tion of the protein in the cell would have the
same functional result as SV40 large T
antigen, adenovirus E1B 55-kD protein, or
a mutated form of the p53 protein in elim-
inating wild-type p53 and thus preventing it
from its function as a regulator of cell
growth.
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EGF Receptor and erbB-2 Tyrosine Kinase Domains
Confer Cell Specificity for Mitogenic Signaling

P1ER PAoLO D1 FIORE,* ORESTE SEGATTO, WILLIAM G. TAYLOR,
STUART A. AARONSON, JACALYN H. PIERCE

The epidermal growth factor (EGF) receptor (EGFR) can efficiently couple with
mitogenic signaling pathways when it is transfected into interleukin-3 (IL-3)—
dependent 32D hematopoietic cells. When expression vectors for erbB-2, which is
structurally related to EGFR, or its truncated counterpart, ANerbB-2, were introduced
into 32D cells, neither was capable of inducing proliferation. This was despite
overexpression and constitutive tyrosine kinase activity of their products at levels
associated with potent transformation of fibroblast target cells. Thus, EGFR and erbB-
2 couple with distinct mitogenic signaling pathways. The region responsible for the
specificity of intracellular signal transduction was localized to a 270—amino acid
stretch encompassing their respective tyrosine kinase domains. Thus, tissue- or cell-
specific regulation of growth factor receptor signaling can occur at a point after the
initial interaction of growth factor with receptor. Such specificity in signal transduc-
tion may account for the selection of certain oncogenes in some malignancies.

HE INTERACTION OF GROWTH FAC-

tors with specific membrane recep-

tors triggers a series of intracellular
events that are of critical importance in the
regulation of normal cell proliferation. Sub-
version of these mitogen-responsive path-
ways plays a determinant role in the neoplas-
tic process (1). Little is known about the
nature of such signaling pathways and the
specificity of receptor-pathway coupling.
The cDNA of a foreign receptor introduced
into a naive cell can confer responsiveness to
its ligand, indicating that regulation of cell
proliferation involves growth factor recep-
tor expression and ligand availability (2, 3).
Intracellular specificity in signaling path-
ways may also exist as indicated by findings
that different subsets of cellular proteins are
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MD 20892.
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phosphorylated in response to various
growth factors (4).

EGFR and erbB-2 genes differ in their
efficiency of transformation for NIH 3T3
fibroblasts, suggesting that they may couple
with different efficiency to one or more
intracellular signal transduction pathways
(5, 6). We initially sought to compare mito-
genic signaling by these two genes in the
hematopoietic line 32D, which lacks either
receptor and is normally dependent on inter-
leukin-3 (IL-3) for proliferation (7). For
this purpose the eukaryotic expression vec-
tors, LTR-EGFR (6) and LTR—erbB-2 (5),
were transfected into 32D cells by electro-
poration (8). These vectors contained the
transcriptional initiation sequences of the
Moloney murine leukemia virus (M-MuLV)
long terminal repeat, along with the Ecogpt
selectable marker (9), which confers resist-
ance to mycophenolic acid (9). After trans-
fection and marker selection, viable cell lines
designated 32D-EGFR and 32D-erbB-2
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Fig. 1. Comparison of protein and tyrosine phos-
phorylation levels of EGFR and erbB-2 expressed
in NIH 3T3 (lanes 1 and 3) or 32D (lanes 2 and 4
to 6) transfectants. NIH 3T3 and 32D cells were
transfected with the LTR-EGFR (lanes 1 and 2),
LTR-erbB-2 (lanes 3 and 5), LTR-ANerbB-2
(lanes 4), and LTR—erbB-2Glu (lanes 6) expres-
sion vectors by electroporation (8) or by the
calcium phosphate precipitation method (5), re-
spectively, as described (2, 5). Cells were then
selected by their ability to grow in medium
supplemented with mycophenolic acid (9) and
stable transfected cell lines were established. (A)
Total cell lysates (50 pg) from NIH 3T3 or 32D
cell lines were fractionated by SDS—polyacrylam- B 1 2
ide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose filters. Detection was
formed with either the E7 (anti-EGFR) (28) or
the M6 (anti—erbB-2) (28) anti-peptide antibodies
coupled to '*’I-labeled protein A, as described
(5). (B) Total cell lysates (50 ug) from NIH 3T3
or 32D cell lines were fractionated by SDS-PAGE
and transferred to nitrocellulose. Detection of
phosphotyrosine-containing proteins was per-
formed with an affinity-purified anubod to phos-
photyrosine (anti~P-Tyr) coupled to '*’I-labeled
protein A (5). Specificity of immunodetection for
the E7 and M6 antibodies was controlled by
performing parallel staining of identical blots with antibodies absorbed with the specific peptides (2
mg/ml). In the case of the anti—P-Tyr, specificity was controlled by preabsorption of the antibody with
cither phosphotyrosine, phosphoserine, or phosphothreonine. Recognition of EGFR and erbB-2
proteins was completely abolished by preabsorption of the anti—P-Tyr with phosphotyrosine, although
it was not affected by competition with phosphoserine or phosphothreonine (not shown). Sizes are
shown in kilodaltons. The arrows point at the EGFR (p170), erbB-2 (p185), and ANerbB-2 (p88-96)
proteins.
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Fig. 2. Comparison of biological activity of EGFR and erbB-2 expressed in 32D and NIH 3T3 cells.

The indicated expression vectors, enginecred as described (5, 6, 14, 15), were transfected in 32D cells by
electroporation (8) or in NIH 3T3 cells by the calcium phosphate precipitation method (5). Cloning
efficiency of 32D transfectants: 32D transfectants, after selection in a medium containing mycophenolic
acid (9), were tested for their requirement for growth factors by assaying their capability to form
colonies in semisolid medium supplemented with the indicated growth factors. The cloning efficiency
was established by plating cells at various concentrations in Iscove’s modified Dulbecco’s medium
supplemented with 15% fetal bovine serum (Gibco) and 0.48% sea plaque agarose (Marine Colloids).
EGF (100 ng/ml, Collaborative Research) was included when specified. Plates were incubated at 37°C
in 5% CO,. Visible colonies were scored at 12 days after plating. Values are presented as a fraction of
the number of colonies that developed in medium supplemented with serum and IL-3 at 50 U/ml
(Genzyme) (colonies/IL-3 colonies X 10%). In each case the efficiency of growth in agar in the presence
of IL-3 was around 30%. Values shown represent the average of three independent experiments,

performed in duplicate. In each case standard error was less than 10% of the mean. Transforming
efficiency on NIH 3T3: Transfection was performed with 40 pg of calf thymus DNA as a carrier. Focus
formation on NIH 3T3 cells was scored after 21 days on duplicate plates. Where indicated, EGF (20
ng/ml) was added at day 14 and cells were cultivated in the presence of the growth factor until day 21.
The transformation efficiency was calculated in focus-forming units per picomole of cloned DNA
added, based on the relative molecular weights of the respective plasmids. White bars, EGFR sequences;
black bars, erbB-2 sequences; dotted bars, v-erbB sequences; and Glu, glutamic mutation in the
transmembrane (hatched) region of erbB-2Glu.
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were established. Immunoblot analysis re-
vealed that these transfectants synthesized
high levels of gp170-EGFR and gp1854B2,
respectively (Fig. 1A). The two products syn-
thesized in 32D cells were indistinguishable in
size from EGFR or gpl85°*82 proteins
overexpressed in transfected NIH 3T3 fibro-
blasts (Fig. 1A) or in human tumor cell lines
(5, 6, 10, 11). Moreover, the levels of
gp185°82 or EGFR detected in 32D cells
were comparable to those associated with
induction of the malignant phenotype in NIH
3T3 cells (Fig. 1A) (5, 6).

The ability of the receptors to become
phosphorylated on tyrosine in vivo has been
found to correlate well with the level of
receptor activation (12, 13). Tyrosine phos-
phorylation of EGFR in 32D-EGFR cells was
only observed in the presence of EGF (Fig.
1B). In contrast, gp185°”®? expressed by
32D—erbB-2 transfectants showed significant
levels of endogenous tyrosine phosphoryl-
ation. Similar levels of EGFR and gp185¢82
tyrosine phosphorylation were observed in
transfected NIH 3T3 cells (Fig. 1B).

To compare the biological effects of
gp185°”®?and EGFR expression in 32D cells,
we analyzed the growth characteristics of the
transfectants by colony formation in semisolid
medium. This is a stringent test of mitogenic
signaling capacity since several cycles of cell
division are required to form a detectable
colony. In each case, colony formation was
standardized relative to colony forming ability
in the presence of serum plus IL-3. 32D-
EGEFR cells did not form colonies in soft agar
in the absence of EGF but responded dramati-
cally to EGF addition (Fig. 2). In contrast,
the growth properties of 32D—erbB-2 cells
were indistinguishable from those of control
32D, in that they could not proliferate in
serum alone or supplemented with EGF but
promptly responded to IL-3 (Fig. 2). In NIH
3T3 cells erbB-2 was 100 times as potent as
EGEFR as a transforming gene (5, 6) (Fig. 2).
Since gp185°”®% was expressed at high levels
in 32D—erbB-2 cells and exhibited consti-
tutive tyrosine phosphorylation, these re-
sults strongly suggested that gpl85¢%8-2
was inefficient relative to EGFR at cou-
pling with intracellular mitogenic signal-
ing pathways in 32D cells.

To further test this hypothesis, we trans-
fected 32D cells with the LTR-ANerbB-2 and
LTR—erbB-2Glu expression vectors, which
encode an NH-truncated erbB-2 protein lack-
ing the majority of its extracellular domain (5)
and an erbB-2 protein bearing a single Val to
Glu mutation in the transmembrane region
(12), respectively. These two mutant erbB-2
proteins have enhanced transforming poten-
tial in NIH 3T3 cells and higher intrinsic
tyrosine kinase activity relative to the wild
type (5, 12) (Fig. 2). Enzymatically active
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Fig. 3. Expression and
biological activity of
COOH chimeric mole-
cules between EGFR
and erbB-2 expressed in
32D cells. The expres-
sion vectors, engineered
as described (19, 20),
were transfected in 32D
cells by electroporation
(8). Cells were then se-
lected by their ability to
grow in medium supplemented with mycophenolic acid (9) and

stable transfected cell lines were established. (A) Tyrosine-phospho-

rylation of chimeric EGFR/erbB-2 molecules expressed in 32D cells.

Total cell lysates from 32D cell lines were subjected to immunoblot

analysis, and immunodetection was performed with the panel of antibodies
to various peptides (M1, M6, M7, ES5, E7, and oF) described in (28). After
densitometric analysis of the blots, the relative levels of the expressed
proteins were calculated on the basis of the fact that each antibody
recognized a parental and a chimeric molecule. Then equal amounts of
receptor proteins [lanes 1 and 2, EGFR/erbB-2°°°" (numbers 1 and 2
represent independent electroporations); lane 3, EGFR; lane 4, erbB-
2/EGFREOCH; lane 5, erbB-2] were fractionated by SDS-PAGE, transferred
to mtroct.llulosc and immunodetected with the alﬁmt} purified antlbodv to

TR
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v-erbB/erbB-2C00H 3.2x104 4.4x104
ANerbB-2/v-erb®CCH <109 <100

phosphotyrosine (anti-P-Tyr). Specificity of the immunodetection was
controlled as indicated in the legend to Fig. 1B. Sizes are shown in
kilodaltons. (B) Biological activity of chimeric EGFR/erbB-2 molecules
expressed in 32D cells. The cloning efficiency was established as indicated in
the legend to Fig. 2. Values shown represent the average of three indepen-
dent experiments performed in duplicate. In each case standard error was less
than 10% of the mean. White bars, EGFR sequences; black bars, erbB-2
sequences; dotted bars, v-erbB sequences; and hatched bars, transmembrane
region.

r> Extraceliular < > TK<-1>CO0H =
Sal | Bel |

Pss_%ANerbB-z and gplsserbB-ZGlu were EGFR B h —
readily detected in the transfected cells, as Sl T Bar Blo
indicte by hei high phosphonyosine on- 0, | — ey
tent (Fig. 1). The 32D—-ANerbB-2 cells did
not proliferate in soft agar in the absence of 320 NIH 373
IL-3 (Fig. 2). 32D—erbB-2Glu formed some -EGF  +EGF -EGF  +EGF
colonies in soft agar, but at approximately EGFR/ - ‘
1/100 the frequency exhibited by 32D-EGFR o' [ VNEENN ] - ~ 0.1 - ~ 100
cultivated in the presence of EGF. Another
expression vector, LTR-ANACerbB-2 (14), 5.,
engineered to express an erbB-2 protein with  gopprx Y. B  >1000  >1000  <0.01  <0.01

NH,- and COOH-terminal truncations, was
unable to relieve 32D cells of their IL-3
dependence. In contrast, v-erbB, the activated
counterpart of EGFR (which also has NH,-
and COOH-terminal truncations) (15, 16),
abrogated IL-3 requirements (Fig. 2).

There was a very good correlation between
agar growth and ability to incorporate
[°H]thymidine during a 24-hour labeling pe-
riod. Under conditions in which 32D trans-
fectants failed to form colonies, there was
little, if any, thymidine incorporation. The
32D—erbB-2Glu cells, which were very ineffi-
dent at colony formation (Fig. 2), exhibited 5
to 10% of the [*H]thymidine incorporation
observed in the presence of IL-3 (17).

On the basis of the overall structural and
sequence similarity of EGFR and erbB-2, we
reasoned that chimeric molecules engineered
by switching similar domains might retain
functional integrity but acquire different sig-
naling specificity. A comparison of the pub-
lished sequences of EGFR and erbB-2 cDNAs
(18) revealed that their intracellular portions
can be subdivided into two domains. The
first, adjacent to the transmembrane sequence,
encompasses the tyrosine kinase region and
shows ~80% homology over a 275—amino
adid stretch. This similarity drops dramatically
over the ~300 amino acids of the COOH-
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Fig. 4. Biological activity of tyrosine kinase chimeric molecules between EGER and erbB-2, expressed in

32D and NIH 3T3 cells. The indicated cxprssnon vectors,

engineered as described (21), were

transfected in 32D cells by electroporation (8) or in NIH 3T3 cclls by the calcium phosphate method
(5). 32D transfectants, after selection in a medium containing mycophenolic acid (9), were tested for
their capability to form colonies in semisolid medium supplemented with EGF, as described in the
legend to Fig. 2. Thcu-ansfecnonassayonNﬂ-Is’Bccﬂswaspcrfonnedanddlctransfonnmg

efficiency was calculated as indicated in the legend to Fig. 2. Values are

as biological activity

of the chimeric molecules relative to the parental molecules (FBFRIabB-Z‘"‘ versus EGFR and erbB-
2/EGFRTX versus erbB-2, respectively), whose biological activities in 32D and NIH 3T3 cells were

assumed as 1. The results shown arc typical and representative of three ind

dent experiments

performed in duplicate. White bars, EGFR sequences; black bars, erbB-2 sequences; and hatched bars,

transmembrane region.

terminal domain. To test whether the specific-

gp185°*22 protein (F: cl§o 3A). Conversely,

ity for mitogenic signal transduction might both the EGFR/erbB-2UCH chimeric protein
segregate with their highly divergent COOH-  and the parental EGFR showed a low basal
terminal domains, we engineered chimeric level of tyrosine phosphorylation, which was

expression vectors using a conserved Bdl I site
located at the border between the two do-
mains in EGFR and erbB-2 cDNAs (19) (Flg
3B). The LTR-EGFR/erbB-2°0H expression
vector encoded an EGFR-like molecule in
which the last 263 amino acids of the EGFR
molecule were replaced by the 300 amino
acids of the analogous COOH-terminal do-
main of the erbB-2 protein (19) The LTR-
erbB-2/EGFRC®H  expression vector en-
coded the reciprocal chimeric protcm (19).
The erbB-2/EGFR°** protein exhibited
constitutively high levels of tyrosmc phospho-
rylation indistinguishable from the parental

increased upon EGF stimulation.
'Ihtscmultsmdlmmddmtdlctwodunmc

receptor proteins were enzymatically active

and intrinsically capable of coupling with
intracellular mitogeni

Ways.
The 32D-]5‘,GFR/erbBlg%%)h‘“ﬂgo;ir.]';h prolifer-

ated specifically in mponsc to EGF stimula-
tion ( ?0033) contrast, 32D-erbB-

H cells were indistinguishable
ﬁunoontml32Dmthc1rmabilityt:oibnn
colonies in the absence of added IL-3 (Fig.
3B). Thesc findings argued that the COOH-
terminal domains of EGFR and erbB-2 were
not responsible for the observed specificity of
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their mitogenic signaling in 32D cells and
strongly suggested that this specificity must be
determined by the tyrosine kinase domain.
This conclusion was supported by analysis of
chimeras between v-erbB and ANerbB-2 (20).
The LTR~v-erbB/erbB-2°C°H expression vec-
tor, which encoded a protein containing the
v-erbB tyrosine kinase domain and the
COOH-terminal domain of erbB-2, conferred
IL-3 independence to 32D cells (Fig. 3B). In
contrast, the ANerbB-2/v-erbB“OCH expres-
sion vector, which contained the tyrosine
kinase domain of erbB-2 and the COOH-
terminal domain of v-erbB, did not do so (Fig.
3B).

As a final test, we constructed chimeras in
which the tyrosine kinase domains of EGFR
and erbB-2 were reciprocally switched. These
chimeras, designated EGFR/erbB-2"¥ and
erbB-2/EGFR™ (21), were transfected into
32D and NIH 3T3 cells. The 32D-EGFR/
erbB-2™% exhibited about 1/10 the colony
formation of 32D-EGFR (Fig. 4). Converse-
ly, the specific transforming activity of the
EGFR/erbB-2"% chimera for NIH 3T3 cells
was approximately 100 times higher than that
of the parental EGFR construct (Fig. 4).

The 32D cells expressing the erbB-
2/EGFR™¥ chimera formed colonies at high
efficiency in the absence of IL-3, whereas
32D—erbB-2 cells did not proliferate under the
same conditions (Fig. 4). Yet, this chimera
had an efficiency =1/100 that of the parental
erbB-2 in inducing transformation of NIH
3T3 cells (Fig. 4). All of these results localized
the domain responsible for the reciprocal
differences in abilities of EGFR and erbB-2 to
couple with mitogenic pathways in 32D and
NIH 3T3 cells to a 270—amino acid stretch
encompassing their respective tyrosine kinase
domains. The tissue- or cell-specific differ-
ences observed establish the distinct nature of
EGER and erbB-2 intracellular signaling.

Although the tyrosine kinase domain was
critical to the specificity of mitogenic signal
transduction, we observed no significant role
of the more divergent COOH-terminal do-
mains. These findings argue that this domain
may have regulatory importance, but is not
critical for effective signal coupling. Analo-
gously, the conserved tyrosine kinase domain
of the insulin receptor has recently been re-
ported to be important in signal transduction
independent of its catalytic activity (22). The
construction of additional chimeras should aid
in further localization of the site or sites
within the tyrosine kinase domain required
for efficient EGFR function in 32D cells. At
the same time, efforts to characterize recently
identified receptor kinase substrates including
the raf kinase (23), phospholipase C-y (24),
and GAP (25) may provide additional insights
into the basis for specificity in mitogenic
signaling by the EGFR and erbB-2 products
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in different target cells.

In many instances oncogene-mediated al-
terations appear to be tumor-specific. For
example, the erbB-2 gene is amplified and
overexpressed in a significant fraction of
mammary adenocarcinomas (10, 26). Con-
versely, EGFR amplification and overexpres-
sion has been frequently detected in squa-
mous cell carcinomas and glioblastomas (11).
In model systems, the targeting of expression
of oncogenes in transgenic mice has also
resulted in significant variations in tissue-
specific sensitivity to tumor induction (27).
Our present findings suggest that tissue-spe-
cific differences in the availability of intracellu-
lar components of mitogenic signaling path-
ways may account for the selection of specific
oncogenes in certain tumors.
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The Effect of Electrical Coupling on the
Frequency of Model Neuronal Oscillators

THoOMAS B. KEPLER, EVE MARDER, L. F. ABBOTT

Neurons with oscillatory properties are a common feature of the nervous system, but
little is known about how neural oscillators shape the behavior of neuronal networks
or how network interactions influence the properties of neural oscillators. Mathemati-
cal models are used to examine the effect of electrically coupling an oscillatory neuron
to a second neuron that is either silent or tonically firing. Models of oscillatory neurons
with varying degrees of complexity show that this coupling can either increase or
decrease the frequency of an oscillator, depending on its membrane potential wave
form, the state of the neuron to which it is coupled, and the strength of the coupling.
Thus, electrical coupling provides a flexible mechanism for modifying the behavior of

an oscillatory neural network.

EURONS THAT DISPLAY INTRINSIC
oscillatory properties are impor-
tant components of many biologi-
cal neural networks (1, 2). In particular,
networks that generate rhythmic motor pat-
terns often use neurons with oscillatory
membrane properties (2). Despite consider-
able advances in our understanding of
rhythmic neural networks, we do not know
precisely how the frequency of such net-
works is controlled. Recent studies of the
pyloric network of the lobster stomatogas-
tric ganglion (STG) showed that the fre-
quency of the oscillator anterior burster
(AB) neuron is influenced by electrical cou-
pling to other neurons (3). Specifically, in
the presence of the peptide proctolin the
frequency of the pacemaker-driven network
was about 1 Hz, whereas the frequency of
the isolated AB neuron was about 2 Hz; in
this study the investigators concluded that
the electrically coupled neurons were pro-
viding a “load” on the pacemaker, slowing it
down (3).
We are currently developing network
models that contain oscillatory elements (4).
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While studying the effect of electrical cou-
pling on an oscillating neuron within these
models, we found that the situation is not
nearly as simple as the “loading” picture
would imply. Instead, electrical coupling
provides a flexible way of modulating the
frequency of an oscillator that depends criti-
cally on properties of the oscillator and of
the coupled cell and on the coupling
strength.

We begin by considering the effect of
electrical coupling in a simple model of a
bursting neuron based on a modified form
of the FitzHugh-Nagumo equations (5). In
this approach we do not model individual
action potential spikes but consider a cell
membrane potential v with action potentials
cither removed or averaged over. In the
particular case of the STG, this is a good
approximation because its neurons release
neurotransmitter as a graded function of
membrane potential, and action potentials
contribute little (6). In the general case, it is
reasonable because the integrated contribu-
tion of a given action potential spike to the
current through the resistive coupling is
quite small.

To construct the model, we divide the
total current entering or leaving the cell into
four parts, the capacitive current C dv/dt, an
external current I, a fast component of the
membrane current f{v), and a slow mem-

brane current s. By current conservation,

Cﬂj=—j(u)—s+l

I @D

The slow component of the membrane cur-
rent is determined .by another differential
equation
ds .

T E =ov — s
The parameter 7 determines the time scale
for variations of s. In contrast to the usual
approach (5), our fast current f{v) is purely
resistive but at intermediate membrane po-
tentials it has a negative-resistance region
that connects two positive-resistance regions
at low and high potentials.

Depending on the exact form of f{v) and
on the values of the parameters C, a, and T,
neurons modeled by these equations can be
oscillatory, can display plateau properties,
can be tonically active, or can be silent. For
the oscillatory case, the neuron can be pre-
dominantly hyperpolarized (top left of Fig.
1) or predominantly depolarized (top right
of Fig. 1) during its cycle, depending on the
value of an additive constant in the expres-
sion for flv).

To explore the effects of electrical cou-
pling, we take for the “external” current

@)

I'=g(vp—v) @)

where ¢ determines the strength of the elec-
trical coupling and v, is the membrane
potential of a passive cell to which the
oscillator is coupled. The membrane current
for the passive cell is modeled as purely
resistive and fast, so including the electrical
coupling to the oscillator we have

e -

Pdt
Here , is the resting potential and G, is the
conductance of the passive cell in the ab-
sence of electrical coupling.

Figure 1 shows the result of increasing the
coupling conductance between a hyperpo-
larized passive cell and two different oscilla-
tors. It is clear that the effect of electrical

—Gp(vp — Vp) + g(v — vp) 4)
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