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The activity of receptor tyrosine kinases (RTKs) is controlled
through their lateral association in the plasma membrane. RTKs
are believed to form both homodimers and heterodimers, and
the different dimers are believed to play unique roles in cell
signaling. However, RTK heterodimers remain poorly charac-
terized, as compared with homodimers, because of limitations
in current experimental methods. Here, we develop a FRET-
based methodology to assess the thermodynamics of hetero-in-
teractions in the plasma membrane. To demonstrate the utility
of the methodology, we use it to study the hetero-interactions
between three fibroblast growth factor receptors—FGFR1,
FGFR2, and FGFR3—in the absence of ligand. Our results show
that all possible FGFR heterodimers form, suggesting that the
biological roles of FGFR heterodimers may be as significant as
the homodimer roles. We further investigate the effect of two
pathogenic point mutations in FGFR3 (A391E and G380R) on
heterodimerization. We show that each of these mutations sta-
bilize most of the heterodimers, with the largest effects observed
for FGFR3 wild-type/mutant heterodimers. We thus demon-
strate that the methodology presented here can yield new
knowledge about RTK interactions and can further our under-
standing of signal transduction across the plasma membrane.

Receptor tyrosine kinases (RTKs)? regulate many key biolog-
ical processes, including cell survival, growth, differentiation,
and migration. There are 58 different RTKSs, classified into 20
families based on sequence similarity. An archetypal RTK con-
sists of a ligand-binding extracellular domain, a single-pass
transmembrane (TM) domain, and an intracellular (IC) kinase
domain (1-5). These receptors are activated upon dimeriza-
tion, which is known to be a reversible process (6, 7). Dimer
formation is required (although not sufficient) for function (2,
6,8—11), because it brings the two kinases into close proximity,
enabling cross-phosphorylation on specific tyrosines. Phos-
phorylated RTKs trigger many intracellular signaling cascades,
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including the MAPK, PI3K, PKC, and STAT pathways. These
pathways, in turn, determine cell fate and function (1-5, 12, 13).

RTKSs play a fundamental role in human development. They
are also critical players in the induction and progression of
many cancers (1-5, 13—15). Thus, significant efforts have been
dedicated to the development of RTK-specific therapies with
high specificity and low toxicity. One class of anti-cancer drugs
on the market specifically aims to inhibit RTK dimerization,
because it is an important regulator of function. The best
known example of these drugs is Herceptin, an antibody raised
against the extracellular domain of HER2, which is often over-
expressed in breast cancer (15, 16). Although Herceptin treat-
ment can significantly improve patient outcomes in some cases,
the performance of this treatment and other RTK-targeted
molecular therapies has not reached expectations (4, 16, 17).
This may be partly due to gaps in basic knowledge about RTK
interactions in the plasma membrane.

RTKs readily form homodimers, but they also participate in
hetero-interactions with other RTKs, often other members of
the same family. Heterodimerization between RTKs is believed
to be a means of signal amplification and diversification. RTK
heterodimers have been shown to enhance receptor activation
and downstream signaling, as compared with homodimers (1,
2, 4, 15, 18, 19). For instance, the ErbB2-ErbB3 heterodimer is
known as the most biologically active and the most pro-tumor-
igenic of all ErbB homodimers and heterodimers (4, 15). How-
ever, our understanding of RTK heterodimerization is only
rudimentary, in part because of a paucity of methods that pro-
vide quantitative information about heterodimer formation
(18, 20, 21). Indeed, prior work has relied primarily on qualita-
tive methods such as immunoprecipitation. Thus, the extent of
heterodimerization between members of an RTK family
remains unknown. Often, even the identities of RTK partners
that engage in hetero-interactions are unknown, and this can
significantly impede the design of high efficacy therapeutics
that target RTK dimerization.

Here, we introduce a novel FRET-based technique that over-
comes the limitations of previous methods employed to study
heterodimers in the plasma membrane. To demonstrate the
utility of the method, we apply it to study heterodimerization
within the fibroblast growth factor receptor (FGFR) family of
RTKs. We use truncated receptors in which the IC domains
have been substituted with fluorescent proteins to allow for
FRET detection. Measurements are performed in plasma mem-
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brane vesicles, derived from cells using an osmotic stress buffer
(22). As the receptors are expressed in cells prior to vesicle
production, they undergo all post-translational modifica-
tions. FRET is measured with the quantitative imaging-
FRET (QI-FRET) method (23, 24), which yields donor and
acceptor concentrations, in addition to FRET efficiencies, in
each vesicle.

The FGFRs regulate the development of the skeletal system
(3, 12, 13, 25-27). There are four FGFRs: FGFR1, FGFR2,
FGFR3, and FGFR4. Here we focus on FGFR1, FGFR2, and
FGEFR3, three receptors that have been implicated in many
growth disorders (1-3, 5, 8, 13, 27-29). Although originally
believed to form dimers only in response to ligand (fgf) binding,
FGFRs have been shown to interact and form homodimers even
in the absence of ligand (8, 30-34). FGFR homodimerization
seems to prime the receptors for efficient activation by the
ligand, and thus unliganded FGFR dimers appear to be impor-
tant intermediates in the signal transduction process (8, 34).

The propensities for homodimer formation have been quan-
tified for full-length FGFR1, FGFR2, and FGFR3, in the absence
ofligand (8). The truncated FGFRs also form homodimers, with
propensities that are similar to or lower than full-length FGFRs
(8, 31-33). We seek to determine the heterodimerization pro-
pensities of truncated FGFR1, FGFR2, and FGFR3 and com-
pare them to the homodimerization propensities, in the
absence of ligand.

We further seek to examine FGFR heterodimer formation in
the presence of two different pathogenic point mutations in
FGFR3: G380R and A391E. The G380R mutation in the TM
domain of FGFR3 is found in 98% of all achondroplasia cases.
Achondroplasia is the most common form of human dwarfism
and is characterized by short stature and premature endochon-
dral ossification of long bones (12, 20, 25-28, 33, 35). The
A391E mutation, also in the TM domain of FGFR3, causes
Crouzon syndrome with acanthosis nigricans. This develop-
mental disorder is characterized by premature ossification of
skull bones accompanied by a skin disorder (27, 32, 36-39).
Although both mutations introduce a charged amino acid into
the TM domain of the same receptor, the resulting phenotypes
are substantially different. It has been hypothesized that this
difference in phenotype might be explained by disparate per-
turbations to FGER heterodimers (27, 36). To directly test this
hypothesis, we examine the FGFR1-FGFR3, FGFR2-:FGFR3, and
wild-type/mutant FGFR3 heterodimers in the presence of both
mutations using the new quantitative FRET method, and we
compare the results to those of the wild-type using statistical
methods.

Results

Development of the Heterodimerization Model—RTK lateral
association can be described by monomer-dimer equilibrium
models (1, 21, 40). Here, we consider dimer formation when
two receptors, X and Y, are capable of forming both het-
erodimers and homodimers (Fig. 1). In this case, the equilib-
rium between monomers and dimers is described by three reac-
tions (38),
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FIGURE 1. A cartoon representation of the receptor species present in the
FRET experiments. Receptors X and Y are shown in orange and blue. The IC
domains of the receptors are replaced with the fluorescent proteins YFP and
mCherry, depicted as yellow and red barrels, to allow for FRET detection of
heterodimer formation. Three possible dimers can form, in accordance with
the law of mass action. From left to right, we show the receptor monomers X
and Y, the homodimers XX and YY, and the heterodimer XY. Equations 1 and
2 under “Results” describe the coupled equilibria between the dimers and the
monomers. The heterodimer is the only species with both YFP and mCherry
and therefore is the only contributor to measured FRET efficiency. All possible
species must be accounted for when quantitatively interpreting heterodimer
formation from experimental data.

Kx
[X] + [X] <= [XX]

Ky

Y] + [Y] <= [YV] (Eq.1)

Kxv
[X] + [Y] «<— [XY]

where K and K are the two macroscopic homodimer associ-
ation constants, and Ky is the macroscopic heterodimer asso-
ciation constant. The bracket notation indicates two-dimen-
sional species concentration. The three association constants
can be written as shown below.

XX
KX - [X]Z
[YY]
Ky = W (Eq.2)
vl
Koo = Dty

These relationships are the first key component describing
the complex heterodimerization process. The association con-
stants can be used to calculate dimer stability as follows,

AG = —RTInK (Eq.3)

where the standard state is taken as 1 square nanometer per
receptor (23). The number of receptors in a cell-derived vesicle
is constant over time, and we write the equations of mass con-
servation as follows,

[Xotall = [X] + 2[XX] + [XY]
(Eq.4)
[Yiotal = [Y] + 2[YY] + [XY]
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where [X,,.1] and [Y,..] are the total concentrations of each
receptor species in a given vesicle. If we rearrange the first two
statements in Equation 2 to solve for [XX] and [YY] and substitute
into Equation 4, we obtain the two statements shown below.

KXiotal] = [X] + 2K«[X]? + [XY]
(Eq.5)
[Yioral = [Y] + 2K [Y]? + [XY]

These statements constitute the second key component
describing heterodimerization. Using the quadratic formula
(41) to solve Equations 5 for [X] and [Y] and then substituting
into the third statement in Equation 2, we arrive at a single
equation describing heterodimerization.

2([XY] - [Xtotal]) )
1+ \/1 - 8Kx([XY] - [Xtotal])

( 2([XY] = Vaoral)
1+

0= va(

— [XY Eqg.6
1— 8KY([XY] - [Ytotal])) [ ] e

This equation is implicit and must be solved numerically. To
achieve this, we can employ the MATLAB function “fsolve” in
the default setting, which utilizes the trust-region-dogleg algo-
rithm. Solving Equation 6 in this manner produces theoretical
predictions for the concentration of heterodimers, which
depends on the homodimer association constants, Ky and Ky,
and on the total receptor concentrations, [X,, ;] and [Y,, .-
The total dimer fraction, f,, is shown below.

~2(IXXT + [YY] + [XY])
e [Xtotal] + [Ytotal]

This value is also equivalent to the sum of the homodimer
fractions, fi, xx and fj, vy, and the heterodimer fraction, f;, xy-
The fractions f,xx foyy and fpyy are defined as shown
below.

(Eq.7)

fo_ax
X [Xtotal] + [Ytotal]

2[YY]

fopy = o
o [Xtotal] + [Ytotal] (Eq' 8)

foo 2[XY]
X [Xtotal] + [Ytotal]

Next, we turn to solving the heterodimerization problem in
the context of FRET experiments. One receptor is labeled with
a donor, and the other receptor is labeled with an acceptor. If
these two receptors form heterodimers, FRET will occur. The
FRET efficiency can be measured with the QI-FRET method as
described (23, 24). The measured FRET efficiency can then be
corrected for the so-called proximity FRET, to yield the inter-
action-specific FRET efficiency, E},. Proximity FRET is a non-
negligible FRET efficiency that arises even in the absence of
specific interactions, because of the random approach of
donors and acceptors within the two-dimensional membrane.
We have extensively modeled and measured this phenomenon
in previous work, and it mainly depends on the acceptor con-
centration (42, 43). The corrected FRET efficiency, Ep, is due to
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heterodimerization only. FRET efficiency is measured through
the change in donor fluorescence, so E, can be written in terms
of the concentration of the acceptor-donor complex (that is, the
heterodimer) and the concentration of the donor (38, 44, 45),

IXVE
" [donor]

D (Eq.9)

where E is the intrinsic FRET, or the FRET efficiency in a given
dimer. Intrinsic FRET is the maximum E,; that is, if all recep-
tors in a vesicle were found in heterodimers, E, would be equal
to E. In the general case, E depends on the relative positioning of
the two fluorescent proteins (i.e. the separation and orientation
of the fluorophores) in the dimer. Because the fluorophores are
attached to the receptors via long flexible linkers, we can
assume that they rotate freely, and thus intrinsic FRET depends
mainly on fluorescent protein separation. Under the assump-
tion of free rotation, intrinsic FRET can be written as follows,

1

d 6
1%&
where d is the distance between the donor and acceptor, and R, is
53.1 A, the Forster radius for the YFP-mCherry FRET pair (23, 43).
Given an intrinsic FRET value, Equation 10 can be solved for d to
estimate fluorophore separation in a given dimer.

Using QI-FRET, we can measure three values per vesicle:
donor concentration, acceptor concentration, and FRET effi-
ciency (23, 24). Because one receptor is labeled with the donor,
and the other receptor is labeled with the acceptor, the receptor
concentrations, [X,,.;] and [Y ..., can be directly measured as
the donor concentration and acceptor concentration. To calcu-
late heterodimer concentration from experimental data, we
rearrange Equation 9 to obtain the following,

E= (Eq.10)

Ep[donor]

[XY] = 3

(Eq.11)

and this relationship is substituted into Equation 6 to yield
Equation 12, shown below.

E
Epld
1+%4qd?m—m@

Ep[donor]
2<DE - [Ytotal])

Ep[donor]
1+ 41 — 8Ky -

Ep[donor]
E

Epld
2([)[?nor] - [Xtotal]>

OZKXY

[Ytotal]>

(Fq.12)

The quantities [X,, 1), [Yiowa), Ens and [donor] are measured
experimentally. When Ky and K, are known, Equation 12 can
be fit to experimental FRET data to find the unknowns K, and
E, the two parameters describing heterodimer formation.
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Predictions of the Model—Equation 6 predicts the het-
erodimer concentration [XY], based on each receptor’s concen-
tration and the two homodimer association constants. Solving
Equation 6 can be a challenging problem. In previous work (19,
38,46, 47), the ratio of receptor concentrations, [Xoal:[Yiotals
was held constant so that all equations can be written as a func-
tion of just one receptor concentration, substantially simplify-
ing the mathematical analysis. However, our experiments are
performed in a cellular system, which means that the concen-
tration of each receptor, and thus the ratio [X,;]:[Y ol can-
notbe controlled. Instead, we must consider and solve Equation
6 as a function of both [X,..] and [Y ... In this general case,
the theoretical solution is a surface instead of a line. Addition-
ally, because heterodimerization is described by a coupled sys-
tem of equations, the formation of any dimer species—[XX],
[YY], or [XY]—is dependent on the formation propensity of the
other two.

Fig. 2 illustrates both of these characteristics using a series of
graphs generated over a wide range of possible individual
receptor concentrations. In these predictions, the homodimer
association constants Ky and Ky, are varied by an order of mag-
nitude, while keeping K fixed in all cases. In the left-hand
panels, the theoretical total dimer fraction, f;,, is represented by
a cyan surface with contour lines. The total dimer fraction plots
can be asymmetrical depending on the relative values of the
homodimer association constants. The right-hand panels
depict the contribution of each dimer species to the total dimer
fraction, where the fractional contribution of [XX], [YY], and
[XY] are displayed as violet, pink, and white surfaces, respec-
tively. The features of these theoretical solutions are in accord-
ance with the law of mass action. Homodimer fraction is low
when the concentration of a given receptor is low and
increases with its concentration, and the heterodimer frac-
tion approaches 0 as either [X,,..] or [Y,,.l (or both) go to 0.
Note that the heterodimer fraction decreases from panel A to
panel D, despite the fact that Ky is the same in all cases. This
decrease is due to the relative increases in Ky and Ky, i.e. due to
the depletion of monomers as homodimerization increases.
These predictions illustrate the complex manner in which
receptor concentrations and association constants determine
the concentration of each dimer.

FGFRI, FGFR2, FGFR3, FGFR3_G380R, and FGFR3_A391E
Form All Possible Heterodimers—W e use the model described
above to study the heterodimerization of truncated FGFRs,
consisting of the extracellular and TM domains of a receptor
followed by flexible linkers and fluorescent proteins. First, we
consider the hetero-interactions between wild-type FGFRI,
FGFR2, and FGFR3. Then we examine these hetero-interac-
tions when FGFR3 carries the point mutations for achondro-
plasia (FGFR3_G380R) or Crouzon syndrome with acantho-
sis nigricans (FGFR3_A391E). We investigate three possible
wild-type FGFR heterodimers: FGFR1‘FGFR2, FGFR1-FGFR3,
and FGFR2-FGFR3, and six possible mutant heterodimers:
FGFR1-FGFR3_G380R, FGFR2-FGFR3_G380R, FGFR3-FGFR3_
G380R, FGFR1-FGFR3_A391E, FGFR2:FGFR3_A391E, and
FGFR3-FGFR3_A391E.

For each heterodimer studied, CHO cells are co-transfected
with plasmids encoding the two receptor constructs, each
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labeled with either the donor or the acceptor (and then the
labeling scheme is reversed). Twenty-four hours post-transfec-
tion, the cells are exposed to an osmotic stress buffer (22) that
produces plasma membrane-derived vesicles. These vesicles
are collected and then imaged using the QI-FRET method (23,
24). In brief, a confocal microscope is used to image the
cross-section of each vesicle in the donor, FRET, and accep-
tor channels (see Fig. 3 for a representative vesicle). The
microscope is calibrated using solutions of free fluorescent
protein, so that fluorescence intensity and protein concen-
tration can be directly related, enabling quantitative analysis
of images (48). Ultimately, three quantities are measured in
each vesicle: donor concentration, acceptor concentration,
and FRET efficiency.

Fig. 4 displays the raw data for the nine FGFR heterodimers
examined here. The left-hand panels show the FRET effi-
ciency as a function of acceptor concentration. The dark
blue right-pointing triangles, purple up-pointing triangles,
green left-pointing triangles, light blue diamonds, and black
squares represent the FGFR1, FGFR2, FGFR3, FGFR3_
G380R, and FGFR3_A391E homodimer FRET data, respec-
tively (previously published (8, 31-33)). In each case, the
heterodimer data are represented by red circles. Each point cor-
responds to a single vesicle. The solid black line represents the
proximity FRET or the FRET efficiency expected because of the
nonspecific close approach of labeled receptors (42, 43). For all
wild-type and mutant FGFR heterodimers, measured FRET
efficiencies exceed proximity FRET, indicating that specific
heterodimeric interactions occur in all cases.

Although FRET is plotted in Fig. 4 as a function of acceptor
concentration, it also depends on the donor concentration, and
thus both concentrations are taken into account in the analysis.
The right-hand panels in Fig. 4 show the donor concentration
versus the acceptor concentration for all vesicles analyzed in the
heterodimer FRET experiments, again using red circles. The
substantial variation of the ratio between acceptors and donors
occurs because, in a transient transfection experiment, every
cell will produce a different amount of each receptor. This var-
iation explains the seemingly wide spread of FRET efficiencies
seen in the FRET efficiency versus acceptor concentration plots.
As discussed previously, a wide range of donor to acceptor
ratios, as well as a wide range of concentrations, is an advantage
in the QI-FRET methodology, because it ensures a robust fit of
a dimerization model to FRET data (24).

FGFR Heterodimer Stabilities and Intrinsic FRET Values Can
Be Quantified—W e fit the heterodimerization model (Equation
12) to the experimental FRET measurements for each het-
erodimer pair. We have previously reported all relevant
homodimer association constants (8, 31-33). We list those val-
ues in Table 1, and we use them as Ky and Ky in Equation 12.
This analysis yields the optimal Ky and E. The apparent asso-
ciation constant, Ky, reveals the propensity for heterodimer
formation and is used to calculate dimer stability, AGy, (Equa-
tion 3). Intrinsic FRET, or E, is a structural parameter that
depends on the positioning of the fluorescent proteins in the
dimer but not on the propensity for dimer formation. Note that
both Ky, and E determine the magnitude of the measured
FRET efficiencies, and thus both parameters need to be deter-
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FIGURE 3. Representative confocal images of a vesicle (left panels) and
their analysis (right panels). For each vesicle, an image of its cross-section is
captured in three channels: donor, FRET, and acceptor. All three images are
processed using a MATLAB script previously developed in the lab (23, 24). The
program integrates fluorescence intensity along the perimeter of the vesicle
membrane cross-section and fits this integrated intensity (blue line) with a
Gaussian distribution (green line), while taking into account the background
(red line). This process is performed for every vesicle. The QI-FRET method
uses these intensities to calculate the donor concentration, the acceptor con-
centration, and the FRET efficiency in the vesicle (23). In this work, between
250 and 550 vesicles are analyzed for each possible fluorophore labeling
scheme of two receptors.

mined and accounted for, to correctly interpret results. In Table
1, we report the optimal Ky and E parameters, along with the
calculated dimer stabilities and estimated distances between
fluorescent proteins, for all nine heterodimers. In Figs. 5 and 6,
we compare experimentally determined values to the opti-
mized heterodimer model for each heterodimer pair. In Fig. 5,
the heterodimer concentration [XY] is plotted as a function of
both receptor concentrations, with model values (Equation 6)
and experimentally determined measurements (Equation 11)
shown as a yellow surface with contour lines and open blue
(above surface) and red (below surface) circles, respectively. In
Fig. 6, the total dimer fraction, calculated using Equation 7, is
plotted as a function of the concentration of the two receptors.
Model values are displayed as a cyan surface with contour lines,

and experimentally determined measurements are plotted
using purple circles.

The wild-type FGFR1-FGFR2, FGFR1-FGFR3, and FGFR2:
FGFR3 heterodimer stabilities are —4.5 = 0.1, —4.8 = 0.1, and
—4.1 = 0.2 kcal/mol, respectively (Table 1 and Fig. 7A).
ANOVA tests are performed to compare the AG values of
homodimers and heterodimers. The stabilities of the FGFR2
and FGFR3 homodimers are statistically the same as each other
but different from those of FGFR1 and all the heterodimers.
Additionally, the stabilities of FGFR1‘FGFR2 and FGFRI:
FGEFR3 are statistically the same as each other but different
from the stability of FGFR2-FGFR3. The AG for FGFR1-FGFR3
is also different from that of FGFRI1.

We also use ANOVA to compare wild-type intrinsic FRET
values. We find that intrinsic FRET is statistically the same for
all three wild-type homodimers and the FGFR1-FGFR2 and
FGFR2-FGFR3 heterodimers. The intrinsic FRET of the
FGFR1-FGFR3 heterodimer is smaller than that of the other five
dimers, and this difference is significant. In our experiments,
the fluorescent proteins are attached to the TM domain of each
FGER via flexible linkers, so intrinsic FRET predominantly
depends on the distance between the fluorescent proteins in the
dimers, d. Using Equation 10, we calculate this distance under
the assumption of free fluorescent protein rotation (an assump-
tion that may not be correct). The relative positioning of the
fluorescent proteins, and thus the general dimer architecture, is
similar for five of the dimers. In contrast, the inter-fluorophore
distance is larger in the FGFR1-FGFR3 heterodimer, suggesting
an increase in the separation of the TM domain C termini rel-
ative to the other dimers.

We further examine six mutant FGFR heterodimers
(Table 1 and Fig. 7, B-D). The achondroplasia heterodimers
FGFR1-FGFR3_G380R, FGFR2-FGFR3_G380R, and FGFR3-
FGFR3_G380R have stabilities of —5.2 = 0.1, —4.7 * 0.3, and
—5.2 = 0.1 kcal/mol, respectively. The Crouzon syndrome het-
erodimers FGFRI'FGFR3_A391E, FGFR2-FGFR3_ A391E, and
FGFR3-FGFR3_ A391E have stabilities of —5.3 + 0.2, —4.5 *
0.2, and —5.1 = 0.1 kcal/mol, respectively.

To compare the wild-type and mutant heterodimers, ¢ tests
are performed on the dimer stability and intrinsic FRET values.
The difference between wild-type and mutant dimer stabilities,
AAGyy, is calculated to assess the effects of mutations on the
thermodynamics of dimer formation. Analogously, the dif-
ference in intrinsic FRET values, AE, is computed to estimate
any alteration in dimer architecture. First, we consider the
FGFR1-FGFR3 heterodimer. The achondroplasia and Crou-
zon syndrome mutations both stabilize this hetero-
dimer, by —0.4 *= 0.1 and —0.5 = 0.1 kcal/mol, respectively.

FIGURE 2. Theoretical predictions of the heterodimerization model, as a function of the concentration of the two receptors. This model is based on a
coupled system of equations describing the formation of the homodimers XX and YY and the heterodimer XY (see Equations 1 and 2), as well as the mass
conservation of the receptors (Equation 4 and 5). The solution of this system is the heterodimerization model (Equation 6), and predictions from this equation
are graphed here. The dimer fraction depends on the concentration of each receptor species ([Xoa] and [Y,o:ail), @and all three association constants (K, Ky, and
Kyy). Ky and K are increased from top to bottom. The left-hand panels display total dimer fraction (Equation 7) as a cyan surface with contour lines, and the
right-hand panels display the fractional contribution of each dimer species [XX], [YY], and [XY] (Equation 8) as violet, pink, and white surfaces, respectively. In
these plots, we assume a heterodimer association constant of 850 X 10~¢ um?/rec (AGy, = —4.0 kcal/mol). The homodimer association constants are varied
by an order of magnitude from Ky ; = 100 X 10~° um?/recand Ky ; = 500 X 10~® um?*/rec (A) to Ky , = 10 X Ky ; and Ky , = Ky ; (B) to Ky 5 = Ky ; and Ky 3 = 10 X
Ky 1 (QtoKy, =10 X Ky, and Ky, = 10 X Ky ; (D).
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FIGURE 4. Vesicle FRET data for the wild-type (A-C) and mutant (D-/) FGFR heterodimers. The dark blue right-pointing triangles, purple up-pointing triangles,
green left-pointing triangles, light blue diamonds, and black squares represent the FGFR1, FGFR2, FGFR3, FGFR3_G380R, and FGFR3_A391E homodimer FRET data
(8,31-33). The data collected during heterodimer FRET experiments are always shown with red circles. For both homodimer and heterodimer data, each point
represents a single vesicle. In the left-hand panels of A-I, the measured FRET efficiencies are plotted as a function of acceptor concentration. Proximity FRET, or
the FRET caused by nonspecific close approach of donors and acceptors, is shown as a black line (42, 43). The measured FRET efficiencies exceed proximity FRET
in every case, which suggests that specific heterodimeric interactions occur for all heterodimers investigated. In subsequent analysis, the measured FRET
efficiency is corrected for proximity FRET to find the dimer-specific FRET efficiency. In the right-hand panels of A-I, donor concentrations are plotted against
acceptor concentrations.

Additionally, the achondroplasia mutation increases the FGFR3 homodimer. The achondroplasia mutation stabilizes
intrinsic FRET value. the dimer by —1.8 = 0.1 kcal/mol. The Crouzon syndrome

Next, we turn to the FGFR2-FGFR3 heterodimer. We find mutation also has a stabilizing effect, with a AAGy of —1.7 *
that the achondroplasia mutation stabilizes the dimer by 0.1 kcal/mol. Both mutations also decrease the intrinsic FRET
—0.6 £ 0.1 kcal/mol and has no effect on intrinsic FRET. The  value, suggesting that the fluorescent proteins are further apart
differences between the wild-type and Crouzon syndrome in the wild-type/mutant FGFR3 heterodimers than in the wild-
FGFR2-FGFR3 heterodimers are not statistically significant. type FGFR3 homodimer.

The wild-type/mutant FGFR3 heterodimer is slightly differ-
ent from those described thus far, which all form between two
different FGFRs. This heterodimer forms between a wild-type We Introduce a New Methodology to Study RTK Hetero-
FGFR3 and a FGFR3 with a pathogenic point mutation (either  dimerization—Membrane proteins are notoriously challenging
G380R or A391E), and comparisons are made to the wild-type to study (49), and detailed information about membrane

Discussion
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TABLE 1

Optimal parameters describing FGFR homodimerization and heterodimerization

Previously published homodimer results (8, 31-33) were used to solve Equation 12, which describes heterodimer formation in FRET experiments. The heterodimer results
are listed as averages and standard deviations, as calculated using the bootstrap method (see “Materials and Methods” for details). Dimer stability, AG, was calculated from
the association constant using Equation 3. Under the assumption of freely rotating fluorophores, the distance between fluorescent proteins in a dimer, d, is estimated using
Equation 10.

Dimer stability Dimer conformation
Association constant, K AG Intrinsic FRET
wm’/rec keal/mol
Homodimers
FGFR1¢ (2336 * 484) X 10°° —4.6 = 0.1 0.50 = 0.03 53.1 =0.7
FGFR2* (309 £57) X 10°° -34 %01 0.57 = 0.04 50.7 = 1.0
FGER3“* (309 + 65) X 10°© —34+0.1 0.52 = 0.03 524 * 1.0
FGFR3_G380R°¢ (6430 + 1212) X 10™° —52*0.1 0.59 = 0.01 50.0 = 0.4
FGFR3_A391E“ (5000 + 670) X 10~° —4.8 £0.1 0.72 = 0.02 455+ 0.6
Heterodimers
FGFR1-FGFR2 (2109 + 379) X 10~° —4.5+0.1 0.52 £ 0.04 523+ 1.3
FGFR1-‘FGFR3 (3540 * 432) X 10~¢ —4.8 = 0.1 0.38 = 0.02 574 * 0.6
FGFR2-FGFR3 (988 + 308) X 10~ ° —4.1 %02 0.53 = 0.05 520=*1.9
FGFRI-FGFR3_G380R (6428 = 1302) X 10°© —52+0.1 0.51 = 0.06 52.6 * 2.0
FGFR2-FGFR3_G380R (2829 = 1207) X 10° —4.7*£0.3 0.73 = 0.20 43.5+9.7
FGFR3-FGFR3_G380R (6435 + 180) X 10~° —52+0.1 0.37 = 0.01 579 =04
FGFRI-FGFR3_A391E (8463 = 2715) X 10°© —53+0.2 0.48 = 0.08 53.7 29
FGFR2-FGFR3_A391E (2106 + 714) X 10~¢ —4.5 %02 0.78 = 0.18 41.6 £ 8.6
FGFR3-FGFR3_A391E (5356 + 551) X 10~° —51+%0.1 0.40 = 0.02 56.7 = 0.8

“ Data from Ref. 8.

? Data from Ref. 31.
¢ Data from Ref. 33.
4 Data from Ref. 32.
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FIGURE 5. Experimentally determined and theoretically predicted heterodimer concentrations [XY], as a function of the two receptor concentrations.
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below model surface) circles. Experimental heterodimer concentrations are calculated according to Equation 11, and theoretical predictions are made using
Equation 6. The best fit values are plotted here for the wild-type (A-C), achondroplasia (D-F), and Crouzon syndrome (G-/) FGFR heterodimer pairs.
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FIGURE 6. Total dimer fractions. Equation 7 is used to calculate the total dimeric fraction, fy, as a function of the receptor concentrations. Experimental data
(purple circles) are compared with the best fit heterodimerization model (cyan surface with contour lines). Shown are results for the wild-type (A-C), achondro-

plasia (D-F), and Crouzon syndrome (G-/) FGFR heterodimer pairs.

protein interactions and structure is elusive, despite active
research in the field (50 —53). The need for new basic knowledge
is underscored by the fact that ~60% of all Food and Drug
Administration-approved therapeutics target membrane pro-
teins (54). Biophysical information about drug targets can yield
better mechanistic understanding of their function and ulti-
mately can allow for more accurate prediction of drug action
and function.

Recently, advances in microscopy have complemented the
biochemical assays traditionally used in membrane protein
research, producing new insights about membrane protein
function (6, 7, 11, 23, 24, 43, 55-57). In this paper, we build on
our previous work to develop and implement a quantitative
FRET assay for examining RTK heterodimers. The method
yields the apparent heterodimer association constant, Ky, and
a conformational parameter (intrinsic FRET, or E), which has
been previously used to assess whether structural changes
occur in RTK dimers because of ligand binding or mutations (8,
9,31-33).

Compared with biochemical methods, FRET offers unique
advantages for examining heterodimers. We label one receptor
with a FRET donor and the other with a FRET acceptor, so

1296 JOURNAL OF BIOLOGICAL CHEMISTRY

heterodimers have both a donor and acceptor, whereas
homodimers have either two donors or two acceptors. Thus,
FRET occurs only when heterodimers form. Methods such as
SDS-PAGE and Western blotting, on the other hand, strug-
gle to distinguish between RTK homodimers and het-
erodimers. Challenges arise because receptors are similar in
size, so the two complexes cannot be distinguished on a gel.
Although immunoprecipitation can report on heterodimer
formation, it is limited to qualitative observations and
requires the removal of the receptors from the native mem-
brane. Furthermore, in many biochemical methods, the pro-
pensity for dimer formation and the structure of that dimer
are both known to affect experimental readouts, but their
respective contributions usually cannot be separated. The
FRET technique described here can report on heterodimer
formation in an intact membrane and can uncouple thermo-
dynamic from structural information. However, the recep-
tors are attached to bulky fluorescent proteins, which may
perturb interactions in some cases. Furthermore, het-
erodimerization propensities can only be determined when
the homodimerization propensities have already been mea-
sured. Finally, no FRET will be detected if the distance

VOLUME 292-NUMBER 4-JANUARY 27,2017

SASBMB



Membrane Protein Heterodimerization: A Case Study of FGFRs

A YT TEErEEeET T

AG (kcal/mol)

AG (kcal/mol)

AG (kcal/mol)

-5.01
-5.5-

*

D o

-3.0

G380R

-3.5-
-4.0-
451

AG (kcal/mol)

-’ A391E

Intrinsic FRET

-5.0

5.5 Pe

%%

1.0

0.8

0.6

0.4+

Intrinsic FRET

0.2

0.0-

1.0+

0.8

0.6

0.4+

Intrinsic FRET

0.2

0.0

1.0

0.8

0.6

0.4

Intrinsic FRET

0.24

0.0+

1.0+

0.8+

0.6

0.4+ &,

0.24

G380R
A391E

0.0+, L

FIGURE 7. Optimal parameters from the fit. Results are shown for the wild-type FGFR heterodimers and homodimers (A), wild-type and mutant FGFR1-FGFR3
heterodimers (B), wild-type and mutant FGFR2-FGFR3 heterodimers (C), and wild-type and mutant FGFR3 heterodimers and homodimers (D). The left-hand
panels display heterodimer stabilities (green bars) alongside homodimer values (8, 31-33) (white bars) to facilitate comparison. Heterodimer stabilities are
calculated from association constants using Equation 3. The right-hand panels show the intrinsic FRET values, with heterodimer results in orange and
homodimer values in gray. ANOVA is employed to compare wild-type homodimers and heterodimers (see text for results). Unpaired t tests are performed to

determine the significance of the differences between wild-type and mutant heterodimers. *, p < 0.05; **, p < 0.005.

between the two fluorophores in the dimer complex exceeds
100 A, even if a stable dimer forms.

Similar FRET techniques have been discussed in the litera-
ture (19, 38, 58), but the methodology presented here improves
on previous work in multiple ways. Experiments are performed
in cell-derived vesicles that capture many features of the native
environment (22, 59). These vesicles closely mimic the diverse
lipid and protein content of the plasma membrane (59). The
receptors are transiently expressed in the cells prior to vesicu-
lation, so they undergo all relevant post-translational modifica-
tions, including glycosylation. In contrast, the previous het-

SASBMB
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erodimerization studies were performed in synthetic lipid
vesicles and limited to TM domain peptides.

In previous work on heterodimerization in membranes, the
ratio between receptors has been held constant to simplify data
analysis (19, 38, 46, 47, 58). The approach that we present has
no such limitations and is applicable in cases where the ratio
between receptors cannot be controlled, as in cellular studies.
The new method is quantitative, yielding heterodimer associa-
tion constants, despite being performed in a complex system
that mimics the native environment. Thus, this FRET method
can have broad utility in membrane protein research, because it
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TABLE 2

Effects of the achondroplasia and Crouzon syndrome mutations on FGFR heterodimerization

Unpaired ¢ tests are performed for the null hypothesis that the wild-type and mutant heterodimers are the same, and the resulting p values are shown. ns indicates that any
measured difference is not significant. The largest stabilization effects are observed in wild-type/mutant FGFR3 dimers, and these AAG values are accompanied by decreases
in intrinsic FRET. FGFRI'FGFR3 is slightly stabilized by each mutation and also experiences an increase in intrinsic FRET due to the achondroplasia mutation. The only
statistically significant change in FGFR2-FGFR3 caused by the presence of a mutation is a small increase in stability in the presence of the achondroplasia mutation.

Dimer stability Dimer conformation
AAG (kcal/mol) p value AE p value
FGFR1-FGFR3_G380R —-04*=0.1 0.024 10.13 0.021
FGFR1-‘FGFR3_A391E —0.5*0.1 0.016 ns 0.103
FGFR2-FGFR3_G380R —0.6 0.1 0.034 ns 0.173
FGFR2-FGFR3_A391E ns 0.060 ns 0.0797
FGFR3-FGFR3_G380R —1.8 0.1 0.000107 10.15 0.0146
FGFR3-FGFR3_A391E -1.7*+0.1 0.000202 10.12 0.0365

can be used to study the heterodimerization propensity of any
two membrane proteins.

Wild-type FGFR Homodimers and Heterodimers Have Simi-
lar Stabilities and Intrinsic FRET Values—Biochemical meth-
ods have previously shown that FGFR heterodimers form and
are enzymatically active in cells, in the presence of ligand (20,
29, 60, 61), but the thermodynamics of the association process
have not been quantified. Furthermore, FGFR heterodimeriza-
tion in the absence of ligand has never been investigated. Here,
we observe unliganded FGFR heterodimers and for the first
time measure the thermodynamic stability of these het-
erodimers in the plasma membrane. In the absence of ligand,
the propensity for heterodimer formation is similar to or larger
than that of homodimers (see Table 1 and Fig. 7). When com-
bined with information about the receptor concentrations of
the cell, such dimer stabilities can empower prediction of
homodimer and heterodimer populations. Therefore, this work
can further our understanding of FGER signaling, which is reg-
ulated by the formation of different dimers with unique func-
tions (29, 60, 61).

In this set of experiments, we work with receptors that lack
the IC domain, which is replaced with a fluorescent protein
on a flexible linker. These truncated receptors can be
expressed in a broad concentration range, a requirement for
a successful fit of the model to the data, thereby facilitating
method development (24). Additionally, the truncation of
the receptors increases the likelihood that fluorophores
attached to FGFRs in a heterodimer will undergo FRET.
RTKs are known to have long unstructured C-terminal tails,
and in some cases, this means that fluorescent proteins
attached to full-length receptors in a dimer are too far apart
to undergo FRET (62).

Contacts between IC domains generally promote, and never
inhibit, RTK dimer formation (8, 9, 63— 66). Indeed, full-length
RTKs have been shown to have stronger propensities for lat-
eral interactions than RTK constructs that lack the IC
domain (8). In our previous work with FGFR dimer forma-
tion, we measured the contribution of the IC domain to
FGFR1, FGFR2, and FGFR3 homodimerization as ~0, —2,
and —3 kcal/mol, respectively (8). We expect heterodimer
behavior to be similar. Accordingly, our finding that the
truncated FGFRs engage in heterodimeric interactions sug-
gests that full-length receptors will also form heterodimers.
Furthermore, we expect that the stability of full-length FGFR
heterodimers is likely similar to or larger than that measured
for truncated FGER heterodimers.
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The Achondroplasia and Crouzon Syndrome Mutations Show
Their Largest Effects on the Stability of the FGFR3 Dimer—
Table 2 summarizes the changes observed in the FGFR het-
erodimers caused by the achondroplasia and Crouzon syn-
drome mutations. The thermodynamics of heterodimerization
are perturbed in five of six cases. The largest effects are mea-
sured on the dimer stability in the wild-type/mutant FGFR3
dimer. Indeed, the achondroplasia and Crouzon syndrome
mutations stabilize this heterodimer by —1.8 = 0.1 and —1.7 =
0.1 kcal/mol, respectively. These stabilizations are comparable
with those measured for the mutant FGFR3 homodimers (32,
33), suggesting that both mutant homodimers and mutant het-
erodimers may be important signaling entities in the two devel-
opmental disorders. The effects on the FGFRI‘FGFR3 and
FGFR2-FGFR3 heterodimers, on the other hand, are relatively
small. The achondroplasia mutation stabilizes these two het-
erodimers by —0.4 + 0.1 and —0.6 = 0.1 kcal/mol, respectively.
The Crouzon syndrome mutation stabilizes FGFR1'FGFR3 by
—0.5 = 0.1 kcal/mol and has no effect on FGFR2-FGFR3. These
stabilizations rank among the smaller AAG values that we have
measured for pathogenic point mutations in FGFRs (31-33),
although these changes might still contribute to the develop-
ment of the skeletal disorders studied here.

For three of the mutant heterodimers, we observe a statisti-
cally significant change in intrinsic FRET, most likely caused by
a change in the separation of the fluorescent proteins in the
heterodimer. Although the details of how RTK dimer architec-
ture relates to function remain obscure, it is clear that TM
domain structure plays a fundamental role in determining sig-
naling properties (8, 9, 67, 68). It is possible that the structural
effects (observed as changes in intrinsic FRET) captured in
these experiments influence cross-phosphorylation in the het-
erodimer and potentially contribute to the two phenotypes.

It has been suggested that the phenotypical differences
observed between achondroplasia and Crouzon syndrome with
acanthosis nigricans might be explained if one of the mutations
primarily affects homodimerization, whereas the other mostly
influences heterodimerization (27, 36). Our results are incon-
sistent with this idea, instead suggesting that both mutations
have their dominant effects on the FGFR3 homodimer.

Materials and Methods

Plasmids—In this work, 10 different plasmids encoding for
five receptors—FGFR1, FGFR2, FGFR3, FGFR3_G380R, and
FGFR3_A391E—were used. The IC domains of the receptors
were substituted with fluorescent proteins (either YFP or
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mCherry) to allow for FRET detection. The fluorescent pro-
teins were attached to the receptor by a flexible (GGS); linker,
so that they can freely rotate (69). All of these plasmid con-
structs have been used in previous studies (8, 30, 70, 71).

Cell Culture—CHO cells were cultured in DMEM supple-
mented with 1.8 g/liter glucose, 1.5 g/liter sodium bicarbonate,
10% fetal bovine serum, and 1 mM nonessential amino acids.
The cells were maintained at 37 °C with 5% carbon dioxide and
passed every other day.

Transfection—CHO cells were seeded into tissue culture-
treated 6-well plates at a density of 2 X 10* cells/well. Approx-
imately 24 h later, the cells were co-transfected with two plas-
mids, each encoding for one FGFR labeled with either YFP or
mCherry. For each heterodimer, the data were collected when
one receptor was labeled with the donor and the other one was
labeled with the acceptor. The labeling scheme was then
reversed, and additional data were collected. All the data for the
heterodimer were combined and used in the analysis.

Transfection was performed using FuGENE HD according to
the manufacturer’s instructions. The total amount of plasmid
and the ratio between the two plasmids were both varied in
different independent experiments, to collect data in as wide a
FGEFR expression range as possible. As discussed previously, the
wide range of receptor concentrations facilitates the data fitting
process (24). Nine possible heterodimers, three wild-type pairs
and six pairs with pathogenic point mutations, were character-
ized in these experiments.

Production of Plasma Membrane Vesicles—Vesiculation of
CHO cells was initiated ~24 h after transfection. During this
24-h period, the receptors were synthesized by the cellular
machinery, glycosylated, and trafficked to the plasma mem-
brane. Then we used an osmotic stress vesiculation buffer to
produce plasma membrane vesicles, as reported previously
(22). In short, the cells were rinsed twice with 30% PBS and then
incubated overnight at 37 °C in a chloride salt buffer (200 mm
NacCl, 5 mm KCl, 0.5 mm MgCl,, 0.75 mm CaCl,, 100 mMm Bicine,
pH 8.5). In the morning, vesicles were transferred to a 4-well,
glass-bottomed chamber slide for QI-FRET analysis. These ves-
icles constitute a model membrane system with lipid and pro-
tein composition similar to the cells from which they are
derived (59).

FRET Measurements—FRET was measured using a quantita-
tive fluorescence microscopy technique, QI-FRET, which
yields the FRET efficiency, the donor concentration, and the
acceptor concentration, in each vesicle. The QI-FRET protocol
and equations have been described and discussed at length
(please refer to Refs. 23, 24, 31, and 48 for details). Briefly, we
used a Nikon Eclipse scanning confocal microscope with a 60X
objective to capture images of the cross-section of a given ves-
icle in three channels: donor (YFP), acceptor (mCherry), and
FRET. We calibrated the microscope using solutions of fluores-
cent protein (72) of known concentration, so that the fluores-
cence intensity could be directly correlated to fluorophore con-
centration. Fig. 3 is a representative vesicle imaged in all
three channels, alongside the quantitative analysis of its fluo-
rescence intensity across the membrane (including background
correction). The intensities measured in the three channels are
used in the QI-FRET method to determine the FRET efficiency,
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the donor concentration, and the acceptor concentration in
each vesicle, following the step by step protocol given in Ref. 23.

Statistical Analysis—A two-step process was used to fit the
heterodimerization model to the experimental FRET data, ulti-
mately identifying the optimal values for the unknowns Ky
and E. First, E was fixed, and non-linear least squares (73) (spe-
cifically, MATLAB “nlinfit”) was used to find Ky This process
was repeated at discreet values of £ with a step of 0.01. Second,
the mean square error (MSE) was calculated (73) for each of the
resulting (E, Ky) pairs as follows,

D (Evppe = Epipens)?

=

MSE = (Eq.13)

n

where Ej is the interaction-specific FRET efficiency. The
experimental value, Ep,.oWas measured in each vesicle using
the QI-FRET method (23, 24). The theoretical value, Ep,..owas
calculated by solving Equation 6 for [XY] using the receptor
concentrations in a given vesicle, then substituting into Equa-
tion 11 and solving for E,. n is the total number of vesicles in a
given data set. A plot of the MSE as a function of £ is U-shaped.
The minimum MSE was identified (using the MATLAB func-
tion “min”) and the (£, Kyy) pair corresponding to this mini-
mum is taken as the optimal set of parameters.

We note that we use this two-step process because the
MATLAB function nlinfit could not fit for both parameters
simultaneously, because one of the parameters was consistently
imaginary. To confirm that this issue arises from the equations
and not the data, we generated simulated heterodimer data sets
where we fixed K and E and then attempted to use nlinfit to
retrieve both parameters simultaneously. Despite the fact that
this data is error-free and fits the model perfectly, nlinfit con-
tinued to produce imaginary parameter values. Employing the
iterative approach, on the other hand, allowed us to successfully
retrieve both parameters.

Next, we used the bootstrap method (41) to estimate the
errors on these parameters. In the bootstrap method, a given set
of data were split into multiple synthetic data sets, and the fit-
ting process was performed on each subset. The optimal
parameters from the subsets were used to calculate parameter
means and standard deviations.

One-way ANOVA tests were performed to compare the
association constants and intrinsic FRET values for wild-type
homodimers and heterodimers. First, the bootstrap method
was used to refit the previously published homodimer data (8,
31), to make the homodimer and heterodimer data sets compa-
rable. Then the optimal parameters from these fits were com-
pared with K and £ for the wild-type heterodimers using one-
way ANOVA tests (the MATLAB function “anoval”). We
tested the null hypothesis that the three homodimers and three
heterodimers are all equivalent. In the case of p < 0.05, we
rejected the null hypothesis and performed a multiple compar-
ison test (the MATLAB function “multcompare”) to determine
which homodimers and/or heterodimers are significantly dif-
ferent from the others.

Finally, Ky and £ were compared using unpaired ¢ tests (the
MATLAB function “ttest2”), to determine the effect of the two
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pathogenic point mutations. Each mutant heterodimer was
compared with the corresponding wild-type heterodimer, and
the wild-type/mutant FGFR3 heterodimers were each com-
pared with the wild-type FGFR3 homodimer. We tested the
null hypothesis that the two dimers being compared are not
significantly different from each other. The resulting p values
were recorded, where p < 0.05 indicates that the two groups are
significantly different, and p < 0.005 indicates a very significant
difference.
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