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ABSTRACT: The three-dimensional structures of epidermal growth factors (EGF) previously reported were
all in acidic solutions (pH 2.0-3.2), at which pHs EGF cannot bind to the receptor. Here we studied the
structure of mouse EGF at pH 6.8, where EGF is physiologically active, and compared it with the structure
at pH 2.0 by CD and NMR. From pH dependence of CD spectra and a comparison between the chemical
shifts of the proton resonances at pH 6.8 and 2.0, the conformations at two pHs were found to be nearly
identical except for the C-terminal tail region. The three-dimensional structures at pH 6.8 and 2.0 were
determined independently by a combination of two-dimensional 'H NMR and simulated annealing calculations
using the program XPLOR. The calculations were based on 261 distance constraints at pH 6.8 and 355
distance and 24 torsion angle constraints at pH 2.0. The conformational difference of the C-terminal
domain (residues 33-50) was detected between the two structures, which were supported by CD and the
chemical shift comparison. The positions of the side chains of Leu47, Arg48, Trp49, and Trp50 are changed
probably by the effect of the deprotonation of Asp46. Considering the fact that Leud7 is essential in EGF

binding to the receptor, this conformational difference may be important in receptor recognition.

Epidermal growth factor (EGF)! and type « transforming
growth factor (TGFa) are small peptide hormones which
promote cell proliferation (Carpenter & Cohen, 1979, 1990).
EGF and TGFa interact with the same specific receptor
competitively with similar affinity, and the binding to the
receptor induces a conformational change of the extracellular
domain of the EGF receptor (Greenfield et al,, 1989).
Subsequently the ligand-induced conformational change
results in receptor oligomerization [Ullrich & Schlessinger
(1990) and references therein]. In the oligomerized state the
cytoplasmic domains of the receptors are adjacent enough to
phosphorylate each other by an intermolecular mechanism
(Honegger et al., 1990), which enhances the tyrosine kinase
activity of the receptor. After the kinase activation, the
oligomers of the EGF-receptor complexes form clusters over
clathrin-coated pits and then they are endocytosed within
clathrin-coated vesicles (Pastan & Willingham, 1981). During
transfer into endosomal vesicles and lysosomes, EGF is
proteolytically processed from its C-terminus (Matrisian et
al., 1984; Planck et al., 1984). The pH of the solution is
neutral (ca. pH 7.4) in intercellular space where EGF binds
to the receptor and slightly acidic (ca. pH 5) in intracellular
vesicles where EGF is cleaved and dissociates from the receptor
(Tycko & Maxfield, 1982).
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 The coordinates of the structures reported in this paper have been
deposited in the Brookhaven Protein Data Bank (entries 1EPG, 1EPH,
1EPI, and 1EPJ).
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! Abbreviations: CD,circular dichroic; DQF-COSY, double-quantum-
filtered correlation spectroscopy; EGF, epidermal growth factor; mEGF,
mouse EGF; HOHAHA, homonuclear Hartmann-Hahn spectroscopy;
NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; RMS,
root-mean-square; RMSD, RMS deviation; TGFa, type a transforming
growth factor; XPLOR-UP, XPLOR utility programs; YASAP, yet
another simulated annealing protocol; (ph2), the final set of 10 structures
at pH 2.0; (ph7), the final set of five structures at pH 6.8; ph2m, the
mean structure at pH 2.0; ph7m, the mean structure at pH 6.8.

The determination of three-dimensional structures of
proteins with a molecular weight up to 10 000 has been
established by the combination of the sequential assignment
method developed by Wiithrich and his co-workers (Wiithrich,
1986) and various programs for structure determination:
DISGEO (Havel & Wiithrich, 1985); DADAS/DISMAN
(Braun & Go, 1985); XPLOR (MSI, Waltham, MA);
DSPACE (Hare Research, Inc., Bothell, WA); and GROMOS
(van Gunsteren & Berendsen, 1982). We and other re-
searchers published the sequential assignments of human,
mouse, and rat EGFs (Cooke et al., 1990; Kohda & Inagaki,
1988;2 Montelione et al., 1988; Mayo et al., 1989). Kohda
etal. (1988) reported the backbone chain fold of mEGF based
on mechanical modeling, and Cooke et al. (1987) and
Montelione et al. (1987, 1992) reported the computer-based
three-dimensional structures of human EGF and mouse EGF
(mEGF), respectively. All the pHs used were 2.0-3.2, which
are much more acidic than physiological pHs, 5-7.4, because
heavy precipitation of mouse and human EGFs in the pH
range 3.5-6.5 makes the NMR measurements difficult at
physiological pH. Massagué (1983) reported the pH depen-
dence of mouse EGF binding to the receptors in placenta and
A431 cellmembranes. The binding of mEGF to the receptors
in both types of membranes was maximal between pH 7 and
9, 50% at about pH 6, and 0% below pH 5. This prompted
us to investigate the structural comparison between mEGF at
acidic and physiological pHs.

In the present study we measured the NMR spectra of
mEGF at pH 6.8 and assigned all the observable resonances
to specific protons using a combination of the sequential
assignment method (Wiithrich, 1986) and two-dimensional
NMR pH titration method (Kohda et al., 1991). On the
basis of the assignments, we analyzed the NOESY spectra
and collected interproton distance data. Thethree-dimensional
structure of mMEGF at pH 6.8 was determined by the simulated

2 Two chemical shift values previously reported in this reference were
misprinted: Pro4 CH 2.82 — 2.32 and Cys42 NH 7.30 — 7.80.
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annealing calculation using XPLOR. In parallel, the three-
dimensional structure of mEGF at pH 2.0 was calculated in
the same way and was compared with that at pH 6.8. We
found that the both structures are almost identical except for
aminor difference in the C-terminal tail region (Leud7-Trp50)
of mEGF.

MATERIALS AND METHODS

mEGF from submaxillary glands of adult male mice was
purified as described (Kohda & Inagaki, 1988).

CD Measurements. CD spectrawererecorded ona JASCO
J-600 spectropolarimeter with a 5-mm path length cell at
room temperature. Eight scans were accumulated. mEGF
was dissolved in distilled water at a concentration of 0.082
mg/mL for the wavelength range of 200-250 nm and 0.36
mg/mL for the range of 240-310 nm. We used an extinction
coefficient of 3.09 (1 mg/mL, 1 cm) at 280 nm to determine
the concentration of mEGF (Taylor et al., 1972). The pH of
the CD sample was adjusted by addition of HCl and NaOH
and directly measured by inserting a glass electrode into the
CD cell. The mean residue ellipticity of mEGF is based on
an average residue molecular weight of 114.

NMR Measurements. mEGF was dissolved at 6 mM in
99.95% 2H,0 or in 90% 'H,0/10% 2H,0. pH values given
are direct pH-meter readings measured at 25 °C with a
Radiometer PHM86. The pH value of the sample was 2.8
when the lyophilized EGF powder was dissolved in distilled
water. The pH was adjusted to pH 2.0 or 6.8 by addition of
2HCl and NaO?H. No extra salt was added to the samples.
To avoid precipitation near the isoelectric point, p/ 4.6
(Matrisian et al., 1984), the pH of the sample was raised
rapidly by addition of a little excess NaO2H and readjusted
to pH 6.8 with ZHCl. The mEGF solution at pH 6.8 was a
little turbid with a small amount of precipitation. Microcells,
BMS-005 purchased from Shigemi, Japan, were used toreduce
the sample volume to 0.15 mL (Takahashi & Nagayama,
1988).

'H NMR spectra were recorded on a 500-MHz Jeol INM-
GX500 spectrometer at a probe temperature of 28 °C.
Chemical shifts were measured from the internal standard of
sodium 2,2-dimethyl-2-silapentane 5-sulfonate. DQF-COSY
spectra (Ranceetal., 1983), HOHAHA spectra (45-ms mixing
time; Bax & Davis, 1985), and NOESY spectra (80- and
200-ms mixing time; Jeener et al., 1979; Macura et al., 1981)
wererecorded in the phase-sensitive mode (Stateset al., 1982).
A DQF-COSY spectrum for reading 3/npu, was recorded with
512 X 4096 data points, and all other two-dimensional spectra
were recorded with 512 X 2048 data points with a spectral
width of 6000 Hz. Water resonance was suppressed by
selective irradiation during relaxation delay. For measurement
of NOESY, water resonance was suppressed by the DANTE
pulse (Zuiderweg et al., 1986) or by replacing the last 90°
pulse in the sequence by a jump-return pulse (Plateau &
Gueron, 1982). A total of 64—128 scans were accumulated
for each #; with a relaxation delay of 1.5 s. The digital
resolution was 5.9 Hz/point (3.0 Hz for reading 3Jnu,) in
both dimensions by zero-filling in the ¢; dimension. A phase-
shifted sine function was applied for both ¢, and ¢, dimensions
in the case of DQF-COSY and a Lorentz—Gauss function was
applied in other cases.

Distance Constraints from NOESY. Interproton distance
constraints at pH 2.0 and 6.8 were derived from NOE cross-
peak intensities in the NOESY spectra recorded in 'H,0 and
2H,0 with a mixing time of 80 ms. An estimate of the peak
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intensities was obtained by counting the number of contour
levels at the peak maximum. The peak intensities in *H,0
NOESY were adjusted to those in H,O using common cross
peaks observed in both NOESYs. Peak intensity versus
interproton distance was then calibrated making reference to
known distances (Wiithrich, 1986): sequential d,N ranges
from 2.2t0 3.6 A, particularly in 8-sheet, don = 2.2 A. Since
NOE intensity corresponding to d,n was attenuated by a rapid
exchange of amide protons with solvent at neutral pH, we
used only d.~ corresponding to a slowly exchanging amide
proton as a reference distance at pH 6.8 and checked it by
using d..(if) = 2.3 A between opposite residues on the
neighboring antiparallel 8-strands. The translation of peak
intensity to distance was made on the basis of a relation of
(NOE intensity) « (distance). The relation between NOE
and distance is only approximate owing to various factors:
isolated spin-pair approximation and internal motions, etc.
Thus, the following interproton distances were used to divide
NOE:s into four groups with upper-bound constraints of 2.5,
3.0, 3.5, and 4.0 A. The lower-bound distance constraints
wereset at 1.8 A for all constraints. For cross peaks involving
methyl groups, an additional 0.5 A per methyl group was
added to the upper-bound distance (Clore et al., 1987).

Torsion Angle Constraints from DQF-COSY. The coupling
constants 3/xu, were determined for a number of residues in
DQF-COSY spectra recorded in !H>O at pH 2.0 (Marion &
Wiithrich, 1983). The smallest apparent value of 3/nH. in
pH 2 solution was about 4 Hz. Correction was taken into
account for cancellation effects due to large line widths
(Neuhaus et al., 1985). These coupling constants were used
to estimate torsion angles ¢ to be constrained in the range
—140° to-100° (>10 Hz) or —-160° to —80° (>8 Hz) or -90°
to —40° (<5.5 Hz) (Kline et al., 1988). In pH 6.8 solution,
no meaningful coupling constants were obtained due to the
large line widths.

Other Constraints. Additional distance constraints were
obtained from disulfide bonds and hydrogen bonds. mEGF
contains three disulfide bonds: Cys6-Cys20, Cys14—Cys31,
and Cys33-Cys42 (Savage et al., 1973). A disulfide bond
was treated as one distance constraint between the two sulfur
atoms of which target values are set to 2.02 £ 0.02 A. A
hydrogen bond was treated as two distance constraints, NH,~
O; and N-O;, whose target values are set to 1.8 = 0.5 and
2.8 + 0.5 A, respectively.

Simulated Annealing Calculations. Energy minimization
and molecular dynamics calculations were made using the
program XPLOR (version 2.1, MSI, Waltham, MA) on a
Personal Iris 35 (Silicon Graphics Inc., Mountain View, CA).
Determination of the three-dimensional structures of proteins
from interproton distance constraints and torsion angle
constraints is to find a global minimum of a nonlinear target
function. XPLOR makes use of Newton’s equations of motion
for this purpose. The target function has the form

Ftotal=Fbond+Fangle+F +Frepel+FN0E+Ftor

impr
where Fuona and Fypgle describe the covalent energy terms for
maintaining correct bond lengths and bond angles, respectively.
Fimpe describes energy involving chirality and planarity. Frepel
describes a repulsion term for preventing unduly close contacts
of atoms. FnoE and Fy,; describe square-well potentials for
introducing penalties when the interproton distances or torsion
angles deviate from the acceptable value ranges. Detailed
definitions are given by Clore et al. (1986) and Briinger (1990).

XPLOR is not a simple program but rather an interpreter
of a program language adapted for restrained molecular
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dynamics. We used some tutorial programs in the XPLOR
manual (Briinger, 1990) with slight modifications. Initial
structures were generated by the program randomphipsi.inp
using random ¢ and ¢ angles with peptide bonds and side
chains in an extended conformation and perfect covalent
geometry. The program sa.inp, alias YASAP, was used to
carry out simulated annealing calculation. YASAP uses a
similar but more robust simulated annealing protocol than
that used in the hybrid distance geometry-simulated annealing
protocol (Nilges et al., 1988). In addition to the tutorial
programs, we made some new XPLOR programs for analyses
of the calculated structures and UNIX shell programs that
invoke these XPLOR programs. We call them XPLOR-UP
(XPLOR utility programs). These utility programs greatly
increase the efficiency of the calculations and analyses. For
instance, a C-shell program run_.yasap automatically gen-
erates parameter files containing sequentially changing ran-
dom seeds and invokes sequentially RANDOMPHIPSI and
YASAP for each parameter file to produce, for example, 100
structures. In the present version of XPLOR (version 2.1),
the nbfix command for adjusting the van der Waals parameters
for the sulfur—sulfur interaction in a disulfide bridge does not
function. Hence, after the restrained dynamics at 1000 K
and just before cooling, a disulfide bridge is connected with
a covalent bond with an appropriate patch command.

Analyses of the Computed Structures. Analyses of struc-
tures were carried out with XPLOR-UP, and displaying and
plotting of structures were carried out with QUANTA (version
3.2, MSI, Waltham, MA) on an Iris 4D/70G. Cartoon
drawings of protein structures were generated by the program
RIBBON (Priestle, 1988) in the program PAP (QCPE 594,
by T. Callahan, University of Minnesota). For quantitative
assessment of the convergence of the calculations, a partial
sum

Fy=F % Fnoe t Fir

was computed for each structure. The structures with the
smallest 3 values were selected as computationally converged
structures. Percentage of retained structures against total
calculations was low (2-10%) in the present calculations partly
because we did not use the metric matrix distance geometry
method to produce roughly folded intermediate structures. It
should be noted here that the metric method commonly used
by NMR researchers does not include a process called
metrization and hence gives a problem of limited sampling of
conformational space (Metzler et al., 1989; Kuszewski et al.,
1992). Another reason is that the yield of convergence varies
significantly depending on the folding nature of proteins. From
our experience over 10 protein calculations, EGF is one of the
most difficult proteins for NMR structure determination. For
quantitative comparisons of different structures, minimum
RMS deviations (RMSDs) were calculated for the backbone
atoms (N, C2, C’) or the heavy atoms of a specified range of
residues. A mean structure was obtained by averaging the
coordinates of the structures that are superimposed in advance
with respect to the best converged structure. We excluded
residues 1 and 51-53 during the superposition due to the
absence of NOEs other than intraresidue and sequential ones.
Because such an averaged structure was poor in geometry, it
was subjected to a restrained Powell minimization: this
comprises 200 cycles with the soft van der Waals radii reduced
by a factor of s = 0.25, 200 cycles with s = 0.5, and 800 cycles
with s = 0.8 (Clore et al., 1986). The final coordinates were
obtained by fitting to the mean structure for the backbone
atoms of residues 2-50 for pH 2.0 structures and residues
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FIGURE 1: CD spectra (mean residue ellipticity, deg.cm?/dmol) of
mouse EGF at various pHs. Insets show the pH dependence of [8]
at 202 nm (aperiodic structure), at 213 nm (8 structure), and at 225,
253, and 280 nm (aromatics and disulfides). A difference between
[6] at a given pH and [6] at pH 2.0 was plotted as a function of pH.
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2-22 + 29-50 for pH 6.8 structures. RMSDs per residue
were calculated between the individual final structures and
the mean structures.

RESULTS

pH Dependence of CD Spectra. Figure 1 shows the CD
spectra of mEGF in the pH range between 2 and 9. The
spectra below 220 nm, arising mainly from the peptide bonds,
show no major changes. The negative strong dichroic band
at 202 nm is characteristic of aperiodic structure and the
shoulder band at 213 nm corresponds to 8 structure (Taylor
etal., 1972; Holladayetal., 1976). Side-chainchromatophores
mainly contribute to the spectra above 220 nm. A positive
band at 230 nm and negative bands at 240-290 nm have
contributions from aromatics and disulfide bridges. They
sensitively reflect local conformations around them but show
only small changes. Thus the conformation of mEGF does
not change greatly in the pH range 2-9. However, minor but
significant changes are also seen around pH 4 and 7 in plots
of pH versus [0] — [6](pH 2.0) (Figure 1, insets), suggesting
that minor conformational changes occur as the ionizable
groups deprotonate.

Sequence-Specific Resonance Assignment. We previously
reported the sequence-specific resonance assignment of mEGF
at pH 2.0 (Kohda & Inagaki, 1988). Here we made the
sequence-specific resonance assignment at pH 6.8 mainly using
the sequential assignment method. The first step of the
sequential assignment was to identify spin systems in DQF-
COSY and HOHAHA spectra. Thespinsystemidentification
in the HOHAHA spectrum (45-ms mixing time) was easy by
making reference to the HOHAHA spectra at pH 2.0. Then
these identified spin systems were connected by sequential
NOEsin the NOESY spectrum (200-ms mixing time). Again
this was straightforward with reference to the NOESY spectra
atpH 2.0. Forty-four residuesinvolving at least onesequential
NOE connectivity were unambiguously assigned. At neutral
pHs, however, the exchange rates of some amide protons with
the solvent water were too fast for NMR observation. In the
fingerprint region of the DQF-COSY spectrum in 'H,O at
pH 6.8, 40 cross peaks were observed; this equals 70% of the
number of expected cross peaks. Since the disappearance of
amide proton resonances interrupted the sequential walk along
the amino acid sequence, the remaining nine residues were
only tentatively assigned at this stage by chemical shift
comparison between pH 6.8 and 2.1. Definite assignments
of these residues were obtained by the two-dimensional NMR
pH titration method (Kohda et al., 1991). We measured 12
HOHAHA spectra in 2H,O in the pH range from 1.5 to 9.



3D Structures of Mouse EGF at Two pHs Biochemistry, Vol. 31, No. 47, 1992 11931
Table I: Structural Statistics?
(ph2) ph2m {ph7) ph7m
average RMS deviations from experimental distance constraints (A) 0.113 £ 0.003 0.112 0.124 £ 0.002 0.119
[pH 2.0, 355; pH 6.8, 261]
no. of distance constraint violations >0.5 A 1~3 1 2~4 2
max violation (A) 0.82 0.62 0.75 0.73
average RMS deviations from experimental dihedral constraints (deg) 5.7£1.1 4.6
[pH 2.0, 24; pH 6.8, 0]
no. of dihedral constraint violations >20° 0~1 0
Fnog® (keal-mol™) 227.2%10.1 2244 201.9£9.8 185.5
Fior® (kcal-mol™t) 125x 4.6 7.61
Frepet? (kcalomol™) 100.3 + 6.8 98.8 1123£99 105.2
EL_5 (kcal-mol ™) -147.2%£8.5 -133.5 -148.2+10.9 -156.0
average RMS deviations from idealized geometry:
bonds (A) [807] 0.008 % 0.0003 0.008 0.008 & 0.0000 0.008
angles (deg) [1430] 2.43 + 0.02 241 2.49 £ 0.02 2.45
impropers? (deg) [399] 1.59%£0.17 1.53 1.58 £0.07 1.43

4 {ph2) and (ph7) refer to the final sets of the simulated annealing structures at pH 2.0 and 6.8, respectively; the ph2m and ph7m refer to the mean
structures obtained by restrained minimization of the averaged coordinates of (ph2) and (ph7), respectively. The number of specified constraints is
given in brackets. o The value of the square-well NOE potential, Fnog, is calculated with a force constant of 50 kcal-mol':A-2, The value of the
square-well torsion angle potential, Fior, is calculated with a force constant of 50 kcal-mol!srad=2. The value of the repel term, Frepe, is calculated with
a force constant of 4 kcal'mol-A~* with the van der Waals radii scaled by a factor of 0.8 of the standard values used in the CHARMm empirical
function (Brooks et al., 1983). ¢ Ey; is the Lennard-Jones van der Waals energy calculated with the CHARMm empirical energy function (Brooks
et al., 1983), which was not included in the simulated annealing calculations. ¢ The improper torsion term is used to maintain the planar geometries

and chiralities.

The sequence-specific resonance assignments of the remaining
residues were accomplished by tracing the shifts of the cross
peaks. Itshould be noted that the assignments at pH 6.8 were
completely independent of the assignments at pH 2.0, even
though the data at pH 2.0 were quite helpful. These two
methods cross-checked the assignments of many proton
resonances. A summary of the assignments for mEGF at pH
6.8 is given in Table SI as supplementary material.
Differences of the Chemical Shifts between pH 2.0 and
6.8. Figure 8 showsa comparison between the chemical shifts
observed at pH 2.0 and 6.8. The closed bars represent proton
resonances of residues having a group that ionizes in the pH
range 2-9: Asnl having an a—amino group; Aspl1, Glu24,
Asp27, Asp40, Asp46, Glu51, and Arg53 having a-, 8-, or
v-carboxyl groups; and His22 having an imidazole group. All
these resonances but one (Arg53 CYH) move to upfield by
—0.05t0—0.4ppmas pH increases. Almostall other resonances
of the residues without ionizable groups show shifts as small
as +0.05 to —0.1 ppm. There are some resonances that show
significant shifts (shown by hatched bars). These shifts alone
could give some insight into the mEGF conformations, but
they should be interpreted by reference to the three-
dimensional structure of mEGF (see Discussion).
Constraints for Simulated Annealing Calculation. We
collected NOE cross peaks from NOESYsin 'H,0 and 2H,0.
A short mixing time of 80 ms was used to reduce the effects
of spindiffusion. Forintraresidue cross peaks, only the NH-X
type was collected, where X denotes protons other than amide
protons. Theintensities of the cross peaks were then translated
into upper limits of distance constraints by the calibration
described in Materials and Methods. In preliminary calcu-
lations, several upper-bound constraints showed systematic
violations greater than 0.5 A. Thus, in the final calculations,
these upper-bound constraints were relaxed by 0.2-0.5 A for
taking account of spin diffusion effects: nine intraresidue
constraints were increased by 0.2 A and six interresidue
constraints by 0.5 A for the set at pH 2.0, and three interresidue
constraints were increased by 0.5 A for the set at pH 6.8.
Hydrogen bonds between an amide proton and a carbonyl
oxygen of the backbone were inferred from slow amide proton
exchange rates and characteristic local NOE patterns. Eight
interstrand hydrogen bonds were identified: Met21 NH-

Thr30 CO, Met21 CO-Thr30 NH, Vall9 NH-Asn32 CO,
Vall9 CO-Asn32 NH, Val34 NH-Tyr37 CO, Val34 CO-
Tyr37NH, Ser38 NH-Thr44 CO, and Ser38 CO-Thr44 NH
at both pHs.

With additional constraints from the three disulfide bonds
in mEGF, a total of 355 distance constraints at pH 2.0 and
261 distance constraints at pH 6.8 were identified as listed in
Table SIIassupplementary material. These numbersof NOEs
are rather fewer than those expected for a protein of similar
size. This is partly because we omitted intraresidue NOEs
other than NH-X type and probably because EGF consists
of two structural domains between which only a few NOEs
were observed. The difference of the total NOE numbers at
the two pHs was ascribed to the attenuation of NOE cross
peaks involving amide protons due to a rapid exchange with
the solvent water at the neutral pH. Aggregation in neutral
solution may also cause signal broadening that reduced the
observable number of NOE cross peaks. In summary, 145
distance constraints are unique to the set at pH 2.0 and 51
tothatat pH 6.8. The remaining 210 distance constraints are
common to both sets; among them 133 having identical upper
limits and 77 have different ones. The numbers of NOEs
involving only nonexchangeable protons are almost the same
for both pHs (97 at pH 2.0 and 86 at pH 6.8). Moreover, the
weakest cross peaks in the NOESY spectra were found to
correspond to the same distance, ca. 3.5 A at both pHs,
considering the d.N maximum distance of 3.6 A. Thus the
quality of the NOESY spectra at pH 2.0 and 6.8 is nearly
equal. The interresidue distance constraints are summarized
as a diagonal plot (Figure S1 in supplementary material).
The overall distributions of NOEs are similar, indicating the
same backbone topology at two pHs.

The coupling constants 3Jnu, Were collected from DQF-
COSY spectra recorded in 'H,O at pH 2.0. Torsion angle
constraints around ¢ were derived from the coupling constant
as described in Materials and Methods. A total of 24 torsion
angle constraints are listed in Table SIII as supplementary
material. No torsion angle constraints were used for pH 6.8
calculations owing to the large line widths of the proton
resonances at neutral pH, which prevented us from estimating
the coupling constants.
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FIGURE 2: (A) Plot of the total number of interresidue distance
constraints (interresidue NOEs, disulfide bonds, hydrogen bonds)
per residue as a function of residue number. All constraints appear
twice, once for each residue number of pairs. The open circles
represent the number of constraints per residue at pH 2.0, and the
closed circles are at pH 6.8. (B) Plot of the average values of the
backbone RMSD per residue as a function of residue number.
Individual final structures were fitted to the mean structure for the
backbone atoms of residues 2~50. The open circles represent the
average values of RMSD per residue between the individual converged
structures at pH 2.0 and their mean structure, and the closed circles
areatpH 6.8. (C) Same as (B) except that the mean structures were
used mutually. Theterms (ph2), {ph7), ph2m, and ph7mare defined
in Table 1.

Simulated Annealing Calculation. A total of 150 calcu-
lations were carried out with XPLOR using YASAP protocol
for the structure determination of mEGF at pH 2.0 and 250
calculations for that at pH 6.8, starting from randomly
generated initial structures. We selected 10 structures at pH
2.0 and five structures at pH 6.8, on the basis of the criterion
of the smallest residual energy values of F3 = Fiepel + FNoOE
+ Fy,r. Absence or a small number of distance violations
greater than 0.5 A and torsion angle violations greater than
20° was another important criterion (Table I). Small RMS
deviations of bonds from idealized geometry (typically <0.010
A) ensure good geometry of the final structures. We refer to
these final structures as (ph2) and (ph7). Afterfittingtothe
best converged structure for residues 2—50, the final structures,
{ph2) and {ph7), were averaged separately and restrained-
minimized to give mean structures at pH 2.0 and 6.8,
respectively. We use the terms ph2m and ph7m to refer to
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the mean structures. Thestructural statistics for (ph2), ph2m,
{ph7), and ph7m are summarized in Table 1.

Figure 2A shows the number of interresidue distance
constraints per residue plotted as a function of the residue
number. The overall distributions are similar to each other
for thetwo pHs. However, nointerresidue distance constraints
are seen in the region of residues 24-27 at pH 6.8 mainly
because of the disappearance of amide protons of these residues
at the neutral pH. Figure 2B shows the average RMS
deviations from the mean structure per residue as a function
of the residue number. In the final structures at pH 6.8, large
RMS deviations at residues 23-28 are seen. It simply reflects
the absence of the interresidue distance constraints in this
region (Figure 2A). Thus we excluded residues 23-28 in the
superposition of the final structures (ph7) to the mean
structure at pH 6.8. In Figure 3A, the best 10 structures at
pH 2.0 have been superimposed for pairwise minimum RMSDs
with the mean structure for the backbone atoms of residues
2-50. Figure 3B shows the best five structures at pH 6.8
superimposed in a similar manner but for residues 2-22 +
29-50. Thebackbone superpositions of the N-terminal domain
(residues 1-32) and the C-terminal domain (33-53) at pH
2.0and 6.8 are shown in Figure S2 in supplementary material.
The superpositions including side-chain heavy atoms are shown
in Figure 4 for pH 2.0 and Figure 5 for pH 6.8. The residues
used for fitting were 2—-32 and 33-50 for pH 2.0 and 2-22 +
29-32 and 33-50 for pH 6.8. The average and standard
deviation values of RMSDs about the mean structures are
summarized in Table II for various residue ranges and atom
selections.

DISCUSSION

We and other researchers have determined the backbone
conformations of EGFs by means of NMR (Cooke et al.,
1987; Montelione et al., 1987, 1992; Kohda et al., 1988). The
pH values of the NMR sample solutions had to be kept as low
as pH 2.0-3.2 to obtain NMR spectra of good quality. Thus,
it is consequent to investigate whether the three-dimensional
structure in neutral pH solution is identical to that in acidic
pH solution. The pH dependence of CD spectra suggested
the global tertiary structure of mEGF maintained in the pH
range between 2 and 9, but small conformational changes
were induced by the deprotonation of the ionizable groups
(Figure 1). To investigate the conformational differences in
detail, we determined the three-dimensional structure of
mEGF at pH 6.8 by means of NMR and compared it with
the structure independently determined at pH 2.0.

Our previous structure at pH 2.1 was based on manual
model building (Kohda et al., 1988) and checked by a
preliminary calculation with the program DADAS /DISMAN
(unpublished results). Here we calculated the three-dimen-
sional structures of mEGF at pH 2.0 and 6.8 using the program
XPLOR. The 10 final structures of mEGF at pH 2.0 are
shown in Figure 3A. They are very similar to our previous
mechanical model. The structural features have been de-
scribed in detail by us and other researchers mainly on the
basis of NOEs (Montelione et al., 1986, 1987, 1992; Carver
et al., 1986; Cooke et al., 1987; Kohda et al., 1988). Here
the simulated annealing calculation of the pH 2.0 structures
exhibits a good structural convergence (Figures 3A and 4 and
Table 1I), and so we can describe the backbone structure of
mEGF at acidic pH on the basis of the backbone torsion angles
¢ and ¥. Ramachandran plots (Ramachandran et al., 1963)
for residues 2—49 of the final structures are shown in Figure
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FIGURE 3: (A) Stereoview of a superposition of the backbone (N, C#, C’) atoms of the 10 final XPLOR structures at pH 2.0 best-fitted to
their mean structure for the backbone atoms of residues 2-50. (B) Same as (A) for the five final XPLOR structures at pH 6.8 best-fitted
to their mean structure for the backbone atoms of residues 2-22 + 29-50. One Angstrom unit corresponds to 1.75 mm. The insets show the
backbone folds with residue numbers.

S3in supplementary material. ¢—y plots for each residue are
also shown in Figure S4.

Mouse EGF consists of two structural domains. The
N-terminal domain (Asnl-Asn32) contains an antiparallel
B-sheet structure (Val19-Ile23 /Ser28-Asn32) to which a third
strand (Ser2—Pro4) attaches antiparallel but loosely (Figure
3A). The B-sheet structure may be extended by two residues
(Gly18-Ile23/Ser28—Cys33) as stated by Montelione et al.
(1987). The third 8 strand Ser2—Pro4 may be also extended
by three residues (Ser2—Pro7) though no opposite strand exits.
These three S-strands are connected by two tight turns
(Leul5-Gly18 and Glu24—-Asp27) and a helixlike structure
(Ser8—Cys14). Thesidechainsof Pro7, Tyr10, Tyr13, His22,
and Tyr29 probably with Tyr3 form a hydrophobic core in the

N-terminal domain (Figure 4A). The C-terminal domain
(Cys33—Arg53) contains a short antiparallel 8-sheet (Tyr37-
Ser38/Thr44—Arg45), one tight turn (Val34-Tyr37), one left-
handed loop (Gly39-GIn43), and a tail structure (Asp46—
Arg53). The B-strand Thrd44-Argd45 may extend in an
extended conformation by two residues (Thr44—Leud7) though
no opposite strand exists. The segment Arg48—Trp50 takes
a folded conformation, which defines a second hydrophobic
cluster formed by the side chains of Val34, Ile35, Tyr37, Trp49,
and Trp50 and probably with Leu47 (Figure 4B). Theresidues
Asnl and GluS1-Arg53 are not well defined as compared
with other regions, implying some flexibility in solution. The
types of tight turns can be recognized from the ¢ and ¢ values
of residues at position 2 and 3 of the tight turns (Richardson,



11934 Biochemistry, Vol. 31, No. 47, 1992
(A) pH 2.0

Kohda and Inagaki

(B)

FIGURE 4: (A) Stereoview of a superposition of the heavy atoms of the N-terminal domain, residues 2-32, of the 10 final XPLOR structures
at pH 2.0 best-fitted to their mean structure for the heavy atoms of residues 2-32. (B) Same as (A) for the C-terminal domain, residues 33-50,
best-fitted for the heavy atoms of residues 33-50. The disulfide bonds are drawn in thick lines. One Angstrom unit corresponds to 2.45 mm.

The insets show the backbone fold with residue numbers.

1981). The tight turn Leul5-Gly18 is type I’, Glu24—Asp27
is type I, and Val34-Tyr37 is type II. The segment Cys6—
Ser9 may be assigned toa type Ib tight turn. Theclassification
was, however, not very obvious because the ¢ and y values
were somewhat outside of the typical ranges. In the present
calculations, no refinement was applied to the final XPLOR
structures. The incorporation of van der Waals and elec-
trostatic potentials into the total energy function will improve
the Ramachandran plot.

Figure 3B shows the five XPLOR structures at pH 6.8.
The Ramachandran plots are shown in Figures S3 and S4. In
Figure 3A,B, the structures at both pHs clearly represent the
same global fold of the polypeptide backbone. Thus, the
structural features described above for the pH 2.0 structure
can be applied to the pH 6.8 structure. However, the CD
experiment showed that there were small but appreciable
conformational changes around pH 4 and 7. The confor-

mational change around pH 7 caused by the deprotonation
of the N-terminal a-amino group has been described in detail
using the 2D pH titration method (Kohda et al., 1991). A
detailed description of the conformational change around pH
4 wasimpossible at that time. Here we can do it by comparing
the two NOE-based structures at different pHs determined
independently. As shown in Figures 3A and 4, the mEGF
structure at pH 2.0 shows a structural convergence good
enough to discuss the conformation including the side-chain
orientations. RMSDs including all heavy atoms are about
1.0 A for each domain (Table II and Figure S2). Figures 3B
and 5 show the superpositions at pH 6.8. The C-terminal
domain at pH 6.8 has a small RMSD of 1.2 A, again enough
todescribe the side-chain conformation (Table IT). Incontrast,
the N-terminal domain is not well-defined, in particular around
residue His22. This is due to disappearance of NOE cross
peaks involving the resonances of His22 ring protons in a



3D Structures of Mouse EGF at Two pHs
(A) pH 6.8

Biochemistry, Vol. 31, No. 47, 1992 11935

(B)

FIGURE 5: (A) Stereoview of a superposition of the heavy atoms of the N-terminal domain, residues 2-32, of the five final XPLOR structures
at pH 6.8 best-fitted to their mean structure for the heavy atoms of residues 2-22 + 29-32. (B) Same as (A) for the C-terminal domain,
residues 33-50, best-fitted for the heavy atoms of residues 33—50. The disulfide bonds are drawn in thick lines. One Angstrom unit corresponds

to 2.45 mm. The insets show the backbone fold with residue numbers.

Table II: RMS Differences of (ph2) and (ph7) around the Mean
Structures?

RMSDs (A)
atom selection and range (ph2) around ph2m (ph7) around ph7m
backbone (N, C#, C)

2-50 0.87 £ 0.29 1.00 £ 0.37°

2-32 0.65 £ 0.16 0.86 % 0.25%

33-50 040+ 0.14 0.53+0.16
heavy atoms

2-50 1.24 3+ 0.29 1.47 £ 0.41%

2-32 0.99 £ 0.15 1.26 % 0.20%

33-50 0.99 £ 0.24 1.19 £ 0.31

@ The terms (ph2) and (ph7) are defined in Table I. ¢ Excluding
residues 23-28 due to the absence of interresidue NOEs (Figure 3A).

half-protonated state at pH 6.8 and amide resonances of
residues Glu24—Asp27 duetoa rapid exchange with the solvent
water at neutral pH (Figure 2). In principle, two structures

should have the same quality to be compared to each other,
Thus we can discuss the conformational difference of the
C-terminal domain of mEGF at a side-chain level. As for the
N-terminal domain, we cannot discuss the conformation on
the basis of the NMR structures.

To identify conformationally different regions in the
C-terminal domain, the averages of RMSD per residue around
the mean structures of the counterparts were plotted (Figure
2C for the backbone RMSDs; data not shown for the heavy-
atom RMSDs). In addition to the two terminal regions, a
large difference is seen for residues 47-50, which corresponds
to a different running of the backbone chain and a different
orientation of the side chains in this region (Figure 6). In
Table III we summarize NOE constraints responsible for the
structural difference in this region. It is important to show
that the NOEs listed in Table III are primarily responsible
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FIGURE 6: (A) Stereoview of a superposition of the backbone atoms of the mean structures at pH 2.0 (thin lines) and that at pH 6.8 (thick
lines), best-fitted for the backbone atoms of residues 2-22 + 29-50. One Angstrom unit corresponds to 1.75 mm. (B) Same as (A) for the
heavy atoms of the C-terminal domain, residues 33-50, best-fitted for the heavy atoms of residues 33-46 from the same view as Figure 4B.
The disulfide bonds are drawn in broken thick lines. The residues of the two structures are connected by broken thin lines for Leu47, Argd8,

Trp49, and Trp50. One Angstrom unit corresponds to 2.45 mm.

Table III: NOEs That Make Differences in Conformation of the
C-Terminal Tail Region of mEGF*

pH 2.0 pH 6.8

135 HG1%-W49 HN 135 HG2 #-W49 HH2
G36 HA #-W50 HN G36 HA #-W49 HDI
Y37 HD#-W49 HB# Y37 HB #-W49 HD1
Y37 HE #-W49 HB # Y37 HE#-W50 HZ2
Y37 HE #-W49 HZ2 L47 HA-W50 HZ2
R45 HA-W50 HE1 R48 HD #-W50 HH2
R45 HG #-W50 HD1 R48 HD #-W50 HZ2
L47 HA-W50 HZ3 W49 HE3-W50 HB #
W49 HA-W50 HN W49 HZ3-W50 HA
W49 HB #-W50 HN W50 HD1-E51 HB #
W49 HE1-W50 HD1 W50 HZ3-ES1 HA

@ 4 is a “wild-card” character that matches any number.

for the structural differences in the calculated structures. In
other words, the structures at pH 2.0 or 6.8 do not satisfy the
two NOE sets equally. In fact, the average of RMS NOE
violations increases from 0.113 % 0.003 A (against the NOE
set at pH 2.0) to 0.696 =+ 0.053 A (against the NOE set at
pH 6.8) in the case of the 10 structures at pH 2.0. For the
five structures at pH 6.8, the average of RMS NOE violations

changes from 0.124 £ 0.002 A (against the NOE set at pH
6.8) to 1.03 £ 0.15 A (against the NOE set at pH 2.0). The
large differences in NOE violations against the cognate and
noncognate NOE sets indicate that the structural differences
seen in the calculated structures are not an incidental result
from the structural calculations. Then we examined distri-
butions of these NOE deviations along the primary sequence
(Figure 7). For the pH 2.0 structures, large violations are
seen in the C-terminal tail region. For the pH 6.8 structures,
large violations are also located in the C-terminal region,
though it is less obvious. Note that large violations at residues
22, 24, and 27 in the pH 6.8 structure are due to the lack of
NOEs involving these residues at pH 6.8. The large NOE
violations in the C-terminal tail region demonstrate that NOEs
listed in Table III are responsible for the structural difference
in the C-terminal tail region. Figure 6B shows the super-
position of the C-terminal domain of the mean structures at
pH 2.0 and 6.8 fitted for the heavy atoms of residues 33—46.
We excluded residues 47-50 in the fitting process because the
segment Argd8-Trp50 was found to be involved in the
conformational change (Figures 2C and 7). As readily
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recognized by inspection of Figure 6B, the running of the
backbone and the side-chain orientation of Leud7, Arg48,
Trp49, and Trp50 are different between the two pHs.

To discuss conformational difference in the N-terminal
domain, we used chemical shifts as a conformational probe.
A chemical shift is a more sensitive parameter than NOE for
detection of conformational changes in proteins (Folkers et
al.,, 1989). Its nonquantitative nature, however, limits its
usefulness to describe protein conformations, so that changes
of chemical shifts are only suggestive of conformational
changes. Forexample, proton resonances affected by aromatic
rings are much more sensitive than the other resonances.
However, due to the high sensitivity of chemical shift, we can
expect that no conformational change occurs if we observe no
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chemical shift changes. Thus, it is safe to conclude whether
the conformational change occurs or not when we use many
proton resonances as a conformational probe. Bearing this
fact in mind, we will interpret the chemical shift differences
between the two pHs. Figure 8 shows a comparison between
the chemical shifts observed at pH 2.0 and 6.8. The closed
bars represent proton resonances of residues having a group
that ionizes in the pH range 2-9: Asnl having an a-amino
group; Aspl1, Glu24, Asp27, Asp40, Asp46, Glu51,and Arg53
having a-, 8-, or y-carboxyl groups; and His22 having an
imidazole group. All these resonances but one (Arg53 C*'H)
move upfield by —0.05 to 0.4 ppm as pH increases. In the
N-terminal domain of mEGF, almost all resonances in the
residues without ionizable groups show shifts as small as +0.05
to—0.1 ppm. Thesesmall changes of the chemical shift in the
N-terminal domain region demonstrate that the N-terminal
domains at the two pHs have nearly identical conformations.
Exceptions are Ser8 C*H, Tyr13 NH, and Leu26 NH (shown
by hatched bars). Because these resonances are isolated in
the three-dimensional structure, a local conformational change
isunlikely. Ionizable groups found within 3-6 A suggest direct
electrostatic effects: Ser8 C*H and Tyr13 NH were affected
by the deprotonation of Aspll, and Leu26 NH by Glu24
and/or Asp27. Onthe other hand, in the C-terminal domain,
the shift of GIn43 N¥H is interpretable as the direct effect of
deprotonation of Asp40. By contrast, the peptide segment
Arg48-Trp49-Trp50 includes many of the greatly shifted
resonances: Argd8 NH, CPH, and CFH, Trp49 N1H, C2H,
C4H,and C5H, and Trp50 NH, C#H, C2H, and C4H. These
shifts might be a reflection of large ring current shifts of
aromatic rings of W49 and W50, but we interpret these shifts
as further supporting evidence for the conformational change
in this region revealed by the NOE-based calculations. A
trigger of the conformational change may be the deprotonation
of a carboxyl group. We infer Asp46 as a candidate from the
inspection of the three-dimensional structure, but we do not
rule out the possibility of Glu51 and the C-terminal a-carboxyl
group.

The present three-dimensional structure of mEGF at pH
2.0 calculated with a simulated annealing method (XPLOR)
isroughly similar tothat of mEGF calculated with the variable
target function method (DISMAN) (Montelione et al., 1987)
and that of human EGF calculated with a hybrid of distance
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FIGURE 8: Comparison between the chemical shifts of the proton resonances of mEGF at pH 6.8 and 2.0. All proton resonances are aligned
along the amino acid sequence and within residues in the following order; NH, a, 8, v, §,.... Where either resonance in the two states is not
observed, no comparison is made and a space is inserted. Closed bars represent the resonances of residues having ionizable groups. Hatched
bars represents the resonances having no ionizable groups and of which the chemical shift shifts upfield over 0.15 ppm or downfield over 0.05
ppm. n,a, 8, #, and ¢ denote NH, C*H, C®H, C*H, and C“H, respectively. nl, c2, c4, and c5 denote N1H, C2H, C4H, and C5H, respectively,

of a tryptophan residue.
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FIGURE 9: Stereoview of a superposition of the backbone atoms of human TGFa (thick lines, model 1 of 4TGF in the Brookhaven Protein
Data Bank) and mEGF (thin lines, the mean structure at pH 2.0), best-fitted for the backbone atoms of residues 4-9 + 15-47 of hTGF« and
the corresponding residues 2-7 + 13-16 + 18—46 of mEGF. One Angstrom unit corresponds to 1.75 mm.

geometry and restrained molecular dynamics (DISGEO +
GROMOS) (Cooke et al., 1987), but these previous structure
determinations were rather preliminary. Our present result
is much more refined. In the final stage of the preparation
of this paper, Montelione et al. (1992) have published the
refined structure of mEGF at pH 3.1. Their structure is based
on 698 distance constraints and 32 torsion angle constraints.
They have also reported the stereospecific assignments of seven
B-methylene, four side-chain amide, and one isopropyl methyl
protons. Starting from 200 randomly generated initial
structures, they obtained 16 final structures with the program
DISMAN and subjected the 16 structures to energy mini-
mization. Their structures are almost identical to ours at pH
2.0 as judging from the published stereodiagrams. Their
structural convergence is a little worse although they used
about twice number of the distance constraints and the
stereospecific assignments. Particularly, the convergence of
the C-terminal domain is worse in the Montelione structure.
Averages of RMSD:s for the three backbone atoms and all
pairwise combinations are as follows: 1.01 vs. 0.93 A for
residues 1-33, 1.14 vs 0.42 A for residues 32-47,1.33vs 1.19
A for residues 1-47, and 1.90 vs 1.28 A for residues 1-50 for
Montelione’s 16 structures vs our 10 structures at pH 2.0.
Detailed comparison of our structures to Montelione’s must
await the coordinates in the public domain, which will produce
interesting results.

TGFa is a 50-residue protein with sequence similarity to
EGF. Kline et al. (1990) published the structure of human
TGFa at pH 6.3 calculated with a combination of DSPACE
with AMBER or XPLOR, and Harvey et al. (1991) reported
the structure at pH 6.5 calculated with a combination of
GROMOS with DISMAN or DISGEO. Their structures
confirm the previously described structures based on a
qualitative interpretation of NMR data® (Brown et al., 1989;
Kohda et al., 1989; Montelione et al., 1989; Tappin et al.,
1989). The coordinates of Kline’s four structures are now
available as 4TGF in the Brookhaven Protein Data Bank.
When compared with the structure of mEGF at pH 2.0, model
1 gives the best superposition among the four TGFa structures;

3 Some disagreement in the structures of human TGFa from different
researchers is due to the different pHs used, as pointed out by Harvey
et al. (1991). TGFa exists in muitiple conformational states at low pH
(Tappin et al., 1989).

RMSD 1.5 A for the backbone atoms of residues 4-9 + 1547
of h\TGFa and the corresponding residues of mEGF. Figure
9 shows a superposition of h"TGFa model 1 and mEGF. They
are surprisingly similar to each other. This is consistent with
the competitive binding of EGF and TGFa to the same
receptor. A plotof average RMSD per residue shows that the
N-terminal domains of the two proteins are more similar to
each other than the C-terminal domains (data not shown).

In conclusion, we determined the three-dimensional struc-
ture of mEGF in neutral pH solution and compared it with
the structure in acidic pH solution. The topology of the
backbone fold is identical at acidic and neutral pHs (Figure
3). The conformation including the side chains are nearly
identical except for the C-terminal tail residues, 47—-50 (Figure
6A). Thisregion contains Leu47 that is important in receptor
recognition (Ray et al., 1988; Lazer et al., 1988; Engler et al.,
1988, Dudgeon et al., 1990; Matsunami et al., 1990). Hence
it is reasonable that Leud7 is one of the residues whose
conformation is different at the two pHs (Figure 6B). The
rearrangement in the C-terminal tail region may be related
to the binding ability of EGF to the EGF receptor molecules.

Finally, we would like to emphasize here the importance
of the structure determination under physiological conditions,
although NMR investigators prefer acidic pHs in order to
observe amide protons. Detailed analysis of chemical shifts
supplements the loss of information due to the lack of some
amide protons. The final purpose of our mEGF investigation
istounderstand the interaction of EGF with the EGF receptor.
The determination of the three-dimensional structure of mEGF
at pH 6.8 is a key step for this goal. We have deposited the
coordinates of the structures at both pHs in the Brookhaven
Protein Data Bank (entries 1EPG, 1EPH, 1EPI, and 1EPJ).

SUPPLEMENTARY MATERIAL AVAILABLE

Three tables (SI, SII, and SIII), containing chemical shifts
of mouse EGF at pH 6.8, and constraints used in the
calculations for pH 2.0 and 6.8, and four figures (S1, S2, S3,
and S4), containing the distance map, superpositions of the
backbone structure of each domain, and Ramachandran plots
for total residues and each residue at pH 2.0 and 6.8 (21
pages). Ordering information is given on any current masthead

page.
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