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ABSTRACT: The transmembrane (TM) and juxtamembrane (JM) regions of the epidermal growth factor
receptor (EGFR) couple ligand binding in the extracellular domain to activation of the kinase domain.
Solid-state NMR and polarized FTIR measurements of peptides corresponding to the TM plus JM regions
of EGFR (residues 622-660) reconstituted in model phospholipid membranes are presented to address
the role of the short cytoplasmic JM sequence (residues 645-660) in regulating EGFR activity. We show
that the TM domain is helical with a transition to non-helical structure at the TM-JM boundary.
Fluorescence measurements indicate that the JM region of EGFR(622-660) binds to the membrane surface
and that binding can be reversed by the addition of the complex of Ca2+ and calmodulin. Together these
data support models suggesting the cytoplasmic JM region of EGFR plays an active role in regulating
receptor activity.

The epidermal growth factor receptor (EGFR)1 is a
member of the ErbB family of receptor tyrosine kinases
(RTKs). These receptors are cell-surface membrane proteins
that mediate cell growth and differentiation. Their activity
is tightly regulated by a variety of mechanisms including
phosphorylation (1-3), dephosphorylation (4), membrane
trafficking (5), and endocytosis (6). Mutations and deletions
in the EGFR and other RTKs that result in constitutive
receptor activity have been identified in a variety of human
tumors (7, 8), and there remains considerable interest in the
mechanism(s) by which these receptors are activated and
regulated.

Recent crystal structures of the extracellular domain of
the EGFR with (9) and without (10) bound EGF provide a
significant step forward in understanding the molecular
details of the activation mechanism. EGF binding triggers a
dramatic rearrangement of the four extracellular subdomains

in each receptor monomer (Figure 1). The structural changes
in the extracellular domain produce either dimerization (left
to center in Figure 1) or rearrangement of pre-existing dimers
(right to center in Figure 1). In most RTKs, ligand binding
leads to phosphorylation of tyrosines in the activation loop
within the intracellular kinase domain; the activation loop
in the unphosphorylated receptor blocks the active site of
the kinase. In contrast to this mechanism, an elegant recent
report from the Kuriyan laboratory shows that the activation
loop in the kinase domain of the EGFR is activated by an
allosteric mechanism that results from the formation of an
asymmetric kinase dimer (11, 12). Other models seem
unlikely in light of the Kuriyan study. For example, Ben-
Tal and co-workers (13) proposed a model where a cluster
of acidic residues (979-991) in the C-terminal tail of the
EGFR kinase domain binds to a region of positive electro-
static potential in the kinase domain and inhibits it, while
Aifa et al. (14, 15) proposed a model where the same cluster
of acidic residues binds to the JM region of an adjacent
kinase to mediate dimerization and orient the C-terminal tail
for phosphorylation and activation.

We have recently proposed a mechanism for the autoin-
hibition and activation of the EGFR/ErbB family (16) that
relies on the presence of a flexible juxtamembrane (JM)
region between the transmembrane (TM) and kinase domains.
The model postulates that in the inactive receptor (Figure
1), the JM and kinase domains associate electrostatically with
the negatively charged plasma membrane. The JM domain
has a net positive charge, as does one face of the kinase
domain. Dimerization or dimer rearrangement (Figure 1) is
the first step in receptor activation and leads to a well
documented (3) increase in the level of Ca2+ in the
cytoplasm. Binding of intracellular Ca2+ to calmodulin allows
the Ca2+-calmodulin complex (with a-16 charge) to bind
to the positively charged JM sequence of EGFR and triggers
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the release of the kinase domain from the membrane (Figure
1, center). The release of the kinase domain from the
membrane would facilitate the formation of a kinase dimer;
the allosteric activation mechanism proposed by Zhang et
al. (11) presumably then produces a change in the conforma-
tion of the activation loop and full activation of the kinase.
Thus, the electrostatic engine model we previously proposed
supplements the mechanism for autoinhibition involving the
activation loop.

Key structural features of the model proposed in Figure 1
are a break in the TM helix at the membrane boundary and
a flexible JM region that binds electrostatically to the
membrane surface. This model contrasts with the idea of
rigid rotational coupling of the JM domain with the kinase
domain by continuation of the TMR-helix into the cytoplasm
(17). The studies described here extend our measurements
on JM peptides (residues 645-660) to a sequence that
includes the full membrane-spanning domain of EGFR
reconstituted into bilayer vesicles (16). A combination of
NMR, CD, infrared, and fluorescence measurements are used
to draw three conclusions: (i) the TM helix breaks at the
membrane interface; (ii) the unfolded JM region binds
electrostatically to the membrane; (iii) binding of Ca2+ -
calmodulin to the positively charged JM sequence can, under
some conditions, reverse its charge and release it from the
membrane. These results complement the recent crystal
structure studies of the extracellular (9, 10) and kinase (11)
domains of the EGFR and provide clues to the potential role
of the cytoplasmic JM region in receptor activation and
regulation.

EXPERIMENTAL PROCEDURES

Materials. Deuterated (5,5,5-d3) leucine, 1-13C-labeled
amino acids and deuterium-free water were purchased from
Cambridge Isotope Laboratories (Andover, MA). Other
amino acids and octyl-â-glucoside were obtained from Sigma
Chemical (St. Louis, MO). DMPC, DMPG, and DHPC were
obtained from Avanti Polar Lipids (Alabaster, AL). The tert-
butyloxycarbonyl (t-Boc) derivatives of the free amino acids

were prepared by James Maracek (Department of Chemistry,
Stony Brook University).

Peptide Synthesis and Purification.Peptides corresponding
to the TM and JM domains of human EGFR, EGFR(622-
660), were synthesized by solid-phase chemistry at the W.
M. Keck Facility for Peptide Synthesis at Yale University.
Four peptides were synthesized, each containing a single
deuterium-labeled leucine at positions Leu631-Leu634 and
a single 1-13C-labeled amino acid (Ile640, Leu642, Phe643,
Met644, or Ile649). The C-terminus was amidated, and an
RRR sequence was added to the N-terminus to increase
peptide solubility for synthesis and purification. One of the
peptides contained a C-terminal Cys for attaching a fluo-
rescent probe. The numbering of the peptide sequence
corresponds to the full length human EGFR:

The synthetic peptides were purified by reverse phase high-
pressure liquid chromatography (Varian Prostar) on a C4
column with a 1-propanol-acetonitrile-water gradient (18)
and lyophilized. The solvents contained 0.1% (w/v) trifluoro-
acetic acid. The purity was confirmed with MALDI mass
spectrometry and high-pressure liquid chromatography.

Preparation of Isotropic Bicelles.DMPC-DMPG-DHPC
bicelles, consisting of 10% (w/v) phospholipids, were
prepared in a 30 mL vial. The final molar ratio (q) of long-
chain DMPC and DMPG to short-chain DHPC was 1.0.
DMPC and DMPG, in the molar ratio of 10:3, were first
dissolved in a mixture of cyclohexane and ethanol, and the
resultant solution was lyophilized to give a homogeneously
mixed powder of DMPC and DMPG. DHPC was separately
dissolved in a mixture of chloroform, and the solvent was
removed under reduced pressure. The dried film of DHPC
was rehydrated with 20 mM sodium phosphate buffer (pH
7.0). The solution was subjected to several freeze and thaw
cycles, and the resultant DHPC solution was used to
rehydrate the powder mixture of DMPC and DMPG to yield
a final molar ratio of DMPC, DMPG, and DHPC of 10:3:
13. The mixture of three phospholipids in buffer was
incubated at 37°C for 15 min and then at 4°C for 30 min.
This temperature cycle was repeated until a clear solution
was obtained.

Reconstitution of EGFR(622-660) into Vesicles. Peptides
were reconstituted into DMPC-DMPG vesicles at a peptide
to lipid molar ratio of 1:50 by detergent dialysis (19). In
contrast to the binding of the hydrophilic JM domain peptides
to bicelles, the reconstitution of hydrophobic TM domain
peptides requires detergent dialysis to prevent nonspecific
peptide aggregation (19). The molar ratio of DMPC to
DMPG was 10:3. Lipid, peptide, and detergent (n-octyl-â-
glucoside) were co-solubilized in a mixture of trifluoro-
ethanol and chloroform and incubated at 37°C for over 2 h.
The organic solvents were removed by evaporation using a
stream of argon gas, and the resultant film was dried under
reduced pressure. The dry mixture was rehydrated with
phosphate buffer (5 mM phosphate, 50 mM sodium chloride,
5 mM dithiothreitol, pH 6.0) such that the final concentration
of n-octyl-â-glucoside was 5% (w/v). The rehydrated sample
was then stirred slowly for at least 6 h. Dialysis was

FIGURE 1: Model of the EGFR receptor activation. Ligand binding
induces dimerization (left to center pathway) or rearrangement of
preformed dimers (right to center pathway). In the extracellular
domain of the inactive receptor monomer, there is a direct contact
between the cysteine-rich subdomains II and IV. The positively
charged JM region and one face of the kinase domain associate
with the membrane surface to keep the kinase domains separated.
EGF binding triggers rearrangement of the extracellular subdomains
in each receptor monomer (9, 10) and releases a dimerization arm
on domain II which mediates direct monomer-monomer contacts.
Dimerization leads to a well-documented (3) rapid increase in the
intracellular Ca2+ concentration and activation of calmodulin. We
propose that binding of the Ca2+/calmodulin complex to the JM
region reverses its net charge and allows association of the tyrosine
kinase domain (TK in figure). Association of the kinase domains
produces allosteric activation by changing the conformation of the
activation loop within the kinase domain (11).

RRRSIATGMVGALL631L632L633L634
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performed to remove then-octyl-â-glucoside using Spectra-
Por dialysis tubing (3500 MW cutoff) for 48 h against
phosphate buffer at 37°C. The bilayers were then pelleted,
resuspended in deuterium-depleted water, and incubated at
37 °C for more than 24 h. The reconstituted vesicles were
pelleted and loaded into NMR rotors.

Polarized IR Spectroscopy.Polarized attenuated total
reflection (ATR) FTIR spectra were obtained on a Bruker
IFS 66V/S spectrometer. Membrane vesicles at a concentra-
tion of 10 mg lipid/mL were layered on a germanium internal
reflection element using a slow flow of air directed at an
oblique angle to the ATR plate to form an oriented
multilamellar lipid-peptide film. Each sample spectrum
represents the average of 1000 scans acquired at a resolution
of 4 cm-1.

The dichroic ratio (RATR) is defined as the ratio between
absorption of parallel (A|) and perpendicular (A⊥) polarized
light (19). The observed dichroic ratio is used to calculate
the order parameterSmeasusing the equation

Order parameters (Smeas) of 1.0 and -0.5 correspond to
helical orientations parallel and perpendicular to the mem-
brane normal, respectively. The order parameter depends on
the electric field amplitudes in the thick film limit which is
applicable for our experiments, namely,Ex ) 1.399,Ey )
1.514, andEz ) 1.621. θ is the angle between the helix
director and the normal of the internal-reflection element,
and a is the angle between the helix director and the
transition-dipole moment of the amide I vibrational mode.
To calculate the angleθ between the helix director and the
normal of the ATR plate, one must know the value of the
transition moment angleR. We use a value of 39.5° based
on parallel measurements on bacteriorhodopsin as previously
discussed (20) and assume that the minimum disorder in the
sample corresponds to an order parameterSmem of 0.85.

Circular Dichroism Spectroscopy.CD spectra were ob-
tained on an Olis Instruments spectrophotometer using
isotropic bicelles and a path length of 0.2 mm. The ratio of
DMPC/DMPG/DHPC was 10:3:13, and the total lipid
concentration was 10% by volume in 20 mM sodium
phosphate buffer (500µL) at pH 7.0. The peptide (0.15 mg,
8.8× 108 mol) was added after the bicelles were formed to
yield a peptide to lipid molar ratio of 1:100.

Fluorescence Resonance Energy Transfer (FRET).FRET
experiments were performed on an SML AMINCO spec-
trofluorometer. We measured the energy transfer between a
Bodipy-TMR label on PIP2 and a Texas-Red label attached
to a C-terminal cysteine of EGFR(622-660) as described
previously (21). Bodipy-TMR was the donor, and Texas-
Red was the acceptor fluorophore. We excited at the donor
excitation wavelength of 547 nm and collected emission
spectra from 560 to 660 nm. EGFR(622-660) was recon-
stituted as above (i.e., through detergent dialysis) into
membrane vesicles composed of either POPC, or POPC and
POPS at a molar ratio of 5:1. Bodipy-TMR-PIP2 was
incorporated into the vesicles by the addition of Bodipy-
TMR-PIP2 micelles to the vesicle solution.

We first performed control experiments showing that
incorporation of Bodipy-TMR-PIP2 into large unilamellar
vesicles (LUVs) composed of POPC [without EGFR(622-
660) peptide] produces a linear increase in the Bodipy-TMR
fluorescence in the concentration range used in our experi-
ments (Figure 2A). We collected emission spectra from
POPC LUVs (total lipid concentration 500µM) with 0, 0.5,
1, and 2µM Bodipy-TMR-PIP2 incorporated from micelles
(22).

We next monitored FRET as an increasing amount of
Bodipy-TMR-PIP2 was incorporated into the POPC vesicles
reconstituted with EGFR(622-660) peptide. Figure 2B
shows an example of the raw data we collected. To correct
the data and produce the curves shown in Results (Figure
7), we subtracted both the scaled signal of Bodipy-TMR
fluorescence from Figure 2A and the signal from Texas-
Red taken when no Bodipy-TMR-PIP2 was present in the
vesicles (e.g., the 0µM BP-PIP2 curve in Figure 2B).

FIGURE 2: (A) Incorporation of Bodipy-TMR-PIP2 into large unilamellar vesicles composed of POPC produces a linear increase in Bodipy-
TMR fluorescence intensity. Each curve in the graph corresponds to the emission spectrum of Bodipy-TMR incorporated into POPC LUVs
(total lipid concentration 500µM). (B) Ca2+/calmodulin disrupts FRET between Bodipy-TMR-PIP2 and Texas Red EGFR(622-660). The
curves represent raw uncorrected data. The lower curve represents the emission spectrum from vesicles (lipid concentration at start of
reconstitution) 500 µM) containing reconstituted EGFR(622-660) labeled with Texas Red. The upper curve represents the spectrum of
the same vesicles after incorporation of 1µM Bodipy-TMR-PIP2. The increase in the fluorescence intensity at∼570 is due to Bodipy-
TMR, as shown in panel A. The increase in fluorescence intensity at∼610 is due to FRET. The middle curve represents the spectrum of
the same vesicles after addition of 1µM Ca2+/calmodulin. Note the decrease in FRET. Addition of Ca2+ alone or calmodulin with EGTA
does not decrease FRET (not shown). The solutions contain: [KCl]) 100 mM; [MOPS]) 10 mM; [EGTA] ) 0.2 mM; pH 7.
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Solid-State NMR Spectroscopy.Solid-state NMR magic
angle spinning (MAS) experiments were performed at 55
MHz (2H observe) or 90.2 MHz (13C observe) on a Bruker
Avance NMR spectrometer using a 4.0 mm MAS probe. For
13C observe MAS experiments, the MAS frequency was
maintained at 8 kHz( 5 Hz. Ramped amplitude cross
polarization (23) contact times were 2 ms and two-pulse
phase-modulated decoupling (24) was used during the
evolution and acquisition periods. The decoupling field
strength was typically 90 kHz.13C chemical shifts were
referenced to external tetramethylsilane. The temperature was
maintained at-75 °C.

For the2H observe experiments, the MAS frequency was
maintained at 3 kHz( 5 Hz to have a sufficient number of
spinning side bands to define the static line shape. Single
pulse excitation was employed with a 3.7µs 90° pulse length,
followed by a 4.5µs delay before data acquisition. The
repetition delay was 250 ms. A total of 600,000-800,000
transients were averaged for each spectrum and processed
using a 200 Hz exponential line broadening function. Spectra
were obtained at 25°C.

MAS deuterium spectra were simulated using the program
SIMPSON version 1.1.0 (25) with a spin rate of 3.0 kHz.
The asymmetry parameter (η) was set to 1.0. Only the
quadrupole coupling constant was varied to quantify the
width of the envelope traced out by the MAS side bands.

RESULTS

EGFR(622-660) Spans Model Membranes withR-Helical
Secondary Structure.The extracellular, TM, and cytoplasmic
sequences of the EGFR independently fold into distinct
domains. The crystal structures of the extracellular (9, 10)
and kinase (11) domains have been determined to high
resolution. However, much less is known about the structure
of the TM domain or of the JM region that links the TM to
the kinase domain. The TM and associated JM sequences
require a membrane environment for structural studies. Here,
we use either membrane bilayers or bicelles to characterize
the structure of the TM and JM regions of EGFR in the
context of a lipid bilayer environment. In studies of TM
peptides (with no intrinsic activity), it is important to show
that the reconstitution procedure yields a peptide that spans
the bilayer in a helical orientation. Hydrophobic peptides
have a strong tendency to nonspecifically aggregate during

membrane reconstitution. After establishing that the peptide
is reconstituted in a helical TM orientation, we address the
structure of the JM domain. We consider only the N-terminal
portion (residues 645-660) of the JM region, which has
previously been shown to bind Ca2+/calmodulin as an
isolated 16-residue peptide (16). The C-terminal portion
(673-682) of the JM region is associated with the kinase
domain (26), while the middle portion (661-672), which
has a net negative charge, may act as a flexible linker due
to two central prolines.

Figure 3 presents the CD and polarized FTIR spectra of
EGFR(622-660). CD spectra were obtained of EGFR(622-
660) reconstituted into membrane bicelles. The ratio (orq
value) of long-chain (DMPC and DMPG) to short-chain
(DHPC) lipids determines the morphology of the bicelle (27).
Isotropic bicelles with a 1:1 ratio of long- to short-chain lipids
(q ) 1) are used, rather than multilamellar vesicles, to lower
the level of light scattering that results in attenuation and a
red shift of the observed CD bands. The CD spectrum of
EGFR(622-660) in Figure 3A exhibits distinct minima at
208 and 220 nm, and a maximum at 193 nm. These features
are characteristic ofR-helical secondary structure. The
amount of helical structure can be estimated from the
magnitude of the minima at 208 and 220 nm. On the basis
of soluble protein data sets, helical secondary structure
exhibits minima at 208 and 220 nm with molar ellipticities
of approximately-36 000( 3000 deg cm2 dmol-l (28). The
observed molar ellipticity of-21 000 deg cm2 dmol-l

indicates that∼60% of the EGFR(622-660) peptide is
helical. The observed helical structure likely corresponds to
the ∼25 membrane-spanning amino acids of EGFR(622-
660) (see below).

Figure 3B presents polarized IR spectra of EGFR(622-
660) reconstituted into multilamellar vesicles and layered
onto a germanium IR plate. The spectra obtained with light
having parallel and perpendicular polarization exhibit an
amide I vibration at 1655 cm-1 characteristic ofR-helical
secondary structure (29). The amide I band is relatively
narrow, although there is a broad component that we attribute
to the unstructured JM region. The dichroic ratio of the amide
I band (before Fourier deconvolution) is 3.2, corresponding
to a maximum helix tilt relative to the bilayer normal of
∼23°. Fourier deconvolution does not resolve the helical and
unstructured components since both are centered at∼1655

FIGURE 3: Secondary structure of EGFR(622-660). (A) CD spectra of EGFR(622-660) reconstituted into isotropic (q ) 1) bicelles exhibit
minima at 208 and 220 nm, and a maximum at 193 nm characteristic ofR-helical secondary structure. (B) Polarized ATR IR spectra of
EGFR(622-660) reconstituted in multilamellar vesicles obtained with parallel (top curve) and perpendicular (bottom curve) polarized
light. The narrow amide I vibration observed at 1655 cm-1 is characteristic ofR-helical secondary structure. The high dichroic ratio of the
amide I band is consistent with a transmembrane orientation for the helix.
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cm-1. There is clearly noâ-strand structure in the reconsti-
tuted peptide, which would exhibit a frequency of∼1630
cm-1 if present. If one accounts for the unstructured JM
domain of the EGFR(622-660) peptide, then the dichroic
ratio of the TM region alone is greater than 3.2 and the TM
helix axis is closer to the bilayer normal.

The EGFR(622-660) Transmembrane Helix Breaks at the
Cytoplasmic Membrane Surface.On the basis of the CD and
polarized IR spectra in Figure 3, we can conclude, at a
minimum, that the TM region of the EGFR(622-660)
peptide spans the membrane bilayer in a helical conformation
after reconstitution. The next question we address is whether
the secondary structure of the JM domain is helical or random
coil. There was no evidence ofâ-strand structure in the full
TM-JM peptide by polarized IR spectroscopy; rather, the
analysis of the IR spectra suggested that the JM region is
random coil. Parallel CD spectra of the JM region alone,
EGFR(645-660), reveal a strong negative signal at 200 nm
characteristic of random coil (Figure 4A). In addition,
polarized IR spectra of membrane-bound EGFR(645-660)
in Figure 4B exhibit a broadband centered at∼1660 cm-1

with a dichroic ratio of 1.8. These features are characteristic
of random coil (29).

To address where the TM helix breaks and forms random
coil or extended secondary structure, we obtained13C spectra
of the TM-JM peptide, EGFR(622-660), containing spe-
cific backbone13C labels at the putative TM-JM boundary.
The TM-JM peptide was reconstituted into DMPC/DMPG
lipid vesicles for these experiments. The carbonyl carbon
13C chemical shifts are sensitive to secondary structure (30).
Saito and Naito (31) have correlated chemical shifts from
solid-state NMR studies of fibrous and membrane proteins
and have found that in helical secondary structure, carbonyl
carbons exhibit chemical shifts in the range of 173-176 ppm,
while in random coil andâ-strand structure they are in the
range of 168-172 ppm (31). An analysis of the chemical
shifts in the TALOS database of soluble proteins (http://
spin.niddk.nih.gov/NMRPipe/talos/) shows that the carbonyl
chemical shifts of the amino acids studied here (Ile, Leu,
Met, and Phe) are centered at∼178 ppm forR-helix and
∼175 ppm forâ-sheet, with a standard deviation of∼1.5
ppm. This means that the measurement of a single13CdO
chemical shift is not sufficient to define the secondary
structure at a specific site. However, a characteristic differ-

ence of∼3 ppm for a transition fromR-helical to random
coil or â-strand secondary structure within a peptide sequence
suggests a simple way to probe where TM helix breaks in
the EGFR(622-660) peptide.

Figure 5 presents MAS NMR spectra of EGFR(622-660)
specifically13C-labeled at the backbone carbonyl in the TM
and JM regions of the peptide. MAS spectra of DMPC and
DMPG multilayers were obtained with (solid line) and
without (dashed line) reconstituted EGFR(622-660) peptide.
Only the 13CdO region of the MAS spectrum is shown.
Without peptide, only the natural abundance13C carbons of
the lipid acyl chain carbonyls at∼172 ppm are observed
(dashed line). The spectra of EGFR(622-660) containing
1-13C Ile640 and 1-13C Leu642 exhibit two resonances. The
resonance at∼175 ppm is assigned to the specific backbone
13CdO, and the resonance at∼172 ppm is assigned to the
lipid acyl chain carbonyls. In contrast, the 1-13C resonances
of the next two amino acids in the EGFR(622-660)
sequence, Phe643 and Met644, are centered at∼172 ppm
co-incident with the chemical shift of the natural abundance
13C of the lipid acyl chain carbonyls. A similar shift is
observed for Ile649 which is well into the JM region of
EGFR(622-660). On the basis of these13CdO chemical
shifts, the intrahelical hydrogen bond between Leu642 and
Arg646 marks the last turn of the TM helix. The sequence
beyond Arg646 is non-helical. A similar conclusion was
reached by Rigby et al. (32) on the basis of solution NMR
studies of EGFR(621-654) in TFE and TFE-water mix-
tures. They observedR-helical secondary structure up to
Arg647.

FIGURE 4: Secondary structure of EGFR(645-660). (A) CD spectra of EGFR(645-660) obtained by titrating EGFR(645-660) into a
solution of isotropic bicelles exhibit a minimium at∼200 nm, indicative of random coil. (B) Polarized ATR IR spectra of EGFR (645-
660) associated with DMPC/DMPG multilamellar vesicles obtained with parallel (top curve) and perpendicular (bottom curve) polarized
light. The broad amide I vibration is observed at 1660 cm-1 with a distinct shoulder at 1680 cm-1, consistent with random coil. The
negative membrane surface charge due to the DMPG incorporated into the bicelles in (A) or the vesicles in (B) results in binding of the
positively charged EGFR(645-660) peptide (16).

FIGURE 5: 13C MAS NMR of EGFR(622-660). EGFR (622-660)
peptides contain a single13CdO labeled amino acid at Ile640,
Leu642, Phe643, Met644, or Ile649. The spectra were obtained at
a spinning frequency of 8 kHz and a temperature of-75 °C.
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Association of EGFR(622-660) Transmembrane Helices
in Model Membranes.Deuterium NMR spectroscopy in
combination with MAS is used to determine if the TM
regions of the EGFR(622-660) peptides associate in mem-
brane bilayers and whether there is a preferential face for
association. Deuterium NMR spectroscopy takes advantage
of the sensitivity of deuterium lineshapes to molecular motion
(33-35). MAS enhances the sensitivity. We have previously
shown that the motion of amino acids located in TM helix-
helix interfaces is restricted relative to amino acids oriented
toward the lipid membrane (20). Leucine containing a single
deuterated methyl group at the end of its long flexible side
chain is a particularly sensitive probe for restriction of
motion. By characterizing side chain motion as a function
of the TM sequence, one can map out the interface of
interacting TM helices.

The approach taken here is to compare spectra of EGFR-
(622-660) containing deuterated (5,5,5-d3) leucine at dif-
ferent positions in the sequence. We compare the deuterium
spectra of four consecutive leucines in the TM sequence:
Leu631, Leu632, Leu633, and Leu634. The polarized IR
spectra above show that the TM region of EGFR(622-660)
is helical, and consequently these four residues constitute
one full turn of the EGFR(622-660) R-helix. If the TM
sequence dimerizes, at least one of the leucine side chains
will be facing the helix dimer interface and will exhibit a
broader deuterium spectrum due to restricted motion.

Figure 6 presents deuterium MAS NMR spectra of the
four EGFR(622-660) peptides containing a single deuterated
leucine. MAS is used to increase sensitivity. The intensities
of the side bands in the MAS deuterium spectra trace out
the broad deuterium lineshapes. The first revealing aspect
of the spectra in Figure 6 is that there is significant intensity
in the MAS sidebands. Monomeric reconstituted TM peptides
containing deuterated leucine exhibit intensity mainly in the
central isotropic resonance, presumably due to faster axial
rotation of the peptide (unpublished data).

Comparison of the spectra shows that the intensity
distribution in the side bands differs between the four sites.
Leu634 exhibits the broadest sideband envelope, while
Leu633 exhibits the narrowest envelope. To roughly quantify
the observed differences in the width of these lineshapes,
we simulated the MAS deuterium spectra using the quad-
rupole coupling constant as the only free parameter. The
simulations assume that the lineshapes have an asymmetry
parameter (η) of 1 due to high motional averaging. This
assumption is based on experimental and theoretical studies
by Torchia and co-workers (36) who modeled the static
lineshapes of deuterated leucine in amino acid model
compounds and in collagen. They found that the leucine
methyl deuterons in collagen exhibit axially symmetric
lineshapes (η ) 0) at low temperature (-85 °C), but yield
lineshapes with an asymmetry parameter of nearly 1 above
∼ +15 °C (36). Axially symmetric lineshapes with a
quadrupolar splitting of∼40 kHz are characteristic of methyl
groups undergoing fast three site hops, while the narrower
lineshapes with anη of ∼1 are due toadditionalaveraging
by rotation or two site hopes about the CR-Câ bond of the
leucine side chain. We used this approach previously to
simulate the side band intensities of leucine residues around
one turn of a helix in the TM dimer of gp55-P (20).

The quadrupole coupling constant (QCC) needed to best
fit the spectrum of Leu634 (19 kHz) is nearly twice the size
of the QCC needed to best fit the spectrum of Leu633 (10
kHz). (The differences in the values of the QCC needed to
fit the lineshapes reflect the effects of motional averaging;
the actual quadrupole coupling constants of the C-D bonds
do not change.) For comparison, in the dimer structure of
gp55-P previously analyzed by this approach (20), the
interfacial leucine was best fit with a QCC of 25 kHz, while
the lipid facing leucine exhibited a QCC of 14 kHz. The
spectrum of Leu631 is not fit well by this approach since it
exhibits both a broad component and a narrow component,
possibly due to two different leucine conformations. In this
case, the QCC of only the broad component of the spectrum
was estimated by eliminating the first MAS sideband in the
analysis. Nevertheless, this comparison supports the conclu-
sion that the EGFR peptides associate in membranes and
suggests that they associate in an orientation that favors the
helical face containing Leu634.

Grant and co-workers have also characterized the associa-
tion of EGFR TM peptides using deuterium NMR (32, 37-
39). In their studies, they obtained spectra of the EGFR(621-
654) containing deuterated alanine, methionine and valine.
The spectra were obtained without MAS using peptide:lipid
molar ratios between 1:17 and 1:100. Their results are
consistent with the studies here; they show that the EGFR
TM domain associates in membranes and that the face
containing Ala637 in the wild-type sequence preferentially
associates over the face containing Ala629. Ala637 is roughly
on the same helical face as Leu634. It is important to note
that in both our studies and those of Grant and co-workers,
the peptide/lipid molar ratios are relatively high (g1:100).
While this is considerably higher than the ratios found in
cell membranes, the observed helix-helix interactions may
well be important when EGF mediates dimer formation and
brings the TM domains into close proximity.

ReVersible Binding of the JM Sequence of EGFR(622-
660).The NMR and polarized IR measurements of EGFR-

FIGURE 6: Deuterium MAS NMR of EGFR (622-660). EGFR
(622-660) peptides contain a single deuterated leucine at Leu631,
Leu632, Leu633, or Leu634. The MAS spectra were obtained at a
spinning frequency of 3 kHz and a temperature of 25°C. The
simulations to the right were carried out using the program
SIMPSON version 1.1.0 (25). The MAS rate was set to 3 kHz and
the asymmetry parameter was set to 1.0. The best fits to the
observed sideband intensities were obtained using quadrupole
coupling constants of 16 kHz (Leu631), 14 kHz (Leu632), 10 kHz
(Leu633), and 19 kHz (Leu634).
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(622-660) are consistent with the structure for the TM and
JM regions shown in Figure 1. The TM sequence spans the
cell membrane in helical secondary structure that breaks at
the cytoplasmic membrane surface. In this section, we
address three questions: does the JM region bind to the
membrane, does it sequester PIP2, and is Ca2+/calmodulin
able to pull the JM region from the membrane surface in
the context of the full TM-JM sequence? We have previ-
ously shown that Ca2+/calmodulin has a high affinity (Kd ≈
10 nM) for a peptide corresponding to the JM region alone
(residues 645-660) and is able to extract peptides corre-
sponding to JM sequence from the surface of negatively
charged membrane vesicles (16).

Binding of the JM sequence to the membrane was
measured using FRET between a fluorescent Bodipy-TMR
label on PIP2 and a Texas-Red label attached to a C-terminal
cysteine of the TM-JM peptide, EGFR(622-660) (16).
Bodipy-TMR is the donor and Texas-Red is the acceptor in
these experiments. Bodipy-TMR is excited using 547 nm
light, and fluorescence emission from Texas-Red is moni-
tored in the region from 560 to 660 nm. The Bodipy-TMR
PIP2 can be incorporated into POPC and POPC/POPS
vesicles by adding a solution of fluorescent PIP2 micelles to
the preformed vesicles (22). The micelles allow the fluores-
cent PIP2 to partition into the outer leaflet of the vesicles.
[The partitioning of the PIP2 monomers is manifested as a
10-fold increase in fluorescence upon incorporation due to
lack of self-quenching. As shown in the methods section,
the fluorescence of PC vesicles increases linearly with the
mole fraction of PIP2 incorporated under our conditions.
Furthermore, measurements using fluorescence correlation
spectroscopy on giant unilamellar vesicles (GUVS) show
PIP2 incorporated using this micelle approach has the
expected diffusion constant of 3× 10-8 cm2/s characteristic
of other lipids in these GUVS (22). These data provide
support that the PIP2 from the micelles is actually incorporat-
ing as monomers into the vesicles containing the reconstituted
TM-JM peptides.] Use of the highly negatively charged PIP2

adds an important biological component to these experiments
since binding of the positively charged JM sequence to the
membrane surface produces a local positive electrostatic
potential that may laterally sequester PIP2 (40). PIP2 is a
substrate of two enzymes bound to activated EGFR and

interacts with a number of other modular membrane targeting
domains (41). The shorter JM peptide, EGFR(645-660), is
able to laterally sequester PIP2 when it binds to a PC/PS/
PIP2 membrane (16).

Figure 7A presents the results of a typical FRET experi-
ment where the Texas-Red labeled EGFR(622-660) peptide
was reconstituted into POPC membrane vesicles using a
detergent dialysis approach and the PIP2 concentration was
increased from 0 to 0.5, 1 and 2µM immediately before the
fluorescence experiment. The FRET increases linearly with
the PIP2 incorporated into the vesicle. The raw data (see
Experimental Procedures) show some fluorescence emission
from Bodipy-TMR-PIP2 at 571 nm, but the significant feature
is the enhanced fluorescence emission (i.e., FRET) from
Texas-Red observed at 607 nm. The data in Figure 7A is
corrected for the fluorescence of both PIP2 and the initial
fluorescence level of Texas Red. The simplest interpretation
of the observed FRET from Bodipy-TMR-PIP2 to Texas-
Red is that the Texas-Red label at the C-terminus of the
peptide, and thus the JM region of the EGFR(622-660)
peptide, is bound to the membrane. A similar conclusion was
reached using two different approaches (data not shown):
an acrylodan label at the C-terminus of EGFR(622-660) is
quenched by NBD-labeled PS in the membrane and the
Texas-Red label on EGFR(622-660) is quenched by 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD).

Figure 7B shows the influence of Ca2+/calmodulin on
FRET (corrected spectra). First, the addition of 2µM PIP2

to POPC membrane vesicles containing EGFR(622-660)
results in FRET and an increase in fluorescence at 607 nm,
as observed in Figure 7A. The subsequent addition of 240
µM Ca2+ (or 1 µM calmodulin without Ca2+) has only a
moderate effect on the fluorescence emission (data not
shown). However, the addition of 1µM Ca2+/calmodulin
reverses about 50% of the FRET observed with the addition
of PIP2. If only 1000 or 500 nM PIP2 was used, and the
affinity of the JM region for the membrane is thus weaker,
Ca2+ /calmodulin produced a larger % reversal in the FRET
(data not shown). The simplest interpretation of the decrease
in FRET is that Ca2+/calmodulin can bind to the JM region
and release it from the membrane. More striking effects can
also be observed when the fluorescence from the Texas-Red
label is quenched with DiD (or from acrylodan quenched

FIGURE 7: Reversible binding of the JM sequence of EGFR(622-660) to the surface of membrane bilayers. The fluorescence emission
spectra are shown for a Texas-Red fluorescent probe (emission wavelength∼ 610 nm) attached to the C-terminal cysteine of the EGFR-
(622-660) TM-JM peptide reconstituted into membrane vesicles. (A) Corrected spectra showing FRET from the Bodipy-TMR label on
PIP2 to the Texas-Red label on EGFR(622-660) as a function of Bodipy-TMR-PIP2 (BP-PIP2) concentration. FRET increases as the Bodipy-
TMR-PIP2 concentration is increased from 0 to 0.5, 1, and 2µM. (B) Corrected spectra showing FRET from Bodipy-TMR-PIP2 to the
Texas-Red-EGFR(622-660) decreases upon addition of Ca2+/calmodulin. FRET increases with the addition of 2µM Bodipy-TMR-PIP2 as
shown above. Addition of either 240µM Ca2+ or calmodulin+ EGTA does not appreciably change the fluorescence emission. However,
the addition of 1µM Ca2+/calmodulin partially reverses the FRET observed with the addition of Bodipy-TMR-PIP2
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with NBD-PS). In these experiments, the TM-JM peptide
was reconstituted into 20:1 PC/PS vesicles. Adding 1 mM
Ca2+/calmodulin produces a large increase in the fluorescence
(∼2 fold), again suggesting that the JM region of the TM-
JM peptide is bound to the membrane, and the binding can
be released by Ca2+/calmodulin (data not shown).

As a control, Figure 8 shows the influence of sphingosine
on FRET. Sphingosine is an amphipathic weak base that
binds to membranes, and electrophoretic mobility measure-
ments show it will reverse the charge of the PC/PS membrane
in the concentration range used (16). As a result, sphingosine
should electrostatically repel the positively charged JM region
of the TM-JM peptide from the membrane. In these
experiments, 1.5µM PIP2 was added to membrane vesicles
composed of POPC and POPS in a 5:1 molar ratio and
reconstituted with EGFR(622-660). The addition of PIP2
produces FRET between the Bodipy label on PIP2 and the
Texas-Red label on the C-terminus of EGFR(622-660). The
strong observed FRET indicates that PIP2 can be laterally
sequestered, even when PS is present in excess. These results
are consistent with those found with the JM peptide alone
(16). The lateral sequestration of PIP2 by basic membrane-
bound clusters is expected from electrostatic calculations
(40). However, we found that 1µM Ca2+/calmodulin will
not pull the JM region of the TM-JM peptide off the
membrane when reconstituted into the 5:1 PC/PS vesicles.

Importantly, the fluorescence emission at 607 nm is
reversed to the initial value by the addition of 9µM
sphingosine consistent with the release of the JM region of
the EGFR(622-660) peptide from the membrane surface.
(Lower sphingosine concentrations, have intermediate effects,
as expected.) These concentrations of sphingosine (1-10
µM) also release the JM peptide EGFR(645-660) from the
membrane (16). Of note is that the addition of 2µM
sphingosine to intact cells and broken cell membranes
activates (i.e., produces intermolecular autophosphorylation)
EGFR in the absence of EGF (42), as predicted by our model
for EGFR activation in Figure 1 (16).

DISCUSSION

There are several clues that the TM-JM region of the
EGFR is not merely a passive element in the receptor
structure and that its role in receptor activation and regulation
is likely to be unique among the receptor tyrosine kinases.
For example, phosphorylation of Thr654 within the cyto-
plasmic JM sequence by protein kinase C inhibits receptor
activity (43, 44). In contrast, phosphorylation of JM tyrosines
in other RTKs, such as the EphB2 (45) and FLT3 receptors
(46), helps relieve autoinhibition. In these receptors, the
cytoplasmic JM region binds to the kinase domain and can
prevent the activation loop from adopting an active confor-
mation. In the EGFR, however, only tyrosines in the
C-terminal tail are normally phosphorylated.

The X-ray crystal structure of the kinase domain plus a
portion of the JM region (26) and the solution NMR structure
of the JM region plus a portion of the kinase domain (47,
48) suggest the N-terminal JM sequence of the EGFR is
likely to be flexible, rather than forming a rigid connection
between the TM and the kinase domains. The first resolved
residue in the EGFR crystal structure of the kinase domain
(plus a portion of the JM domain) is Gly672. The six amino
acids preceding Gly672 are not resolved (suggesting flex-
ibility of this region of the JM domain), while the succeeding
13 amino acids (the C-terminal portion of the JM domain)
have an extended structure that is tied by hydrophobic and
hydrogen-bonding interactions to the well-definedâ-sheet
of the N-terminal lobe of the kinase domain (26).

In contrast to the X-ray structure, the solution NMR
structure of the JM sequence plus∼12 residues of the
N-terminal lobe of the kinase domain (residues Arg645-
Gly697) reveals three amphipathic, helical segments when
bound to dodecylphosphocholine micelles. In agreement with
the crystal structure, the region just before Gly672 (i.e.,
Glu661-Gly672), which is negatively charged and contains
a central PxxP sequence, is unstructured (48). Our results
appear to disagree with the solution NMR studies: the
N-terminal JM helix (residues 652-661) observed in their
studies overlaps the unstructured JM sequence in our TM-
JM peptides. However, Sonnichsen and co-workers (48) point
out that this helix may be nucleated by interactions with the
C-terminal helices since it was not observed in NMR
measurements of a 30-residue JM peptide (Arg645-Ala674)
(47). For the experiments described above, we only include
the N-terminal portion of the JM sequence that contains
positively charged and hydrophobic amino acids and ends
at the first residue (Glu661) of the “flexible linker”. As noted
above, short peptides corresponding to this N-terminal JM
sequence are unstructured when bound to membrane surfaces
and are able to bind Ca2+/calmodulin with high affinity (16).
With our TM-JM construct, we can address the structure
and membrane interactions of the N-terminal JM region in
the context of the TM domain. The major conclusions of
our studies are that (i) the helical TM domain breaks at the
TM-JM boundary, (ii) the JM region associates with the
membrane surface with the ability to sequester PIP2, and (iii)
Ca2+/calmodulin can pull the JM region from the membrane
surface.

The PositiVely Charged JM Domain of EGFR Binds to
Membranes and Interacts with Ca2+/Calmodulin.Ullrich et
al. (49) and Hunter et al. (43) first suggested that the

FIGURE 8: FRET between Bodipy-TMR-PIP2 and Texas-Red-
EGFR(622-660) decreases with the addition of the amphipathic
weak base sphingosine. The lower curve represents the signal from
5:1 PC/PS vesicles containing Texas-Red labeled EGFR(622-660).
The addition of 1.5µM Bodipy-TMR-PIP2 produces an enhanced
signal at∼610 nm, i.e., FRET (upper curve). The addition of 9
µM sphingosine produces a significant decrease in the FRET. It is
important to note that the final lipid concentration in these
experiments was∼50µM due to loss of sample in the reconstitution
process. As a result, the 9µM sphingosine required to cause the
JM region to desorb from the PC/PS membranes is presumably
because the PS concentration is∼10µM (i.e.,∼10µM sphingosine
is needed to reverse the negative charge from PS).
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positively charged JM region should bind to membranes and
be in a position to modulate signaling between the ligand-
binding domain and kinase domain. We provided experi-
mental evidence that a peptide corresponding to the JM
domain is unstructured and binds strongly to membranes (16).
As with other basic peptides, binding increases exponentially
with the mole fraction of acidic lipid. These studies, however,
have left open the question of whether the JM region would
bind in context of TM-JM sequence. Results here show it
does, even when the bilayer contains as little as 1% PIP2 or
5% PS. Furthermore, when bound the JM region can laterally
sequester PIP2.

The fluorescence experiments using Bodipy-TMR-PIP2

and Texas-Red EGFR(622-660) show that the JM region
is able to sequester PIP2 through nonspecific electrostatic
interactions. PIP2 is the most abundant of the poly-phos-
phoinositides and comprises about 1% of the total phospho-
lipids in plasma membranes (50-52). Hydrolysis of PIP2
by phospholipase Cs forms diacylglycerol and inositol 1,4,5-
trisphosphate, two important second messengers involved in
signal transduction within cells. Phosphorylation of PIP2 by
PI3-kinase forms PIP3, another important signaling molecule.
PLC-γ and PI-3K are bound to the C-terminal tail of
activated (autophosphorylated) ErbB family receptors, which
suggests the reversible sequestration of their substrate by the
JM region may be of biological importance.

The ability of Ca2+/calmodulin to bind to the JM domain
of EGFR(622-660) and remove it from the membrane
extends the results we previously reported on the simpler
JM domain peptide, EGFR(645-660) (16) and supports the
extensive work of Villalobo and co-workers who first showed
that EGFR binds Ca2+/calmodulin (53-55).

The longer TM-JM peptide increases the biological
relevance of our conclusions since the sequence is located
between the extracellular ligand-binding and intracellular
kinase domains, which are more thoroughly characterized.
Two observations in the literature suggest that the JM region
of the EGFR, as well as the activation loop in the kinase
domain (11), is involved in autoinhibition.

First, membrane permeable Ca2+/calmodulin inhibitors
reduce the initial rate of EGFR trans autophosphorylation
in several different cell types (53, 56). It is known that EGF
binding to EGFR leads to an initial burst in the intracellular
Ca2+ concentration due to a transitory release of Ca2+ from
intracellular stores (3) and that the resulting levels of Ca2+

are sufficient to activate calmodulin (57, 58). Consequently,
we propose that membrane permeable calmodulin inhibitors
are effective in reducing EGFR activation during this period
by inhibiting the formation of the active Ca2+/calmodulin
complex, which otherwise can bind to the JM region of
EGFR(622-660) and release it from the membrane.

Second, membrane permeable weak bases (e.g., sphin-
gosine) and increased salt concentrations (59, 60) increase
EGFR activity in the absence of EGF. For example, addition
of 2 µM sphingosine, a membrane permeable weak base
leads to increased receptor autophosphorylation (42). In
Figure 8, we show that the addition of sphingosine is able
to reduce FRET between Bodipy-TMR-PIP2 and Texas-Red
EGFR(622-660). We propose that disengaging the JM
domain from the membrane surface (by binding of sphin-
gosine to the bilayer, by salt decreasing electrostatic interac-
tions, or by binding of Ca2+/CaM to the JM region) releases

one autoinhibition mechanism in the intact receptor and
allows the kinase domains to associate as an asymmetric
dimer and become activated through the allosteric mechanism
described by Zhang et al. (11).

The Helical EGFR TM Domain Breaks at the TM-JM
Boundary.The TM-JM region is sometimes viewed as a
rigid rod that mechanically couples structural changes in the
orientation of the extracellular domains to changes in the
proximity and orientation of the kinase domains. For
example, mutational studies provide evidence suggesting that
the TM domain of the ErbB2 receptor is rotationally coupled
to the orientation of the kinase domain (17) and that
activation requires a specific rotational orientation of the
monomers with respect to each other in the ErbB2 dimer
(61).

If our observation that the helical TM domain breaks at
the TM-JM boundary and that the JM domain is flexible
can be extrapolated to the intact receptor, it challenges the
rigid rod view of the TM-JM sequence. However, in the
context of dimeric EGFR, association of the JM domain with
the membrane surface establishes a defined orientation
relative to the dimer interface. For instance, in the inactive
dimer depicted in Figure 1 (right side), the JM sequences
extend out from the TM dimer in opposite directions. Thus,
binding to the membrane surface imposes an orientation on
the extended, but unfolded or unstructured, JM sequence and
may explain the observed dependence of receptor activation
on the TM rotational orientation (17).

To address whether the TM helices in EGFR(622-660)
have the potential to associate, deuterium magic angle
spinning NMR measurements were made of specifically
deuterated leucines in the TM sequence. Our observation of
interactions between TM helices is consistent with the helix
dimerization studies on the EGFR TM domains using the
TOXCAT assay (62). On the basis of the maximum observed
QCC (at Leu634), the helix-helix interaction is slightly
weaker than that observed in the dimer of gp55-P TM helices.
Such weak interactions may be mediated by an AxxxG motif
in the C-terminal portion of the TM domain (63). Alanine
and glycine have been found to have high propensities for
mediating helix interactions in membrane proteins (64) and
the C-terminal AxxxG motif is on the same face as Leu634
which exhibits the broadest deuterium line shape. The
suggestion that Ala637 is in the preferred interface of EGFR-
(622-660) is consistent with the observation that the
C-terminal motif is involved in mediating homodimerization
(65).

Weak interactions between TM domains may be sufficient
to orient the TM helices when the receptor dimer is stabilized
by ligand binding (66). Experiments are in progress to
establish if there is an orientational dependence of the TM
helices for Ca2+/calmodulin binding to the JM sequence. An
intriguing possibility is that there is electrostatic “charge
matching” between the Ca2+/calmodulin complex and the
cytoplasmic JM domains when they are in close proximity
in the EGFR dimer. The individual JM domains each have
a charge of+8, while their combined charge of+16 exactly
matches the net-16 charge of the Ca2+/calmodulin complex.
This may be important at high negative membrane surface
potentials where the affinity of Ca2+/calmodulin for the
individual JM domains is not sufficient to pull it off the
membrane. In this regard, we have shown that positively
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charged peptides with no sequence homology to the EGFR
JM region significantly increase the ability of Ca2+/cal-
modulin to remove the JM peptide from membrane bilayers
(unpublished results), probably by increasing the positive
charge density in the vicinity of the JM peptide. Thus,
dimerization or reorientation of existing dimers to bring two
membrane-bound JM regions together may enhance the
ability of Ca2+/calmodulin to remove the JM region from
the membrane and activate the EGFR, another possible
biological example of “coincidence counting”.

In summary, it is well established from structural studies
of the extracellular domain that the initial step in the
activation of the EGFR involves EGF-induced dimer forma-
tion (or dimer rearrangement). Zhang et al. (11) provide
convincing evidence that the final step in the activation
involves kinase-kinase dimer formation and an allosteric
change in the conformation of the activation loop. Our work
provides support for an intermediate step in the activation
process that involves dissociation of the JM (and possibly
kinase) domains from the membrane. The reversible dis-
sociation of the JM region may be enhanced by binding of
Ca2+/calmodulin and would provide an additional layer of
autoinhibition.
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