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ABSTRACT: In order to elucidate the mechanism of interaction between human epidermal growth factor 
(EGF) and its receptor, selected variants of EGF, differing by single amino acid substitutions, have been 
made by site-directed mutagenesis. The receptor affinity of these mutants was determined by a receptor 
binding competition assay, and the effects of the substitution on the structure of the protein were assessed 
by 'H nuclear magnetic resonance techniques. Various substitutions of Arg-41 resulted in substantial reduction 
in receptor affinity of EGF whereas change of Tyr-13 did not affect binding to the receptor. The 'H 
resonances of all nonexchangeable protons of the Tyr-13 - Leu, Arg-41 - His, and Leu-47 - Glu variants 
were assigned and compared in order to assess the structural integrity of these mutants, which possess very 
different spectral and biological properties. In the case of the Leu-47 - Glu mutant, only minor localized 
spectral changes were observed, confirming that the tertiary structure of the protein is preserved upon 
mutation. In contrast, for both the Arg-41 - His and Tyr-13 - Leu variants, significant and strikingly 
similar spectra changes were observed for many residues located far away from the mutated residues. This 
implies that similar structural alterations have taken place in both proteins, an idea further supported by 
hydrogen-exchange experiments where the exchange rates of hydrogen-bonded amide protons for both the 
Tyr-13 - Leu and the Arg-41 - His mutants were found to be about 4 times faster than in the wild-type 
protein. Nuclear Overhauser enhancements, indicating specific structural features of hEGF, were measured 
for all mutants to ascertain that gross structural changes have not occurred. A structural model is proposed, 
to explain the observed effects brought about by the mutations Arg-41 - His and Tyr-13 - Leu. 

H u m a n  epidermal growth factor is a 53 amino acid protein 
that stimulates mitogenesis by activating the tyrosine kinase 
domain of a cell-surface receptor (Carpenter et al., 1978; 
Ushiro & Cohen, 1980; Ullrich & Schlessinger, 1990). Several 
other proteins are homologous to EGF,' and they are believed 
to activate the EGF receptor in a way similar to that of EGF 
by ligand-induced oligomerization of the receptor (Yarden & 
Schlessinger, 1987). Human TGFa, for example, competes 
with EGF for the EGF receptor and has properties similar to 
those of EGF (Derynck et al., 1984; DeLarco & Todaro, 
1980). Three members of the Pox virus family also possess 
EGF homologous sequences, and in some cases these proteins 
have been shown to bind to the EGF receptor (Lin et al., 1988; 
Upton et al., 1987; Twardzik et al., 1985). Cell growth pro- 
moting activities have also been found for other proteins 

containing EGF-like sequences such as amphiregulin (Shoyab 
et al., 1989), heparin binding growth factor (Higashiyama et 
al., 1991), and fragments of laminin (Panayotou et al., 1989). 

Considerable progress has been made recently in under- 
standing the basis for the recognition of EGF by its receptor. 
The three-dimensional strukture of mouse EGF and that of 
a biologically active derivative, human EGF( 1-48), have been 
determined by a combination of high-resolution 'H NMR and 
computational techniques (Cooke et al., 1987; Montelione et 
al., 1987). In addition, the secondary structure of rat EGF 
(Mayo et al., 1989) and various three-dimensional structures 
of human TGFa have also been reported (Kohda et al., 1989; 
Kline et al., 1990; Harvey et al., 1991). This structural 
knowledge and the information available from the comparison 
of amino acid sequences of proteins with growth factor activity 
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led to a proposal for residues important for receptor recognition 
(Campbell et al., 1990). 

Our aim now is to test the contribution of each of these 
residues to receptor binding by its replacement in a site-di- 
rected mutagenesis study. The results of such studies, however, 
generally depend on the assumption that the structural in- 
tegrity of the variant proteins has not been affected (Knowles, 
1987). This assumption is not always warranted, and struc- 
tural studies should be undertaken to assess altered activities 
of variant proteins. At present, the only methods that give 
information about specific changes in mutant proteins are 
X-ray crystallography (Alber et al., 1988) and high-resolution 
'H NMR in solution (Folkers et al., 1989; Wilde et al., 1988). 

We have previously combined one-dimensional ' H  NMR 
techniques and site-directed mutagenesis in our approach to 
understanding structure-function relationships in hEGF 
(Dudgeon et al., 1990). This revealed that substitutions of 
residue Leu-47 have a large effect on the ability of EGF to 
bind to its receptor but little effect on the EGF structure: a 
result that has also been found by others (Moy et al., 1989). 
Substitutions of Arg-41 and Tyr-13 have indicated the im- 
portance of these residues for receptor binding, but no se- 
quence-specific structural information is yet available for either 
of these variants (Defeo-Jones et al., 1988; Defeo-Jones et al., 
1989; Engler et al., 1990). 

In this paper, we describe the biological and structural 
effects that accompany substitutions of Arg-41 and Tyr-13 
in hEGF. Dramatic alterations of the receptor binding affinity 
were observed for all Arg-41 variants, and concomitant 
changes in the spectral properties for some of them questioned 
the preservation of their native structure. A detailed char- 
acterization of these mutants by analysis of independent pa- 
rameters sensitive to the structural integrity of proteins is 
presented. 

EXPERIMENTAL PROCEDURES 
Mutagenesis and Cloning. EGF mutants were produced 

either by site-directed mutagenesis on M13mp18 or M13mp19 
templates (Kunkel et al., 1987) or by cassette mutagenesis. 
Oligonucleotides were designed with degeneracy at the codon 
to be changed, so that multiple amino acid substitutions at one 
site could be achieved with a single oligonucleotide primer or 
oligonucleotide pair. For the expression of hEGF, a synthetic 
hEG F gene was fused to the Saccharomyces cerevisiae pre- 
pro-a-factor leader sequence and cloned into the BglII ex- 
pression site of pLFl or the BglII-BamHI expression site of 
pTD4 as described previously (Dudgeon et al., 1990). Mutants 
of the hEGF gene were verified by DNA sequencing and 
appropriate fragments cloned into these vectors. 

Expression and Purification. EGF is expressed with use 
of the yeast a-factor secretion pathway that has been described 
previously (Brake et al., 1984; Dudgeon et al., 1990). Plasmids 
were transformed into S .  cereuisiae strain MD50 (a / a  
leu2/leu2 pep4-3/+ his3/+),  with leucine auxotrophy as a 
selectable marker. Transformants were grown at 30 OC in 
liquid culture containing 0.67% yeast nitrogen base without 
amino acids (Difco), 1% glucose, and selected amino acids. 
Cultures were harvested after 2-3 days. Wild-type EGF is 
produced predominantly as the 1-52 form of the molecule, 
lacking the C-terminal arginine, but smaller amounts of the 
1-51 species and of both the 1-52 and 1-51 methionine 
sulfoxide forms are also produced (George-Nascimento et al., 
1988; T. J. Dudgeon, unpublished results). 

EGF and its variants were purified from the yeast cultures 
by a three-stage purification scheme. First, EGF was con- 
centrated by adsorption of the cell-free medium to a Zetaprep 
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60-SP cation-exchange cartridge (Cuno Inc.) at pH 3.5 fol- 
lowed by elution with 20 mM Bis-Tris, pH 6.5. In the second 
step, fractions containing protein were further purified by 
anion-exchange HPLC with linear gradients running from 
100% buffer A (20 mM Bis-Tris, pH 6.5) to 80% buffer B 
(buffer A + 0.5 M NaCl). Finally, EGF was separated from 
minor impurities of its oxidized forms on RP-HPLC columns 
with linear gradients running from 20 to 38% buffer B (ACN 
+ 0.1% TFA) in buffer A ( H 2 0  + 0.1% TFA). The purified 
protein was homogeneous as determined by RP-HPLC and 
SDS-PAGE. The concentration of purified protein was de- 
termined spectrophotometrically by use of an absorbance 
calculated from the contributions of tryptophans and tyrosines 
(optical density in a 1-cm light path at 280 nm; wild type, A,,% 
= 2.89; Tyr-13 - Leu, A0,,% = 2.67). 

Radioreceptor assays were 
performed by use of monkey Vero cell line. Cells were grown 
to confluence in 24-well plates containing DMEM + 10% 
FCS. The growth medium was removed, and EGF samples 
in DMEM + 20 mM HEPES + 1 mg/mL BSA were added 
to wells, together with 20 nCi of '2sI-labeled murine EGF 
(Amersham), and incubated at room temperature for 1 h. 
Cells were washed three times in phosphate-buffered saline, 
to remove unbound label, and then dissolved in 1 M NaOH. 
Each sample was counted with a y counter for 400 s. 

NMR.  The concentration of the dissolved proteins was 
between 0.4 and 1 mM, and the pH was adjusted to pH 2.9 
(uncorrected meter readings). 'H NMR spectra were acquired 
at 30 OC on either a Bruker AM 600, Bruker AM 500, or a 
hybrid 500-MHz spectrometer assembled in Oxford. All 
two-dimensional spectra were acquired in the pure-phase ab- 
sorption mode (Redfield & Kunz, 1975; Marion & Wiithrich, 
1983; States et al., 1982). NOESY spectra (Jeener et al., 
1979) and HOHAHA spectra (Davis & Bax, 1985) were 
acquired with mixing times of 200 m and 50 ms, respectively. 
In H 2 0  solutions, solvent suppression was achieved with the 
jump-return sequence both for NOESY and the HOHAHA 
experiments (Bax et al., 1987). In D 2 0  solutions, the residual 
OH resonance was suppressed by solvent saturation. COSY 
spectra (Aue et al., 1976) and double-quantum filtered COSY 
spectra (Rance et al., 1983) were recorded with the standard 
pulse sequences. Typically, 5 12-800 increments were recorded 
with 64-96 scans. Spectra were generally processed on a SUN 
computer with programs provided in the FTNMR and FELIX 
software package (Hare Research, Inc.). Gaussian and 
squared sine-bell window functions were used as resolution 
enhancement functions in F2 and F , ,  respectively. 

For the hydrogen-exchange experiments, COSY spectra 
were recorded after dissolving the lyophilized protein in D 2 0  
(99.96%) and rapidly adjusting to pH 2.9. Six to eight COSY 
spectra were then acquired with 256-400 increments and 16 
scans, giving a total time per spectrum of 2.5-3.5 h. The 
absolute values of the intensities of each component of the 
NH/CaH cross-peaks were extracted and averaged, giving 
the time-dependent variable S( t ) .  The rate of exchange was 
then determined from a linear regression analysis of In ( S ( t ) )  
versus the elapsed time t .  

RESULTS 
Receptor Affinities. The affinities of the EGF mutants for 

the EGF receptor were measured by radioreceptor assay, and 
the data are summarized in Table I. A decrease in the affinity 
of a mutant will be reflected by a higher concentration of 
protein required to displace the ~251-labeled murine EGF from 
the receptor, and hence of a higher ICs0. It can be seen that 
all substitutions of Arg-41 resulted in a substantial increase 

Receptor Binding Assays. 
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FIGURE 1 : Spectral comparison of the wild-type hEGF and the Leu-47 - Glu variant of hEGF. DQF-COSY spectra of (A) wild-type hEGF 
and (B) the Leu-47 - Glu variant recorded in D20 are shown. The CaHICBH cross-peaks of the original residue, Leu-47, and the introduced 
residue, Glu-47, are marked by a box. Note the close resemblance of the two spectra for most resonances. 

Table I :  Receptor Affinities of EGF Mutants 

EGF( 1-52) ICso (ng/mL) (5% wild type) 
relative affinity 

wild type 10.7 i 1.1 100 
Tyr- 13 - Leu 5.3 f 0.7 202 
Arg-41 - His 5460 f 960 0.2 
Arg-41 - Leu 8440 f 985 0.1 
Arg-41 - Gln 2670 f 326 0.4 

(250-800-fold) in the ICso. Mitogenic assays were also per- 
formed (data not shown), and it was found that lower mito- 
genic activity of mutants correlated with their reduced receptor 
affinities. 

Assignment of the ' H N M R  Spectra of the EGF Variants 
Arg-41 - His, Tyr-13 - Leu, and Leu-47 - Glu. Se- 
quence-specific structural information deduced from 'H NMR 
spectroscopy requires the assignment of all the observable 
proton resonances of the protein (Wuthrich, 1989). In ho- 
mologous proteins such as variants with a single mutation, this 
is a straightforward task unless the chemical environment of 
several protons has changed significantly. This is illustrated 
in Figure 1 for the Leu-47 - Glu variant, where many spin 
systems could quite easily be assigned by a simple comparison 
with the known resonance assignments for the wild-type protein 
(Cooke et al., 1990). Only minor changes of the C a H  reso- 
nances close in sequence to the mutated Leu-47 were observed. 

In contrast, significant spectral changes in the two-dimen- 
sional spectra of Arg-41 - His and Tyr-13 - Leu were 
observed, and this restricted a straightforward assignment of 
some residues. These assignments were achieved by analyzing 
through-space connectivities gathered from NOESY spectra 
acquired in water. Figure 2A shows the amide region of the 
NOESY spectrum for the Arg-41 - His mutant, with the 
sequential connectivities from residues Ser-9 to Cys- 14 and 
those from Glu-40 to Gln-43 depicted. These resonances 

showed the largest deviations from their wild-type chemical 
shifts and could not have been assigned without the sequential 
information from strong NH,-NHi+, NOES. 

Of particular interest was the assignment of the new spin 
systems arising from the introduced residues, namely His-41, 
Leu-13, and Glu-47. As shown for the Leu-47 - Glu variant 
in Figure 1, the CaHICPH cross-peaks arising from the in- 
troduced glutamic acid are the only obvious change in the 
spectrum compared with that of the wild-type protein, and 
hence assignment was straightforward. In contrast, the 
identification of the new spin system in the Arg-41 - His 
variant was not possible from D20 spectra alone because of 
chemical shift degeneracy between the resonances for the CaH 
of Glu-24 and the CPH of His-41 (Figure 2B). However, its 
amide resonance was identified by the connectivities to the 
amide groups of Glu-40, Cys-42, and Gln-43 (Figure 2A). 
Further sequential connectivities could be identified from this 
amide proton to the side-chain protons of Glu 40, connectivities 
to which were also seen from the C6 proton of His-41 (Figure 
2B). For the introduced Leu-13 in the Tyr-13 - Leu variant, 
a new A,A',MPTX spin system was identified by COSY and 
NOESY cross-peaks and its assignment was confirmed by 
through-space connectivities to the methylene protons of 
Tyr-29. A table listing all the proton chemical shifts for new 
spin systems for the Arg-41 - His, Tyr-13 - Leu, and Leu-47 - Glu variants of hEGF, along with chemical shifts, which 
differ by more than the experimental error (*0.03 ppm) from 
their wild-type values, is given as supplementary material. 

Secondary Shift. The secondary shift is defined as the 
difference of the chemical shift of a proton resonance observed 
in the native protein minus its value found in a random coil 
peptide (Campbell et al., 1975; Bundi & Wiithrich, 1979; 
Pardi et al., 1983). This parameter is known to be charac- 
teristic for the EGF-folding topology (Cooke et al., 1990), and 
thus it should be a sensitive probe for the structural integrity 
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It can be seen that the chemical shifts for the Leu-47 - Glu 
variant are very similar to those of the wild-type protein while 
both the Arg-41 - His and Tyr-13 - Leu variants show 
significant changes. These changes comprise not only residues 
close to the introduced spin system but also residues further 
apart in sequence. For instance, changes around Tyr-13 in 
the Arg-41 - His mutant and similar changes at Arg-41 in 
the Tyr- 13 - Leu mutant are a characteristic feature. Sim- 
ilarly, both mutants show the same effects on the chemical 
shifts of residues Cys-20, Tyr-22, Ala-30, and Cys-3 1 in the 
major @-sheet. A detailed discussion of possible reasons will 
follow below. 

Parameters Indicating Tertiary Structure. The observed 
chemical shift differences for both the Tyr-13 - Leu and 
Arg-41 - His mutants, occurring at  both structurally and 
functionally important parts of the protein, bring into question 
the three-dimensional integrity of the EGF molecule after 
mutation, although the overall shift patterns are clearly similar 
in all the variants (Figure 3A). Therefore, the NOESY 
spectra of all mutants were qualitatively analyzed to obtain 
information on specific long-range interactions characteristic 
for the wild-type protein. 

Some of these interactions in the Arg-41 - His variant have 
already been shown. Typical NOES between the amide proton 
resonances of residues on opposite strands in the two @-sheets 
are shown in Figure 2A. A number of characteristic medium- 
and long-range connectivities for side-chain protons repre- 
senting the spatial proximity of Val-34 and Tyr-37, Tyr-22 
and Glu-24, and Tyr-37 and Arg-45 are depicted in Figure 
2B. For the Tyr-13 - Leu variant, spectra were only acquired 
in D,O, but again many NOES characteristic of the EGF 
structure were found. In Figure 4, for example, typical 
CaH-CaH NOES are shown for residues on opposite strands 
of the @-sheets: in particular, between Gly-18 and Cys-33, 
Cys-20 and Cys-31, and Tyr-37 and Arg-45. 

Long-range NOES, whicb give rise to specific contacts be- 
tween the amino- and the carboxy-terminal domains of EGF, 
are found in all three variants. This interface is composed of 
residues Tyr-13-His-16, Tyr-37, an Arg-41-Gln-43. In all 
three variants, characteristic NOES are found between the C6 
protons of Leu- 15 and the C a  and C r  protons of Gln-43, as 
well as between the C6 and Cc protons of His-16 and the Ce 
protons of Tyr-37. In contrast to these general similarities 
between observed and expected NOES in the variant proteins, 
one characteristic NOE has so far not been observed in the 
Arg-41 - His variant, that between the C a  protons of His-41 
and Cys-14. 

Parameters Indicating Flexibility. The solvent accessibility 
of backbone atoms in proteins is directly related to their in- 
ternal flexibility and hence is a characteristic property of the 
protein. This accessibility is readily assessed by NMR by 
measuring hydrogen-exchange rates of amide protons (Wagner 
& Wuthrich, 1986) and can reveal differences between ho- 
mologous proteins (Wagner et al., 1984). To this end, am- 
ide-exchange rates have been measured for residues within the 
secondary structural elements of wild-type EGF and the 
variants Tyr-13 - Leu and Arg-A1 - His. Eight residues 
are involved in the hydrogen-bonding network of the major 
the minor @-sheet of EGF, and each of these residues has 
amide protons that exchange slowly after dissolving the protein 
in DzO. These protons give rise to cross-peaks, at  their C a H  
chemical shift in COSY spectra, where they can be unam- 
biguously assigned. 

Figure 5 shows the first in a series of COSY spectra that 
contain most of the slowly exchanging residues for the wild- 
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FIGURE 2: Sequential connectivities of residue His-41 in the Arg-41 - His variant. Shown are NOESY spectra acquired (A) in H20 
and (B) in D20 at a mixing time of 200 ms. In sequential connectivities 
(A) between the amide protons of residues 9 and 14 as well as 40-44 
and (B) from side-chain protons of the preceding residue Glu-40 to 
the C6 proton of His-41 are depicted. In addition, medium- and 
long-range interactions, characteristic for the three-dimensional 
structure of EGF, can be seen in both panels. 

of the variant proteins. In Figure 3A the secondary shifts for 
the C a H  resonances are plotted as a function of the amino 
acid sequence for the variants Tyr-13 - Leu, Arg-41 - His, 
and Leu-47 - Glu. As found previously for the wild-type 
protein, all three variants show characteristic secondary shifts. 
They follow quite nicely the pattern of secondary structure 
known from its three-dimensional structure, which is also 
depicted in this figure. 

Small variations between the wild-type and the mutant 
proteins will, however, be suppressed in such plots. Therefore, 
the differences between the C a H  resonances of the different 
variants and the wild-type protein are presented in Figure 3B. 
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the corresponding random coil value. Secondary structural elements are indicated by bars. Shown is the strong correlation between the secondary 
shifts and the occurrence of the major (PI, &) and the minor (&, &) @-sheet position for all mutants. (B) Chemical shift differences of the 
different hEGF variants. The chemical shift difference for a given residue was calculated by subtracting the chemical shift found in the wild-type 
protein from the value of this residue in the variant hEGF. Major differences are observed around residues 13 and 41 as well as in the major 
@-sheet for both the Tyr-13 - Leu and Arg-41 - His variants. The differences found in the Leu-47 - Glu are small compared with those 
of the Tyr- 13 - Leu and Arg-41 - His variants. 

type and the Tyr-13 - Leu and Arg-41 - His variants. It 
is obvious from this figure that both variants show the same 
pattern of slowly exchanging amide residues as the wild-type wild type Tyr-13 - Arg-41 - 
protein. This observation confirms that the main secondary residue (IOd s - I )  Leu (IOd s-') His (IOd s-I) 

structural elements of EGF are preserved upon mutation; this Val- I9 4 f 0.5 18 f 2 19f  1 

Table 11: Hydrogen-Exchange Rates" for Slowly Exchanging Amide 
Protons in hEGF and Variants 

is also indicated by long-range NOES observed across the Met-2 1 6 f 0.9 21 f 2 20 f 2 
@-sheets (Figure 2A and 4). To obtain information about the Ile-23 4 f 0.5 10f 1 11 f 1 

21 f 0.3 
13 f 1 38 f 5 36 f 0.6 

Val-34 13 f 1 32 f 7 
He-38 

solvent-exchange rates of particular residues, up to  eight 
COSY spectra were acquired and the time dependence of the 
peak intensities was measured. The corresponding rate con- "The experimental conditions were pH 2.9 and 30 ' C .  
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FIGURE 4: Long-range connectivities in hEGF. A part of a N O B Y  
spectrum of the Tyr-13 - Leu variant acquired in D20 at a mixing 
time of 200 ms is shown. Some spin systems of residues that give 
rise to characteristic long-range CaH-CaH NOEs are marked. These 
NOEs are occurring near the diagonal and are depicted by a box. 

stants were obtained by linear regression of the data and are 
summarized in Table IT. 
DISCUSSION 

The relationship between the structure and function of EGF 
and its homologue TGFa has attracted wide interest (Car- 
penter & Cohen, 1990). Knowledge of the three-dimensional 
structures of human and mouse EGF, as well as of human 
TGFa, together with amino acid sequence comparisons led 
to a classification of two different kinds of important residues 
in EGF (Campbell et al., 1990). Beside residues that seem 
to play their major role in stabilizing the structural integrity 
of the protein (Cys-6, Cys-14, Cys-20, Cys-3 1, Cys-33, Cys-42, 
Gly-18, Gly-36, Gly-39, and Tyr-37) there are others that 
might be responsible for specific receptor recognition. With 
the exception of Leu-47, all these residues (Tyr-13, Leu-1 5 ,  
His- 16, Arg-4 1, and Gln-43) are on one face of the molecule 
and thus are likely to be directly involved in a specific inter- 
action between EGF and its receptor. 

In  the present report, the contribution of residues Arg-41 
and Tyr- 13 toward receptor binding of hEGF has been assessed 
through substitution by selected residues. To distinguish be- 
tween local and global effects upon mutation, we have com- 
bined information gathered from biological assays with a 
complete assignment of all nonexchangeable protons of these 
variants. This allowed comparison of the structure of these 
proteins using three independent data sets: (i) chemical shifts 
of proton resonances, (ii) hydrogen-exchange rates for those 
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protons involved in the hydrogen bond network of the &sheets, 
and (iii) nuclear Overhauser enhancements characteristic of 
the EGF-folding topology. 

The secondary structure of hEGF is schematically depicted 
in Figure 6. The dominant structural motif is an antiparallel 
0-sheet running from residue 18 to 23 and 28 to 33. A second 
minor antiparallel @-sheet is formed by residues 37-38 and 
44-45. Residues located in the @-sheets of EGF have large 
downfield-shifted CaH resonances (Cooke et al., 1990). The 
same was found for all three variants, indicating that the 
formations of both the major and minor 0-sheet have not been 
greatly affected by the mutations. This was further confirmed 
by the observation of long-range NOEs and slowly exchanging 
amide protons characteristic for the formation of the major 
and the minor antiparallel 0-sheet in all three variants. 

Complete analysis of the chemical shifts of the CaH protons 
revealed that only small changes were observed for the Leu-47 
-, Glu variant while substantial localized changes of some 
chemical shifts could be observed for both the Tyr-13 - Leu 
and the Arg-41 -, His mutants. These changes affected 
residues Cys-20, Tyr-22, Ala-30, and Cys-31, which play a 
dominant role in building the structural scaffold of EGF (see 
also Figure 6). Interpretation of the changes in terms of 
structure are thus of considerable interest. However, care has 
to be taken since in both mutants an aromatic ring system has 
been either introduced or replaced. For instance, some of the 
observed changes seen in the Tyr-13 -, Leu mutant probably 
reflect the contribution of the aromatic tyrosine ring in the 
wild-type protein. On the other hand, the introduction of a 
histidine ring in the Arg-41 -, His variant is expected to have 
about half the ring current effect produced by tyrosines and 
phenylalanines (Perkins, 1982). It is therefore very unlikely 
that the replaced histidine is directly causing any secondary 
shifts as far away as, for instance, Tyr-22 of Cys-20 (1 5 and 
12 A, respectively). 
As shown in Figure 3B, there is a striking similarity between 

the patterns of spectral changes observed for the Tyr-13 -, 
Leu and Arg-41 - His mutants. This supports the idea of 
a common structural basis for the observed effects. Inspection 
of the native EGF structure reveals that Tyr-13 and Arg-41 
form intimate contacts across the interface of EGF (Cooke 
et al., 1987; Hommel et al., unpublished results). Tyr-13 is 
also in contact with residues of the major 0-sheet, and the 
spectral changes observed there are readily explained by the 
removal of tyrosyl side chain in the Tyr-13 -, Leu variant. 
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FIGURE 5: Exchange of hydrogen-bonded protons with solvent. The exchange rates of the slow exchanging amide protons of the major and 
the minor 8-sheet with solvent deuterons were followed by COSY spectra. As an example, the first in a series of COSY spectra is given for 
(A)  wild type, (B) Tyr-13 - Leu variant, and (C) Arg-41 - His variant. 
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FIGURE 6: Schematic representation of hEGF. The secondary 
structure of hEGF is dominated by two antiparallel 8-sheets. Hy- 
drogen bonds contributing to these secondary structural elements are 
indicated by double lines. Cystine bridges 6-20, 14-3 1, and 33-42 
are indicated by bars. The position of the amino acid substitutions 
(Tyr- 13, Arg-4 1, and Leu-47) are highlighted. Residues that ex- 
perience large chemical shift changes upon mutation of Tyr- 13  and 
Arg-41 are shaded. 

The observation of the same pattern of spectral changes in the 
Arg-41 - His variant suggest that subtle structural rear- 
rangements of Tyr-13 must have taken place in this variant. 
This can be well understood considering the hydrophobic in- 
teractions made by the native residues at this interface. It is 
interesting to note in this context that substitutions of Arg-41 
to the more flexible and less bulky residue glutamine showed 
far less dramatic spectral changes (data not shown). Exper- 
imental evidence for a disturbed interface structure in the 
Arg-41 - His variant also comes from the fact that the 
EG F-characteristic NOE across the interdomain interface 
between the Car protons of Cys-14 and His-41 is not observed. 

The scenario outlined above is further supported by the 
results from the hydrogen-exchange experiments. Here, a 
4-fold increase of the respective exchange rates is observed, 
indicating a decrease in the stability of the structural scaffold 
of EGF. This means that the substitutions of Tyr-13 by leucine 
and of Arg-41 by histidine have the same impact not only on 
the chemical shifts of the same residues in the major @-sheet 
but also on the exchange rates of these residues. As has been 
shown earlier, there is a large hydrophobic patch on top of the 
major @-sheet comprising residues Tyr- 1 3, Tyr-22, and Tyr-29 
(Cooke et al., 1987; Montelione et al., 1987). As a result of 
efforts to improve the resolution of the wild-type structure, 
we have recently found that the hydroxyl group of Tyr-13 is 
near enough to the carbonyl group of Tyr-29 to form a hy- 
drogen bond. Thus, the suggested relay of conformational 
change brought about by substitution of residue 41 represents 
a likely structural explanation for the observed effects. 

In contrast to the effects of substitutions of Arg-41, the 
Tyr- 13 - Leu mutant was found to have little effect on re- 
ceptor affinity. This was unexpected on the basis of the 
conservation of an aromatic ring at this position in all proteins 
known to bind to the EGF receptor. Others have found that 
alterations of the residue corresponding to Tyr-13 in hTGFar 
and myxoma growth factor cause a reduction in their receptor 
affinity (Defeo-Jones et al., 1988; Lin et al., 1991). While 
we cannot exclude the possibility that the large decrease in 
Arg-41 - His receptor binding is partly due to the rear- 
rangement of Tyr- 13 in this mutant, the fact that other sub- 
stitutions of Arg-41 do not cause large spectral changes argues 
against this. Similarly, nonconservative changes at Tyr- 13 
might influence the conformation of Arg-41 and thereby affect 
the receptor affinity. This could explain the reported varia- 
bilities in the results of mutagenesis data at this residue. 

Another implication of the presented data is that substitu- 
tions of Arg-41 can have impact on residues as far away as 
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the major @-sheet. Others are currently studying the muta- 
tional effects of substitution of residues in the major @-sheet 
of hEGF, and in several cases reduced receptor binding af- 
finities have been reported (Engler et al., 1988; Campion et 
al., 1990). Since it is conceivable that the observed changes 
could work also in reverse, Le., mutations in the main @-sheet 
could affect Arg-41, a structural characterization of any hEGF 
variant is desirable. 

This study on the structurefunction relationships of various 
mutants of hEGF by different 'H NMR techniques has re- 
vealed some limitations of the approach. A wide range of 
structural parameters including NOES, hydrogen-exchange 
rates, and chemical shifts were acquired to explore the 
structural integrity of the variant proteins. Although each of 
these individual parameters has evident limitations, they can 
yield complementary and persuasive evidence when combined. 

It has been stressed by others that chemical shift information 
is sensitive to the most subtle changes in the chemical envi- 
ronment of residues in mutant proteins (Folkers et al., 1989; 
Gao et al., 1990). However, the relationship between chemical 
shifts and the tertiary structure of a protein are only poorly 
understood, and hence these shifts are generally difficult to 
interpret in structural terms (Redfield & Dobson, 1990). In 
our study we have presented evidence that, in a small protein 
like EGF, spectral changes produced by mutation can be in- 
terpreted as long as complementary mutations are available. 
This was demonstrated by the similar pattern of chemical shift 
differences in the major @-sheet of the Arg-41 - His and 
Tyr- 13 - Leu variants and further supported by their similarly 
increased hydrogen-exchange rates. 

In contrast to the sensitivity of chemical shift to protein 
conformation, qualitative interpretation of the acquired NO& 
did not reveal significant structural changes between the 
different variants. This difference in information is not con- 
tradictory since the NOE between a pair of atoms in a protein 
is known to be only a loose measure of the interproton distance 
(Wuthrich, 1989; Clore & Gronenborn, 1989). The use of 
NOE-derived distance constraints has further limitations for 
a comparison of proteins. Factors such as protein expression 
levels, protein solubility, internal flexibility, and overall protein 
stability can vary in mutant proteins and therefore impair the 
NOE-based calculation of the protein conformation. In EGF, 
all of these limitations exist as it is neither very globular nor 
suited to high protein concentrations. Unsuccessful attempts 
to crystallize this molecule support the idea of a flexible 
protein, and we have evidence from NMR relaxation mea- 
surements that regions of the polypeptide are rather mobile 
(Hommel et al., unpublished results). 

In summary, we have demonstrated that Arg-41 is a very 
important residue, involved both in receptor binding and in 
the structural integrity of EGF. As part of a highly conserved 
domain-domain interface, its contribution to the formation 
of this interface is of great interest. We are currently studying 
the contribution made by Arg-41 and other conserved residues 
in the wild-type molecule in more detail by calculating new 
EGF structures from a larger number of structural restraints. 
These studies should provide a deeper understanding of the 
effects observed in this report. 
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