
Proc. Natl. Acad. Sci. USA
Vol. 84, pp. 5226-5230, August 1987
Biophysics

Solution structure of murine epidermal growth factor:
Determination of the polypeptide backbone chain-fold
by nuclear magnetic resonance and distance geometry

(protein structure determination/oncogenesis/molecular design/transforming growth factor)

GAETANO T. MONTELIONEt, KURT WUTHRICHt, EDOUARD C. NICE§, ANTONY W. BURGESS§,
AND HAROLD A. SCHERAGAt
tBaker Laboratory of Chemistry, Cornell University, Ithaca, NY 14853-1301; tInstitut fur Molekularbiologie und Biophysik, Eidgenossische Technische
Hochschule-Honggerberg, CH-8093 Zurich, Switzerland; and §Ludwig Institute for Cancer Research, Melbourne Tumour Biology Branch,
Victoria 3050, Australia

Contributed by Harold A. Scheraga, April 17, 1987

ABSTRACT The polypeptide backbone fold in the solution
structure of murine epidermal growth factor has been deter-
mined by nuclear magnetic resonance spectroscopy and dis-
tance geometry calculations. The results are based on nearly
complete sequence-specific resonance assignments and on 333
distance and dihedral-angle constraints; these were determined
from nuclear Overhauser effect measurements, identification
of hydrogen-bonded amide protons, the known locations of
disulfide bonds, and backbone vicinal spin-spin coupling
constants. The polypeptide chain of the protein is arranged into
two distinct domains. The structures of these domains were
determined independently in separate calculations and then
combined to obtain an overall view of the protein. The
backbone fold thus determined includes the regular backbone
structure elements that were previously identified using differ-
ent techniques for the analysis of the nuclear magnetic reso-
nance data. The distance geometry calculations also provided
additional details about the conformations of bends and loops
and about the twists of the ,8-sheets.

Epidermal growth factor (EGF) is a small single-chain protein
containing 53 amino acids and three disulfide bonds (1-3).
EGF and the homologous a-type transforming growth factor
(TGF-a) appear to play an important role in the molecular
mechanisms controlling mammalian cell growth, oncogenesis
(4, 5), and wound healing (6). For this reason, there is much
interest in structure-function studies of EGF and EGF-like
molecules. Several laboratories have cloned genes for human
EGF (7-9), and others have synthesized either polypeptide
fragments of EGF (10-12) or the entire EGF protein (13).
With this technology, it may be possible to design and
engineer EGF-like molecules with desirable biological activ-
ities, such as growth factor antagonists or agonists. Knowl-
edge of the three-dimensional structure will be indispensable
for understanding the structural basis of EGF function. No
crystal structure ofEGF or of a homologous growth factor is
presently available. This paper presents an initial description
of the three-dimensional structure of murine EGF (mEGF) in
aqueous solution determined by 1H NMR.

Previous NMR studies of murine (14-18), rat (19), and
human (20) EGF include two papers on the use of NMR
techniques for obtaining complete sequence-specific proton
resonance assignments and determination of the three-di-
mensional structure in solution (21-23). So far the principal
elements of regular backbone structure have been identified
for both mEGF (18) and human EGF (20). In the work
described here, the structure determination of mEGF was

continued by collection of a more extensive set of experi-
mental NMR constraints and the use of distance geometry
calculations for the structural analysis of the NMR data.

METHODS

Experimental. mEGF (type al) from male submaxillary
glands was purified as described (24, 25) and characterized as
homogeneous by both C18 reversed-phase and Pharmacia
Mono-Q anion-exchange HPLC. These homogeneity checks
were made to exclude the possibility of deamidation of the
N-terminal asparagine, which occurs in neutral and alkaline
solutions (26-28). Samples for NMR spectroscopy were
prepared at -6 mM protein concentration, pH 3.0 ± 0.1, in
either 99.9% 2H20 or 85% H20/15% 2H20. (For 2H20
solutions, the "pH" refers to the pH meter reading, without
correction for isotope effects.) NOESY (two-dimensional
nuclear Overhauser effect spectroscopy; refs. 29 and 30) and
2QF-COSY (two-dimensional two-quantum-filtered correla-
tion spectroscopy; ref. 31) spectra were recorded on a Bruker
WM-500 spectrometer with the probe temperature regulated
at 28 ± 1°C. In NOESY, t1 ridges were suppressed by
recording sine-modulated data (32). The NMR data were
recorded with time-proportional phase incrementation (33,
34) and were Fourier-transformed as absorption-mode spec-
tra. The quality of the NOESY spectra obtained under these
conditions was illustrated previously (18).

Computational. The structural interpretation of the NMR
data was carried out with the DISMAN program (35), in
which bond lengths, bond angles, and peptide bond dihedral
angles are fixed at standard ECEPP (empirical conformation-
al energy program for peptides) values (36, 37) and the
remaining dihedral angles are treated as independent varia-
bles. The algorithm uses a variable target function (35) by
which shorter-range distance constraints are satisfied before
incorporating longer-range constraints. This variable-target
procedure aids in overcoming the multiple-minima problem
inherent in minimization procedures. In subsequent stages,
longer-range distances are introduced and a conformation-
dependent penalty function, which is zero when all distance
and steric constraints are satisfied, is calculated. This penalty

Abbreviations: EGF, epidermal growth factor; mEGF, murine EGF;
ECEPP, empirical conformational energy program for peptides;
NOE, nuclear Overhauser effect; NOESY, two-dimensional nuclear
Overhauser effect spectroscopy; RMSD, root-mean-square devia-
tion; Tm, mixing time in NOESY experiment; 2QF-COSY, two-
dimensional two-quantum-filtered correlation spectroscopy; DIS-
MAN, program used to calculate protein structures from NMR data;
dAB(ij), distance between proton types A and B located, respective-
ly, in amino acid residues i andj, where N, a, and ,B denote the amide
proton, CcH, and C'H, respectively, and daN= daN (i, i+ 1), dNN
dNN (i,i+1), and dPN- dN (i,i+1).
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function is then minimized with respect to the variable
dihedral angles by the method of conjugate gradients (38), as
described in detail elsewhere (35, 39). For each atom type,
atomic radii used in calculating the steric contribution to the
penalty function are defined as half the internuclear distance
at which the ECEPP Lennard-Jones energy is 3 kcal/mol.
Since we have not yet determined stereospecific resonance

assignments of prochiral methylene protons and isopropyl
methyl groups, pseudo-atom representations (21, 40) were

used where appropriate.
Relative orientations of different conformers for minimum

root-mean-square deviations (RMSDs) of the backbone at-
oms were calculated by the method of Kabsch (41, 42).
Except where specified otherwise, the backbone RMSDs
pertain to the N, Ca, and C' atoms.

All calculations were carried out with a Prime 550 mini-
computer.

RESULTS
Experimental Distance Constraints. Four kinds of experi-

mental distance information were used in the structure
determinations: (i) NOE-derived upper-bound 1H-'H dis-
tance constraints; (ii) constraints on the backbone dihedral
angles indicated by vicinal 3JHNa coupling constants; (iii)
constraints implied by interstrand hydrogen bonds of 8-
sheets; and (iv) disulfide-bond constraints. Altogether, in
addition to the distance constraints implicit in standard
ECEPP geometry and in the nonbonded steric interactions,
278 upper-bound distance constraints (from i, iii, and iv), 27
lower-bound distance constraints (from iii and iv), and 28
dihedral angle constraints (from ii) have been identified
(Table 1).
The interpretation of the NMR data is based on a nearly

complete set of sequence-specific proton resonance assign-
ments at pH 3.0 and 280C (unpublished results). By use of
these proton resonance assignments, cross-peaks ofNOESY
spectra in 85% H20 recorded with mixing time Tm = 65 ms
and in 2H20 recorded with Tm = 100 ms were assigned to
particular proton pairs. The NOESY distance constraints
used for this initial structure determination represent an
incomplete data set, since unambiguous assignments for
numerous cross-peaks could not be made because of chem-
ical-shift degeneracy in one or both frequency dimensions.
As was discussed elsewhere (e.g., refs. 21 and 43) many of
these additional data points will be amenable to unambiguous
assignment by reference to the initial structures in future
work toward structure refinement.
Upper-bound distance constraints were derived from the

following crude calibration of NOESY cross-peak intensity
vs. interproton distance. In polypeptides, the intraresidue
distances dNa and the sequential distances daN range from 2.2
to 2.9 A and from 2.2 to 3.6 A, respectively (21, 44).
Accordingly, for the 65-ms NOESY data in H20, the weakest

NOEs (dmao" 2.9 A) and the strongest dUN-type

NOEs (dW - 2.2 A) were used as reference points for

calibrating a NOE intensity vs. distance relation, I o d-6.
With this calibration, it was found that the weakest cross-
peaks in the spectrum arise from distances of ca. 3.4 A. Based
on these considerations, the 65-ms NOESY cross-peaks

were divided into four categories corresponding to upper-

bound constraints of 2.5, 2.7, 3.0, and 4.0 A, respectively. A
similar approach was used to calibrate the 100-ms NOESY
spectrum recorded in 2H20 using the fixed distances (36, 37)
between glycine a-, cystine ,B-, and proline 8-methylene
protons and between juxtaposed a-protons of the 8-sheets
(21, 23, 44) as reference points. For this second NOESY data
set, the cross-peaks were divided into only three groups of
distance constraints, with upper bounds of 2.5, 3.0, and 4.0
A, respectively. These calibrations were used to relate the
intraresidue, sequential, and long-range backbone-backbone
NOEs (21) to the corresponding distance constraints. The
remaining long-range NOEs involving side-chain protons
were assigned a fixed upper-bound distance of 4.0 A. Where
appropriate, pseudo-atom correction factors (40) were added
to the upper-bound distances. This interpretation of the
NOESY spectra corresponds to that used in earlier structure
determinations (21, 43). A survey of the medium-range and
long-range distance constraints used in the present structure
determination is provided by Fig. 1.
Backbone vicinal 3JHNa coupling constants were estimated

from w2 cross-sections ofNH/aH cross-peaks in 2QF-COSY
spectra. We were careful to consider the effect of cancella-
tion within the antiphase 2QF-COSY cross-peaks, which
results in artificially enlarged splittings for coupling constants
smaller than the natural linewidth (45). In the spectra record-
ed at 28°C, the NH/aH cross-peaks have linewidths of ca. 7
Hz, and the smallest apparent values of 3JHNa were ca. 6 Hz.
Only cross-peaks with apparent values of 3JHNa > 8.0 Hz
were used for this structure determination, with the corre-
sponding backbone dihedral angles constrained within the
limits [-160°, -80°] (43, 46).

Interstrand hydrogen bonds in the ,-structures were iden-
tified by locating the slowly exchanging amide protons of
mEGF in a model of the previously identified antiparallel
p-sheets (18). Five hydrogen bonds were identified in the
peptide segment from Val19 to Asn32, and four more in the
Cys33-Asp46 "double-hairpin" structure (see figure 4 of ref.
18). The upper-bound and lower-bound distances used for
these hydrogen bonds, as well as those for the three disulfide
bonds of mEGF (3), were the same as those described
elsewhere (43).

Distance Geometry Calculations. The distribution of distance
constraints (Fig. 1) indicates that the mEGF structure is divided
roughly into an N-terminal and a C-terminal domain. Within
each of these domains there is a dense network of medium-
range and long-range distance constraints. The two domains are

slightly overlapped in the sense that there are some distance
constraints between the linking tripeptide segment 31-33 and
the core of both domains (i.e., the disulfide bond between
residues 33 and 42) and NOEs between residues 19 and 31, 31
and 40, 31 and 41, 33 and 38, and 33 and 42. For this reason, the
chain-folds for the two polypeptide segments 1-33 and 32-53
were calculated separately. Subsequently, the two domain
structures were combined and additional cycles of DISMAN
calculations were carried out with the complete polypeptide
chain (see Discussion).

Starting conformations for each of the two domains were

generated as follows (35, 47). The short-range daN and dNN

Table 1. Numbers of experimental constraints used in determining the polypeptide chain-fold of mEGF

NOE-derived upper-bound constraints Hydrogen-bond Disulfide
Polypeptide Intraresidue Sequential Longer-range constraints constraints* constraintst

Segment 1-33 36 60 61 17 20 12
Segment 32-53 37 27 29 12 16 6
mEGF (1-53) 73 86 92 28 36 18

*There are two upper-bound and two lower-bound distance constraints for each hydrogen bond.
tThere are three upper-bound and three lower-bound distance constraints for each disulfide bond.
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FIG. 1. Survey of medium-range and long-range NOE-derived
distance constraints for mEGF. Both axes pertain to the sequence of
mEGF, and squares connect pairs of residues linked by one or more
NOE constraints. Filled, hatched, and crossed squares indicate
backbone-backbone, backbone-side chain, and side chain-side
chain NOE constraints, respectively. Where two residues are con-
nected by more than one NOE, the NOE constraint involving the
greater number of backbone protons is represented. The NOE
constraints were derived from a 65-ms NOESY spectrum obtained in
H20 and from a 100-ms NOESY spectrum obtained in 2H20, pH
meter reading 3.1, t = 280C. The broken lines indicate the N-terminal
domain 1-33 and the C-terminal domain 32-53, which overlap in the
peptide segment 32-33.

distances impose constraints on the intervening and qi
dihedral angles, which (with w fixed at 1800) can easily be
determined analytically (21, 44). Along with the 3JHNa cou-

pling constants discussed above, these short-range distance
constraints limit the conformational space to be searched in
subsequent stages of the DISMAN calculations. According-
ly, starting conformations were generated randomly within
the range of and 4' values specified by these short-range
constraints. Backbone dihedral angles lacking short-range
constraints and side-chain dihedral angles X1 were generated
completely randomly, and the more peripheral side-chain
dihedral angles were set initially at 1800.

Fifteen and 10 starting conformations were generated for

the fragments 1-33 and 32-53, respectively. The randomness
of these starting polypeptide chain-folds was checked in two
ways. First, backbone-backbone distance maps were gener-
ated for each starting conformation. From visual inspection
of these distance maps, there is no evidence for long-range
conformational correlations in either of the two sets of
starting conformations, despite the short-range correlations
that are inherent in our procedure for generating them.
Secondly, the average RMSDs for the Ca atoms for all pairs
of starting conformations were also calculated. These
RMSDs had values of 10.0 ± 2.5 A and 8.0 ± 2.1 A and are
thus in the range expected for random-coil 33- and 22-residue
polypeptides (48). The distance object functions for these
structures were then minimized using the DISMAN program.
Of the 15 structures for the segment 1-33 and the 10
structures for the segment 32-53 calculated with DISMAN,
the five structures for each segment that best satisfied the
experimental distance constraints were selected for further
study and comparison.

Residual constraint violations in the two separate domain
structures are summarized in Table 2. The largest distance-
constraint violations are ==0.6 A and the largest steric-
constraint violations are -0.3 A. Table 2 also contains values
of the average violation distance per constraint for each
structure (47); i.e., the sum of all distance violations divided
by the total number of NMR constraints. This parameter
provides a sequence-independent measure of the deviations
between the experimental distance constraints and the cor-
responding distance violations in the calculated structures.
The small ranges of average violations calculated for the five
best structures for the N-terminal domain (0.037-0.040 A)
and the five best structures for the C-terminal domain
(0.074-0.078 A) indicate that any of these is an equally
credible solution. In Fig. 2A, the five superimposed backbone
structures of the N-terminal domain are shown. The mean
backbone RMSD, calculated as the average over all
nonidentical pairs of conformers, is 1.3 A. In the five
structures for the C-terminal domain, the hexapeptide seg-
ment Arg48-Arg53 is nearly unconstrained (Fig. 1) and was
therefore not considered in the RMSD calculations. For the
Asn32-Leu47 segment, the mean backbone RMSD is 1.4 A.
The superimposed backbone structures for this segment are
shown in Fig. 2B.

DISCUSSION
It is clear from the preceding sections that the superposed
structures of the two separate domains of mEGF in Fig. 2
represent the hard core of the information obtained, since

Table 2. Summary of residual constraint violations for the mEGF structures calculated with the DISMAN program

Number of distance Number of steric Number of dihedral Average violation
constraint violations* constraint violationst angle constraint distance per

Structure 0.3-0.5 A >0.5 A 0.1-0.3 A >0.3 A violations >100 constraints, A
Segment 1-33

1 6 1(0.57A) 3 0 1 0.040
2 8 1 (0.55 A) 3 1 (0.31 A) 1 0.039
3 5 1 (0.58 A) 2 1 (0.32 A) 1 0.037
4 7 1(0.57A) 3 0 1 0.040
5 6 2(0.60A) 3 0 2 0.041

Segment 32-53
1 8 1 (0.54 A) 1 0 1 0.075
2 9 1 (0.58A) 1 0 2 0.074
3 10 1(0.51A) 0 0 2 0.078
4 5 1 (0.50A) 2 0 1 0.075
5 9 1(0.62A) 1 0 1 0.078

*The largest experimental constraint violation for each structure is given in parentheses.
tThe largest steric constraint violation, if >0.3 A, is given in parentheses.
tSum of all distance violations divided by the total number of NMR distance constraints.
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FIG. 2. (A) Stereo view of a minimum RMSD superposition of the five best structures for the N-terminal domain Asn'-Cys33 of mEGF. The

mean backbone RMSD for these five structures is 1.3 A. (B) Stereo view of the five best structures for the C-terminal domain Asn32-Leu47
superimposed for minimum RMSD. The mean backbone RMSD for these five structures is 1.4 A. The N, C,, C', 0', and CO atoms are drawn,
and the disulfide bonds are not shown.

each domain is in itself well constrained by the experimental
data (Fig. 1). The backbone conformations in Fig. 2 are in
good agreement with regular backbone structures that were
previously identified (18) based on qualitative NOE pattern-
recognition methods (21, 23). The larger domain (residues
Asn'-Cys33) consists of an antiparallel A-sheet (residues
Gly18-1-e23 and Ser28-Cys33) with a loosely attached antipar-
allel third strand (residues Ser2-Gly5). This p-sheet is slightly
larger than the one we described previously (18), since the
distance geometry calculations show that residues Gly18 and
Cys33 are also part of the antiparallel strands. The antiparallel
8-sheet structure has a well-defined right-handed twist (Fig.
2A), which is typical of P-sheets in proteins (49-51). The
p-bend at Ser25-Leu26 is of type I. The residues Cys6-Gly7 of
this domain of mEGF adopt an irregular multiple-bend
structure, part of which (residues Pro7-Leu'5) may be re-
garded as a short, irregular, right-handed helical structure
(Fig. 2A). This domain structure may be a common feature in
the whole family of homologs ofmEGF, since an antiparallel
p-sheet conformation for residues Gly18-11e23 and Lys28-
Val34 has also been identified in the solution structure of
human des(49-53)-EGF (20) by using 1H NMR spectroscopy.

In the smaller, C-terminal domain, the backbone confor-
mation of residues Asn32-Leu47 is best described as a "dou-
ble-hairpin" structure (Fig. 2B), with a type II p-bend at
Ile35-Gly36 and a multiple-bend conformation in the segment
Gly39-Gln43. The backbone conformation of segment
Gly39-Gln43 has a well-defined left-handed twist (Fig. 2B).
The left-handed backbone structure arises because Gly39 and
Asp'" adopt A* and B* backbone conformations (52), re-
spectively. In order to determine if a right-handed twist of the
Gly39-Gln43 loop is also compatible with the experimental
data, additional DISMAN calculations were carried out on
the domain Asn32-Arg53, in which the backbone dihedral
angles of both Gly39 and Asp4O were constrained to (k, Oi)
values of (-57°, -47°); i.e., to the A-type backbone confor-
mation (52). All of the resulting structures had a significantly
increased number of constraint violations. In small peptides,
the A* conformation of glycine corresponds to one of the
lowest energy minima (53), while the B* conformation of
aspartic acid is very unfavorable energetically (53). A visual
examination of the three dimensional structure of mEGF
suggests that the Cys33-Cys42 disulfide bond may be respon-
sible for stabilizing the unusual, left-handed structure of the
Gly39-Gln43 loop.
The conformation of the remaining C-terminal residues

Arg48-Arg53 is nearly unconstrained by the available exper-

imental data (Fig. 1). Significantly, this part of the molecule
is not required for the binding of mEGF to its receptor, since
des(49-53)-mEGF, which can be prepared by treatment with
trypsin, is biologically active (2). Photochemically induced
dynamic nuclear polarization studies of mEGF (14, 54)
indicated that the side chains of both Trp49 and Trp50 are
accessible to an extrinsic flavin-dye probe, which has been
interpreted as evidence for conformational flexibility of the
C-terminal residues (14). While the present results do not
allow more precise statements about either the structure or
the dynamics of the peptide segment 48-53, a disordered
flexible state would clearly be a possible explanation for the
absence of 1H-'H NOEs.
To obtain an overall view of the complete mEGF molecule,

five starting conformations were generated by combining the
N-terminal domain structure 1 in Table 2 with the C-terminal
domain structure 1, and similarly by combining the structures
2 through 5. In making these combinations of the two
domains, the dihedral angles of the residues Asn32 and Cys33
were taken from the N-terminal and C-terminal domain
structures, respectively. The complete distance object func-
tions for these five starting conformations, including the two
distance constraints not used in the separate domain struc-
ture calculations (i.e., NOEs between Cys3' and Asp' and
between Cys3' and Arg41), were further minimized and the
structures were improved by additional cycles of minimiza-
tion with DISMAN. The significance of these complete
mEGF structures is determined by the facts that the back-
bone dihedral angles of residues Ser2-Asn32 and of residues
Cys33-Leu47 are fairly well determined from distance con-
straints within the N-terminal domain 1-33 and the C-
terminal domain 32-53, respectively, and that there are two
additional distance constraints which were not used in the
separate domain calculations-i.e., those between residues
31 and 40 and between residues 31 and 41. As in the domain
structures from which they are derived, the largest distance-
and steric-constraint violations for these complete mEGF
structures are 0.59 A and 0.31 A, respectively, and the
average violation distance per constraint is very similar (0.05
+ 0.01 A), indicating that each one is an equally credible
structure. For residues Asn'-Leu47, the mean backbone
RMSD is 1.8 A. Two representations of the backbone
chain-fold of one ofthese mEGF structures are shown in Fig.
3. Comparison of Figs. 2 and 3 clearly indicates that the
structures obtained in the separate calculations for the N- and
C-terminal domains are largely preserved in the structures
thus obtained for the complete mEGF molecule.

Biophysics: Montelione et al.
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FIG. 3. (A) Stereo view of the backbone structure of mEGF. In
this representation a spline-fit to the C" coordinates of one of the
mEGF structures is used to give an overall view of the polypeptide
chain-fold. Only residues Ser2-Leu47 are drawn. (B) Schematic
drawing of the backbone polypeptide chain-fold obtained using the
coordinates of the same mEGF structure. The arrowed ribbons
indicate the position and direction of the 1-sheets, and the dotted
lines indicate the chain terminal segments, for which the backbone
conformation could not be determined reliably from the available
data. The disulfide bonds are indicated by "lightning bolts."
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