theoretical prediction for the dimeric fraction
is shown in Figure 4C, aong with experimental data averages.
Since the probability of having exactly the same GpA concen-
tration in severa vesiclesisvery low, the experimental averages
and standard errors were calculated by averaging data with
similar GpA concentrations, within bins that had between 3 and
20 points. In particular, all the data points within a concentration
interval of 0.0005 GpA moleculessnm? were averaged. For
example, the first point in Figure 4C is obtained by averaging
all the data points within the bin comprising 0.0005—0.001
molecules/nm?. While this data averaging step does not impact
data fitting, it facilitates the comparison between the data and
the fit in Figure 4C.

Phase I, Step 7. Calculation of GpA Dimerization Free
Energy. The lateral interactions between the GpA molecules
are interactions in two dimensions, and the units of the
dimerization constants are area (units of dissociation constants
are 1/ared). Defining the standard state as Kp = 1 nnv?, we
obtained a free energy of dimerization AG = —RT In Kp =
—3.9 + 0.2 kcal/mol. This is the first quantitative measure of
dimerization energetics of a membrane protein in mammalian
membranes. In the future, the free energy of GpA dimerization
can be used as a standard to which other interaction energies
can be compared.

Analysis of Errors and Data Scatter. To gain insight into
the source of data scatter in Figure 4, we anayzed the
differences in the calculated dimeric fractions when three
independent images of 10 vesicles were taken while refocusing
for each image. In these imaging experiments, bleaching is
negligible.® The three sets of images for each vesicle were
processed with the Matlab program, and the fluorescence
intensities across the membrane were calculated as the areas of
the best-fit Gaussians, as shown in Figure 3. Figure 5A shows
the averages of the calculated membrane intensities IF, [Fkert,
and IY for each vesicle, along with the standard deviations.
Repeated measurements of intensities varied by only a few
percent. Next, dimeric fractions were calculated for each set of
images. The three independent calculations for each vesicle were
averaged, and are shown in Figure 5B aong with the standard
deviations. Despite the small errorsin the measured intensities
(Figure 5A), the standard deviations in the dimeric fractions
are large (Figure B), explaining data scatter in Figure 4. The
uncertainties in the dimeric fractions accumulated due to error
propagation in the mathematical manipulations of the QI-FRET
method.

Next, we compared the results for al the vesicles in Figure
4, when two different methods were used to calculate the
intensities I8, 1fer, and IR across the membrane. The first
calculation utilized the best-fit Gaussians as discussed above.
In the second calculation, we summed up the pixel intensities
across the membrane without fitting them to Gaussians, and thus
without filtering the white noise in the images. The two different
membrane intensity calculations differed by no more than afew
percent. Thus, the differences were similar to the uncertainties
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Figure 5. Analysis of uncertainties in calculated dimeric fractions due to
uncertainties in image acquisition. Three independent images of 10 vesicles
were taken while refocusing for each image. (A) Averages of the calculated
membrane intensities IF, 1fker, and IX for each vesicle, dong with the
standard deviations. (B) Averages of the dimeric fractions, calculated
independently from each image set, along with their standard deviations.

associated with repeated measurements of the same vesicle
(shown in Figure 5A). We then used the two different intensity
calculations to calculate Ca, Cp, and the FRET efficiencies, as
well as the dimeric fractions. The differences in the calculated
dimeric fractions are shown in Figure S4 in Supporting
Information for each vesicle, as a function of total GpA
concentration. Not surprisingly, the differences are larger at low
GpA concentrations, corresponding to vesicles of low fluores-
cence intensity. They are similar to the observed differences
between vesicles in Figure 4, further suggesting that the
observed scatter in Figure 4 is due to random noise in image
acquisition.

Next we investigated if there is a correlation between the
size of the vesicles and the calculated dimeric fractions. The
dimeric fractions as a function of vesicle size are shown in
Figure S5 in Supporting Information. We see no correlation,
and thus variations in vesicle size are not introducing systematic
errorsin the measurements. We aso analyzed vesicles over time,
and we did not observe changes in FRET efficiencies within
one day of vesicle preparation. Thus, it appears that the major
source of data scatter in Figure 4 is the random noise associated
with imaging. Importantly, uncertainties that arise due to random
noise are reducible by collecting a sufficient number of data
points. This point is well illustrated in Figure 4C. In addition,
improvements in image acquisition will further reduce the noise
and the uncertainties. For instance, the utility of microscopes
that yield spectral information®® should be explored in conjunc-
tion with the EmEx-FRET method which utilizes spectrainstead
of images®

Discussion

The efficiency of Forster resonance energy transfer (FRET)
is often used to calculate free energies of interactions of purified

J. AM. CHEM. SOC. = VOL. 132, NO. 10, 2010 3633



ARTICLES

Chen et al.

proteins in model systems. In model buffer solutions, the
calculations of free energies of interactions from the measured
FRET efficiencies are straightforward because the concentrations
of donor- and acceptor-tagged proteins are easily controlled and
are known. For membrane proteins, however, measurementsin
such model systems require overexpression in sufficient quanti-
ties, followed by purification and reconstitution into appropriate
lipid systems. For most membrane proteins, such sample
preparation remains a challenge.

The aternative is to perform FRET measurements in cells,
and fluorescence studies have addressed the occurrence of
interactions in biological membranes.*>** FRET has been used
to determine if interactions occur, but measurements of interac-
tion free energies pose three main challenges.

Thefirst challenge is measuring the absolute FRET efficiency,
E. Most imaging experiments do not measure the FRET
efficiency; instead, they measure the sensitized acceptor emission
(Isen). The sensitized acceptor emission is proportiona to the
donor quenching due to FRET, Alp, according to Alp = Gl gn.
The gauge factor Gr depends on the wavelength of the recorded
emissions of the donor and the acceptor, on the ratio of their
quantum vyields, as well as on the environment which is
heterogeneous in cells.

The second challenge is determining the concentrations of
donors (Cp) and acceptors (C,), which are needed to calculate
free energies of interactions. Because these experiments involve
cotransfection of fluorescently tagged proteins, and because the
expression of these proteins in cells cannot be controlled, the
donor and acceptor concentrations and thus the donor-to-
acceptor ratios are unknown, and vary from cell to cell.
Furthermore, the proteins are often distributed nonuniformly
throughout the cell.

The third challenge is that often transfection leads to the
expression of large quantities of membrane proteins, which
overload the ER and the Golgi, and the fluorescent signal from
the plasma membrane is difficult to separate from the overall
fluorescence, often limiting such fluorescence studies to “flat”
cells such as Cosy.

We demonstrate that all these challenges can be overcome if
we use plasma membrane derived vesicles because the donor
and acceptor concentrations and the FRET efficiency in each
vesicle can be determined using the QI-FRET method, based
on the fact that the protein distribution within the vesicles is
homogeneous. We utilize transient transfection of genes encod-
ing fluorescent protein-tagged membrane proteins. Because
transient expression levels vary from cell to cell, vesicles with
awide range of protein concentrations (i.e., number of proteins
per unit membrane area) can be produced in asingle transfection
experiment (see Figure 4). Thus, a wide protein concentration
range can be sampled, and the dimerization energetics can be
measured for different protein concentrations, to obtain dimer-
ization curves and dimerization free energy.

Plasma membrane-derived vesicles are produced using es-
tablished methods and have been extensively characterized in
several laboratories. For instance, the vesiculation procedure
has been shown to presarve the directiondlity of the proteins. >34

(39) Raicy, V.; Stoneman, M. R.; Fung, R.; Melnichuk, M.; Jansma, D. B.;
Pisterzi, L. F.; Rath, S.; Fox, M.; Wells, J. W.; Sadin, D. K. Nat.
Photonics 2009, 3, 107-13.

(40) Kenworthy, A. K. Methods 2001, 24, 289-96.

(41) Raicy, V.; Jansma, D. B.; Miller, R. J. D.; Friesen, J. D. Biochem. J.
2005, 385, 265-77.

(42) Holowka, D.; Baird, B. J. Biol. Chem. 1984, 259, 3720-28.
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The vesiculation buffer has low concentration of formaldehyde,
almost 100 times lower than concentrations used to fix cells.
While the formaldehyde may have some undesirable effects,
these can be reversed with dialysis,*® or after the addition of
glycine to quench the formaldehyde.** We always add large
excess of glycine after vesiculation starts, and thus we do not
expect perturbations due to the formal dehyde presence. Indeed,
membrane receptors retain their ligand-binding ability in these
vesicles, as evident from binding of fluorescent ligands (E. Li
and K. Hristova, unpublished results), suggesting that the
molecular interactions are preserved. Furthermore, it has been
shown that the kinase activity of membrane-associated tyrosine
kinases such as Lyn is preserved in these vesicles (B. Baird,
personal communication).

Plasma membrane-derived vesicles are a ssimplified model
of the cell membrane because there is no cytoskeleton and no
TM potential.*> In addition, there are no intracel lular membranes
inside the vesicles. In the vesicles, no new proteins are delivered
or destroyed. The proteins tagged with fluorescent proteins
exhibit uniform fluorescence (see Figure 3) and fast homoge-
neous mobility [as assessed by fluorescence recovery after
photobleaching (FRAP) experiments, not shown here]. Further-
more, the data are consistent with equilibrium between mono-
mers and dimers (Figure 4C).

While plasma membrane-derived vesicles are a simplified
model of the membrane, they possess complex features that are
characteristic of native cellular membranes. For instance, the
vesicles are loaded with various membrane proteins, and mimic
the natural crowded membrane environment. While the molec-
ular crowding is expected to affect the interactions, it is not
clear how. To understand the effects of protein crowding on
protein—protein interactions in biological membranes, here we
characterize GpA homodimerization in plasma membrane-
derived vesicles, so we can compare the results to many
published studies of GpA dimerization in detergent systems.
These previous studies suggest that GpA homodimers are very
stable in model systems.*®242646 |n fagt, it is believed that the
energetics of GpA dimerization cannot be characterized in lipid
vesicles because the interactions are too strong (GpA is 100%
dimer). Thus, it appears that the crowded environment weakens
the strength of GpA interactions. This is the first study of this
kind, and investigations of other proteins will further our
understanding of how protein crowding and complexity of
cellular membranes affects membrane protein interactions. Such
studies are now feasible with the method that we introduce here.

Experimental Procedures

Materialsand Methods. Plasmid Constructs. pPRSET_mCherry
was obtained from the laboratory of Roger Tsien (University of
Cadlifornia, San Diego), and pEY FP was a kind gift from Michael
Betenbaugh (Johns Hopkins University, Baltimore). All primers
were purchased from Invitrogen. Plasmids used for mammalian
expression were engineered using the pcDNA3.1 vector (Invitro-
gen). Plasmids used for bacterial expression were engineered using
pRSET-B (Invitrogen).

Plasmids encoding GpA (TM domain: LIIFGVMAGVIGTILLI-
SYGIRRL), tagged with fluorescent proteins at the C terminus and
a signal peptide directing GpA to the plasma membrane at the

(43) Scott, R. E.; Maercklein, P. B. J. Cell Sci. 1979, 35, 245-52.

(44) Vasilescy, J.; Guo, X. C.; Kast, J. Proteomics 2004, 4, 3845-54.

(45) Scott, R. E.; Perkins, R. G.; Zschunke, M. A.; Hoerl, B. J.; Maercklein,
P. B. J. Cell i. 1979, 35, 229-43.

(46) Fisher, L. E.; Engelman, D. M.; Sturgis, J. N. Biophys. J. 2003, 85,
3097-105.
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N-terminus (MGAPACALALCVAVAIVAGA), were constructed
between the multicloning sites Hindlll and Xbal of PcDNA3.1.
The linker between the fluorescent proteins and GpA was aflexible
15 amino acid-long linker (GGS)s. In addition, an 11 amino acid
VSG-g tag (YTDIEMNRLGK) was inserted between the signal
peptide and GpA, to allow the detection of GpA on the cell surface
of CHO cells. Control immunostaining experiments (not shown)
confirmed that the GpA constructs express on the cell surface.

Bacterial expression and purification of soluble EYFP and
mCherry, and the linked EY FP_mCherry construct, was performed
as described.*® Plasmids for mammalian expression of soluble
EYFP and mCherry and the linked EY FP_mCherry construct are
aso described in ref 30.

CHO Céll Growth, Transfection, and Vesiculation. Chinese
hamster ovary (CHO) cells were grown in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 1 mM nonessential amino acids, 1.8 g/L b-glucose, and 1.5
g/L sodium bicarbonate. There were 2 x 10* cells/well seeded in
a 6-well plate one day before transfection.

Transfection was carried out using Fugene HD transfection
reagent (Roche Applied Science), following the manufacturer’s
protocol. Cells were transfected with pcDNA_EY FP_mCherry, or
cotransfected with pcDNA_GpA_EYFP and pcDNA_GpA_m-
Cherry, and vesiculated 24 h after transfection.

Vesiculation was carried out using a previously described
protocol.*> Cells were rinsed three times with PBS (pH 7.4)
containing 0.75 mM calcium and 0.5 mM magnesium (CM-PBS),
and incubated with 1 mL of vesiculation buffer at 37 °C. To quench
the formaldehyde after vesiculation, glycine solution in PBS was
added to the vesiculation buffer to a final concentration of 0.125
M. The vesiculation buffer consisted of CM-PBS with 25 mM
formaldehyde and 0.5 mM 1,4-dithiotreitol (DTT). A large number

of vesicles were produced after 2 h, and the vesicles were transferred
into an 8-well Nunc Lab-Tek Il chambered coverslips for imaging.

Image Acquisition. Vesicles wereimaged using a Nikon Eclipse
confocal laser scanning microscope with a 60x water immersion
objective. All the images were collected and stored at a512 x 512
resolution. Three different scans were performed for each vesicle:
(1) excitation at 488 nm, with a 500—530 nm emission filter (donor
scan); (2) excitation at 488 nm, with a565—615 nm emission filter
(FRET scan); and (3) excitation at 543 nm, with a 650 nm long-
pass filter (acceptor scan). Gains of 8.0 were used for all the three
scans. To minimize the bleaching of fluorescent proteins, ND8 filters
were used during excitation with the 488 nm laser, and pixel dwell
time was set to the minimum (1.68 us).

Image Analysis. The fluorescence intensities of vesicles loaded
with soluble fluorescent proteins were analyzed using the ImageJ
software (NIH) as described.® Cells cotransfected with pcDNA_G-
pA_EYFP and pcDNA_GpA_mCherry produced vesicles with low
cytoplasmic fluorescence intensity and highly fluorescent mem-
branes. These images were analyzed with a Matlab program
developed in the lab, which automatically recognizes the vesicles
and calculates the intensities in the three channels.
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