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Location of the Epidermal Growth Factor Binding Site on the EGF Receptor.

Resonance Energy Transfer Study!
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ABSTRACT: As a first step toward developing a structural map of key sites on the epidermal growth factor
(EGF) receptor, we have used resonance energy transfer to measure the distance of closest approach between
the receptor-bound growth factor molecule and lipid molecules at the surface of the plasma membrane. EGF,
specifically labeled at its amino terminus with fluorescein 5-isothiocyanate, was used as an energy donor
in these experiments, while either octadecylrhodamine B or octadecylrhodamine 101, inserted into plasma
membranes isolated from human epidermoid carcinoma (A431) cells, served as the energy acceptors. The
energy transfer measurements indicate that the amino terminus of the bound growth factor is about 67 A
away from the plasma membrane. On the basis of the dimensions of the EGF molecule, this suggests that
EGF binds to a site on its receptor that is a considerable distance (52-82 A) from the surface of these cells.
Identical results were obtained under conditions where the receptor functions as an active tyrosine kinase,
suggesting that the relative juxtaposition of the EGF binding domain to the membrane surface does not
change with receptor autophosphorylation or with the activation of the receptor tyrosine kinase activity.
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Epidermal growth factor is a small (M, = 6040) polypeptide
hormone that stimulates cell proliferation in a number of
tissues. The binding of EGF! to its cell surface receptor
triggers the immediate activation of a receptor-associated
tyrosine kinase activity (Carpenter, 1987; Hunter & Cooper,
1985; Schlessinger, 1986), which is believed to be crucial in
the stimulation of the early and late cellular responses to the
growth factor (Chen et al., 1987; Honneger et al., 1988). The
receptor for EGF is a 170-kD glycoprotein consisting of at least
three separate domains: an extracellular growth factor binding
domain, an intracellular tyrosine kinase domain, and a single
transmembrane helix connecting the extracellular and intra-
cellular domains (Ullrich et al., 1984).

A key question concerns the mechanisms by which growth
factor binding to its receptor at the cell surface transmits a
signal across the plasma membrane, culminating in the
transduction of the signal to the nucleus. While the receptor
tyrosine kinase activity is felt to be an essential component
of the mitogenic signaling event, the molecular mechanism by
which EGF binding stimulates the tyrosine kinase activity is
still poorly understood. Two types of mechanisms have been
proposed to explain the EGF-stimulated receptor kinase ac-
tivity. The first model suggests that EGF-stimulated receptor
aggregation is responsible for the activation of the kinase
activity (Yarden & Schlessinger, 1987a,b; Boni-Schnetzler &
Pilch, 1987). In this intermolecular model, the underlying
suggestion is that growth factor binding to the receptor causes
conformational changes within the extracellular domain that
directly promote the aggregation event. The alternative model
suggests that growth factor binding to the extracellular domain
causes an intramolecular conformational change that is
propagated to the tyrosine kinase active site and elicits a
stimulation of the kinase activity (Koland & Cerione, 1988).
Growth factor induced conformational changes are key fea-
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tures of both models. In fact, it has recently been demon-
strated that EGF binding elicits conformational changes within
the extracellular domain of the receptor (Greenfield et al.,
1989). However, it has also been shown that divalent cations
(Mg?* and Mn?*) induce conformational changes within the
receptor tyrosine kinase domain that appear to play a role in
regulating the kinase activity and promoting aggregation of
the receptor (Koland & Cerione, 1990; Carraway et al., 1989).

An understanding of the relative juxtaposition of key sites
within the extracellular and intracellular domains of the EGF
receptor will be prerequisite to obtaining insight into the
molecular mechanisms underlying the activation and regulation
of the EGF receptor tyrosine kinase activity. At the present
time, relatively little is known about the details of the tertiary
structure of the EGF receptor in solution. We have begun to
employ fluorescence approaches to examine the solution
structure of the EGF receptor molecule, with the aim of
characterizing the relative spatial orientation of key regions
on the receptor, as well as the conformational changes ac-
companying the activation of its kinase activity. In the present
study, we have employed resonance energy transfer approaches
to determine the location of the receptor-bound EGF molecule
relative to the plasma membrane and to determine whether
or not the transverse orientation of the bound growth factor
molecule changes upon activation of the tyrosine kinase ac-
tivity.

EXPERIMENTAL PROCEDURES

Materials. Fluorescein S-isothiocyanate (FITC), octa-
decylrhodamine B (ORB), octadecylrhodamine 101 (OR101),
and [(hexadecyl)amino]fluorescein (HAF) were purchased
from Molecular Probes, Inc. Purified murine EGF was the
generous gift of Drs. H. A. Scheraga and A. W. Burgess.

! Abbreviations: EGF, murine epidermal growth factor; FITC,
fluorescein S-isothiocyanate; ORB, octadecylrhodamine B, OR101, oc-
tadecylrhodamine 101; HAF, [(hexadecyl)amino]fluorescein; FITC-
EGF, EGF labeled at its amino terminus with FITC; BSA, bovine serum
albumin; DMF, N,N-dimethylformamide; ex, excitation wavelength; em,
emission wavelength.
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Synthesis of FITC-EGF. Epidermal growth factor was
labeled at its amino terminus with FITC and purified as
previously described (Carraway et al., 1989). Briefly, EGF
was incubated with a 50-fold excess of FITC for 2 h at room
temperature in the dark. Protein was separated from un-
reacted probe with a Sephadex G-10 column. The FITC-EGF
adduct was separated from unlabeled growth factor by using
a DEAE-Sephacel column eluted with a linear 0-1 M NaCl
gradient followed by a 1 M NaCl wash. The stoichiometry
of growth factor labeling was estimated to be 1.1 £ 0.1 FITC
moieties/ EGF molecule, based on extinction coefficients of
19000 M~! cm™ (278 nm) for EGF (G. Montelione, personal
communication) and 75000 M~! ¢cm™! (495 nm) for FITC.

Cells and Membranes. Human epidermoid carcinoma
(A431) cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum. Plasma
membranes from these cells were prepared by a modification
of the procedure of Thom et al. (1977) as previously described
(Carraway et al., 1989). EGF receptors in the isolated plasma
membranes were examined for their ability to bind !*I-EGF
and to undergo growth factor stimulated autophosphorylation
(Carraway et al., 1989). It was found that 'I-EGF bound
to a single class of receptor sites in the plasma membranes with
a dissociation constant of 1-2 nM. EGF stimulated the re-
ceptor autophosphorylation reaction by as much as 25-fold,
yielding a stoichiometry of 3 mol of 32P;/mol of '*I-EGF
binding sites. Moreover, EGF stimulated the phosphorylation
of a synthetic substrate [poly(Glu,Tyr), 4:1; average M, =
36000] by membrane receptors,? indicating that both the
extracellular and intracellular domains of the receptor are
accessible to large molecules in intact membranes. Thus, on
the basis of a number of criteria, we concluded that the EGF
receptors are fully functional within the isolated A431 mem-
branes.

Characterization of FITC-EGF Interactions with Mem-
brane-Bound Receptors. The biological activity of EGF la-
beled with FITC at its amino terminus was determined by its
ability to compete with *’I-labeled EGF for membrane re-
ceptors and its ability to stimulate receptor auto-
phosphorylation (Carraway et al., 1989). It was found from
the competition studies that FITC-EGF bound to a single class
of membrane receptor sites, with a dissociation constant of
about 2.5 nM. In addition, FITC-EGF was fully active in its
ability to stimulate EGF receptor autophosphorylation. These
results indicated that the fluorescein-labeled EGF molecules
possessed normal biological activity and should appropriately
mimic the native growth factor in structure/function studies.
The quantum yield of FITC-EGF was determined to be 0.48
= 0.02 by comparison with sodium fluorescein in 0.1 N NaOH
(Q = 0.92; Weber & Teale, 1957).

Labeling of A431 Cell Plasma Membranes with Fluorescent
Amphipathic Probes and Acceptor Density Determination.
Octadecylrhodamine B and octadecylrhodamine 101, the two
amphipathic probes used as resonance energy transfer ac-
ceptors in these experiments, were individually inserted into
A43] cell plasma membranes as follows. Aliquots of mem-
branes (5.0 pmol of receptor sites) were suspended in 200 uL
of 20 mM Na-HEPES buffer, pH 7.4. Two microliters of
either ORB or OR101 in DMF was added to each membrane
aliquot such that the added concentration of lipophilic probe
was varied from 0 to 36 uM. These incubations were per-
formed in the dark at room temperature for 30 min to allow
insertion of the probes into the plasma membranes. Following

2 K. L. Carraway and R. A. Cerione, unpublished observations.
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these incubations, the samples were centrifuged in an Ep-
pendorf microfuge for 10 min to separate labeled membranes
from acceptor probes that were free in solution. The mem-
brane pellets were then resuspended in 250 uL of 20 mM
HEPES buffer, pH 7.4, containing 0.1 mg of BSA/mL (HB),
and the absorption spectrum (450-700 nm) was measured.
The concentration of the probes in the resuspended plasma
membranes was determined by using the extinction coefficients
measured for each probe following its reconstitution into
phosphatidylcholine vesicles: 97 300 M~! em™ (562 nm) for
ORB and 67800 M~! ¢cm™! (586 nm) for OR101.

The density of acceptor probe inserted into the A431 plasma
membranes was determined by measuring the energy transfer
between donor- and acceptor-labeled lipids as a function of
the concentration of acceptor lipid in the membranes. Aliquots
of the membranes (125 uL) labeled with various densities of
acceptor probe were incubated with either 100 nM or 1.0 uM
donor lipid [(hexadecyl)amino]fluorescein (HAF) for 30 min
at room temperature. These membranes were then centrifuged
to remove unbound HAF and resuspended in 125 uL of HB,
and their fluorescence (ex 460 nm, em 518 nm) was deter-
mined. The fluorescence values were plotted against the ac-
ceptor probe concentration and fit to the function described
by Wolber and Hudson for energy transfer in two dimensions,
for the case where the distance of closest approach between
donor and acceptor lipids is negligible relative to the distance
yielding half-maximal energy transfer (Wolber & Hudson,
1979; Holowka & Baird, 1983):

Oba/Qp =
0.6463 exp(~4.7497PC) + 0.3537 exp(~2.0618PC) (1)

where C is the micromolar concentration of the acceptor probe
in the membrane suspension and P is a variable factor allowing
the conversion of acceptor concentration to acceptor density.
Each acceptor concentration was multiplied by P to obtain the
acceptor density in units of number of acceptor molecules/ Ry>.

Fluorescence Measurements and Energy Transfer Exper-
iments. Fluorescence measurements were made with an SLM
8000 spectrofluorometer operated in the photon counting
mode. Samples were held in 0.3-cm quartz cuvettes ther-
mostated at 23 °C. Steady-state anisotropy was determined
by

A=[U/I)/G-11/1U,/1)/G + 2] ()

where (1,/1;) is the ratio of the vertical and horizontal emission
intensities when the excitation polarizer is in the vertical
position and G is the same ratio when the excitation light is
horizontally polarized. Anisotropy measurements were made
at wavelengths of maximal excitation and emission for each
of the probes used in these studies.

In all energy transfer experiments, the fluorescein donor was
excited at 460 nm and its emission monitored at 518 nm. The
efficiency of energy transfer was measured as the quenching
of donor emission and was calculated as

E=1-0Qpa/O> (3

where Qp and Qpg4 are the quantum yields of the donor in the
absence and presence of acceptor, respectively. The value for
R, which represents the distance (in angstroms) at which the
efficiency of energy transfer is 50%, was calculated by

Ry = (9.79 X 10%)(Jk2Qpn)1/6 (4)

where J (in cm® M) is an integral representing the overlap
of donor emission and acceptor absorption, «? is a factor ac-
counting for the respective orientation of donor and acceptor
transition dipoles, and 7 is the refractive index of the medium
(Forster, 1959). In our calculations it was assumed that the
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donor and acceptor dipoles rotate rapidly relative to the
fluorescence lifetime of the donor (k* = 2/;; see Discussion)
and that the refractive index of the medium is that of water
(1.4). The overlap integrals were calculated as described by
Cantley and Hammes (1975).

Experiments to determine the distance of closest approach
between FITC-EGF and amphipathic acceptor molecules were
designed as titrations of the donor-labeled growth factor into
A431 membranes that were labeled to different densities with
the acceptor probes. Specifically, eight aliquots (125 uL) of
membranes containing 20 nM receptor sites and 0-1.0 acceptor
lipids/ Ry? were prepared for each of the two acceptor lipids.
Each of these aliquots was titrated with FITC-EGF in five
small aliquots over a range of 0~22 nM, and the fluorescence
at 518 nm was recorded. The fluorescence values obtained
after each addition were corrected for background and inner
filter quenching and plotted as a function of added FITC-EGF
concentration.

In the titration experiments described above, some of the
FITC-EGF was free in solution (not bound to the membrane
receptors). Corrections for the contribution of free growth
factor to the overall fluorescence signal were determined by
using the equation

Iy = Fyly = It - Fgly (5)

where [} is the contribution of the receptor-bound form of the
labeled growth factor to the total fluorescence intensity /', Lg
and Ly are the concentrations of free and receptor-bound
FITC-EGF, and Fg and Fy are the fluorescence intensities per
unit concentration of the free and bound growth factor. L
and Ly were calculated on the basis of a model in which
FITC-EGF binds to a single class of receptor sites in the
plasma membrane:

LF = LT -
YA(Rr + Ly + Kp) - [(Rr + Ly + Kp)? - 4RtL;]V3 (6)

where Ry and Ly are the total receptor and total ligand
(FITC-EGF) concentrations and K, is the dissociation con-
stant for the interaction of FITC-EGF with the EGF receptor.
The concentration of unbound labeled growth factor in these
experiments was usually less than 30% of the total. After
correction for the contribution of unbound FITC-EGF to the
total fluorescence, the efficiency of energy transfer was cal-
culated from the difference between the FITC-EGF fluores-
cence (Fy from eq 5) observed with unlabeled membranes and
the fluorescence observed with membranes labeled with lipo-
philic acceptor probes. At each acceptor density, five aliquots
of FITC-EGF were added to acceptor-labeled membranes, and
it was observed that the level of energy transfer between bound
FITC-EGF and acceptor lipids was independent of the con-
centration of the donor molecule in solution. Hence, the energy
transfer efficiencies measured with each addition were aver-
aged and plotted against the density of acceptor probe in the
plasma membrane. In all, 35 determinations of the distance
of closest approach were obtained for each of the two acceptor
lipid probes used.

Calculation of the Distance of Closest Approach. The
distance of closest approach (L) between FITC-EGF and
acceptor lipids in the plasma membrane was obtained by fitting
the quenching data to theoretical curves derived from Monte
Carlo calculations, as described by Snyder and Freire (1982).
For a single donor situated above a plane of acceptors, the
energy transfer may be predicted by

N
Oba/Qp =[1 + El(Ro/Ri)ﬂ_l )
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FIGURE 1: Binding of FITC-EGF to A431 plasma membrane re-
ceptors. Plasma membranes containing 11 nM !2I-EGF binding sites
were incubated with increasing concentrations of FITC-EGF, in the
presence and absence of an excess (440 nM) of unlabeled EGF.
FITC-EGF /receptor complexes were isolated by centrifugation, and
the amount of fluorescence (ex 460 nm, em 518 nm) associated with
the pellet and the supernatant was determined. The fluorescence values
were converted to FITC-EGF concentrations, and the specifically
bound [FITC-EGF] was plotted versus free [FITC-EGF]. The curve
through the data points represents the nonlinear least-squares fit to
a single class of sites.

where N, is the total number of acceptors and R, is the dis-
tance to the ith acceptor. This model assumes that the ac-
ceptors are randomly distributed in the plane of the membrane.
On the basis of this equation, a family of theoretical curves
of Opa/Qp versus the number of acceptors/R,? were generated
for values of L/ R, ranging from 0.0 to 1.5. Each curve con-
sisted of 11 data points spanning the range of 0.0-1.0 accep-
tors/Ry®. The theoretical data points generated by the Monte
Carlo calculations were fit to single exponentials (with de-
termined decay constants), and plotted with the experimental
quenching data (Figure 6). This single exponential approx-
imation is valid for values of L/R, greater than 1.0 and ac-
ceptor densities greater than 0.2/ Ry?, the range in which the
experimental data falls. The experimental data for each ac-
ceptor lipid were also fit to single exponentials and the decay
constants interpolated from the decay constants of the theo-
retical curves to estimate the values of L/R,,.

RESULTS

Binding of FITC-EGF to A431 Plasma Membranes. We
have previously demonstrated that FITC-EGF competes with
125].EGF for receptor binding sites in isolated plasma mem-
branes with a dissociation constant of about 2.5 nM (Carraway
et al., 1989). Figure 1 shows that the interaction of FITC-
EGF with the EGF receptor can be monitored by the
fluorescence of the growth factor. After incubation with in-
creasing concentrations of the labeled growth factor, the
membrane/FITC-EGF complexes were isolated by centrifu-
gation and resuspended, and the fluorescence was determined.
Plotted is the difference between the fluorescence values ob-
tained in the absence and presence of an excess (440 nM) of
unlabeled EGF versus the amount of FITC-EGF that did not
associate with the pellet (free FITC-EGF). The fit of the data
to a single class of binding sites indicated that FITC-EGF
binds with a dissociation constant of 2.4 £ 0.6 nM, in
agreement with competition data. Moreover, quantitation of
the growth factor fluorescence showed that the number of
FITC-EGF binding sites in the isolated plasma membranes
is similar to the number of ¥I-EGF binding sites (14 £ 3 and
11 £ 2 nM, respectively) measured in direct binding experi-
ments.
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FIGURE 2: Spectral overlap of FITC-EGF emission and the absorption
of amphipathic probes inserted into A431 membranes. The corrected
emission spectrum of FITC-EGF (ex 460 nm, em 520 nm) is shown
with the molar extinction coefficients of the ORB and OR101 probes
inserted into A431 membranes.
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FIGURE 3: Titration of FITC-EGF with ORB-labeled A431 mem-
branes. Membranes were labeled to a high density (~0.9 accep-
tors/ Ry?) with ORB and used to titrate 5 nM fluorescein-labeled EGF
(ex 460 nm, em 518 nm) in the presence (M) and absence (O) of an
excess (440 nM) of unlabeled EGF. The amount of membranes added
is expressed in terms of the final concentration of !*I-EGF binding
sites.

Energy Transfer between FITC-EGF and ORB-Labeled
Membranes. Figure 2 shows the fluorescence emission spec-
trum for FITC-EGF and the absorption spectra for two rho-
damine-containing lipid moieties, ORB and OR101. On the
basis of the spectral overlap between the fluorescein emission
and the rhodamine absorption, R, values for the FITC-
EGF/ORB and FITC-EGF/OR101 donor/acceptor pairs
were calculated to be 55.7 and 49.7 A, respectively. Thus,
these chromophores represent good choices for donor/acceptor
pairs in measuring the relative distance of the receptor-bound
EGF molecule to the surface of the membrane. Figure 3 shows
the results of an experiment in which 5 nM FITC-EGF was
titrated with A431 plasma membranes, labeled to a high
density (~0.9 acceptors/Ry?) with ORB, in the presence and
absence of an excess of unlabeled EGF. A significant degree
of fluorescein quenching occurred upon titration of the labeled
growth factor with ORB/membranes. This quenching was
blocked in the presence of an excess of unlabeled EGF.
Moreover, addition of an excess of unlabeled EGF to the
FITC-EGF/labeled membrane complexes relieved the
quenching at a rate consistent with the off rate of '**I-EGF
interaction with its membrane receptor (not shown). Thus,
these results showed that a significant degree of resonance
energy transfer occurred between the bound FITC-EGF
molecule and chromophoric lipids distributed along the surface
of A431 cell plasma membranes. We also found that, even

Carraway et al.
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FIGURE 4: Determination of OR101 density in A431 plasma mem-
branes. The density of OR101 in labeled membranes was determined
by fitting the quenching of HAF fluorescence by OR101 to eq 1.
Depicted is the extent of HAF quenching as a function of the con-
centration of OR101 contained in each sample. The curve through
the data points represents the nonlinear least-squares fit to eq 1.

at high densities of ORB in A431 membranes, the fluorescence
of the rhodamine probe did not interfere with the donor
FITC-EGF fluorescence, and quenching due to inner filter
effects was essentially negligible.

Determination of the Density of Lipophilic Probes in
Membranes Isolated from A431 Cells. Various quantities of
the amphipathic energy transfer acceptors ORB and OR 101
were independently inserted into A431 plasma membrane
vesicle bilayers, and the densities of the inserted probes were
determined by their ability to quench the fluorescence of
[(hexadecyl)amino]fluorescein (HAF), as previously described
{Holowka & Baird, 1983). Figure 4 shows a plot of the HAF
fluorescence as a function of the concentration of OR101 in
the plasma membrane vesicles. A very similar plot was ob-
tained when a 10-fold higher concentration of HAF was em-
ployed (data not shown), which indicated that the rhoda-
mine-containing acceptor lipids were randomly distributed
along the membrane surface. The data were fit toeq 1 to
obtain the parameter P, which allowed the conversion of
ORI101 concentration to the density of the probe in the plasma
membranes (acceptors/Ry?). Similar plots and fits were
constructed for ORB inserted into plasma membrane vesicles.
Control experiments indicated that essentially all of the ac-
ceptor probe (>98%) remained associated with the A431
membranes throughout the time period of the energy transfer
measurements performed for both the density determination
and the determination of the distance of closest approach.

Measurement of the Distance of Closest Approach (L). The
distance of closest approach, which represents the minimum
possible distance between an acceptor chromophore at the
surface of the plasma membrane and the fluorescent label on
the amino terminus of the growth factor molecule, was de-
termined with the use of Monte Carlo simulations, as described
by Snyder and Freire (1982). A titration of acceptor-labeled
membranes with FITC-EGF was performed at each acceptor
density. For example, Figure 5a shows the FITC-EGF
fluorescence at 518 nm as a function of added {FITC-EGF],
at various densities of OR101 in the plasma membrane. The
data indicated that as the density of OR101 in the plasma
membrane increased, there was a corresponding increase in
the quenching of the FITC-EGF fluorescence. In all cases,
the extent of quenching was corrected for inner filter effects;
however, even at the highest acceptor densities employed, the
extinction coefficients for the acceptor probe at the excitation
and emission wavelengths were sufficiently low such that little
inner filter quenching (<2%) should occur.
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FIGURE 5. FITC-EGF titrations of OR101 labeled membranes.
FITC-EGF was titrated into A431 membranes labeled with OR101
at acceptor densities of 0 (B), 0.32 (O, ¢) 0.50 (©), 0.70 (a), 0.74
(a), 0.88 (@), and 1.03 (O) acceptors,/ R¢?, and the fluorescence (ex
460, em 518) was determined. (A) The fluorescence data (corrected
for background and inner filter quenching) are plotted as a function
of the total [FITC-EGF] in solution. (B) The same data are replotted
after correcting for the contribution of FITC-EGF not bound to EGF
receptors, according to eqs 5 and 6.

Because some of the FITC-EGF was free in solution in the
experiment depicted in Figure 5a, the fluorescence data had
to be corrected for this component of the donor fluorescence
which could not contribute to energy transfer. This correction
was performed by assuming a single class of sites and a K,
of 2.5 nM for FITC-EGF binding to the EGF receptor, ac-
cording to eqs 5 and 6. Figure 5b shows a replot of the
fluorescence titrations depicted in Figure 5a, corrected for the
unbound FITC-EGF. This analysis showed that the
fluorescence of the bound FITC-EGF was quenched by 35%
at the highest density of acceptor probe. Similar titrations
were performed for A431 plasma membranes containing ORB
to determine the dependence of donor FITC-EGF fluorescence
on the density of this probe.

Five concentrations of FITC-EGF were employed in the
titrations described above, which in turn yielded five deter-
minations of resonance energy transfer for each density of the
acceptor probes. The averages of these determinations, ex-
pressed as Qp,/Qp, were plotted versus the acceptor probe
densities for the two acceptor probes employed in this study.
Figure 6 shows these energy transfer data plotted over the
theoretical curves for energy transfer between a donor and a
plane of acceptors, for L/R, ratios ranging from 1.2 to 1.5.
The energy transfer data were fit as described under Exper-
imental Procedures, and the fits were interpolated to estimate
the L/R, ratios for each acceptor probe. The ratios were
multiplied by the known R, values for energy transfer between
FITC-EGF and the two acceptor probes to yield the distances
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FIGURE 6: Energy transfer between receptor-bound FITC-EGF and
amphipathic acceptor probes at the membrane surface. The efficiency
of energy transfer, expressed as the ratio of the donor quantum yield
in the presence (Qpa) and absence (Qp) of acceptor, is plotted as a
function of the density of acceptor in the plasma membrane, for the
acceptors ORB (0) and OR101 (m). The curves represent the sin-
gle-exponential fits of the theoretical quenching values obtained from
eq 7 for L/ R, values ranging from 1.2 to 1.5, as indicated. Error bars
represent the standard error of the calculated energy transfer of
receptor-bound FITC-EGF. On the basis of the Ry values of 55.7
A for FITC-EGF/ORB and 49.7 A for FITC-EGF/OR101, we
calculate distances of closest approach of 66 + 1 and 68 £ 1 A,
respectively, for the two acceptor probes.

Table I: Spectral Parameters of Membrane-Bound Donor-Acceptor
Pairs

donor o Apb acceptor A4,° RA(A) L(A)

FITC-EGF 0.48 £0.02 0.18 ORB 0.14 557 66=%1
FITC-EGF 0.48 £0.02 0.18 ORI10l 0.13 497 68a@l

9The quantum yield of receptor-bound FITC-EGF was measured
under conditions that correct for the polarizing effects of the instru-
mentation. ®The anisotropy of FITC-EGF free in solution is 0.09.
“Measured at a probe density of ~3.5 X 1075/A2 4A value of 2/, was
assumed for «?; see Discussion.

of closest approach, which were 66 % 1 Aand 68 =1 A for
ORB and OR101, respectively. These data are summarized
in Table L.

We have demonstrated previously that the binding of di-
valent metal ions such as Mg?* and Mn?* to the tyrosine kinase
domain of the EGF receptor induces a conformational change
within that domain (Koland & Cerione, 1990) that concom-
itantly activates the receptor kinase activity and aggregates
receptors. Therefore, we wanted to determine whether or not
metal-induced conformational changes and receptor aggre-
gation could be visualized as a change in the distance of closest
approach between the receptor-bound growth factor and lipids
in the plasma membrane. To address this question, isolated
A431 membranes were labeled to a high density (~0.9 ac-
ceptors/Ry%) with ORB, and energy transfer was measured
between receptor-bound FITC-EGF and the acceptor probes
within the plasma membranes (data not shown). MnCl, was
added to these membranes (to a final concentration of 5 mM),
followed by the addition of 1 mM ATP. No significant change
in the level of energy transfer was observed upon the addition
of either of these agents, suggesting that events occurring on
the cytoplasmic domain of the receptor that stimulate receptor
aggregation and autophosphorylation do not result in a sig-
nificant transverse displacement of the EGF binding domain
with respect to the plasma membrane.

DiscussION

While the solution structure of murine epidermal growth
factor has been solved by two-dimensional NMR (Montelione
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et al,, 1986, 1987), very little is known about the structure of
the receptor for EGF or how this receptor serves to transduce
the mitogenic signal across the plasma membrane. We have
begun to use fluorescence approaches to study the structure
of the EGF receptor with the ultimate aim of characterizing
the conformational changes within this molecule that serve
in transmembrane signaling.

In the present study, we have used resonance energy transfer
to determine that the distance of closest approach between a
fluorescent probe on the amino terminus of EGF bound to its
receptor and amphipathic probes inserted into isolated plasma
membranes from A431 epidermoid carcinoma cells is about
67 A. We have previously demonstrated that the FITC-
EGF-bound receptor is predominantly in a nonaggregated form
under the conditions employed in these experiments (Carraway
et al., 1989). Because the monomeric EGF receptor appears
to contain a very thin membrane-spanning region (a single
a-helix ~4-6 A in diameter), it is likely that the distance of
closest approach measured by energy transfer in these studies
represents the actual distance between the amino terminus of
the growth factor molecule and the surface of the plasma
membrane. [t is possible that the transmembrane region of
the receptor has immobilized lipids associated with it that
would not readily exchange with the acceptor lipids inserted
into the bilayer. This would lead to an overestimation of the
distance of the amino terminus of EGF above the bilayer.
However, if it is assumed that the radius of a phospholipid is
4.2 A (Fung & Stryer, 1978), then it may be determined from
geometrical considerations that a layer of phospholipid around
the receptor transmembrane helix results in a difference of
<10% in our estimate of the distance between the growth
factor and the plasma membrane.

The estimation of the distance of closest approach rested
on the assumption that the value for «%, a parameter charac-
terizing the relative orientations of the donor and acceptor
transition dipoles (eq 4), was 2/;. This value represents the
situation in which the donor and acceptor probes rotate rapidly
relative to the lifetime of donor fluorescence. However, the
anisotropy values for the donor and acceptor probes indicate
that there is some limitation to the degree of rotational freedom
of both the donor and acceptor moieties. On the basis of these
anisotropy data, the maximum and minimum values of «* may
be estimated (Dale et al., 1979) and the range of R, values
determined for each donor/acceptor pair. This analysis sug-
gests that the uncertainty in the value of «* introduces an error
of £12% in our distance determination. Another potential
source of uncertainty concerns the localization of acceptor
lipids in the plasma membrane. Our calculations of acceptor
density are based on the assumption that energy transfer occurs
only between donor HAF and acceptor probes situated on the
same side of the plasma membrane. However, the A431]
plasma membranes employed in these studies were permeant
to proteins as large as 60 kD. Hence, we predict that both
the donor and acceptor amphipathic probes actually distributed
evenly between the inner and outer leaflets of the membrane
and that some energy transfer occurred between donors and
acceptors on opposite sides of the membrane. If it is assumed
that the thickness of the plasma membrane is 60 A, it may
be calculated that we overestimated the acceptor densities by
~8% and thus overestimated the distance of closest approach
by 1-2 A.

On the basis of sequence alignment studies, Bajaj et al.
(1987) have proposed structures for the extracellular domains
of the EGF receptor and other receptor tyrosine kinases. For
the case of the EGF receptor, the extracellular domain was
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suggested to be composed of two large homologous subdo-
mains, each of which is followed in sequence by three cyste-
ine-rich regions. It was further hypothesized that the EGF
receptor extracellular domain is organized as a pseudosym-
metrical dimer in solution, with the two large subdomains far
from the plasma membrane and the cysteine-rich subdomains
close to the membrane. Chemical cross-linking experiments
(Lax et al., 1988; Wu et al., 1990) as well as studies with
chimeric human/chicken EGF receptors and human receptors
truncated in their extracellular domains (Lax et al., 1989,
1990) have suggested that at least one of these large domains
is responsible for binding EGF with high affinity. This in turn
would suggest that the EGF binding site on the receptor is
some distance from the plasma membrane. Our energy
transfer data appears to confirm such a prediction. On the
basis of two-dimensional NMR studies (Montelione et al.,
1986, 1987), it is known that the distance from the amino
terminus of EGF to the center of the molecule is ~15 A. This,
together with our energy transfer measurements, suggests that
the EGF molecule binds to a site on the receptor that is at least
52 A away and perhaps as far as 82 A away from the plasma
membrane.

One of the motivating factors in applying fluorescence
techniques to the study of growth factor receptors is the po-
tential utilization of these techniques to detect conformational
changes within receptor proteins. Using resonance energy
transfer between donor- and acceptor-labeled growth factor
molecules, we have previously demonstrated that metal ion
activators of the EGF receptor tyrosine kinase activity (Mg?*
and Mn?*) promoted the aggregation of receptors in isolated
A431 cell membranes (Carraway et al., 1989). In an effort
to begin to correlate conformational changes within the EGF
receptor with the activation of its tyrosine kinase activity, we
examined the effect of divalent metal ions on the extent of
energy transfer between the receptor-bound FITC-EGF
molecules and ORB molecules distributed within plasma
membranes isolated from A431 cells. We found that the
addition of the divalent metal ion activators had no effect on
the distance measured between the labeled growth factor and
the membrane surface. Similarly, the addition of sufficient
ATP to insure full EGF receptor autophosphorylation did not
alter these distance measurements. These results suggest that
divalent metal ion interactions with the cytoplasmic domain
of the receptor, which are required for both the activation of
the tyrosine kinase activity and for full aggregation of EGF
receptor molecules, do not cause a significant transverse dis-
placement of the growth factor binding domain with respect
to the plasma membrane. However, it is possible that such
a transverse displacement is elicited by the initial binding of
the labeled growth factor to its binding site within the ex-
tracellular domain of the receptor. Future studies using energy
transfer and other fluorescence techniques will focus on
characterizing the conformational changes within both the
extracellular and cytoplasmic domains of the EGF receptor
molecule that occur upon activation with the growth factor
or with divalent metal cations.

Registry No. EGF, 62229-50-9; Mn?*, 7439-96-5; EGF receptor
tyrosine kinase, 79079-06-4.
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Enzymic Synthesis of Oligonucleotides Containing Methylphosphonate
Internucleotide Linkages
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ABSTRACT: Thymidine 5'-O-(pyrophosphoryl methylphosphonate) (dTTPaCH3) has been chemically
synthesized by condensation of thymidine 5’-O-(methylphosphonate) with pyrophosphate. This novel nu-
cleotide, which contained an «-phosphorus atom as methylphosphonate, was used as a substrate of terminal
deoxynucleotidyltransferase (TDTase) in the presence of oligonucleotide (5-GCTGTATCGTCA-
AGGCACTC-3') as an initiator. The reaction products were separated into two components by reverse-phase
high-performance liquid chromatography (RP-HPLC). These products were, after purification, digested
with nuclease P1 and alkaline phosphatase followed by separation of digested products by RP-HPLC. The
result showed the presence of one of the isomers of 2’-deoxycytidyl-3’-methylphosphonyl-5/-thymidine
(dCpCH3T) and 2’-deoxycytidyl-3’-methylphosphonyl-5’-thymidyl-3’-methylphosphonyl-5’-thymidine
(dCpCH3TpCH3T), respectively. Fast atom bombardment mass spectrometry of these products further
supported identification of the dinucleotide and the trinucleotide. These results indicated that dTTPaCH3
was used as a substrate of TDTase, resulting in methylphosphonate linkages. Produced oligomers were
resistant to hydrolysis by snake venom phosphodiesterase I.
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Oligonucleoside methylphosphonates, backbone-modified
oligomers containing uncharged methylphosphonate inter-
nucleotide linkages, have been chemically synthesized and used
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by several laboratories. For example, owing to their stability
to nucleases and permeability into mammalian cells (Agarwal
& Riftina, 1979; Miller et al., 1981), these analogues have
been used as antisense oligonucleotides to inhibit replication
of a number of DNA or RNA viruses including human im-
munodeficiency virus (HIV)! (Miller et al., 1985; Smith et

© 1990 American Chemical Society



