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ABSTRACT: Activation of the protein tyrosine kinase
receptors requires the coupling of ligand binding to a change
in both the proximity and orientation of the single trans-
membrane (TM) helices of receptor monomers to allow
transphosphorylation of the receptor kinase domain. We make
use of peptides corresponding to the TM and juxtamembrane
(JM) regions of the fibroblast growth factor receptor 3 to assess
how mutations in the TM region (G380R and A391E), which
lead to receptor activation, influence the orientation of the TM
domain and interactions of the intracellular JM sequence with
the membrane surface. On the basis of fluorescence and Fourier
transform infrared spectroscopy, we find that both activating
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mutations change the TM helix tilt angle relative to the membrane normal and release the JM region from the membrane. These
results suggest a general mechanism regarding how the TM—]M region functionally bridges the extracellular and intracellular

regions for these receptors.

FGFRs constitute one of several subfamilies in the RTK family
of membrane receptors. Four FGFRs, namely, FGFR1, FGFR2,
FGFR3, and FGFR4, are known to mediate a variety of cellular
responses during embryonic development. Dysregulation of
FGFR signaling is associated with many developmental
disorders and cancer.' The prototypical FGFR consists of an
extracellular ligand binding domain, a single TM domain, and a
cytoplasmic tyrosine kinase domain. The crystal structures of
the soluble extracellular®® and the intracellular™® regions of
FGFR3 provide a considerable amount of information that aids
in understanding the mechanism underlying receptor signaling;
however, there are still no high-resolution structures of the full-
length receptors of any RTK.

The mechanism that emerges from structural and bio-
chemical studies is one where the FGF ligand binds to the
extracellular domain of the receptor in a 1:1 complex. This
complex is thought to form a symmetric dimer in the active
state.’ The ligand binds to two of the immunoglobulin-like
extracellular subdomains, D2 and D3, and these two
subdomains along with the D2—D3 linker are necessary and
sufficient for ligand binding. The D1 subdomain together with
the D1-D2 linker have an autoregulatory role in receptor
function.® High resolution structures of activated kinase
domains for FGFR1* and FGFR2® have been shown to be
asymmetric dimers. Importantly, Bae et al.* demonstrated that
the formation of the asymmetric dimer between the activated
FGFR1 kinase domains is required for the transphosphor-
ylation of the FGFR in FGF-stimulated cells.
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The activation mechanism proposed on the basis of FGFR
crystal structures builds on that proposed by Kuriyan and co-
workers for the EGFR.”® An open question has been how a
symmetric extracellular domain dimer leads to asymmetric
interactions between the intracellular domains. For the EGFR
family, the question of how ligand binding is coupled to
receptor activation has been of intense interest since the
intracellular JM domain is allosterically coupled to the ligand-
binding site.”'® We have addressed how the TM and
intracellular JM regions of the rat ErbB2/Neu receptor might
transmit the extracellular signal induced by ligand binding to
the intracellular domain.'"" We took advantage of a con-
stitutively active mutation (V664E) in the TM region of the
Neu receptor and compared the structures of the TM—JM
sequences of the wild-type and V664E mutant. The results of
solid-state NMR and fluorescence studies on these peptides
reconstituted into lipid bilayers showed that the TM helices of
the V664E mutant dimerized more tightly than did those of the
wild-type Neu construct. In addition, the unstructured JM
region of the wild-type Neu TM—JM peptide was found to be
bound to acidic membranes containing the phosphoinositide,
PIP2. In contrast, the JM region of the mutant was not bound
to the membrane, and we further showed that the binding
affinity of the JM sequence for the membrane was dependent
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on the relative orientation of the TM helices. We concluded
that the TM helices in the active dimer conformation could
release the JM region from the membrane surface, which would
then allow for the formation of an asymmetric dimer by the
intracellular kinase regions. Endres and co-workers proposed a
similar model on the basis of detailed biochemical and
structural analyses of the EGFR.”®

The similar structures of receptors in the EGFR and FGFR
families suggest a common mechanism involving the TM
region for transmitting the structural changes from the outside
to the inside of a cell. There are two pathogenic mutations,
G380R and A391E, in the TM region of FGFR3 that lead to
activation. The A391E mutation appears to be similar to the
V664E mutation in the Neu receptor (i.e., substitution of a
hydrophobic residue with glutamic acid). A391E is the genetic
cause of Crouzon syndrome'? and has also been identified as a
somatic mutation in bladder cancer.”> This mutation can
enhance FGFR3 activation in the absence of the ligand, which
results in an increase in the dimerization propensity of the TM
sequence alone in lipid bilayers'* and of the full-length receptor
in the cell membrane.'> The G380R mutation is related to
achondroplasia,'® which is the most common form of dwarfism.
Hristova and colleagues reported that the TM region
containing the G380R mutation did not alter the dimerization
energetics of the TM helices in lipid bilayers.'” Later, they
showed that the G380R mutation had only a modest effect on
receptor dimerization in plasma membrane vesicles derived
from HEK293T cells, which suggests that the kinase activity
due to the G380R mutation is caused by a mutation-induced
structural change rather than an increase in dimerization."®

Here we compare the structure of the TM—JM region of
wild-type FGFR3 peptides reconstituted into lipid bilayers to
that of FGFR3 peptides containing the G380R and A391E
mutants. The results from fluorescence, polarized FT-IR, and
solid-state NMR spectroscopy show that the introduction of
active mutations in the TM sequence changes the TM helix tilt
angle relative to the membrane normal and releases the JM
region from the membrane. Additionally, we examined the
correlation between the TM helix orientation and the JM
release from the membrane and found that the JM sequence of
FGFR3 was released from the membrane as the TM helix tilt
decreased relative to the bilayer normal. The results obtained in
this study provide a framework for the general structural and
functional understanding of how the TM—JM region bridges
the extracellular and intracellular regions in RTKs.

B EXPERIMENTAL PROCEDURES

Materials. '3C-labeled amino acids and (5,5,5-d3) leucines
were purchased from Cambridge Isotope Laboratories (And-
over, MA) and derivatized using standard methods. Other
amino acids were purchased from the Peptide Institute (Osaka,
Japan). Solvents and other agents for peptide synthesis were
purchased from Wastanabe Chemicals (Hiroshima, Japan).
Octyl-f-glucoside was obtained from Nacalai Tesque (Kyoto,
Japan). DMPC, DMPG, POPC, and POPS were obtained from
Avanti Polar Lipids (Alabaster, AL) as lyophilized powders and
used without further purification. Alexa Fluor 568 Cs-
maleimide was purchased from Invitrogen (Eugene, OR).

Peptide Synthesis and Purification. Peptides corre-
sponding to the TM and intracellular JM regions of the
FGFR3 (369—407) for solid-state NMR and FT-IR experi-
ments were synthesized by solid-phase methods with the
following sequence.
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RRAGSVYAGILSYG(/R)VGEFLyg FILysVVA(/E)-
AVTLCRLRSPPKKGLG. Two arginine residues were added to
the N-terminus of the peptide following the suggestion from
You et al.'” to eliminate complementary electrostatic
interactions as a driving force for dimer formation. The C-
terminus was amidated. The synthetic peptides were purified by
reverse phase HPLC on a C4 column with a gradient of formic
acid/1-propanol (4:1) over formic acid/water (2:3)."” The
purity was confirmed with MALDI mass spectrometry and
analytical RP-HPLC.

For fluorescence experiments that focused on the JM region,
peptides with a longer sequence were synthesized using native
chemical ligation.”® The sequence corresponds to
FGFR3(367—-422).

DEAGSVYAGILSYGVGFFLFILVVAAVTL-CRLRSP-
PKKGLGSPTVHKISRFPLKRC. The ligation site was located
between Leu395 and Cys396. Two peptide fragments,
FGFR3(367—395)-thioester and FGFR3(396—422), were
chemically synthesized using solid phase t-Boc and Fmoc
chemistry, respectively. For the C-terminal fragment, a
thiazolidine ring was introduced at the N-terminus to allow
specific fluorescence labeling on a thiol group at the C-terminal
end of the fragment. The thiazolidine ring was opened using
methoxyamine to recover the thiol group for the ligation
reaction. For this reaction, the fragment with the TM sequence
was dissolved with n-octyl-f-p-glucoside following the
procedure reported previously.”! The ligation reaction was
monitored using RP-HPLC and SDS-PAGE. The final product
was characterized by mass spectrometry and SDS-PAGE.

For the Trp fluorescence experiment, we chemically
synthesized the FGFR3(367—422)-Trp sequence with micro-
wave-assisted Fmoc peptide synthesis using a peptide
synthesizer, Liberty Blue (CEM Corporation, NC, U.S.A.).

Reconstitution of Peptides into Membrane Bilayers
for NMR Experiments. The FGFR3 receptor peptides were
cosolubilized with DMPC, DMPG, and n-octyl-$-p-glucoside in
trifluoroethanol. The peptide/lipid molar ratio was 1:50; the
molar ratio between DMPC/DMPG was 10:3. The solution
was incubated for 90 min at 37 °C, after which the solvents
were removed under a stream of argon gas and then under
vacuum. MES buffer (50 mM MES, 50 mM NaCl, S mM DTT,
pH 6.2) was added to the solid from the previous step, and they
were mixed at 37 °C for 6 h. The n-octyl-f-p-glucoside was
removed by dialysis. The reconstituted membranes were
pelleted and loaded into NMR rotors.

Fluorescence Spectroscopy. Fluorescence experiments
were carried out on a Hitachi F-2500 fluorescence spectropho-
tometer. After the reconstitution, vesicles were formed via
extrusion through a 200 nm polycarbonate filter. POPC and
POPS (or otherwise mentioned) in a ratio of 10:3 were
employed for the lipid bilayers in the fluorescence experiments.
The peptide/lipid ratio depended on the fluorescence probe
that we used. The ratio was set to 1:1000 for observing the
fluorescence from Alexa568. For experiments measuring the
fluorescence from tryptophan, the ratio was set to 1:100. The
lipid concentration was 200—250 4M in MOPS buffer (1 mM
MOPS, 0.1 M KCl, pH 7.0). For experiments with PIP2, the
PIP2 was introduced into the membranes by the addition of
PIP2 micelles to the vesicle solution.”* The PIP2 concentration
ranged from 0.05—4 uM, which corresponded to the PIP2/
peptide ratios of 1:50—2:1. For the experiments monitoring
Alexa568, the excitation wavelength was 568 nm. To monitor
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the fluorescense of tryptophan, the excitation wavelength was
295 nm.

Solid-State NMR Spectroscopy. Solid-state NMR MAS
experiments were performed on Varian Infinity-plus 500, 600,
and 700 spectrometers operated at 11.74, 14.09, and 16.44 T,
respectively (Palo Alto CA). Broadband triple resonance MAS
probes for 3.2 mm and 4.0 mm rotors were used. For the
deuterium-observe experiments, the MAS frequency was
maintained at S kHz and a single pulse excitation was employed
with a 5 ps, 90° pulse length, followed by a 10 us delay before
data acquisition. A total of ~600 000 transients were averaged
for each spectrum. The probe temperature was maintained at
25 °C.

Polarized IR Spectroscopy. Polarized attenuated total
reflection FT-IR spectra were obtained on a Hitachi FT-730
spectrometer. Membranes containing FGFR3 TM—JM pep-
tides (~1—2 mg) were layered on a germanium internal
reflection element using a slow flow of nitrogen gas directed at
an oblique angle to the IR plate to form an oriented
multilamellar lipid—peptide film. One thousand scans were
acquired and averaged for each sample at a resolution of 4
cm™". The absorption of polarized light by the amide I bond
yields the dichroic ratio defined as a ratio of absorption
intensity for parallel, relative to perpendicular, polarized light.
From the dichroic ratio, we estimated the tilt angle of the TM
helix relative to the membrane normal based on the method
described by Smith and co-workers*** using a value of 41.8 for
angle a between the helix director and the transition-dipole
moment of the amide I vibrational mode. For our ATR FT-IR
experiment, the amount of lipid used per experiment was ~4
mg. Considering the area of the ATR plate covered (~500
mm?), the films on the plate in our experiments were assumed
to be greater than ~10 ym. For calculating the dichroic ratio,
the thick film limit is applicable.”® Equations that we used for
the calculation of the dichroic ratios were based on this
assumption.

B RESULTS

The JM Sequence of the TM—JM (G380R) and TM-JM
(A391E) Peptides Is Not Associated with the Membrane
Surface. We first show that peptides corresponding to the JM
sequence alone bind to the negatively charged surface of
membrane vesicles, and an increase in the concentration of the
highly negatively charged phosphoinositide, PIP2, leads to the
association or aggregation of these peptides on the membrane
surface. The intracellular JM sequence of FGFR3 has four
positively charged residues that would be expected to bind to
the negatively charged surfaces of plasma membranes. Previous
studies by McLaughlin and co-workers®® showed that model
polylysine peptides with 3 and S residues bind to model
membranes having 33% negative charge and 100 mM
monovalent salt with free energies of 3 and 5 kcal/mol. Our
system, with 4 positive charges, 23% negatively charged lipids,
and 100 mM monovalent salt is similar. Furthermore, it was
shown that the addition of polyvalent PIP2, but not
monovalent PS lipids, leads to the aggregation of positively
charged peptides on the membrane surface.””

Figure 1A presents the results of the fluorescence experi-
ments on the intracellular JM sequence with the fluorescence
label, Alexa568, attached to the C-terminus. The peptides were
added to large unilamellar vesicles formed by extrusion and
composed of POPC and POPS in a 10:3 molar ratio. PIP2 was
incorporated into the preformed vesicles by being mixed with a
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Figure 1. Comparison of fluorescence spectra of the wild-type FGFR3
TM—]JM peptide with the G380R and A391E mutants. The influence
of PIP2 on JM—JM interactions was measured for TM—JM sequences
of the isolated JM domain (A) and the TM—JM peptides
corresponding to the wild-type (B), G380R mutant (C), and A391E
mutant (D) sequences. The fluorescence measurements in panels A—
D are representative of three independent reconstitutions.

solution of PIP2 micelles, and the fluorescence intensity of the
Alexa568 label was measured as a function of the amount of
PIP2 in the bilayer. McLaughlin and co-workers have shown
that PIP2 monomers can be incorporated into the outer leaflet
of preformed vesicles by exposing them to micelles of PIP2;**
fluorescence correlation spectroscopy measurements showed
that PIP2 diffuses with other lipids in the membrane (giant
unilamellar vesicles) after incorporation.

The fluorescence emission band at 604 nm shows a drop in
intensity as PIP2 was added to the membranes. We interpret
this as the quenching of the Alexa568 fluorescence as the JM
peptides aggregate on the membrane surface. Similar results
were observed for the positively charged JM peptides
corresponding to the Neu receptor.''

We next performed similar experiments for TM—JM
peptides reconstituted into large unilamellar vesicles composed
of POPC and POPS in a 10:3 molar ratio. In the Supporting
Information, we show using solid-state NMR that the TM helix
breaks at the TM—JM boundary. The JM region is
unstructured. Figure 1, panels B—D present the fluorescence
spectra of the TM—JM (WT), TM—JM (G380R), and TM—]M
(A391E) peptides. Figure 1B shows that the fluorescence
intensity of the TM—JM (WT) peptide decreased with the
addition of PIP2, similar to the JM sequence alone. In contrast,
no significant changes were observed in the fluorescence
intensity of the TM—JM (G380R) and TM—JM (A391E)
peptides with the addition of PIP2, as shown in Figure 1C,D,
respectively. We attribute the lack of fluorescence changes in
the TM—JM (G380R) and TM—JM (A391E) sequences to a
lack of JM—JM association, which suggests that the JM
sequence had partitioned oft of the membrane.

We further confirmed the interaction of the JM region with
the acidic membrane by tryptophan fluorescence. Binding and
insertion of tryptophan into the hydrophobic membrane results
in a blue-shift of the fluorescence emission band. We chemically
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synthesized FGFR3 peptides (residues 367—422) that corre-
sponded to the wild-type sequence, the G380R and A391E
mutants, and having a tryptophan residue at the C-terminus.
The peptides were reconstituted into lipid bilayers composed of
POPC/POPS (10:3). Here we set the peptide/lipid ratio to
1:100 (or even up to 1:50) as opposed to that of 1:1000 for
observing the fluorescence from Alexa568. In our system, the
high ratio was required to overcome the effect of light
scattering from the lipid vesicles. We confirmed that the
addition of PIP2 to the system reduces the fluorescence
intensity for the wild-type sequence, whereas PIP2 addition has
no effect on the intensity from mutant sequences (data not
shown), which is in agreement with the results of the Alexa568
fluorescence at a 1:1000 molar ratio. Figure 2 shows the results
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Figure 2. Comparison of tryptophan fluorescence spectra of the wild-
type FGFR3 TM—]JM peptide with the G380R and A391E mutants.
Interaction between the JM region and the membrane was monitored.
Spectra show the fluorescence from the peptides reconstituted into the
membrane without PIP2 (on the left) and with PIP2 (on the right).

of the fluorescence measurements from tryptophan for each
sequence. Intensities were normalized to the fluorescence
intensity value measured at the wavelength of the emission
maximum. In the system without PIP2, we observed only a
small difference in the value of A,,. The difference becomes
distinct with the addition of PIP2 to vesicles. The spectrum
from the wild-type sequence was blue-shifted 7 nm relative to
that of the mutant sequences. The results agree with our
interpretation of the data in Figure 1, that the JM region binds
to the acidic membrane in the wild-type sequence and is
released from the membrane in the G380R and A391E mutant
sequences.

The G380R and A391E Mutations Induce a Change in
Helix Orientation. The fluorescence experiments described
above argue that the AlexaS68 and tryptophan labels at the C-
terminus of the JM region are in different environments in the
G380R and A391E mutants than in the wild-type peptide. In
this section, we address whether there is a change in the
orientation of the TM portion of the peptide in these mutants
using polarized FT-IR spectroscopy.

The TM—JM (WT), TM—JM (G380R), and TM-JM
(A391E) peptides were reconstituted into POPC/POPS
(10:3) or DMPC/DMPG (10:3) vesicles, and the vesicles
were aligned on an ATR plate for polarized FT-IR measure-
ments. Figure 3 shows the deconvoluted polarized FT-IR
spectra of these sequences. The peak at 1657 cm™" corresponds
to the a-helical structure within the TM sequence. The dichroic
ratio of each sequence is also shown in the figure. The values
presented are the average results from multiple measurements
(>3). The dichroic ratios of the TM—JM (G380R) and TM—
JM (A391E) peptides were higher than that of the TM—]M
(WT) peptide, suggesting that the TM helices with the
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Figure 3. Comparison of polarized FT-IR spectra of the wild-type
FGFR3 TM—JM peptide with the G380R and A391E mutants. The
three TM—JM peptides were separately reconstituted into POPC/
POPS (10:3) (A) or DMPC/DMPG (10:3) (B) membranes, and FT-
IR spectra were obtained with light polarized parallel (||) or
perpendicular (L) to the membrane normal. Only the amide I region
of the IR spectrum is shown for clarity. The frequency of the amide I
band at ~1657 cm™ is characteristic of a-helical secondary structure.

pathogenic mutations are less tilted than the TM helix of the
wild-type peptide. This tendency was observed for measure-
ments in both POPC/POPS and DMPC/DMPG membranes.
We then focused on the wild-type sequence and examined
whether the orientation of the TM helix affected the release of
the JM region from the membrane. The TM helix tilt was
changed by reconstituting the TM—JM (WT) peptide into lipid
bilayers with different thicknesses, which were varied by using
lipids with different acyl chain lengths. It has been shown that
the tilt angle of model TM peptides (WALP and KALP)
decreases as membrane thickness increases due to the
hydrophobic mismatch.>”** In addition, it has been shown
that the tilt angle of the TM helix of the platelet-derived growth
factor receptor, another RTK, decreases as the membrane
thickness increases. For these experiments, the TM—]JM (WT)
peptide was reconstituted into different bilayers containing
POPC, C18, or C19, respectively. In each case, POPS (23%)
was added to maintain a negatively charged membrane surface.
The dichroic ratio was observed to increase with an increase in
the length of the acyl chain (C18, 2.8; C19, 3.3). The
thicknesses of the lipid bilayers used were expected to be 27 A
for POPC,* 29.5 A for C18, and 30.5 A for C19.° A dichroic
ratio of 3.3 corresponds to a helix tilt angle of ~20° and a
crossing angle between helices in a dimer of ~40°, which is a
typical value of helices in a left-handed coiled-coil geometry.
To examine the effect of the TM helix orientation on the
interaction of the JM sequence with the membrane surface, we
performed similar experiments as described above to determine
whether PIP2 affected the fluorescence intensity of the Alexa
probe incorporated at the C-terminus of the TM—JM (WT)
peptide. The results are shown in Figure 4. For the POPC
vesicles, the fluorescence intensity decreased upon the addition
of PIP2 (Figure 4A); for the C18 vesicles, the intensity first
increased with the initial addition of PIP2 and then decreased
with additional PIP2 (Figure 4B). The decrease in the intensity
of POPC and C18 vesicles can be attributed to the association
of JM strands and the interactions of the vesicles with PIP2.
However, for the C19 vesicles, the intensity was not responsive
to the addition of PIP2 (Figure 4C), indicating that no
interaction occurred between the JM region and PIP2 and
further suggesting that the JM sequence was released from the
membrane. A simple conclusion that can be drawn from the
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Figure 4. Dependence of JM—JM interactions in the TM—JM peptides on membrane thickness. The TM—JM peptide in the wild-type sequence was
reconstituted into bilayers containing POPC (A), C18 (B), and C19 (C) along with 23% POPS. The influence of PIP2 on JM interactions was
measured. The dichroic ratios of POPC, C18, and C19 samples obtained from polarized FT-IR experiments are also shown.

polarized FT-IR and fluorescence experiments is that for
FGFR3, the JM region is released from the membrane as the
TM helix orientation is shifted closer to the membrane normal.

Deuterium NMR Provides a Probe of Helix Dimeriza-
tion, Orientation, and Motion. The FT-IR spectra reveal a
distinct change in helix tilt between the TM—JM peptides
corresponding to the inactive wild-tyge and active mutant
sequences. Hristova and co-workers'®"” have shown that the
TM sequences of the wild-type, G380R, and A391E peptides of
FGFR3 have the potential to dimerize in membrane bilayers.
Comparison of dimerization between the wild-type and G380R
peptides showed that the G380R mutation did not alter the
monomer—dimer equilibrium in lipid bilayers.'” In contrast, the
comparison of the wild-type peptide and the A391E mutant
peptide showed that the A391E mutation stabilizes the TM
dimer."*

Deuterium MAS NMR spectroscopy provides a simple
method to probe helix dimerization, orientation, and motion.>!
The intensities of the spinning side bands in the deuterium
MAS spectrum are sensitive to molecular motion. Leucine, with
a single deuterated methyl group at the end of its long side
chain, is highly mobile in TM helices when facing the
surrounding lipids and is relatively more constrained when
packed within a dimer interface, suggesting its use as a probe of
the interface for interacting TM helices. We used deuterium
NMR spectroscopy here to probe whether the wild-type
peptide sequence exhibits differences compared to the G380R
and A391E peptides, but that G380R and A391E behave in a
similar fashion, as observed by fluorescence and FT-IR
spectroscopy.

Deuterated leucine was introduced to positions 385 and 388
of the TM—]JM sequences of the wild-type, G380R, and A391E
peptides. These leucines are in the middle of the TM domain.
The spectra are shown in Figure 5. Distinct differences can be
observed between the spectra of Leu385 and Leu388 in the
TM—]JM (WT) peptides. The line shape of Leu38S is broader
than that of Leu388, which corresponds to a decrease in
mobility of the Leu38S side chain. (Differences in the breadth
of the line shape are reflected, for example, in the intensity of
the +2 spinning side bands.) The line shape of Leu38S is
typical of that observed when the labeled leucine is in a dimer
interface.'** In contrast, the +2 sidebands in the spectrum of
Leu388 are much less intense than the +1 side bands,
indicating that Leu388 is more mobile, which is consistent with
an orientation facing the lipids. Together, these two spectra
suggest that the wild-type TM—JM peptides dimerize with an
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Figure 5. Deuterium MAS spectra of 5,5,5—2H Leu38S and Leu388
incorporated to the wild-type, G380R, and A391E FGFR3 TM—JM
peptides. Wild-type (top), G380R (middle), and A391E (bottom)
peptides with deuterium labeling at Leu385 (left column) and Leu388
(right column) were reconstituted into DMPC:DMPG vesicles. The
spectra were obtained at 25 °C with a MAS frequency of S kHz. The
MAS side bands are labeled as +1, + 2, + 3, etc. from the center band
at a frequency of 0 kHz. The spacing between side bands corresponds
to the MAS frequency of S kHz.

interface mediated by S378-G382-L38S. The S378-G382
interface is consistent with the small amino acid motif originally
identified in the N-termini of RTKs by Sternberg and Gullick.*®
The dimer interface that we predict here agrees with the one
obtained from molecular dynamics simulations by Sansom and
co-workers on FGFR3.**

For A391E, little difference was observed between the
spectra from Leu38S and Leu388. However, a comparison of
the spectrum of Leu388 with that of the wild-type shows that
the difference in intensities between +1 and +2 spinning
sidebands is smaller for the A391E peptide. The line shape of
Leu388 from the A391E peptide is broader than the one from
the wild-type peptide. Even considering that TM helices may
obtain some mobility from rotational diffusion due to the JM
release, this suggests that the mobility of the side chain of
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Leu388 on the A391E peptide is relatively more restricted than
the one on the wild-type. In contrast, the side chain of Leu385
exhibits increased mobility in the A391E mutant. These results
imply that the A391E mutation induces a change in the dimer
interface.

For the G380R peptide, the line shapes from Leu385 and
Leu388 are similar, suggesting that both side chains are mobile.
The increased mobility can be caused either by increased
rotational diffusion induced by the JM release from the
membrane or by the reorientation of TM helices or both.

B DISCUSSION

The FGFR3 is similar to the ErbB2 or Neu receptor in that the
mutation of specific hydrophobic residues in the TM sequence
to glutamate or arginine can result in receptor activation. In the
case of the Neu receptor, the V664E mutation shifts the
monomer—dimer equilibrium toward the dimeric state, and the
specific orientation of the helices in the receptor dimer
facilitates the partitioning of the positively charged JM
sequence from the membrane surface.'’ In the FGFR3, there
are two clinically important mutations (G380R and A391E)
that lead to receptor activation. The extensive studies of
Hristova and co-workers have indicated that these mutations
influence TM helix interactions in FGFR3. In fact, the A391E
mutation in FGFR3 appears analogous to the V664E mutation
in the Neu receptor in that both strengthen the association of
the helices in a specific active orientation. The major finding in
our current studies is that these mutations lead to similar
changes in the orientation of the TM helices and to the spectral
changes on probes attached to the JM domain. We interpret
these changes as being due to the partitioning of the JM region
from the membrane surface.

The intracellular JM region has long been recognized as an
important regulatory site in RTKs.> Intracellular JM sequences
are often highly positively charged. The positive charge not
only serves as the stop sequence for the insertion of TM helices
into cell membranes but it also terminates the TM helix.
McLaughlin and others**%*” have shown that such highly
positively charged sequences can bind to negatively charged
membrane surfaces and serve to sequester the highly negatively
charged phosphoinositide, PIP2. While PIP2 can act as a
second messenger in signal transduction, and has been
associated with EGFR activity,”® we are simply using PIP2 in
the current studies as a way to measure membrane association
of the JM region of the FGFR3. Another regulatory mechanism
involving the JM region of RTKs is the interaction with calcium
calmodulin, which is known to bind to the JM region of the
EGFR* Calcium calmodulin interacts with the JM region of
the EGFR and facilitates its dissociation from the membrane,
which in turn increases the transphosphorylation of its
intracellular domain.>® Phosphorylation typically occurs within
the activation loop or the C-terminus of the kinase domain;
however, it can also occur within the intracellular JM region
itself. The studies presented here and previously'' provide
insight into how the JM region can function in a regulatory role.

For the FGFR subfamily, there is only limited structural
information regarding how the extracellular domain is coupled
to the intracellular kinase domain. Here, we have characterized
the intracellular JM region of FGFR3 in order to see if there are
parallels with the ErbB receptor subfamily. The JM region from
FGFR3 binds to the acidic membrane containing PIP2.
Importantly, this region is released from the membrane with
an activating mutation, G380R or A391E, in the TM sequence.
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The positively charged sequence of the JM region suggests
that electrostatic interactions are essential for both membrane
binding and release. In the ErbB system, we modulated the
helix orientation with the V664E mutation and with engineered
dimers."" We assumed that in the G380R and A391E peptides,
the TM and JM regions are in active configurations. As
mentioned above, the dimerization propensity differs between
these mutant sequences,'”'” and consequently, the mechanism
for activity enhancement without ligand binding cannot be fully
explained on the basis of dimerization alone. It is possible that
there are two different changes in the TM region (induced by
the two different activating mutations) that lead to similar
changes on the intracellular side of membrane. Here we
observed a decrease in the helix tilt angle relative to the
membrane normal (i.e., the helices “stand up” in the
membrane) as a common feature for these two mutant
sequences. Furthermore, for the wild-type sequence, we found
that the decrease of the TM helix tilt allows the release of the
JM region from the membrane. On the basis of similar
observations regarding the TM helix tilt and the JM release in
the two FGFR3 mutant peptides, we propose that the
orientation of the TM helices in active full-length receptor
dimers contributes to the release of the JM region, allowing
asymmetric interactions to occur between intracellular kinase
domains.

The mechanism for release of the JM region from the
membrane has still not been elucidated. One important
consideration is whether the JM sequence is simply a helical
extension of the TM helix or the secondary structure breaks at
the TM—JM boundary and the JM sequence is unstructured.
Preliminary solid-state NMR experiments on peptides contain-
ing 1-"*C labeled amino acids show that the TM helix breaks at
the TM—JM boundary and suggest that the JM region is
unstructured (Supporting Information). A similar observation
was made for the Neu receptor peptides. In the wild-type
peptides (and for the isolated JM peptides), the unstructured,
positively charged JM sequence interacts electrostatically with
the negatively charged membrane surface.'*> We propose that
as the TM helices become less tilted in the membrane, or as
dimerization propensity is increased with the A391E muta-
tion,'* the TM helices are brought together on the C-terminal
side of the membrane. This change would bring the positively
charged ends of the helices into closer proximity and result in
repulsion between the JM positive charges. We suggest that this
might facilitate the release of the JM region from the
membrane.

The deuterium NMR results suggest that Leu38S lies in the
dimer interface of the wild-type receptor. This orientation is
consistent with the presence of the $378-G382 sequence at the
N-terminus of the TM helix (Figure S). An SxxxA motif has
been shown to mediate the dimerization of the TM region of
ErbB2,* while both GxoxG*' and SxxS* sequences have been
implicated in TM dimerization. The dimer interface that we
predicted agrees with the one obtained for FGFR3 by Sansom
and co-workers using molecular dynamics.>* However, the
result does not agree with the interface observed in the high-
resolution structure reported by Bocharov et al,* rather, it
corresponds to the activated configuration that they proposed.
The difference from our structure may arise from their use of
detergent micelles as a membrane-mimicking media. Micelles
and bilayers may impose different constraints on the tilt angles
of the interacting helices and hence the lowest energy interface.
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On the basis of our findings, together with the discussion
above, Figure 6 presents a schematic model for the activation of
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Figure 6. Schematic of TM—JM coupling in FGFR3. The isolated
TM—]JM peptides corresponding to FGFR3 have a propensity to form
dimers in membrane bilayers.* The tilt angle of the helices in the
wild-type receptor is estimated from the polarized IR experiments to
be ~40°. The positively charged JM regions associate with the
membrane surface. The incorporation of PIP2 leads to the aggregation
of the JM domains and the quenching of the fluorescence of the Alexa
label attached to the C-terminus of the JM sequence. The
incorporation of the activating G380R and A391E mutations changes
the helix orientation and leads to a loss of quenching. We propose that
the loss of quenching results from a partitioning of the JM sequence
from the membrane surface. The A391E mutation on the C-terminal
side of the TM domain increases dimerization'* and may bring the
helices together on the C-terminal side of the membrane, which in
turn brings the positively charged ends into closer proximity.

FGFR3. Focusing on the TM—JM region, we propose that a
change in orientation or tilt angle of the TM helices in the
dimer results in the release of the JM region from the
membrane surface. A similar mechanism has been shown for
the thrombopoietin receptor, where a five residue sequence at
the intracellular JM boundary modulates the helix angle and
receptor dimerization.** This suggests that generally the
structure and interactions of TM helices and their adjacent
intracellular JM sequences may be coupled and that this
coupling may be a target of regulation of receptor activity.
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Solid-state NMR '*C spectra for the secondary structure of the
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infrared spectroscopy; JM, juxtamembrane; MALDI, matrix-
assisted laser desorption ionization; MAS, magic angle
spinning; NMR, nuclear magnetic resonance; PIP2, phospha-
tidylinositol 4,5-bisphosphate; POPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine; POPS, 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phospho-L-serine; PS, phospho-L-serine; RP-HPLC,
reversed-phase high-performance liquid chromatography;
RTK, receptor tyrosine kinase; SDS-PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; TM, transmembrane

B REFERENCES

(1) Eswarakumar, V. P., Lax, I, and Schlessinger, J. (2005) Cellular
signaling by fibroblast growth factor receptors. Cytokine Growth Factor
Rev. 16, 139—149.

(2) Plotnikov, A. N., Schlessinger, J., Hubbard, S. R, and
Mohammadi, M. (1999) Structural basis for FGF receptor
dimerization and activation. Cell 98, 641—650.

(3) Plotnikov, A. N., Hubbard, S. R, Schlessinger, J., and
Mohammadi, M. (2000) Crystal structures of two FGF—FGFR
complexes reveal the determinants of ligand-receptor specificity. Cell
101, 413—424.

(4) Bae, J. H,, Boggon, T. J., Tome, F., Mandiyan, V., Lax, I, and
Schlessinger, J. (2010) Asymmetric receptor contact is required for
tyrosine autophosphorylation of fibroblast growth factor receptor in
living cells. Proc. Natl. Acad. Sci. U. S. A. 107, 2866—2871.

(5) Chen, H. B, Xu, C. F,, Ma, J. H, Eliseenkova, A. V., Li, W. Q,,
Pollock, P. M., Pitteloud, N., Miller, W. T., Neubert, T. A.,, and
Mohammadi, M. (2008) A crystallographic snapshot of tyrosine trans-
phosphorylation in action. Proc. Natl. Acad. Sci. U. S. A. 10S, 19660—
19665.

(6) Mohammadi, M., Olsen, S. K., and Ibrahimi, O. A. (2005)
Structural basis for fibroblast growth factor receptor activation.
Cytokine Growth Factor Rev. 16, 107—137.

(7) Endres, N. F., Das, R, Smith, A. W., Arkhipov, A., Kovacs, E.,
Huang, Y. J.,, Pelton, J. G, Shan, Y. B., Shaw, D. E., Wemmer, D. E,,
Groves, J. T., and Kuriyan, J. (2013) Conformational coupling across
the plasma membrane in activation of the EGF receptor. Cell 152,
543-556.

(8) Arkhipov, A, Shan, Y. B,, Das, R,, Endres, N. F., Eastwood, M. P.,
Wemmer, D. E., Kuriyan, J., and Shaw, D. E. (2013) Architecture and
membrane interactions of the EGF receptor. Cell 152, 557—569.

(9) Macdonald-Obermann, J. L., and Pike, L. J. (2009) The
intracellular juxtamembrane domain of the epidermal growth factor
(EGF) receptor is responsible for the allosteric regulation of EGF
binding. J. Biol. Chem. 284, 13570—13576.

(10) Macdonald-Obermann, J. L., and Pike, L. J. (2009)
Palmitoylation of the EGF receptor impairs signal transduction and
abolishes high-affinity ligand binding. Biochemistry 48, 2505—2513.

(11) Matsushita, C., Tamagaki, H., Miyazawa, Y., Aimoto, S., Smith,
S. 0., and Sato, T. (2013) Transmembrane helix orientation influences
membrane binding of the intracellular juxtamembrane domain in Neu
receptor peptides. Proc. Natl. Acad. Sci. U. S. A. 110, 1646—1651.

(12) Meyers, G. A., Orlow, S. J., Munro, 1. R, Przylepa, K. A,, and
Jabs, E. W. (1995) Fibroblast growth factor receptor 3 (FGFR3)

dx.doi.org/10.1021/bi500327¢ | Biochemistry 2014, 53, 5000—5007


http://pubs.acs.org
mailto:takeshi@protein.osaka-u.ac.jp

Biochemistry

transmembrane mutation in crouzon-syndrome with acanthosis
nigricans. Nat. Genet. 11, 462—464.

(13) van Rhijn, B. W. G, van Tilborg, A. A. G, Lurkin, L,
Bonaventure, J., de Vries, A, Thiery, J. P, van der Kwast, T. H,
Zwarthoff, E. C., and Radvanyi, F. (2002) Novel fibroblast growth
factor receptor 3 (FGFR3) mutations in bladder cancer previously
identified in non-lethal skeletal disorders. Eur. J. Hum. Genet. 10, 819—
824.

(14) Li, E, You, M, and Hristova, K. (2006) FGFR3 dimer
stabilization due to a single amino acid pathogenic mutation. J. Mol.
Biol. 356, 600—612.

(15) Chen, F. H,, Degnin, C., Laederich, M., Horton, W. A,, and
Hristova, K. (2011) The A391E mutation enhances FGFR3 activation
in the absence of ligand. Biochim. Biophys. Acta, Biomembr. 1808,
2045-2050.

(16) Shiang, R., Thompson, L. M., Zhu, Y. Z., Church, D. M., Fielder,
T. J., Bocian, M., Winokur, S. T., and Wasmuth, J. J. (1994) Mutations
in the transmembrane domain of FGFR3 cause the most common
genetic form of dwarfism, achondroplasia. Cell 78, 335—342.

(17) You, M,, Li, E., and Hristova, K. (2006) The achondroplasia
mutation does not alter the dimerization energetics of the fibroblast
growth factor receptor 3 transmembrane domain. Biochemistry 43,
5551-5556.

(18) Placone, J., and Hristova, K. (2012) Direct assessment of the
effect of the Gly380Arg achondroplasia mutation on FGFR3
dimerization using quantitative imaging FRET. PLoS One 7, e46678.

(19) Sato, T., Kawakami, T., Akaji, K., Konishi, H., Mochizuki, K.,
Fujiwara, T., Akutsu, H., and Aimoto, S. (2002) Synthesis of a
membrane protein with two transmembrane regions. J. Pept. Sci. 8,
172—-180.

(20) Dawson, P. E., Muir, T. W., Clark-Lewis, I, and Kent, S. B. H.
(1994) Synthesis of proteins by native chemical ligation. Science 266,
776—779.

(21) Sato, T., Saito, Y., and Aimoto, S. (2005) Synthesis of the C-
terminal region of opioid receptor like 1 in an SDS micelle by the
native chemical ligation: Effect of thiol additive and SDS concentration
on ligation efficiency. J. Pept. Sci. 11, 410—416.

(22) Golebiewska, U., Gambhir, A, Hangyas-Mihalyne, G., Zaitseva,
LI, Radler, J, and McLaughlin, S. (2006) Membrane-bound basic
peptides sequester multivalent (PIP2), but not monovalent (PS),
acidic lipids. Biophys. J. 91, 588—599.

(23) Smith, S. O., Smith, C., Shekar, S., Peersen, O., Ziliox, M., and
Aimoto, S. (2002) Transmembrane interactions in the activation of the
Neu receptor tyrosine kinase. Biochemistry 41, 9321—9332.

(24) Liu, W,, Eilers, M., Patel, A. B., and Smith, S. O. (2004) Helix
packing moments reveal diversity and conservation in membrane
protein structure. J. Mol. Biol. 337, 713—=729.

(25) Bechinger, B., Ruysschaert, J. M., and Goormaghtigh, E. (1999)
Membrane helix orientation from linear dichroism of infrared
attenuated total reflection spectra. Biophys. J. 76, 552—563.

(26) Ben-Tal, N., Honig, B. Peitzsch, R. M., Denisov, G., and
McLaughlin, S. (1996) Binding of small basic peptides to membranes
containing acidic lipids: Theoretical models and experimental results.
Biophys. J. 71, 561—575.

(27) Ozdirekcan, S., Rijkers, D. T., Liskamp, R. M., and Killian, J. A.
(2005) Influence of flanking residues on tilt and rotation angles of
transmembrane peptides in lipid bilayers. A solid-state *H NMR study.
Biochemistry 44, 1004—1012.

(28) Strandberg, E., Ozdirekcan, S., Rijkers, D. T., van der Wel, P. C,,
Koeppe, R. E, 2nd, Liskamp, R. M., and Killian, J. A. (2004) Tilt
angles of transmembrane model peptides in oriented and non-oriented
lipid bilayers as determined by *H solid-state NMR. Biophys. J. 86,
3709-3721.

(29) Muhle-Goll, C., Hoffmann, S., Afonin, S., Grage, S. L,
Polyansky, A. A., Windisch, D., Zeitler, M., Burck, J., and Ulrich, A.
S. (2012) Hydrophobic matching controls the tilt and stability of the
dimeric platelet-derived growth factor receptor (PDGFR) beta
transmembrane segment. J. Biol. Chem. 287, 26178—26186.

5007

(30) Lewis, B. A, and Engelman, D. M. (1983) Lipid bilayer
thickness varies linearly with acyl chain length in fluid phosphati-
dylcholine vesicles. J. Mol. Biol. 166, 211-217.

(31) Liu, W., Crocker, E., Constantinescu, S. N., and Smith, S. O.
(200S) Helix packing and orientation in the transmembrane dimer of
gpSS-P of the spleen focus forming virus. Biophys. J. 89, 1194—1202.

(32) Sato, T., Pallavi, P., Golebiewska, U., McLaughlin, S., and Smith,
S. O. (2006) Structure of the membrane reconstituted trans-
membrane—juxtamembrane peptide EGFR(622—660) and its inter-
action with Ca2+/calmodulin. Biochemistry 45, 12704—12714.

(33) Sternberg, M. J., and Gullick, W. J. (1990) A sequence motif in
the transmembrane region of growth factor receptors with tyrosine
kinase activity mediates dimerization. Protein Eng. 3, 245—248.

(34) Reddy, T., Manrique, S., Buyan, A, Hall, B. A, Chetwynd, A,
and Sansom, M. S. (2014) Primary and secondary dimer interfaces of
the fibroblast growth factor receptor 3 transmembrane domain:
Characterization via multiscale molecular dynamics simulations.
Biochemistry 53, 323—332.

(35) Hubbard, S. R. (2004) Juxtamembrane autoinhibition in
receptor tyrosine kinases. Nat. Rev. Mol. Cell Biol. S, 464—471.

(36) McLaughlin, S., Smith, S. O., Hayman, M. ], and Murray, D.
(2005) An electrostatic engine model for autoinhibition and activation
of the epidermal growth factor receptor (EGFR/ErbB) family. J. Gen.
Physiol. 126, 41-53.

(37) Sengupta, P., Bosis, E., Nachliel, E,, Gutman, M., Smith, S. O.,
Mihalyne, G., Zaitseva, I, and McLaughlin, S. (2009) EGFR
juxtamembrane domain, membranes, and calmodulin: Kinetics of
their interaction. Biophys. J. 96, 4887—4895.

(38) Michailidis, I. E., Rusinova, R., Georgakopoulos, A., Chen, Y. B,
Iyengar, R, Robakis, N. K, Logothetis, D. E., and Baki, L. (2011)
Phosphatidylinositol-4,5-bisphosphate regulates epidermal growth
factor receptor activation. Pfluegers Arch., Eur. J. Physiol. 461, 387—397.

(39) Martin-Nieto, J., and Villalobo, A. (1998) The human epidermal
growth factor receptor contains a juxtamembrane calmodulin-binding
site. Biochemistry 37, 227—236.

(40) Mendrola, J. M,, Berger, M. B,, King, M. C., and Lemmon, M. A.
(2002) The single transmembrane domains of ErbB receptors self-
associate in cell membranes. J. Biol. Chem. 277, 4704—4712.

(41) Russ, W. P, and Engelman, D. M. (2000) The GxxG motif: A
framework for transmembrane helix—helix association. J. Mol. Biol.
296, 911-919.

(42) Adamian, L., and Liang, J. (2002) Interhelical hydrogen bonds
and spatial motifs in membrane proteins: Polar clamps and serine
zippers. Proteins 47, 209—218.

(43) Bocharov, E. V., Lesovoy, D. M., Goncharuk, S. A., Goncharuk,
M. V., Hristova, K,, and Arseniev, A. S. (2013) Structure of FGFR3
transmembrane domain dimer: Implications for signaling and human
pathologies. Structure 21, 2087—2093.

(44) Defour, J. P, Itaya, M., Gryshkova, V., Brett, I. C., Pecquet, C.,
Sato, T., Smith, S. O., and Constantinescu, S. N. (2013) Tryptophan at
the transmembrane-cytosolic junction modulates thrombopoietin
receptor dimerization and activation. Proc. Natl. Acad. Sci. U. S. A.
110, 2540—254S.

(45) Li, E, You, M, and Hristova, K. (200S) Sodium dodecyl
sulfate—Polyacrylamide gel electrophoresis and Forster resonance
energy transfer suggest weak interactions between fibroblast growth
factor receptor 3 (FGFR3) transmembrane domains in the absence of
extracellular domains and ligands. Biochemistry 44, 352—360.

dx.doi.org/10.1021/bi500327¢ | Biochemistry 2014, 53, 5000—5007



