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Production of an Epidermal Growth Factor 
Receptor-Related Protein 

Abstract. Human epidermoid carcinoma A431 cells in culture produce a soluble 
105-kilodalton protein which, by the criteria of epidermal growth factor (EGF) 
binding, recognition by monoclonal and polyclonal antibodies to the EGF receptor, 
amino-terminal sequence analysis and carbohydrate content, is related to the cell 
surface domain of the EGF receptor. The high rate of production and the finding that 
with biosynthetic labeling the speciJic activity of this 105-kilodalton protein exceeds 
that of the intact receptor indicate that it is not derived from membrane-bound 
mature receptor but is separately produced by the cell. These cells thus separately 
synthesize an EGF receptor that is inserted into the membrane and an EGF receptor- 
related protein that is secreted. 

The epidermal growth factor (EGF) 
receptor is a 170-kD membrane glyco- 
protein that contains intrinsic tyrosine 
kinase activity (1, 2). The EGF receptor 
has three functional domains: an EGF 
binding domain located on the external 
cell surface (3, 4), a transmembrane do- 
main, and a cytoplasmic tyrosine kinase 
domain where adenosine triphosphate 
(ATP) is a donor for phosphorylation of 
intracellular substrates (5, 6). Binding of 
EGF to the receptor activates its tyro- 
sine kinase activity which phosphory- 
lates intracellular substrates (6, 7), in- 
creases ion fluxes (8, 9) and phosphatidyl 
inositol turnover (lo), enhances receptor 
clustering and internalization of EGF 
receptor complexes (3,4), and enhances 
receptor decay (11). The fate of internal- 
ized EGF receptors is not known, but 
there is evidence for sequestration in 
vesicles distinct from lysozymes (12,13). 

Using a monoclonal antibody to the 

EGF receptor, we have identified a 105- 
kD glycoprotein in medium from cul- 
tured human epidermoid carcinoma 
A431 cells. To characterize this extracel- 
lular EGF receptor-related protein 
(ERRP) we have studied EGF binding, 
recognition by several monoclonal and 
polyclonal antibodies to the EGF recep- 
tor, amino-terminal sequence homology 
with the EGF receptor, and carbohy- 
drate content. Comparison of the rate of 
production and of the biosynthetic spe- 
cific activity of this protein with those of 
the mature membrane bound EGF recep- 
tor indicates that ERRP is not a degrada- 
tion product of the mature EGF receptor 
but is synthesized separately. 

A431 cells produce a 105-kD protein 
that is specifically adsorbed to an immo- 
bilized monoclonal antibody to EGF re- 
ceptor (termed 528). With time this 105- 
kD protein progressively accumulates in 
the medium of cultured A4318 cells (Fig. 

1A); the Coomassie blue stained bands 
correspond to the amount of protein pro- 
duced on less than one 10-cm culture 
plate. The daily secretion rate was 0.4 pg 
of protein per lo6 cells (Fig. 1A). Over 
this time period, cellular EGF receptor 
content remained constant. Like the 
EGF receptor, the ERRP was specifical- 
ly bound to the monoclonal antibody and 
was not adsorbed to control columns 
containing immobilized mouse immuno- 
globulin G (IgG). Because the 528 mono- 
clonal IgG used as an immunoabsorbent 
is a competitive inhibitor of EGF binding 
(14, 15), competitive elution with EGF 
was used to purify active EGF receptor- 
kinase protein (Fig. 1B). Likewise, the 
ERRP could be specifically eluted from 
the 528 IgG affinity column by EGF (Fig. 
lB), an indication that it was also ad- 
sorbed via an EGF binding domain. Self- 
phosphorylation of the EGF receptor- 
kinase (5) was confirmed by incubating 
the washed column with [ y - 3 2 ~ ] A ~ ~  pri- 
or to elution of the protein. Under the 
same conditions, ERRP exhibited no de- 
tectable protein kinase activity (Fig. 1B). 
The absence of tyrosine kinase activity 
in the eluted ERRP was confirmed by 
means of a soluble assay with a synthetic 
peptide substrate (16). ~ l s o ,  ERRP was 
not phosphorylated by EGF receptor- 
kinase, suggesting that it also lacks the 
sites of self-phosphorylation present in 
the EGF receptor (data not shown). 

Both the EGF receptor and ERRP 
stained well with the Schiff reagent (177, 
an indication that both are glycoproteins 
(Fig. 1C). Treatment of the EGF recep- 
tor protein with endoglycosidase F,  
which cleaves both high mannose gly- 
cans and complex glycans linked through 
asparagine (18), removes about 30 kD of 
oligosaccharide, leaving a 140-kD pro- 
tein core (Fig. 1C). Treatment of ERRP 
with endoglycosidase F also removes a 
similar amount of oligosaccharide to pro- 
duce an 80-kD protein core (Fig. lC), 
suggesting that ERRP contains not only 
an EGF binding domain but that its gly- 
cosylation is similar to the EGF receptor 
protein. The protein doublet detected in 
samples treated with endoglycosidase F 
presumably arose during the prolonged 
incubation from a small proteolytic con- 
tamination present in the enzyme prepa- 
ration (18). 

To define further the relation of ERRP 
produced into the culture medium and 
the cell surface EGF receptor protein, 
we examined its interaction with several 
antibodies to the EGF receptor. ERRP 
competes with EGF receptor protein for 
binding to monoclonal antibody 29.1 (19) 
and to polyclonal antibodies to the EGF 
receptor. Monoclonal antibody 29.1 does 

SCIENCE, VOL. 224 



Fig. 1. Identification of an EGF receptor-related protein (ERRP) in 
culture medium from A431 cells. (A) Time course of accumulation of 
ERRP in culture medium. After incubation of the confluent A431 
cultures for 15, 32, and 55 hours, the medium (Dulbecco-modified 
Eagle's medium, 0.5 percent calf serum) was passed through columns 
containing monoclonal antibody to EGF receptor (528) coupled to 
Sepharose. Cells from the same plates were extracted with a buffer 
containing I percent Triton X-100 and protease inhibitors, and ex- 
tracts were chromatographed on parallel 528-IgG Sepharose columns. 1, 
After extensive washing with buffers containing Triton X-100, NaCI, 
and IM urea, bound proteins were desorbed with 6M urea, concen- 5 
trated by dialysis and lyophilization, and analyzed on SDS-polyacryl- 
amide gels. (lanes a to c) ERRP from medium harvested after 15. 32, 
and 55 hours incubation. (lane d) EGF receptor isolated from those 
cells responsible for the accumulation of ERRP. The amount of EGF 
receptor dld not change during the experiment, and the amount shown 
corresponds to the cells which produced the amount of ERRP 
shown. (B) Competitive elution from immobilized monoclonal anti- I c h  

body to EGF receptor by EGF. Culture medium and cell extract were a b c  d I J ~  I 

adsorbed to 528-IgG Sepharose which was extensively washed and incubated for 30 minutes at 5°C with 10 pM [y-32P]ATP, 5 mM MgCI,, 
1.5 mM MnCI,, 50 pM NaV03 to permit self-phosphorylation of the EGF receptor. Bound proteins were eluted with 100 pM EGF and analyzed 
by SDS-polyacrylamide gel electrophoresis. (lanes e and g) EGF receptor from solubilized cells; (lanes f and h) ERRP from medium. (lanes e and 
f) Coomass~e blue stam; (lanes g and h) autoradiograms of lanes e and f, respectively. (C) Enzymatic deglycosylation of EGF receptor and 
ERRP. Each protein (8 pg) was incubated with 0.6 unit of endo-P-N-acetylglucosaminidase F (New England Nuclear) for I hour at 37°C and then 
for 12 hours at 2S"C (18). Mock-incubated control protein and proteins treated with endoglycosidase F were analyzed on 10 percent SDS- 
polyacrylamide gels and stained first for glycoproteins by the Schiff procedure (17) and then for proteins with Coomassie blue. Schiff staining was 
positive only in controls (lane i, EGF receptor and lane k, ERRP) and did not stain the treated proteins, which were detected only with Coomassie 
blue (lanes j and I). 

not affect EGF binding and thus recog- 
nizes a receptor proteih domain distinct 
from that recognized by competitor 528 
IgG. The polyclonal antibodies were af- 
finity-purified by adsorption to Sepha- 
rose-immobilized EGF receptor protein 
or to immobilized ERRP before use. 
Under all conditions the affinity of EGF 
receptor antibodies for ERRP was 4 to 20 
times less than for the EGF receptor 
itself. For example, the equilibrium bind- 
ing constant (KD) for EGF receptor bind- 
ing to monoclonal antibody 29.1 and 
polyclonal antibodies (Fig. 2, A and B) 
were 3 and 2 nM, respectively, whereas 
the KD's for ERRP binding to these two 
antibodies were 14 and 20 nM, respec- 
tively. Thus ERRP contains EGF bind- 
ing, glycosylation, and antibody recogni- 
tion domains similar to the EGF recep- 
tor. 

To obtain a more direct comparison of 
ERRP and EGF receptor proteins, each 
was purified by affinity chromatography 
with monoclonal 528 IgG immobilized to 
Sepharose. Dansyl end group determina- 
tion (20) revealed leucine at the amino 
terminus. Sequence comparison by 
means of automated Edman degradation 
revealed complete identity at the amino- 
terminal sequences of the EGF receptor 
and ERRP (Fig. 3). After digestion with 
clostripain and separation by high-per- 
formance liquid chromatography, one 
peptide from ERRP lacking arginine was 
also selected for sequence analysis (Fig. 
3). On the basis of carboxyl-terminal 
analysis of ERRP with carboxypeptidase 
Y at different pH values (21), it appears 
likely that the 16-residue polypeptide is 
an internal fragment and does not repre- 

sent the carboxyl-terminal sequence of 
ERRP. Carboxyl-terminal analysis of 
ERRP suggests that serine is the carbox- 
yl-terminal amino acid. None of the ana- 
iyzed sequences corresponded to the 
amino-terminal sequence of chicken erb 
B (22, 23) which is the predicted homo- 
log of the carboxyl terminus of the intact 
EGF receptor protein (19). 

ERRP was produced in serum-free as 
well as in serum-replete culture medium, 

indicating that serum proteases did not 
generate ERRP. The rate of production 
of ERRP into medium was proportional 
to the amount of EGF receptor protein in 
clonal variant A431 cells. Clone 29R2, 
which contains six to ten times more 
EGF receptor than clone 1 (24, 28), 
produced correspondingly more ERRP 
than clone 1 (data not shown). The large 
amount of EGF receptor protein present 
in A4318 cells correlates with transloca- 

Fig. 2. Binding of 
EGF receptor-related 
protein (ERRP) to 
monoclonal and poly- 
clonal antibodies to 
EGF receptor. In- 
creasing amounts of 
purified EGF recep 
tor protein (@) or 
ERRP (0) were used 
as competitors with 
either '251-labeled 
EGF receptors (A to 
C) or '25~-labeled 
ERRP (D) for binding 
to (A) monoclonal 
antibody to EGF re- 
ceptor IgG 29.1 (19) 
or to polyclonal anti- 
body to EGF receptor 
generated in rabbits 
inoculated with EGF 
receDtor protein puri- 

. . 

EGF receptor or RRP (nM) 

\ 

on columns contain- 
ing either EGF recep 

fied h m  A431 cells. 

tor protein (B) or ERRP (C and D) coupled to Sepharose. Immune comple~es-were isolated by 
adsorption to Formalin-fixed protein A containing Staphylococcus aureus, and radioactivity 
was quantified. The fluorescarnine method with bovine serum albumin as standard (37) was 
used to quantify proteins used as competitors in this experiment. Molar concentrations were 
calculated from the protein molecular weights of deglycosylated EGF receptor and ERRP. 

a I I a . 1  Polyclonal antibodies 
1  10 l o o  10 t o o  were affinity-purified 
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Fig. 3. Amino acid sequences of the EGF receptor, 1 5 10 
an EGF receptor-related protein (ERRP), and a EGF receptor H L ~ ~ - G ~ ~ - G ~ ~ - L ~  s - ~ y  s-val-ser-~ln-Gly-Thr-Ser-Asn- 
fragment cleaved from ERRP with clostripain. The 
EGF receptor (120 pg of protein; approxi&ate~y 0.8 E R R P  H ~ e u - G ~ U - G ~ U - ~ y s - ~ y s - v a l - s e r - ~ l n - ~ l y - ~ h r - s e r - ~ s n -  
nmole), ERRP (135 pg of protein; approximately 1.7 
nmole), and a fragment of ERRP (0.7 I L ~ ;  0.43 nmole) 
were subjected to automated ~ d m a n '  degradation in 1 5  

SeDarate exoeriments in a Wittmann-Liebold (38) EGF +t~s-Leu-Thr-G1n-Leu' ?n 
L U 

modified spinning cup sequencer (39). The E R R P  ~~s-~eu-~hr-~ln-~eu-Gly-Thr-Phe-Glu-Asp-His-Phe-Leu- 
phenylthiohydantoin (PTH) amino acids were deter- J 
mined with reverse-phase high-performance liquid 
chromatography (HPLC) (minimal detectable 
amount < 10 pmole, coefficient of variation 1 to 6 
oercent) as described (39). PTH-amino acid vields in - - 
ihe experiments performed have ranged from 1300 E R R P  

1 10 
H-Ser-Leu-Lys-Glu-Ile-Ser-Asp-Gly-Asp-Val-Ile-Ile- 

down to 40 pmole. Residues established by PTH- Clostripain 13  
amino acid analysis are presented in the figure. f r a m e n t  -Ser-Gly-Asn-Lys-OH 
Based on this analysis, the purity of the large poly- 
peptides was estimated to be greater than 90 percent, whereas the purity of the 16-residue polypeptide was determined to be 70 to 80 percent. The 
16-residue polypeptide was cleaved from ERRP with clostripain (21), purified with reverse-phase HPLC on a Vydac C18 column, hydrolyzed with 
constant boiling HCI and 3 pl of thioglycol per milliliter (140°C, 15 hours) and analyzed with a Beckman 121 MB amino acid analyzer (40). The 
composition was determined to be: Asx, 3.1; Ser, 2.9 (corrected for losses during hydrolysis); Glx, 1.4; Gly, 2.3; Val, 1.1; Ile, 2.5; Leu, 1.4; Lys, 
2.0. These data were in agreement with the sequence data (Fig. 3). All protein concentrations presented were determined by amino acid analysis. 

tion of the portion of chromosome 7 
carrying the EGF receptor gene (26) ,  
whereas clone 1 which has - 10 percent 
of the EGF receptor protein content of 
parental cells lacks this translocation 
(27). Production of the 105-kD protein 
does not appear to depend on transloca- 
tion of chromosome 7 because it is pro- 
duced by clone 1 cells, but its rate of 
production does correlate with the 
amount of EGF receptor and with the 
chromosome 7 translocation. 

ERRP could arise from proteolysis at 
the cell surface of the mature EGF re- 
ceptor protein, from intracellular pro- 
cessing from a common precursor or 
from a distinct biosynthetic pathway. 
Two approaches were used to study the 
origin of ERRP. 

1) The rate of ERRP production was 
compared to the rate of degradation of 
the EGF receptor. The half-life of the 
EGF receptor was 18 hours as deter- 
mined by pulse-chase experiments (data 
not shown). Given the measured steady 
state level of 6 pmole of EGF receptor 
per lo6 cells, a degradation rate of 4 
pmole per lo6 cells per 24 hours can be 
calculated. This value is in agreement 
with the synthesis rate of 72,000 EGF 
binding sites per cell per hour (11) equiv- 
alent to 3 pmole of EGF receptor pro- 
duced per lo6 cells per 24 hours. The 
production rate of ERRP (Fig. 1) was 
determined to be 5 pmole per lo6 cells 
per 24 hours, thus exceeding the degra- 
dation rate of the cellular EGF receptor. 
Because not all ERRP may be recovered 
from dilute medium, this represents a 
minimal figure. These results suggest 
that EGF receptor degradation cannot 
quantitatively account for formation of 
ERRP. 

2) Biosynthetic labeling of ERRP was 
compared to that of the cellular EGF 

receptor. If ERRP is derived from the 
EGF receptor protein its specific activity 
should reflect that of the EGF receptor. 
To determine this relation, cells were 
incubated with [35~]methionine for 7 
hours to label EGF receptor and ERRP 
(28). The specific radioactivity of the 
EGF receptor at 2 ,4 ,  and 7 hours and the 
specific radioactivity of ERRP collected 
over the 7 hours were measured after 
samples were purified by affinity chro- 
matography and sodium dodecyl sulfate- 
(SDS)-polyacrylamide gel electrophore- 

Table 1. Comparison of specific radioactiv- 
ities of EGF receptor and EGF receptor- 
related protein (ERRP). Dulbecco-modified 
Eagle's medium containing 10 pM [35S]meth- 
ionine [lo7 cpmlml) and dialyzed fetal calf 
serum (1 percent) was added to confluent 
A431 cells. Cells were harvested at the indi- 
cated times for purification of the cellular 
EGF receptor by immune-affinity chromatog- 
raphy. ERRP was isolated from medium col- 
lected at the end of the 7-hour pulse. Purified 
fractions (about 20 pg each) were subjected to 
SDS-polyacrylamide gel electrophoresis, and 
bands at 170 and 105 KD were excised. Protein 
was quantified by photometry of the Coomas- 
sie blue stain extracted from the gel material, 
which then was used for the determination of 
incorporated radioactivity. The Coomassie 
blue extraction procedure was standardized 
by radioimmunoassay as described in the leg- 
end of Fig. 2 .  As a control for nonspecifically 
adsorbed radioactivity, medium from unla- 
beled cells was incubated for 7 hours with 
[35S]methionine; no detectable radioactivity 
was associated with subsequently isolated 
ERRP. 

Labeling 
time 

(hours) 

Specific 
radioactivity 

(cpmlpg protein) 

Cellular EGF receptor 
2 91 
4 172 
7 278 

ERRP in medium 
0-7 593 

sis. Table 1 shows that the specific radio- 
activity of the EGF receptor increased as 
expected over the 7 hours labeling period 
as unlabeled EGF receptor was replaced 
by newly synthesized protein. The spe- 
cific radioactivity of ERRP, however, 
was greater than the highest specific 
radioactivity of the EGF receptor 
achieved. On a molar basis the specific 
radioactivity of ERRP was seven times 
greater than that of the average specific 
radioactivity of the EGF receptor. This 
result, which was confirmed in separate 
experiments with different labeling 
times, implies that ERRP is synthesized 
via a distinct pathway and cannot be 
derived from membrane bound EGF re- 
ceptor protein. 

Studies by Downward et al. (19) indi- 
cate that the cytoplasmic carboxyl-ter- 
minal portion of the EGF receptor is 
strongly homologous to the erb B trans- 
forming protein of avian erythroblastosis 
virus; both proteins are related to retro- 
viral oncogenes which express tyrosine 
kinase activity (22, 23). The viral erb B 
protein, which is presumably homolo- 
gous to chicken erb B is a 74-kD glyco- 
protein with antigenic determinants ex- 
pressed on the cell surface (29, 30). The 
105-kD glycoprotein identified in our 
studies lacks detectable tyrosine kinase 
activity and corresponds to the amino- 
terminal cell surface domain of the EGF 
receptor protein. Sequence analysis indi- 
cates that the two proteins are identical 
at their amino termini, but additional 
structural data are required to determine 
the extent of their identity. The de- 
creased affinity of ERRP for antibodies 
to the EGF receptor could be due to 
conformational changes or to sequence 
differences distal to the common amino- 
terminal sequences. Our data suggest 
that the intact EGF receptor-kinase con- 
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sists of an 80-kD cell surface EGF bind- 
ing portion with 30 kD of oligosaccharide 
(present in ERRP) and a 65-kD cytoplas- 
mic tyrosine kinase and transmembrane 
containing portion (missing in ERRP). 
The amino-terminal sequence homolo- 
gies indicate that the orientation of the 
EGF receptor is NH2-EGF receptor- 
transmembrane-tyrosine kinase (erb B)- 
COOH. 

ERRP does not appear to be derived 
from degradation of intact cell mem- 
brane inserted 170-kD EGF receptor. 
Only a fraction of the EGF receptor- 
kinase may mature to the membrane 
bound protein, and ERRP may be gener- 
ated from proteolytic processing within 
the endoplasmic reticulum and Golgi. If 
this is correct, a domain containing tyro- 
sine kinase (erb B) would be produced 
and either degraded or transported as a 
separate protein. By analogy with the 
insulin receptor whose tyrosine kinase 
activity is increased by partial proteoly- 
sis (31), separation of an erb B homolog 
from the EGF receptor portion might 
result in' activation of the former. Alter- 
natively, the EGF receptor-kinase and 
ERRP could be produced by way of 
separate genes or alternative splicing 
pathways. Using short 15-minute pulses 
of [35~]methionine and a monoclonal 
anti-EGF receptor antibody, Cooper et 
al. (32) detected a slightly smaller pre- 
cursor that matured to the 170-kD EGF 
receptor protein. Analysis of figure 7 
from that study reveals a separate pro- 
tein of - 100 kD which was synthesized 
in about the same amounts as EGF re- 
ceutor protein but was not chased into 

A 

mature EGF receptor by excess unla- 
beled methionine, rather it disappeared 
from the cell, consistent with it being 
secreted. Recent unpublished data indi- 
cates that A43 1 cells contain at least two 
EGF receptor-erb B messenger RNA 
(mRNA) species, a finding in agreement 
with that reported for chick cells which 
contain two mRNA's with erb B se- 
quences (33). Taken together, these re- 
sults suggest that ERRP is made sepa- 
rately from the EGF receptor. Synthesis 
may be from a distinct mRNA generated 
via alternative splicing. 

It remains possible that EGF receptor 
degradation (34), as well as separate syn- 
thesis, contributes to total ERRP detect- 
ed in medium, and additional studies are 
required to determine whether produc- 
tion of ERRP occurs in normal cells or is 
restricted to tumor cells. In A43 1 cells, 
increased synthesis of both EGF recep- 
tors and ERRP may result from translo- 
cation of the region of chromosome 7 
containing the EGF receptor (35) and erb 
B (36) genes and their amplification. The 
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secreted ERRP may provide a readily 
measurable marker of excessive produc- 
tion of EGF receptor and erb B proteins 
in human epidermoid carcinomas. 
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Antibodies to Hepatitis B Surface Antigen Potentiate the 

Response of Human T Lymphocyte Clones to the Same Antigen 

Abstract. Human T-helper lymphocyte clones specific for hepatitis B virus surface 
antigen (HBsAg) proliferate on stimulation with HBsAg in vitro. Antibodies specific 
for HBsAg, but no other antibodies, augment this proliferative response. In the 
presence of antibodies to HBsAg, the maximum response could be achieved at 
HBsAg concentrations that were 1 percent of those required in the absence of the 
antibodies. These Jindings suggest that antigen-specific antibodies exert regulatory 
controls on T cells that recognize the same antigens. 

T lymphocytes are important in the 
regulation of immune responses to most 
antigens (I). One characteristic of T cells 
is that they recognize antigens only in 
association with major histocompatibil- 
ity gene complex-encoded molecules (Ia 
or DR) present on the surface of accesso- 
ry cells (2) known as antigen-presenting 
cells. After T lymphocytes are triggered 
by the antigen, they proliferate and se- 
crete factors that eventually will enhance 

or suppress the production of immuno- 
logical effector molecules and cells (for 
example, antibodies and cytotoxic T 
lymphocytes). 

As with most infectious diseases, 
resistance to hepatitis B virus (HBV) is 
largely mediated by protective antibod- 
ies and immune effector cells (3). Indi- 
viduals who recover from an acute HBV 
infection develop immunity to the virus 
by producing antibodies to the viral en- 
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