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Summary: To investigate the functions of key domains of the epidermal growth factor receptor (EGFR), various EGFR-
derived peptide sequences were expressed in Escherichia coli as glutathione S-transferase (GST) fusion proteins. The
purified fusion proteins (GST-TKO - 8) were tested as substrates for the tyrosine kinase activities of the EGFR and c-src.
Both the GST-TK4 fusion protein, which contains the major C-terminal tyrosine autophosphorylation sites of the EGFR,
and GST-TK7, which contains the connecting sequence between the EGFR kinase domain and the C-terminal
autophosphorylation domain, were strongly phosphorylated by the EGFR and c-src. Hence the candidate tyrosine
phosphorylation sites present in the connecting sequences of the EGFR, as well as the known autophosphorylation sites of
the EGFR, can be phosphorylated by the two tyrosine kinases. The protein GST-TK7 was phosphorylated by c-src with a
Ky of 5-10 pM, which indicated a potential interaction between the connecting segment of the EGFR and the c-src kinase.
The GST fusion proteins were also used to map the sites recognized by two anti-EGFR monoclonal antibodies and a
polyclonal serum raised against an EGFR tyrosine kinase domgin fragment. The recognition site of one monoclonal
antibody was determined to be in a short sequence surrounding tyrjges, 8 primary site of autophosphorylation in the
C-terminal domain of the receptor. The anti-peptide polyclonal serum recognized only sequences in the GST-TK7 fusion
protein, and hence binds to the connecting sequence between the kinase core and the C-terminal domain. These antibodies
will therefore be useful reagents for studying the function of two key structural elements of the EGFR tyrosine kinase. The
GST-TK fusion proteins should have many other applications in the study of EGFR catalysis and mitogenic signalling.

© 1990 Academic Press, Inc.

The epidermal growth factor receptor (EGFR) is in a unique class of receptor proteins which possess an
intrinsic protein tyrosine kinase activity (1). The receptor is comprised of a single ~131 kd polypeptide which forms
an extracellular growth factor binding domain, an intracellular tyrosine kinase domain (TKD), and a short membrane-
spanning sequence which connects the two domains [see Figure 1 and (2,3,4)]. Binding of growth factor to the
receptor stimulates the intrinsic protein tyrosine kinase activity and effects a rapid autophosphorylation of specific
tyrosine residues of the TKD. The mechanism by which the binding of EGF to the extracellular domain modulates
the kinase activity of the intracellular domain is not fully understood. EGF-induced changes in receptor aggregation
(2,5,6,7) and in receptor conformation (8,9), the tyrosine autophosphorylation reactions (10), and divalent metal
jon activators (8) have each been proposed to have critical roles in the activation process. The conformational
changes associated with kinase activation may involve the C-terminal autophosphorylation sites of the TKD. Other
structural elements of the TKD are presumably involved in metal ion binding, in substrate recognition, and in the
potential interactions of the receptor with transducer proteins.

As as step towards determining how various structural elements of the TKD are involved in receptor activation
and signal transduction, we have expressed several peptide sequences of the EGFR TKD as fusion proteins in
Escherichia coli. Appropriate restriction fragments of the EGFR cDNA sequence were incorporated into pGEX
plasmid expression vectors, which include the coding sequences of the Schistosoma japonicum glutathione
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S-transferase (GST) gene under control of the tac promoter (11). Many of the GST fusion proteins were expressed
in high yield in E. coli and could be readily purified by glutathione-agarose affinity chromatography. We describe
the use of the fusion proteins to investigate the substrate specificity of the EGFR and c-src tyrosine kinases, and to
map the EGFR TKD sites recognized by polyclonal and monoclonal antibody reagents. These and related GST-TKD
fusion proteins should be of significant value in enzymological studies of the EGFR tyrosine kinase, and in
determining the means of propagation of mitogenic signals from the receptor.

MATERIALS AND METHODS

Materials- Restriction enzymes, T4 DNA ligase, T4 polynucleotide kinase, and the Klenow fragment of DNA
polymerase were purchased from Bethesda Research Laboratories. Lysozyme (grade I), DNasel (type II), reduced
glutathione, glutathione (reduced)-agarose (G-4510), PMSF, and IPTG were obtained from Sigma Chemical Co. [y32P]JATP
was purchased from Dupont-New England Nuclear.

Construction of pGEX-TK bacterial expression vectors- The set of E. coli plasmids pGEX-1N, -2T, and -3X were
designed for the convenient expression of foreign DNA sequences as glutathione S-transferase (GST) fusion proteins (11).
Each contains a copy of the S. japonicum GST coding sequence (12,13) under control of the tac promoter. The GST
sequences are followed by a multiple cloning site with unique BamHI, Smal, and EcoRI restriction sites. The multiple
cloning sites of the three plasmids are set in three distinct reading frames, so that various cDNA restriction fragments can
be ligated in frame. We constructed a family of pGEX-based vectors which expressed various fragments of EGFR cDNA as
E. coli fusion proteins. The correct construction of the recombinant plasmids was verified by restriction endonuclease
mapping, through measurement of the fusion protein molecular weight by SDS-PAGE, and by Western blotting of fusion
proteins with anti-EGFR antibodies. The EGFR amino acid sequences coded by the various plasmids, pGEX-TK0 - 8, and the
predicted molecular weights of the corresponding fusion proteins, GST-TKO - 8, are given in Figure 1.

EGFR c¢DNA fragments were derived from the plasmid pMMTV-EGFR (14). The appropriate restriction fragments
were isolated by agarose gel electrophoresis and the Geneclean (Bio 101, Inc.) protocol. To construct pGEX-TKO, the
540 bp BamHI fragment of pMMTV-EGFR corresponding to bp 2379-2918 of the EGFR cDNA sequence was cloned into
the BamHI site of pGEX-3X. pGEX-TK1 was constructed by ligation of the 769 bp EcoR1 fragment of pMMTV-EGFR (EGFR
bp 2318-3086) into the EcoRI site of pGEX-IN. The construction of pGEX-TK2 involved the incorporation of
C-terminally complete cDNA sequences into pGEX-TK1. The plasmid pGEX-TK1 was cleaved at the unique Aatll site of the
pGEX vector, and the single-stranded plasmid ends were filled-in with the Klenow fragment of DNA polymerase. The
plasmid was cut again at the BglII site of the EGFR cDNA insert, and the large fragment isolated. The 1020 bp fragment of
EGFR ¢cDNA generated from the Bglll and Scal digestion of pMMTV-EGFR was isolated and ligated to the large fragment of
pGEX-TK1 to yield pGEX-TK2. The plasmid pGEX-TK4 resulted from the deletion of sequences between the EcoRI and Narl
sites of pGEX-TK2 (EGFR bp 2318 and 3411 respectively). pGEX-TK2 was first subjected to an incomplete Narl digestion,
then a complete EcoRI digestion. The largest fragment, generated by cleavage only in EGFR cDNA sequences, was isolated
by agarose gel electrophoresis. The Narl end was filled-in, and the plasmid was recircularized. This fused the remaining
C-terminal sequences of EGFR cDNA in frame with the GST sequences of pGEX-1IN. The plasmid pGEX-TK6 was constructed
by deletion of the EGFR-derived EcoRl fragment (EGFR bp 2318-3086) from pGEX-TK2. The plasmid pGEX-TK7 was
derived from pGEX-TK6 by a cleavage at the Sstl site (EGFR bp 3294). The Sstl ends were filled-in and the plasmid was
recircularized. This resulted in the introduction of a termination codon in place of the Sstl site. The construction of
pGEX-TKS first required the cloning of the 971 bp BamHI and EcoRI fragment of pMMTV-EGFR (EGFR bp 1348-2318) into
the BamHI- and EcoRI-digested pGEX-3X vector. The sequences of the resulting plasmid between the BamHI and Narl sites
of the EGFR ¢cDNA (EGFR bp 1348 and 2197 respectively) were removed by incomplete Narl digestion and complete BamHI
digestion. The appropriate fragment was gel purified, filled-in and recircularized to yicld pGEX-TKS$. Blunt-end ligation of
the Narl and BamHI ends resulted in the regeneration of the BamHI site and the placement of the EGFR sequences (EGFR bp
2197-2318) in frame with the GST sequences. The construction of pGEX-TK3 required the use of synthetic oligonucleotide
adapters so that the 1516 bp Apal fragment of pMMTV-EGFR (EGFR bp 2146-3661) could be cloned into the BamHI site of
pGEX-2T. The BamHI-digested vector was ligated in the presence of a 1000-fold molar excess of 5'-dephosphorylated
adapter A (5-TGACGC-3") and 5'-phosphorylated adapter B (5'-P-GATCGCGTCAGGCC-3"). The adapted vector was isolated
by agarose gel electrophoresis, and the isolated Apal fragment of the EGFR ¢DNA was cloned into the plasmid. The
oligonucleotide adapters maintained the reading frame across the GST-EGFR sequence junction and provided a termination
codon at the 3' end of the EGFR sequence.

Purification of GST fusion proteins- Cultures of E. coli strain XL1-B (Stratagene) harboring the pGEX-TK plasmids
were grown to late log-phase in 750 mL of LB medium supplemented with 100 pg/mL ampicillin at 37°C. Fusion protein
expression was induced by the addition of 1 mM IPTG. After an induction period of 15-120 min, the cells were harvested by
centrifugation at 4,500 g for 15 min and washed with 100 mL of buffer A (50 mM Tris/HCl, 0.5 mM EDTA, 300 mM NaCl,
pH 7.5) supplemented with 0.5 mM PMSF. The cells were resuspended in 10 mL of buffer A plus 5 mM DTT, 1 mM PMSF
and 1 mg/mL lysozyme and incubated for 10 min on ice. Five mL of buffer A, supplemented with 5 mM DTT, 1 mM PMSF,
3% Triton X-100, 30 mM MgCly and 0.2 mg/mL DNasel, were then added. After a 10 min incubation on ice, the suspension
was centrifuged for 15 min at 60,000 g. The high speed supernatant was recovered and 2 mL of reduced glutathione-agarose
in buffer B (20 mM Hepes/Na, 25 mM NaCl, 0.05% Triton X-100, 10% (v/v) glycerol, pH 7.4) were added. The suspension
was rocked for 1 h at 3°C, and the agarose gel collected in a 3 mL column. The column was washed with 6 mL of buffer B,
and eluted with 6 successive 0.5 mL volumes of buffer B supplemented with 5 mM glutathione (reduced). The fractions with
significant protein concentration were pooled. The pool contained predominantly the recombinant fusion protein
(0.2-2.0 mg/mL) and was frozen at -70°C until use.

Assays of EGFR and c-src tyrosine kinase activities with fusion protein substrates- Various GST-TK fusion proteins
were tested as substrates for the EGFR and c-src tyrosine kinases. The placental EGFR was purified as previously described
(8), except that a 0.8-0.0 M ammonium sulfate gradient was used in the final elution of the tyrosine agarose affinity
column. The recombinant 54 kd form of the EGFR TKD was produced in a recombinant baculovirus/insect cell system
(manuscript in preparation). This soluble TKD included EGFR residues 644-1134 and was partially purified by DEAE-
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Sephacel chromatography. (Similar results were obtained with an immunoprecipitated preparation of the 54 kd TKD.) The
c-src tyrosine kinase was generously provided by Dr. Efraim Racker, Cornell University, Ithaca, NY. This kinase was also
expressed in a baculovirus/insect cell system, and was partially purified by HPLC chromatography.

To assay substrate and autophosphorylation reactions, samples of the tyrosine kinase preparations were incubated
with the fusion protein substrates for 5 min at room temperature in 10 mM MgCl; (or 10 mM MnCly as indicated),
20 mM Hepes/Na, 25 mM NaCl, 0.05% Tritor X-100, 10% (v/v) glycerol, pH 7.4 (31 puL volume) . EGF when added was
present at 4 ug/ml.. Assays were initiated by the addition of 5 uL of 100 uM (y32PJATP (5,000-10,000 dpm/pmol). After
the indicated period, the phosphorylation was terminated by the addition of 14 uL of 5xSDS-PAGE sample buffer, and the
samples were electrophoresed on a 10% acrylamide/0.13% bisacrylamide SDS gel. The gel was dried, silver stained, and
autoradiographed with Kodak ARS film. In some cases phosphorylation was quantified by the scintillation counting of
protein bands excised from the dried gels in Liquiscint solvent (National Diagnostics).

Production of polyclonal rabbit antiserum to a 45 kd recombinant EGFR antigen- The plasmid pET-TK1 was designed
for the expression in E. coli of a 45 kd TKD fragment of the EGFR (residues 647-1051) (see Figure 7). The 1215 bp Narl
fragment of pMMTV-EGFR (EGFR bp 2197-3411) was cloned into the unique NdelI site of the pET-3A expression vector
(15), by using the oligonucleotide adapters 5'-CGTTTCA-3' and 5-P-TATGAAA-3' and the protocol described above for the
construction of pGEX-TK3. The resulting plasmid, pET-TK1, was used to transform E. coli strain BL21(DE3)/pLysS (15).
Although the 45 kd TKD fragment expressed by this system was insoluble and inactive, it was produced in high yield and
could be purified by selective solubilization,

A 1 L culture of bacterial cells containing pET-TK1 were grown 1o log phase, induced for 1 h with 1 mM IPTG, and
harvested as described above for the production of GST-TK fusion proteins. The cells were washed in 100 mL of
50 mM Tris/HCL, 1 mM EDTA, 10% (v/v) glycerol, 0.5 mM PMSF, pH 8.0, resuspended in 20 mL of the Tris buffer, and
lysed by sonication. The insoluble, recombipant protein was collected by centrifugation at 200,000 g for1 h, and
resuspended in 1 mL of the Tris buffer supplemented with 2% Triton X-100. The suspension was incubated for 15 min on
ice, and the insoluble protein again collected by high speed centrifugation. The pellet was solubilized in Tris buffer
supplemented with 7 M urea and 5 mM DTT, and contained predominantly the recombinant 45 kd protein (2.5 mg per 1 L
culture). An anti-EGFR polyclonal antiserum was raised in rabbit with the recombinant 45 kd TKD fragment of the EGFR as
an immunogen. Chinchilla rabbits were immunized subcutaneously with 250 pg of the 45 kd protein in complete Freund's
adjuvant, and boosted twice with 100 pg challenges of protein.

Mapping of anti-EGFR aniibody recognition sites- The sites recognized by polyclonal and monoclosal antibody
preparations were determined by Western blotting of recombinant GST fusion proteins. Crude lysates of E. coli cultures
carrying the recombinant plasmids, pGEX-TKO - 4, and the parent plasmid pGEX-1N were prepared. The presence of each
recombinant fusion protein, GST-TKO - 4, and the GST protein was verified by SDS-PAGE and with Coomassie Blue
staining. Aliquots (~50 pg) of each lysate were electrophoresed in triplicate on 10% acrylamide/0.27% bisacrylamide SDS
gels, transferred to nitrocellulose, and blotted with the rabbit antiserum at a 1/100 dilution or mouse ascites fluid at a 1/500
dilution. The antigen/autibody complexes were detected with protein A-conjugated horse radish peroxidase and a color
development in hydrogen peroxide and 4-chloro-1-napthol.

RESULTS

Expression of EGFR sequences in the form of GST fusion proteins- Smith and Johnson (11) have described
the use of the plasmid vectors in the pGEX family for the expression of eukaryotic protein sequences as glutathione
S-transferase (GST) fusion proteins in E. coli. Expression is controlled by the inducible tac promoter, and the
peptide sequence of interest becomes incorporated downstream of the 27.5 kd GST domain. The fusion proteins tend
to be soluble, are produced in high yield, and are rapidly purified by glutathione-agarose affinity chromatography.
Some of the pGEX plasmids are engineered so that a protease cleavage site joins the GST protein and the foreign
peptide sequence. In these cases, the desired peptide can be freed from the GST domain after purification of the
fusion protein. .

We have constructed a family of pGEX-based plasmid expression vectors which incorporate specific sequences
of the EGFR ¢DNA into the GST reading frame (see Figure 1). The EGFR cDNA sequences chosen correspond to
important peptides in the EGFR TKD (cf. 34). For example, the protein GST-TK1 contains the core of the TKD
fused to the GST. GST-TK2 includes the full-length C-terminus of the receptor in addition to the tyrosine kinase
core. The protein GST-TK4 incorporates an ~13 kd C-terminal sequence of the EGFR, which includes the major
sites of tyrosine autophosphorylation (see Discussion). GST-TK7 contains the ~8 kd EGFR sequence which
connects the TKD core to the C-terminal domain. The sequence which connects the TKD core to the putative
membrane-spanning sequence is found in GST-TK8. This ~5 kd EGFR sequence contains a known site of
phosphorylation of the receptor by protein kinase C, thrgss (16,17), and also thrggo, the site of pbosphorylation
by a distinct cellular kinase (18,19).

The GST fusion proteins were expressed in high yield, with a 1 L culture yielding 1-10 mg of purified fusion
protein. Those proteins containing large portions of the TKD (GST-TK1 - 3) typically were insoluble and inactive
as tyrosine kinases (data not shown). The soluble fusion proteins (GST-TKO,TK4 - 8) were effectively purified by
glutathione-agarose affinity chromatography (see Materials and Methods). The purification of GST-TK4 as indicated
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Figure 1. The schematic structures of the EGFR TKD sequences which have been expressed as GST fusion proteins in
E. coli. Appropriate restriction fragments of EGFR ¢DNA were isolated and cloned into the pGEX E. coli expression
vectors (see Materials and Methods). The resuiting plasmids pGEX-TK1 - 8 express the indicated EGFR sequences as
glutathione S-transferase (GST) fusion proteins under control of the tac promoter. The structural elements of the EGFR
included in each fusion protein and the fusion protein molecular weights are also indicated. The restriction enzyme sites
used in the plasmid constructions are abbreviated as A (Apal), N (Narl), E (EcoRI), B (BamHI), and S (Sstl).

in Figure 2 was typical of the soluble fusion proteins. The insoluble fusion proteins could be purified by selective
solubilization of the particulate fraction. Whereas some of the fusion proteins were stable and continued to
accumulate throughout the period of induction, certain proteins (GST-TK4 and -TKS8) were apparently subject to
proteolytic degradation in the bacterium, and their yield was maximized by using shorter periods of induction (see
Figure 3). The affinity purification of these proteins yielded some proteolytic fragments in addition to the desired
fusion proteins. These fragments contained the intact GST protein, which was apparently resistant to proteolysis.
The presence of these fragments or the GST protein itself did not compromise the enzymological and immunological
experiments which employed the GST-TK proteins (see below).

GST-TK fusion proteins as substrates for protein tyrosine kinases- Because some of the GST-TK proteins
contained known or potential sites of tyrosine autophosphorylation (see Discussion), these proteins were tested as
substrates for the EGFR tyrosine kinase (see Figure 4). The protein GST-TK4, which contains the 3 major sites of
in vitro tyrosine autophosphorylation (20), was strongly phosphorylated by the purified placental EGFR tyrosine
kinase. The phosphorylation of GST-TK4 was dependent upon the presence of EGF. The extent of growth factor
stimulation was determined to be 3.1-fold, which was very similar to that seen previously with polymeric substrates
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Figure 2. Typical purification of a GST fusion protein from a crude bacterial homogenate. After a brief induction of the
tac promoter by 1 mM IPTG, E. coli (strain XL1-B) harboring the plasmid pGEX-TK4 (see Figure 1) were harvested and
lysed. After clarification by high speed centrifugstion, the homogenate was loaded on a glutathione-agarose affinity
column. The column was washed with 20 mM Hepes/Na, 25 mM NaCl, 0.05 % Triton X-100, 10% glycerol, pH 7.4 buffer
and eluted with the same buffer supplemented with S mM glutathione. Shown here is an SDS-PAGE analysis (Coomassie
Blue stain) of the preparation. The main impurities in the product are proteolytic fragments and a dimeric form of the fusion
protein. Details are given in Materials and Methods.

Figure 3. Western blot analysis of GST-TK4 fusion protein induction. The time course of induction, and the apparent
instability of the GST-TK4 fusion protein in the E. coli host were analyzed by SDS-PAGE and immunoblotting. After the
indicated periods of IPTG induction, E. coli XL1-B cultures containing pGEX-TK4 were lysed by the addition of SDS-PAGE
sample buffer, and subjected to SDS-PAGE. The proteins were transferred to nitrocellulose, and the GST-TK4 forms were
detected by i blotting with the mouse monoclonal 291-4A antiserum (see Materials and Methods). The full length
GST-TK4 fusion protein and proteolysis products are evident. A sample of the purified GST-TK4 protein was also analyzed.

under these conditions (8). The GST protein itself was not phosphorylated by the EGFR (data not shown), which
indicates that the sites of tyrosine phosphorylation of GST-TK proteins must reside on the EGFR-derived sequences.
These results are then consistent with the report that the C-terminal sites of the EGFR can be phosphorylated by an
intermolecular mechanism (cross-phosphorylation) (21).

The proteins GST-TK6 and -TK7 were also excellent substrates for the EGFR tyrosine kinase (see Figure 5A).
GST-TK7 contains the EGFR sequence which connects the C-terminal autophosphorylation domain to the TKD
core. Inspection of this sequence indicates the presence of two potential sites of tyrosine autophosphorylation (see
Discussion). Apparently at least one of these sites can be strongly phosphorylated by the EGFR, which suggests
that the sites in this sequence may become phosphorylated in the intact receptor kinase, either by an intermolecular
or autophosphorylation reaction (see Discussion). The fusion protein GST-TK7 was also strongly phosphorylated
by a recombinant form of the EGFR, an ~54 kd TKD isolated from a baculovirus/insect cell expression system (see
Figure SB).

The EGFR kinase substrates were also excellent substrates for the ¢-src tyrosine kinase (see Figure SA). The
c¢-src kinase did not phosphorylate the GST protein (data not shown), which again indicates that the sites of tyrosine
phosphorylation were located on the EGFR-derived sequences of the fusion proteins. The most heavily
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Figure 4. Phosphorylation of the fusion protein GST-TK4 by the purified EGFR tyrosine kinase. The fusion protein
GST-TK4 (10 pg) (see Figures 1 and 2), which contains the major C-terminal sites of tyrosine autophosphorylation of the
EGEFR, was incubated with the purified human placental EGFR (0.25 pmol) in the presence of 10 mM MgCly, and in the
presence or absence of excess EGF. The 20 min phosphorylation assays were initiated by the addition of 15 uM [y32P)ATP,
and quenched by the addition of SDS-PAGE sample buffer. Phosphorylation was analyzed by SDS-PAGE, autoradiography,
and scintillation counting. Note the autophosphorylation of the EGFR, and that the fusion protein is phosphorylated in an
EGF-dependent manner. Details are given in Materials and Methods.

phosphorylated substrate was the GST-TK4 protein, which contains the EGFR C-terminal autophosphorylation
sites. This suggests that the EGFR C-terminus may be a substrate for the c-src kinase under some conditions. The
EGFR-derived substrate showing the strongest affinity for the c-src kinase was the protein GST-TK7. A Kpf of
5-10 uM was estimated for this substrate in the phosphorylation reaction. It is interesting that the mobility of the
GST-TK7 after phosphorylation by c-src was consistently lower than after phosphorylation by the EGFR. Since
phosphorylation has been known to affect protein mobility in SDS-PAGE (e.g. 22), it seems likely that the c-src
and EGFR tyrosine kinases phosphorylate distinct tyrosine residues in GST-TK7.

A c-src tyrosine kinase EGFR
N < O

N0 oy

GST-TK7 GST-TK4 GST-TK6 +
A o ol ol o

>N P o ®PPoan®O VOO
- N - N bt o, L (0}

EGFR-TKD - @

GST-TK7 - .

Figure 5. Phosphorylation of GST-TK fusion protein substrates by the c-src tyrosine kinase, the human placental
EGFR, and a 54 kd TKD fragment of the EGFR. A. The phosphorylation of the GST-TK4, -TKS, and -TK7 fusion proteins
(see Figure 1) by the c-src and EGFR tyrosine kinases. Baculovirus-expressed c-src (2.5 ug, partially purified) was
incubated with the indicated quantitics of fusion protein in pg and in the presence of 10 mM MgCly. The 15 min
phosphorylation assays were initiated by the addition of 15 pM (¥32P]JATP, quenched by the addition of SDS-PAGE sample
buffer, and analyzed by SDS-PAGE, autoradiography and scintillation counting. Purified placental EGFR (0.25 pmol) was
incubated with 20 pg of each fusion protein in the presence of excess EGF and assayed in a similar maoner. B.
Phosphorylation of GST-TK7 by the baculovirus-expressed EGFR TKD. The phosphorylation of the GST-TK7 fusion
protein (10 ug) by the 54 kd baculovirus-expressed EGFR TKD (2 pg, partially purified) was assayed in the presence of
10 mM MnCl, as described in A. Details are given in Materials and Methods.
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Figure 6, Interaction of anti-EGFR antibody reagents with the GST-TK fusion proteins. The sites of interaction of anti-
EGFR polyclonal and monoclonal antibodies within the EGFR were determined by immunoblotting of various bacterially
expressed GST-TK fusion proteins containing specific portions of the EGFR TKD sequence (see Figure 1). We analyzed two
mouse monoclonal antibodies 291-3A and 291-4A, and a rabbit polyclonal IgG fraction generated against a recombinant
45 kd TKD immunogen (see Materials and Methods). A sample of A431 cell plasma membranes, which contain the native
170 kd EGFR was also analyzed. A standard Western blotting protocol with horse radish peroxidase-conjugated second
antibody development was used. Note that the rabbit polyclional also recognized an ~75kd protein in the E. coli lysates.

Mapping of antibody recognition sites with the GST-TK fusion proteins- A useful anti-EGFR rabbit serum
was raised with a recombinant 45 kd TKD fragment immunogen (see Materials and Methods). The immunogen was
expressed as an insoluble protein in E. coli with the plasmid pET-TK1 (see Figure 7). The GST-TK fusion proteins
were used to map the sites recognized by this antiserum and two anti-EGFR mouse monoclonal antibodies.
Figure 6 shows a typical Western blot analysis used in the mapping of the sequences recognized by the antibodies.

Figure 7. Map of the sites recognized by polyclonal and lonal anti-EGFR antibody reag The results of Figure
6 and similar experiments were used to construct a map of the sites recognized by three antibody reagents. The mouse
monoclonal 291-3A reacted with either of the indicated sequences at the ends of the TKD core. The monoclonal 291-4A

gnized a short seq in the C-terminal phosphorylation domain (res. 1051-1134) which includes tyrjoss, 2
major site of EGFR autophosphorylation. The rabbit polycionat serum generated against the 45 kd TKD form expressed by
plasmid pET-TK1 strongly recognized the "hinge” sequence connecting the C-terminal domain to the TKD core (res.
944-1011). The polyclonal serum did not significantly react with other TKD sequences.
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The conclusions of the mapping experiments are summarized in Figure 7. The inner core of the TKD as expressed
in GST-TKO (see Figure 1) was not recognized by any of the antibodies. Neither was the GST protein itself. The
rabbit polyclonal serum 8-265 clearly reacted with GST-TK2 and -TK3. (This antiserum also recognized a common
~70 kd contaminant in the E. coli-expressed fusion proteins.) In related experiments, the antiserum recognized the
proteins GST-TK6 and -TK7, but not GST-TK8 (data not shown). Hence we concluded that the polyclonal serum
predominantly reacts with the peptide contained in GST-TK7, the highly acidic sequence connecting the C-terminal
sites of autophosphorylation to the TKD and containing residues 943-1011. Figure 6 also demonstrated that the
rabbit antiserum can recognize the intact EGFR in a background of mammalian cell proteins, namely the plasma
membrane proteins of A431 carcinoma cells.

We were also able to delimit the sites of the EGFR recognized by two useful monoclonal antibodies, 291-3A
and 291-4A produced and provided by Dr. R. Schatzman (Syntex Research). Because the monoclonal 291-4A
recognized the fusion proteins GST-TK3 and -TK4, the site of recognition by this antibody must include residues
1052-1134, a short C-terminal sequence which includes tyrjggg, one of the three major sites of in vitro
autophosphorylation (see Discussion). Because the other monoclonal 291-3A recognized GST-TK1, but not GST-
TKO, we could limit its sites of recognition to two short sequences between residues 687-706 and 889-944 which are
located at the two ends the TKD core.

DISCUSSION

Previous enzymological investigations of the EGFR have highlighted the roles of specific amino acid residues
in receptor catalysis and regulation [the cDNA and amino acid sequences of the EGFR are given in (4)]. The core of
the TKD contains lys721 (see Figure 1), which is presumably located within the nucleotide binding site and is
essential for tyrosine kinase activity (23,24). Of much interest have been the roles of the three known sites of in
vitro tyrosine autophosphorylation, tyripeg, tyri148 and tyry173 (20), which are located in an ~13 kd C-terminal
sequence of the receptor. Other potential sites of tyrosine phosphorylation are evident in the EGFR sequence (see
Table I). These sites are indicated by the presence of a negatively charged amino acid(s) 1 or 4 residues N-terminal to
the tyrosine and include tyrg4s, tyrg74, tyrogs, and tyr1j14. tyrgss is absolutely conserved among tyrosine kinases
of known sequence (25), and the corresponding residue is phosphorylated in the activated src kinase (26). The major
site of in vivo tyrosine autophosphorylation of the EGFR has been determined to be tyr; ;73 (20). Given that a
particular tyrosine phosphorylation may be transient and/or labile due to the presence of cellular phosphatases, it
seems plausible that some of the other potential phosphorylation sites may be involved in EGFR function. Indeed
when phenylalanine was substituted for tyryj73 in a recombinant EGFR mutant, a strong in vivo
autophosphorylation of the receptor was maintained (27). Recent work has indicated that the c-src tyrosine kinase is
phosphorylated on a C-terminal site by a distinct but unknown cellular tyrosine kinase (28). This leads to the
speculation that the multiple tyrosine phosphorylation sites of the EGFR C-terminus may be also be phogphorylated
by another tyrosine kinase, for example by the c-src kinase.

As a convenient means of addressing these issues concerning the phosphorylations of the EGFR, and to
facilitate immunological approaches to tyrosine kinase structure and function (gee below), we developed the GST-TK
family of plasmid expression vectors. These E. coli vectors enabled the purification of EGFR-derived peptides in the
form of GST fusion proteins (11). The peptides selected for expression included important structural and functional
domains of the EGFR. Those fusion proteing containing short (<25 kd) sequences of the EGFR tended to be
soluble, were relatively stable, and could be purified by affinity chromatography. Fusion proteins containing larger
sequences of the EGFR were found in the particulate fraction. These proteins could be purified by selective
solubilization, and although inactive, were useful for immunological mapping of determinant sites.

Our preliminary phosphorylation studies showed that those GST-TK proteins which contain candidate
autophosphorylation sites of the EGFR TKD were useful substrates for the EGFR tyrosine kinase and the related
c-81C tyrosine kinase, The protein GST-TK4, which contains the C-terminal autophosphorylation domain of the
EGFR and its four candidate autophosphorylation sites, was strongly phosphorylated by both the EGFR and c-src
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Table 1
Sequences of Potential Sites of Tyrosine Phosphorylation in the EGFR

EGFR Relevant GST
Sequence of Site? Location  Fusion Proteins Notes

glu-glu-lys-glu-tyrgs TKD core  GST-TKO,1 highly conserved among
tyrosine kinases
asp-ser-asn-phe-tyrgyy "hinge"®  GST-TK6,7

asp-ala-asp-glu-tyrgg) "hinge" GST-TK6,7

pro-val-pro-glu-tyrjpsg C-term GST-TK3,4 P3¢, known site in vitro
gly-asn-pro-glu-tyrjjjg4 C-term GST-TK3,4

asp-asn-pro-asp-tyrjiyg C-term GST-TK4 P2, known site in vitro
glu-asn-ala-glu-tyrjy7z  C-term GST-TK4 gll,v¥51§wn site in vitro and

aThe amino acid sequence and numbering conventions are those given by (4).

bThe sequence of ~8 kd connecting the C-terminal autophos{phorylation domain to the TKD
and comprising the EGFR sequence in GST-TK7 are informally referred to as the "hinge."

CP1, P2, and P3 are the designations for known sites of in vitro autophosphorylation (20).

tyrosine kinases. The phosphorylation of this domain by c-src suggests a potential cross-phosphorylation of the two
kinases under physiological conditions. The strong phosphorylation of the protein GST-TK7 by the EGFR tyrosine
kinase was also intriguing. This fusion protein contains the ~8 kd acidic EGFR sequence which connects the
C-terminal autophosphorylation domain to the TKD core. Whereas the amino acid sequence of this peptide indicates
the presence of potential tyrosine autophosphorylation sites (see Table I), no phosphorylation of tyrosines in this
"hinge" sequence has been detected in studies of the intact EGFR (20), although the possibility of such
phosphorylation has not been excluded. If this sequence indeed functions in the intact EGFR as a hinge, such that it
is involved in structural displacements of the autophosphorylation domain, then the autophosphorylation of tyrosine
residues in this sequence could regulate the further autophosphorylation or substrate phosphorylation reactions of the
tyrosine kinase.

The protein GST-TK7 was also phosphorylated by the c-src tyrosine kinase. In contrast to the substrate
GST-TK4, the GST-TK7 fusion protein showed a strong affinity for the c-src kinase, with a Ky of 5-10 uM being
indicated. This Ky is among the lowest reported for substrates of the c-src kinase (25). It is possible that the
presence of a highly acidic sequence in the EGFR-derived portion of the GST-TK7 substrate (i.e. the sequence from
residues 979 to 991 in which 9 of 13 residues are glutamate or aspartate) is responsible for the high affinity of the
substrate. A homologous acidic sequence in the middle T antigen has been reported to be responsible for the
interaction of the tumor antigen with c-src (29,30). Furthermore, the src-associated middle T antigen is
phosphorylated on a tyrosine residue located near the acidic sequence (31). The interaction of GST-TK7 with c-src
may also be related to the observations that c-src expression can potentiate the mitogenic effects of EGF in cultured
cells (32).

Several polyclonal and monoclonal antibodies are available for the study of the EGFR function. We have used
the GST-TK fusion proteins to map the sites of interaction of two anti-EGFR monoclonal antibodies and a
polyclonal rabbit antiserum generated with a bacterially expressed 45 kd TKD fragment as the immunogen (see
Figure 7). The sites of interaction of these antibodies with the EGFR include important structural elements of the
EGFR cytoplasmic domain. The polyclonal serum reacted strongly with the "hinge” sequence of the TKD (residues
944-1011) which was expressed in the GST-TK7 fusion protein. This is reasonable given the highly acidic nature of
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this sequence and the correlation of charge with immunogenicity. Other sequences of the EGFR kinase domain
showed little reactivity with the polyclonal serum. Although the sites of interaction of the polyclonal antiserum
under the denaturing conditions of Western blotting may differ from those recognized in the native TKD structure,
the polyclonal serum may prove to be useful for studying the role of the "hinge" region in TKD regulation or in the
interaction of the TKD with cellular substrates.

The sites of interaction of the 291-3A and 291-4A mouse monoclonal antibodies were also mapped (see
Figure 7). The 291-3A antibody was determined to recognize either one of the two short sequences at the ends of the
TKD core. The site of interaction of the monoclonal antibody 291-4A was determined to be within the sequence
from residues 1051 to 1134 in the C-terminal domain of the EGFR. This sequence contains one of the three major
sites of in vitro tyrosine autophosphorylation, tyripeg. Hence this latter C-terminal-specific monoclonal may be
useful for studying the role of autophosphorylation in EGFR-mediated events.

In conclusion, the expression of EGFR-derived peptide sequences as GST fusion proteins in E. coli has been
shown to be a useful approach for the study of the roles of these sequences in tyrosine kinase structure and function.
The GST-TK fusion proteins were expressed in relatively high yield and could be readily purified. We have shown
that, in contrast to the parent GST protein, the GST-TK fusion proteins carrying the predicted autophosphorylation
loci of the EGFR (see Table I) were strongly phosphorylated by the EGFR and c¢-src tyrosine kinases. Hence these
and related substrates may prove to be of much value in the study of tyrosine kinase catalysis. The possibility of
generating by site-specific mutagenesis substrates with specific amino acid alterations is attractive. The fusion
proteins were also found to be useful for the mapping of anti-EGFR antibody recognition sites. The mapping of
these sites will greatly increase the utility of these antibody reagents in determining the roles of specific structural
elements of the EGFR cytoplasmic domain. In principle the fusion proteins would also be useful for the generation
of other site-specific antibodies to the EGFR. Finally, investigators of other protein kinases might also consider the
expression of the key sequence elements of the kinase or kinase substrates as GST fusion proteins.
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