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ABSTRACT. The binding of epidermal growth factor (EGF) to its receptor leads to receptor dimerization,
which activates the intracellular kinase domain. Homology models of the inactive and active forms of
the EGF-receptor kinase domains have been derived, and these models suggest that the active form can
be stabilized by the interaction of helix C and the surrounding area in one receptor monomer with one of
two possible complementary surfaces on a second receptor monomer. Both hydrophobic interaction sites
are strongly conserved within the EGF-receptor family but not in other tyrosine kinases. Two of the
three predicted kinase dimers are symmetric; the other is asymmetric and is predicted to contain only one
active kinase. One of the symmetric models and the asymmetric model would account for the effects of
two mutations in helix C (Y740F and V741G) on kinase activity. They also provide an explanation for
previously reported dominant negative mutants of the EGF receptor and have interesting implications for
the signaling through homo- and heterodimers of the family members: EGF receptor, erbB2, erbB3, and
erbB4.

The epidermal growth factor receptor (EGFRINd its (Carter & Kung, 1994; Boonstra et al., 1995). Overexpres-
family members erbB2 (HER2 or neu) and erbB4 (HER4) sion of the EGF receptor is associated with tumorigenic
are ligand-activated tyrosine kinase receptors (Ullrich & transformation when the cells are stimulated with EGF or
Schlessinger, 1990; Carraway & Cantley, 1994). The fourth transforming growth factoro. (Carter & Kung, 1994).
known family member, erbB3 or HER3, has seriously Several EGFR mutants are known that cause transformation
impaired tyrosine kinase activity (Guy et al., 1994). The without dependence on EGF in certain cell types (Carter &
EGF receptor consists of an extracellular ligand-binding Kung, 1994). Interestingly, while mice can tolerate an EGF
domain, a transmembrane region, and a cytoplasmic domairnreceptor with significantly impaired kinase activity (Luetteke
containing a juxtamembrane region, the catalytic domain, et al., 1994; Fowler et al., 1995), loss of the receptor is lethal
and a C-terminal tail with at least five tyrosine phosphoryl- for most mouse embryos (Miettinen et al., 1995; Sibilia &
ation sites [reviewed in Carraway and Cantley (1994), Carter Wagner, 1995; Threadgill et al., 1995).

and Kung (1994), and Boonstra et al. (1995)]. Epidermal  pegpite considerable investigation it is still not clear how
growth factor (EGF) can bind with both low and high affinity  the binding of EGF to the extracellular domain and subse-
to the extracellular domain of the EGF receptor (Livneh et qyent dimerization of the EGF receptors activate the kinase
al., 1986). Binding of EGF leads to receptor dimerization domain inside the cell. The dimerization of the EGF receptor
(Cochet et al., 1988) and simultaneous kinase activation generally coincides with an increase of kinase activity (often
(Yarden & Schlessinger, 1987; Canals, 1992). The first on|y indirectly inferred as an increased tyrosine phospho-
substrate of the EGFR kinase appears to be the EGF receptofy|ation on the EGF receptor), irrespective of whether
itself, resulting in the autophosphorylation of a number of gimerization is induced by binding of EGF to the full-length
tyrosine residues in the C-terminal tail (Carter & Kung, 1994; receptor on cells (Cochet et al., 1988) or in solution (Boni-
Boonstra et al., 1995). Subsequently, many signaling eventsschnetzler & Pilch, 1987; Canals, 1992), binding of bivalent
are triggered inside the cell, partly through the binding of antibodies to full-length receptors (Spaargaren et al., 1991),
cytoplasmic proteins to the phosphorylated tyrosine residuesy, formation of a non-native disulfide bond between two
receptors (Sorokin et al., 1994). EGF receptors missing the
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Ficure 1: Amino acid sequence alignment of the kinase domains of the EGF receptor (EGFR), insulin receptor (IRK) and cyclic AMP-
dependent kinase (CAPK). Residues identical with EGFR are boldfaced. Above the sequences of IRK and eAR#lites (letters) and
[-strands (numbers) are indicated. Residues used for coordinate assignment for the active form are underlined, and the six newly built
loops L1-L6 in the active form are indicated above the EGFR sequence. The residues forming the extension of helix | in EGFR are
indicated by aro. above the EGFR sequence.

responsible for activation of the receptor. We have used interface between the two lobes in the active model, for
homology modeling and molecular dynamics to develop which the cAPK coordinates were used (Figure 1), and
three-dimensional models for the EGFR kinase, which has certain loops. In both models helix | was extended to residue
led to three models of the active EGFR kinase dimer, both 950 to reflect the local sequence similarity between EGFR

symmetric and asymmetric. and casein kinase 1, in which this helix is also extended (Xu
et al., 1995). Loops with insertions or deletions and loops
MATERIALS AND METHODS with very unfavorable side-chain contacts or proline con-

) ] formations were built on the basis of templates identified

'Homology Models of Inaate and Actie EGF-Receptor  om a loop search procedure in Homology. This procedure
Kinase Domains.The model of the inactive tyrosine kinase gearches a subset of the PDB for stretches of amino acids of
domain is based on the 2.1 A resolution X-ray structure of jgentical length to the loop, for which the conformation of
the kinase domain of the insulin receptor (IRK; Hubbard et the anchor residues most closely resembles that of the loop
al., 1994), with which it shares 34% sequence identity [entry gnchor residues. The default subset supplied with Homology
Lirk in the Brookhaven Protein Data Bank (PDB); Bernstein (yersjon 2.3.5) was supplemented with a list of structures in
et al, 1977]. The alignment by visual inspection of the {he ppB that are less than 30% identical in sequence
amino acid sequences of both kinase domains is straight-(jophohm et al., 1992). Equivalent structures and duplicate
forward and requires four deletions and one insertion in the chains were removed. The ten templates found in each
human EGFR sequence (Flgure 1). The model of the active gg5rch were examined for approprigtey and peptide bond
form was built on the basis of the X-ray structures of IRK  ginedral angles, amino acid composition, and steric clashes
and of cyclic AMP-dependent protein kinase (CAPK) in a ity the rest of the structure. A suitable template was
complex with ATP and a peptide inhibitor (PDB entry 1atp, normally found after repeated searches, in which the length
2.2 A resolution, 21% sequence identity with EGFR; Zheng o the Ioop and the number of anchor residues at each end
et al., 1993a,b). The sequences of cAPK and IRK were yere varied. The loops in the active structure for which
aligned on the basis of their three-dimensional Structures gemplates were used are indicated in Figure 1. For the

(Figure 1). The N- and C-terminal lobes of IRK were jnactive form these loops are L1, L2, and L4, as in the active
superimposed separately onto the respective lobes of CAPK torm, and residues 838341 and 848851. After assign-
using the corg-sheet in the N-terminal lobes of IRK and  ment of the coordinates the structure was visually checked
CAPK (residues equivalent to 69895, 701-705, 718-722,  for steric clashes involving side chains, and where necessary
752-757, and 763767 in EGFR) and the residues equiva- the conformations of side chains were adjusted to better
lent to 774-780, 788-805, 871-884, 896-903, and 917 fitting rotamers using an automated procedure in Homology.
926 in EGFR in the C-terminal lobe, corresponding t0 opne ATP molecule, two MG ions, and three water
o-helices D, E, F, G, and H (Figure 1). molecules coordinated to the ions were included in the active
For the initial model building the programs Homology and model. Furthermore, 19 and 27 crystal water molecules were
Insightll (Molecular Simulations Inc., San Diego, CA) were included in the active and inactive models, respectively,
used. Atomic coordinates for residues of the EGF-receptor which either resided in cavities inside the protein or were
kinase were transferred from IRK, except for residues in the associated with conserved loops on the surface of the protein.
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Refinement of Kinase ModelsThe initial models were
refined by minimization and dynamics runs using the
program X-PLOR (Bfuger, 1992). The models were
surrounded ¥ a 5 A layer of TIP3P water containinga.
1600 molecules. For all calculations the all-atom CHARM-
m22 force field was used (Brooks et al., 1983; MacKerell et
al., 1995), which is distributed with X-PLOR. Missing bond,

Groenen et al.

Models for Kinase Dimers.The initial models for the
kinase dimer were constructed by manual docking of the
unsolvated monomers (35 ps structures), using the Insightll
program. For both the symmetric and asymmetric dimer only
four to six orientations were considered because of the
elongated nature of the hydrophobic patches around helix C
and around helix H. Each structure was first optimized by

angle, and dihedral parameters for the triphosphate grouprigid body minimization, in which side chains and loop
were estimated from the X-ray structure and similar param- backbones at the interface were partitioned into small
eters in the force field. Atomic charges for the triphosphate nonlinear rigid bodies and the backbone of helix C and the
group were approximated from a one-point MNDO calcula- remaining bulk of each monomer were treated as three
tion (using the program MOPAC; Stewart, 1990) on the Separate rigid bodies. These calculations were executed in
conformation of ATP as found in the cAPK structure (Zheng vacuum (dielectric constant of four) with the united-atom
et al., 1993b). The energy of each system was minimized CHARMm19 force field (Brooks et al., 1983), using the
in four stages using the conjugate gradient methodr{§es, =~ X-PLOR program. The two monomers were then replaced
1992). First, the protein structure was fixed and only the by the 35 ps structures of the active or inactive kinase domain
solvent water molecules were allowed to move in 500 With their water shell, and overlapping water molecules
minimization steps. Then, for another 500 steps, all loops Within 3 A of aheavy atom of the other monomer plus water
and all side chains were released and the backbone atom§hell were removed. This complex was optimized by an
of the two residues on either side of the loops were initial energy minimization and a 25 ps dynamics run with
harmonically tethered to their initial positions with a force Minimization every 5 ps using the same parameters, force
constant of 1.0 kcal mot A2, In this stage and in the next,  field, and restraints as for the monomer models. The
dihedral restraints were used to restrictgnand/ory angles presented dimers have t.he highest buried syrface areas after
of non-glycine residues with positiveangles in the template 20 of the 25 ps of dynamics. Solvent-accessible surface areas
structures¢ = +60 + 30° andy = +40 £ 50°), of glycine were calculated with X-PLOR using a 1.4 A so_lvent probe
residues in loops# = +90 + 60°), and of residues that @nd only the non-hydrogen atoms of the proteins.

tended to move to positivg angles but are not expected to The coordinates of the active and inactive kinase models
(¢ = —90+ 60°). A square-well function (Bger, 1992) and of the three dimer models can be obtained from the
was used to restrain hydrogen bondgisheetsp-helices, ~ corresponding author and will be posted on the World Wide
and 3¢helices and conserved hydrogen bonds involving Web (URL: http://liba.ludwig.edu.au).

side-chain atoms (e.g., the salt bridge between E860 and '*4-Labeled EGF {*I-EGF) Binding. lodination of
R934, the hydrogen bonds between the side chain of D872murine EGF and equilibrium binding studies were performed
and the amide hydrogen atoms of H811 and R812 andas described (Walker et al., 1990). The data were plotted
between the protein and MATP in the active model). In  and equilibrium binding constants were derived using the
the third and fourth stages all atoms were allowed to move, LIGAND program (Munson & Rodford, 1980).

and minimization was continued until the energy gradient In Vitro Protein Kinase AssaysReceptor protein was
was less than 0.3 and 0.1 kcal mbA 2, respectively. In immunopurified from Baf/B@ cells transfected with the
these stages and in the dynamics runs for the active kinasewild-type, Y740F, or V741G EGF-receptor constructs with
Mg.ATP and coordinated water molecules were harmonically an antibody to the extracellular domain of the EGF receptor
restrained to their initial positions with a force constant of (mAb 528). Autokinase activity was measured as described
50.0 kcal mot! A=2, mainly because no well-tested force (Fowler et al., 1995). Quantitation of the radioactivity
field parameters are available for Kfgions and the incorporated into the receptor proteins, and of the amounts
triphosphate group. of receptors, was carried out on a Molecular Dynamics

In the dynamics runs the geometry of individual solvent Phosphoimager.
molecules was kept fixed using the SHAKE algorithm RESULTS
(Bringer, 1992), as were the covalent bonds to hydrogen

atoms of the protein. The dynamics runs used a time step Three-dimensional models of the kinase domain of the
of 2 fs, heat bath coupling constant of 100f&nd a group-  human EGF receptor (residues 68¥51) in both the inactive
based nonbonded cutoff distance of 7.5 A with a switch and active forms were derived by homology-based modeling.
function for the van der Waals interactions and a shift Currently, crystal structures of eight different protein kinases
function for the electrostatic interaction between 7.0 and 7.5 have been solved and published (Zheng et al., 1993a; De
A (Briinger, 1992). The systems were heated in steps of 50Bondt et al., 1993: Zhang et al., 1994; Hu et al., 1994;
K to a final temperature of 300 K in 0.5 ps, after which Hubbard et al., 1994; Owen et al., 1995; Xu et al., 1995;
dynamics was continued for 50 ps at 300 K. After each Goldberg et al., 1996). The EGF-receptor kinase domain
interval of 5 ps the structure was minimized and stored. The shares the highest sequence identity (34%) with the only
stereochemical quality of each structure was checked withtyrosine kinase among these, the insulin receptor kinase
the program Procheck (Laskowski et al., 1993), and the (IRK; Hubbard et al., 1994). The insulin receptor kinase
quality of side-chain packing was evaluated with Prosall was crystallized in the inactive, unphosphorylated form and
(Sippl, 1993) and the 3D-profiles method by et al., 1992). has no bound ATP. This structure served as the template
The models presented here are the minimized structures aftefor the model of the inactive form of the EGFR kinase, based
35 ps of dynamics, which are representative for the fluctuat- on the sequence alignment shown in Figure 1. The model
ing structures after the initial 220 ps of dynamics. of the active form was based on the three-dimensional
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Ficure 2: Quality of chain fold and side-chain packing. The Prosall energy profiles shown in panels a and b and the 3D-Profiles score
profiles in panels ¢ and d are averaged over a window of ten residues. A low Prosall energy or a high 3D-Profiles score indicates a
correctly folded amino acid sequence. Panels a and ¢ show the models of the active form of the EGFR-kinase domain as a monomer (thick
line) and in the asymmetric dimer (dashed thick line) in comparison with cAPK (thin line). In panels b and d the inactive models as a
monomer (thick) and in the asymmetric dimer (dashed) are shown in comparison with IRK (thin line).

structures of both insulin receptor kinase and cyclic AMP- for the inactive model. These values are slightly lower
dependent kinase (CAPK). The X-ray structure of cAPK is (worse) than for the template structures (0.31 for IRK, 16
one of three crystal structures of an active kinase, the othersfor cAPK). A small problem is found with the NC,—C
being phosphorylase kinase (PhK; Owen et al., 1995), andbond angles, of which around 30 are more thahlé€s than
casein kinase 1 (CK1; Xu et al., 1995). It was chosen as athe “ideal” values used by Procheck. These ideal values,
template because it has higher sequence identity (21%) with112.5 for glycine and 111.2for non-glycine residues, are
EGFR than either PhK or CK1 (19% and 16%, respectively) 4.2—5.5° higher than the equilibrium value of 10defined
and is the only structure that contains both ATP and a in the CHARMmM22 force field.
substrate-like molecule, the inhibitor peptide (Zheng et al., Several methods have been proposed to evaluate the
1993a,b). For the model building the N- and C-terminal quality of the packing of residues in a protein [reviewed in
lobes of IRK were superimposed separately onto the structureSali (1995)]. The results of an analysis with two of these
of cAPK and used as templates as such, but the loops thatmethods, Prosall (Sippl, 1993), which calculates an energy
are in contact with ATP (residues 69402, 767773, and profile using empirical surface andg€ECs interaction
808—-854) or are in close contact with these loops (residues potentials, and 3D-Profiles (lthy et al., 1992), which takes
744-752 and 863869) were derived from the cAPK into account the type of secondary structure element a residue
structure (Figure 1). is part of, its solvent accessibility, and the number of polar
The stereochemical quality of the models for the inactive atoms surrounding its side chain, are shown in Figure 2.
and active EGFR kinase domains after refinement by Considering that X-ray structures and modeled structures
molecular dynamics and energy minimization was assessedalike contain a number of regions with unfavorable energies
with the program Procheck (Laskowski et al., 1993). Both (higher than one energy unit in the Prosall plots, lower than
models have 84% of the residues in the most favored regionzero in the 3D-Profiles plots), the models of both the active
of the Ramachandran plot, as compared with 91% for the and inactive EGFR kinase seem to be packed reasonably
equivalent fragment of IRK and 90% for cCAPK. There are well. In some areas both methods agree that the fold is less
three to four residues witk,ip angles outside the “most  favorable in the models than in the template structures.
favored and additionally allowed” regions in the Ramachan- These are the loop betweghstrands 4 and 5 (possibly
dran plot (three for IRK and none for cAPK) and one (R812, because hydrophobic L758 is on the surface), the loop after
which has departed from its initial left-handedhelical p-strand 8, the beginning of helix F, and especially the
conformation) in a disallowed region. The ovei@Hfactors sequence around helix H. In this last area five surface
calculated using Procheck, which is a combined measure forresidues are hydrophobic in EGFR but polar in IRK (1914,
the quality of main-chain and side-chain dihedral angles, 1917, M921, V924, and M928; Figure 3). These residues
distortion around the Catom, and the energy of main-chain form a continuous hydrophobic patch on the surface that
hydrogen bonds, are0.20 for the active model and0.17 might form an interaction site either with another part of



3830 Biochemistry, Vol. 36, No. 13, 1997 Groenen et al.

730 740 755 835 920 230
R L PR * * P S

EGFR PKANKETLDEAYVMASY LLGICLT DFGLAKLL PPICTIDVYMIMVKCWMID

erbB2 PKANKEILDEAYVMAGV LLGICLT DFGLARLL PPICTIDVYMIMVKCWMID

erbB3 RQSFQAVTDHMLAIGSL LLGLCPG DFGVADLL PQICTIDVYMVMVKCWMID

erbB4 PKANVEFMDEALIMASM LLGVCLS DFGLARLL PPICTIDVYMVMVKCWMID
ceeeeeccecceccecce 44444 HHHHHHHHHH

IRK LRERIEFLNEASVMKGF LLGVVSK DFGMTRDI PDNCPERVTDLMRMCWQFN

PDGFR-B SSEKQALMSELKIMSHL LLGACTK DFGLARDI PAHASDEIYEIMQKCWEEK
bFGFR EKDLSDLISEMEMMKMI LLGACTQ DFGLARDI PSNCTNELYMMMRDCWHAV

NGFR —SARQDFQREVELLTML FFGVCTE DFGMSRDI PRACPPEVYAIMRGCWQRE
HGFR IGEVSQFLTEGIIMKDF LLGICLR DFGLARDM PEYCPDPLYEVMLKCWHPK
EPH GGQWWNFLREATIMGQF LEGVVTK DFGLTRLL PVDCPAPLYELMKNCWAYD
cgeeeeecceccecece 444444 99 HHEHHHHHHHH
CAPK LKQIEHTLNEKRILQAV LEFSFKD DFGFAKRV PSHFSSDLKDLLRNLLQVD
PhK QELREATLKEVDILRKV LKDTYET DFGFSCQL WDDYSDTVKDLVSRFLVVQ
CDK2 EGVPSTAIREISLLKEL LLDVIHT DFGLARAF VPPLDEDGRSLLSQMLHYD
ERK2 QTYCQRTLREIKILLRF INDIIRA DFGLARVA FPNADSKALDLLDKMLTFN
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Ficure 3: Amino acid sequence alignment of helix £&strands 4
and 9, and helix H of the kinase domains of human EGFR, erbB2,
erbB3, and erbB4, selected tyrosine kinase receptors, and serine/
threonine kinases of which the X-ray structure has been solved.
The positions of the helices and strands in IRK and cAPK are
indicated by letters and numbers above their sequences. The
highlighted residues are conserved in tyrosine kinases (Hanks &
Quinn, 1991). The hydrophobic residues that are conserved in the
EGFR family only are indicated with an asterisk. The numbering
is for EGFR.

Ficure 5: Conformational change of the regulatory loop (residues
830-855). The C-terminal lobes of the active and inactive kinases
are superimposed, and the molecular surface of residues8zZ®
and 856-951 of the active kinase is shown, together with a worm
presentation of the regulatory loop (residues -8885) of active
(magenta) and inactive (cyan) kinase, in a view perpendicular to
the bound ATP (in yellow) in the active form. Residues F832 and
Y845 in the active (red) and inactive (blue) forms are highlighted.
The green patch on the surface shows the location of residues 808
810 of s-strand 6, and the orange patches in the worms indicate
residues 836838 of 5-strand 9. The drawing was prepared with
Grasp (Nicholls et al., 1991).

adenine moiety, and the substrate site where Y845 occupies
the site for the tyrosine residue to be phosphorylated. This
is similar to the structure of the inactive form of IRK
Ficure 4: Ribbon diagrams of the models for the active (a) and (Hubbard et al., 19_94)' In the _actlve form Y845. IS on _the
inactive form (b) of the kinase domain of the EGF receptor. In the Surface of the protein, and the side chain of F832 is predicted
inactive form (b) the N- and C-terminal lobes are colored white to occupy a different hydrophobic cavity flanked by residues
and gray. In the active form (a) the residues for which the V741, V750, L804, and H811. Glutamate 842 of the
coordinates were transferred from IRK are colored white and those regulatory loop forms an ion pair with R812, and a short

from cAPK are in gray. Also shown is the bound ATP molecule in . - .
a ball-and-stick representation. Letters and numbers indicateﬁ'Sheet is formed consisting of strands 6 and 9 (Figures 4a

a-helices ang3-strands, respectively. In both diagrams the loops and 5). As a result of the reorientation of the regulatory
obtained from template searches are black. The drawing wasloop both the ATP binding site and the substrate binding

prepared with Molscript (Kraulis, 1991). site are accessible in the active form of the kinase.

] ) . . The three-dimensional models of the inactive and active
the EGF receptor or with another protein. Itis unlikely that yinase domains point to a mechanism for the activation of
this helix is built in a wrong orientation because the tne EGF-receptor kinase through dimerization. In quiescent
hydrophobic residues that form the interface of helix H ce|is EGF receptors have a basal kinase activity (Livneh et
(VO19, 1922, M923, C926, and W927) with the rest of the 5| 1987). This implies that some of the EGF receptors have
structure are strongly conserved between the EGFR kinaseyn active kinase domain and that there is an equilibrium
and IRK and indeed other tyrosine kinases (Figure 3). between inactive and active EGF-receptor kinase domains.

The ribbon diagrams of the models for the inactive and The binding of EGF to the extracellular domain results in
active EGFR kinase are shown in Figure 4. In both diagrams dimerization of EGF receptors (Cochet et al., 1988) and a
the C-terminal lobes are shown in the same orientation. concomitant shift in the equilibrium toward receptors with
Comparison of the inactive and active kinase shows that thean active kinase conformation. We suggest that the EGF-
orientation of the N-terminal lobe relative to the C-terminal receptor dimer involves contacts not only between the two
lobe is not very different in the two models, in contrast to extracellular domains but also between the kinase domains
the differences between IRK and cAPK (Hubbard et al., (Chantry, 1995) and, further, that the active conformation
1994). This is due to a rearrangement of the N-terminal lobe of the regulatory loop of one kinase domain is stabilized by
in the inactive model during the molecular dynamics calcula- interaction with the second kinase domain.
tions. The major difference between the active and inactive Recently, a mutant mouse EGF receptor was described,
EGFR kinases is found in the conformation of the long in which valine 743 in helix C is substituted by glycine
regulatory loop (residues 83®55), which is highlighted  (Luetteke et al., 1994; Fowler et al., 1995). We have
in Figure 5. In the inactive kinase this loop traverses both characterized the equivalent mutation in the human EGF
the ATP binding site, with the hydrophobic side chain of receptor, V741G, and also a new mutation, Y740F. The
F832 partly filling the hydrophobic cavity required for the V741G mutant has only low-affinity binding sites for EGF
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Table 1: '-EGF Binding and in Vitro Autophosphorylation of EGF-Receptor Mutants

fold stimulation specific®?P incorporation
recepto? Kal (pM)° Kg2 (nM)° R1 (1C/cell) R2 (10/cell)d by EGP (relative to WT)
WT 8.9 1.3 4.1 4.3 1.9 1
Y740F 12 11 1.3 35 1.8 0.11
V741G 1.3 6.8 1.5 0.003

aWild-type and mutant receptors were transfected in Baf/Bélls. Equilibrium dissociation constants and receptor numbers were determined
by 1?3-EGF binding followed by analysis with the LIGAND program. Autokinase activity was determined with or without EGF in immunoprecipitates
in the presence ofF*?P]ATP and MnCJ. Specific®?P incorporation was calculated as the ratio between radioactivity incorporated into the receptors
and the amount of receptor protein, as assessed by Western blotting and densitow@tig.the wild-type EGF receptor; Y740F and V741G are
two mutant EGF receptor8Kyl andKq2 are the high- and low-affinity binding constant®R1 and R2 are the number of high- and low-affinity
receptors per celf Ratio of 32P incorporation in the presence and absence of EGlasured in the presence of EGF.

Ficure 6: Van der Waals representation of the surface residues around helix C (a) and helix H (b) of the active and inactive EGFR kinase,
respectively. The side-chain atoms are colored according to atom type: C, green; O, red; N, blue; and S, yellow. Backbone atoms are in
white. Drawing prepared with Grasp (Nicholls et al., 1991).

and a 300-fold reduced EGF-dependent autophosphorylatiorhydrophobic residues in this patch are completely conserved
in vitro (Table 1). For the Y740F mutant the high-affinity in the EGF-receptor family, whereas in other classes of
binding is still intact, albeit a smaller number of binding sites kinases hydrophobic residues are only found sporadically in
is present, and the in vitro autophosphorylation is reduced these positions (Figure 3). Attempts to manually dock the
ca. 9-fold (Table 1). Thus, both mutations significantly surface around helix H of an inactive kinase (this kinase is
reduce the kinase activity of the EGF receptor. not interacting via its helix C, so that the active conformation
In the model of the active kinase, residues F832 and L837 Of its regulatory loop is not being stabilized and is therefore
of the regulatory loop are packed against residue V741 of inactive) to the surface around helix C of an active kinase
helix C. Leucine 837 lies on the surface of the kinase domain Showed that the two surfaces are surprisingly complementary,
and forms a hydrophobic patch with other residues from helix @nd it proved straightforward to find orientations with few
C andp-strand 4 (Figure 6a). Some of the hydrophobic side-chain clashes and with the two hydrophobic surfaces
residues in this patch, L736 and 1756, are conserved in mostclosely packed together.
kinases and form part of the interfaces of helix C with  The complexes were refined by rigid-body energy mini-
f-strand 4 and with the C-terminal lobe (Figure 3). Other mization, molecular dynamics, and energy minimization, and
hydrophobic residues in this patch, L758, L837, and also the two symmetric dimers and one asymmetrical dimer with
Y740, are strongly conserved within the EGF-receptor family the highest buried solvent-accessible surface area are pre-
but not in most other kinases (Figure 3). This hydrophobic sented (Figure 7). The symmetric dimers are not completely
patch seemed a conspicuous site for interaction between twasymmetric because no symmetry restraints were imposed on
EGF-receptor kinases. Therefore, we tried to manually dock the two kinase molecules during the refinement. The total
two active kinase domains together to form a symmetric surface area that is buried upon formation of the two
dimer, in which the areas around helix C in both kinases symmetric dimers is 2073 and 2083,/&nd 2087 Afor the
interact with each other. Several alternatives were found in asymmetric dimer, considerably more than found on average
which the kinases were shifted relative to each other, (1685 A in protein homodimers (Jones & Thornton, 1996).
requiring different orientations of tyrosine residue 740 in the In all three dimers the ATP binding sites and the substrate
middle of the surface to prevent severe steric clashes. Webinding sites are fully accessible. Expanded views of the
also considered the hydrophobic surface patch around helixdimer interfaces are shown in Figure 8. In the first
H as the second interaction site (Figure 6b). The five symmetric dimer (Figure 8a) the hydrophobic patches around
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kinase domain. Tyrosine 740 in helix C of the active kinase
is part of the hydrophobic interface but can also form
hydrogen bonds through its hydroxyl group with the back-
bone oxygen atoms of residues 909 and 910 of the second
kinase. Aspartate 737 in helix C forms an ion pair with
lysine 925 of helix H of the second kinase, and at least two
other ion pairs have formed, namely, between K733 of helix
C and E939 of helix | and between K836 of the regulatory
loop and D918 of helix H. The quality of the side-chain
packing of residues around helix C in the active structure
considerably improves upon formation of this dimer, but this
is less obvious for helix H in the inactive structure (Figure
2). In both symmetric dimers the packing of the surface
residues around helix C seems to improve, especially for
the 54,55 turn, but only small changes are observed for the
regulatory loop (data not shown).

DISCUSSION

Three other models of the EGFR kinase domain in the
active form, based solely on cAPK, have been published
earlier (Knighton et al., 1993; Singh, 1994; Timms et al.,
1995). These models were used mainly to discuss the active
site and ATP and substrate binding, and in that respect they
are similar to our model of the active kinase. Outside the
active site, the three models deviate considerably more,
mainly because of differences in the sequence alignment
between EGFR and cAPK. With the IRK structure available,
this alignment can be improved both because of structural
similarities between IRK and cAPK and because of the
higher sequence identity of the EGFR kinase with IRK than
with cAPK (34% and 21%, respectively). Models based on
IRK will also be more accurate than models based on cAPK
alone, because a sequence identity of 34%, in contrast to
21%, is high enough to expect the assignment of secondary
structure elements and their packing to be correct (Sander
& Schneider, 1991; Sali, 1995), although some errors might
be present in the longer loops (Sali, 1995). This is borne
out by the results of the analyses of the two models.

Fisure 7 Ribbon diagrams of two symmetric (a, b) and an The published X-ray structures of kinases have revealed
asymmetric kinase dim%r (c). ATP and t);1e side chailns of residuestr,1at there eX,'StS a V,V'de variety of activation mechanisms for
Y740 and V741 are shown as thick lines. The kinase on the left is Kinases [reviewed in Johnson et al. (1996)]. The structures
approximately 90 rotated around the vertical axis running in the of three fully active kinases, cAPK (Zheng et al., 1993a),
paper relative to the orientation in Figure 4. Letters and numbers phosphorylase kinase (Owen et al., 1995), and casein kinase
et W o o Syt Viese i . L0 €l 1995), are very simiar due 10 the recuremets
inactive kinaseyis shown on the righ%/. Drawing prepared with to bind ATP and Sl,JbStra,te and to correctly p05|t|qn th,e
Molscript (Kraulis, 1991). y-phosphate, catalytic residues, and substrate. The inactive
structures have in common that the substrate binding site
helix C of either kinase only partly interact with each other. and/or the ATP binding site are (partially or fully) blocked
Leucine 758 is closest to R836 of the regulatory loop, and or occupied either by the regulatory loop, as in IRK (Hubbard
L837 lies between Y740 and S744. The hydroxyl group of et al., 1994), cyclin-dependent kinase 2 (De Bondt et al.,
Y740 is not involved in a hydrogen bond butda. 4.5 A 1993), and the MAP kinase ERK2 (Zhang et al., 1994), or
away from the carboxylate of D737. Arginine 808 of either by an autoinhibitory loop from beyond the core kinase
kinase forms an ion pair with D746 of the other kinase. In domain, as observed for twitchin kinase (Hu et al., 1994)
the second symmetric dimer (Figure 8b) the hydrophobic and C&"/calmodulin-dependent kinase 1 (Goldberg et al.,
patches around helix C on each kinase are well aligned, with 1996). It has recently become clear that the binding of cyclin
L736, 1756, and L758 forming a new hydrophobic cluster A to the PSTAIRE helix (helix C) and surrounding surface
with Y740 and L837 of the other kinase. There is no obvious of cyclin-dependent kinase 2 (CDK2) stabilizes a conforma-
hydrogen bond partner for the hydroxyl group of Y740. tion of the regulatory loop in CDK2 that allows access to
Residues R808 and E710 form ion pairs with each other. Inthe substrate binding site (Jeffrey et al., 1995). The
the asymmetric dimer (Figure 8c) the hydrophobic residues interaction is partly hydrophobic in nature, as in the EGFR
in both surface patches that are conserved within the EGFRkinase dimers, but the total buried surface area in this
family (Figure 3), with the exception of 1914, are all in heterodimer is approximately 35502 Aconsiderably more
contact with hydrophobic residues of the complementary than in the EGFR kinase dimers. Binding of cyclin A is
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further accompanied by a rotation of °1df the N-terminal from either end of the conserved core kinase domain, residues
lobe relative to the C-terminal lobe and the formation of a 43—297 of cAPK and 9961263 of IRK (Hanks & Quinn,
small 5-sheet (Jeffrey et al., 1995), equivalentgstrands 1991), are closely packed onto the core and form an integral
6 and 9 in EGFR. Full activation of CDK2 requires part of the kinase domain. In the EGF receptor the
phosphorylation of T160 in the regulatory loop (Connell- juxtamembrane region (residues 64®87) and the C-
Crowley et al., 1993; Russo et al., 1996), similar to the terminal residues 945957 after the core are strongly
requirement for phosphorylation of T197 in cAPK (Steinberg conserved among all known family members, but not with
et al., 1993), or the phosphorylation of tyrosines 1159, 1162, other tyrosine kinases, and could be part of the kinase
and 1163 in IRK (Ellis et al., 1986; Wei et al., 1995). The domain. Residues 951957 after helix I, which were not
EGF receptor also contains a phosphorylatable residue inmodeled due to the lack of suitable templates, might be
the regulatory loop (Y845), but phosphorylation of this involved in the asymmetric dimer interface. The residues
residue does not appear to be required for activation of thein the juxtamembrane region are important for determining
EGF receptor by EGF. Mutation of Y845 to phenylalanine the position of the kinase domain relative to the membrane.
has no appreciable effect on EGF-dependent kinase activatiorirhe formation of a disulfide bond in a mutant of EGFR with
(in vivo autophosphorylation) and®H]thymidine intake an extra cysteine residue just outside the transmembrane
(Gotoh et al., 1992). Activation of the EGF receptor does region (Sorokin et al., 1994) suggests that in the dimer the
not depend on removal of a possible autoinhibitory loop in transmembrane helices are less than 10 A apart. In the
the C-terminal tail, as deletion of this tail down from residue asymmetric dimer the N-terminal ends of the kinase domains
973 does not lead to a constitutively active kinase (Walton are 63 A apart, and in the symmetric dimers these distances
et al., 1990). are 53 and 43 A, respectively. Thus, in the proposed
We postulate that activation of the EGFR kinase involves symmetric dimers the 43-residue-long juxtamembrane region
rearrangement of the regulatory loop, characterized by of each receptor would be required to span 22 or 17 A,
association ofs-strands 6 and 9, and surfacing of part of respectively, to allow correct orientation of the two kinase
the regulatory loop (most notably L837), leading to extension domains relative to each other. In the case of an asymmetric
of the hydrophobic surface around helix C. This extended dimer, the juxtamembrane regions have to span at least 27
hydrophobic surface in the active kinase can interact more A and are further required to be able to exist in at least two
favorably with a hydrophobic surface of a second kinase. In conformations in order to allow for the different orientations
the case of the asymmetric dimer for instance, if the of the two kinase domains relative to the membrane.
interaction would take place between helix C of an inactive  The mutation of valine 741 to glycine in the EGF receptor
kinase and helix H of a second kinase, the total buried surfacereduces the EGF-stimulatable kinase activity of the EGF
area would only be 1475%as opposed to 2087%An the receptor 300-fold and apparently destabilizes the active form
activated kinase dimer, and hydrophobic interactions involv- of the kinase, either by destabilizing the active conformation
ing L837 and the ion pair formed by K836 would be lost of the regulatory loop or by disrupting the dimerization
(data not shown). Thus, the active conformation of the interface. The V741G mutation is expected to change the
regulatory loop is expected to be significantly stabilized interaction of helix C with the regulatory loop in the active
relative to the inactive conformation by interaction with a state, as V741 makes contact with residues F832 and L837
second kinase. This would also hold true if the exact details of this loop. Alternatively, glycine is often found at the end
of the conformation of the inactive loop were incorrect. The of helices (Aurora et al., 1994), and it is not inconceivable
X-ray structure of the kinase domain of FGF receptor 1 in that this mutation prematurely terminates helix C and
the inactive form, which appeared after completion of this completely changes the local conformation around helix C.
work, suggests another possible conformation for the inactive This would affect the stability of the active kinase in both
regulatory loop (Mohammadi et al., 1996). However, also symmetric and asymmetric dimers alike. The Y740F muta-
in this case the regulatory loop blocks the substrate binding tion, which has nearly 10-fold reduced receptor autophos-
site, and the shoyt6,59 sheet, which would cause residue phorylation, might reduce the interaction between two kinase
L837 to come to the surface, is not present, so that thedomains due to the loss of a hydrogen bond formed by the
proposed activation mechanism would still be perfectly hydroxyl group of the tyrosine residue, as the hydrophobic
feasible. It is further worthwhile to note that the regulatory contributions of tyrosine or phenylalanine to the interaction
loops of the insulin receptor and FGF-receptor kinases areenergy would be expected to be of similar magnitude. In
of the same length and that their amino acid sequences carthe first symmetric dimer and in the asymmetric dimer such
be aligned without any gaps and yet have very different three- a hydrogen bond might be present. The predicted effects of
dimensional structures. The regulatory loop of the EGF- the mutations on EGF binding will be discussed more
receptor kinase, although of the same length as well, cannotthoroughly in a future paper.
be aligned without an insertion before and a deletion after The model also explains the dominant negative effect of
the tyrosine residue (Figure 1) and might as likely as not EGFR mutants missing the intracellular domain in cells
have a three-dimensional structure that is very different from coexpressing normal and mutant receptors (Kashles et al.,
the other two. The crystal structure of the FGF-receptor 1991), as the formation of heterodimers through the extra-
kinase also contains a crystallographically related dimer that cellular domains cannot lead to the formation of activated
is very similar to the symmetric dimer of Figure 7a, albeit kinase dimers. The model predicts that a normal EGF
much less closely packed. receptor could be activated by forming a heterodimer with
Another source of uncertainty in modeling kinases is the a kinase-negative mutant, e.g., K721A (Honegger et al.,
conformation of the residues outside the core kinase domain.1987). But if both wild-type and K721A EGFR are
In the X-ray structures of both cAPK and IRK, and of most expressed in the same cell, one would still expect only half
of the other kinases for that matter, the sequences extendingf the asymmetric or two-thirds of the symmetric dimers
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formed to be active, assuming that both receptors are substituting leucine for tyrosine it would follow in the present
expressed at equal levels and there is no preference for homomodel that the kinase activity of erbB4 is reduced [as recently
or heterodimerization or for the orientation of the two suggested by Tzahar et al. (1996)] similarly to that of
receptors in the case of an asymmetric dimer. theY740F EGF-receptor mutant and/or that erbB4 preferen-
It is tempting to speculate which tyrosine residues can be tially interacts via its helix H in an asymmetric dimer, similar
phosphorylated in an activated ligand/receptor complex. It to erbB3.
has been shown that the autophosphorylation of EGF The model presented for the activation of the EGF
receptors is predominantly an intermolecular reaction; i.e., receptor, formation of a specific dimer of two intracellular
one receptor chain is phosphorylated by the kinase of the kinase domains upon binding of its ligand to the extracellular
second receptor chain in the complex (Honegger et al., 1990).domain, provides a new framework for discussing the results
Unfortunately, it has not been proven that intramolecular of experiments on ligand binding and signaling by the EGF
phosphorylation cannot also take place, nor has it been ruledreceptor and its family members erbB2, erbB3, and erbB4,
out that intermolecular phosphorylation between complexes especially now that the situation has become more compli-
can occur. If one assumes that intermolecular phosphoryl-cated with the realization that signaling can take place
ation is the main mechanism and that phosphorylation takesthrough both receptor homodimers and heterodimers. At this
place predominantly within the dimer, as might be expected stage it is not possible to decide which dimer is the preferred
under physiological conditions of low ligand and receptor model. All three dimers fit the postulated activation model
concentrations, in which extensive receptor dimerization and and provide an explanation for the effect of the V741G
clustering are unlikely to occur, then the proposed model mutation. Only the asymmetric dimer and possibly the first
has some interesting implications. In the models the symmetric dimer show hydrogen bond interactions involving
C-terminal tail extends from the end of helix | of one kinase the hydroxyl group of Y740 that might explain the effect of
and has to interact with the active site of the other kinase the Y740F mutation. The asymmetric dimer requires the
domain (Figure 7). This distance might be too long to allow juxtamembrane regions of the receptors to span a large gap
the autophosphorylation site of the EGF receptor closest inof ca. 50 A to the membrane, #20 A more than in the
sequence to the kinase domain (Y992) to occupy the activesymmetric dimers, and to be able to adopt at least two
site in the correct orientation and might explain why it is different conformations. The asymmetric dimer model points
relatively sparsely phosphorylated, as compared with threeto a possible explanation for the existence of kinase-impaired
other phosphorylation sites (Y1068, Y1148, and Y1173) at erbB3, with its surface around helix C that is very different
the C-terminus (Walton et al., 1990). from the other family members. To test some of the
Furthermore, most residues involved in the kinase dimer hypotheses underlying the model and to investigate the
interfaces are conserved among the EGF-receptor familyintriguing possibility that the dimer could be asymmetric,
members, implying that all might be activated by a similar we have started a number of new mutation experiments. We
mechanism, via the formation of either homodimers or are currently trying to engineer a constitutively active
heterodimers. Several homologues of EGF, like the heregu-monomeric EGF receptor and to define the intermolecular
lins and betacellulin, have been found to stimulate the interaction sites between two kinase domains.
formation of homo- and/or heterodimers of different family
members (Carraway & Cantley, 1994). The possibility of ACKNOWLEDGMENT
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