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ABSTRACT: The interaction of transforming growth factor a (TGF-a) with the complete extracellular domain 
of the epidermal growth factor receptor (EGFR-ED) was examined by nuclear magnetic resonance (NMR) 
spectroscopy. The 'H NMR resonances of the methyl groups of TGF-a were used as probes of the 
interaction of TGF-a with the EGF receptor to determine the binding kinetics and the differential mobility 
within the bound TGF-a. The methyl resonances were studied because there are 14 methyl containing 
residues well dispersed throughout the structure of TGF-a and the relaxation properties of methyl groups 
are well understood. Changes in the longitudinal and transverse 'H NMR relaxation rates of the methyl 
resonances of TGF-a caused by binding to the 85-kDa EGFR-ED were studied. From these measurements 
it was determined that the interaction was in the NMR fast exchange limit. A binding mechanism to 
rationalize the different rates determined by NMR and surface plasmon resonance techniques [Zhou, M., 
et al. (1993) Biochemistry 32, 8193-81981 is proposed. The transverse relaxation rate (R2) enhancements 
of the various methyl resonances displayed a regional dependence within the bound TGF-a molecule. 
Resonances from the C-terminus of TGF-a, which were flexible in the unbound molecule, revealed dramatic 
increases in their R2 upon binding to the EGFR-ED along with resonances from the interior of TGF-a. 
However, upon binding, the RZ enhancements of the methyl resonances from the N-terminus of TGF-a, 
which were also flexible in the unbound TGF-a, were slight; indicating a retention of mobility of this 
region for bound TGF-a. The implications of these data with respect to the mechanism of receptor 
activation and the design of antagonists are discussed. 

The formation of the growth factorlreceptor complex is 
the pivotal first step to triggering the growth response in 
cells. The well characterized epidermal growth factor (EGF), 
when bound to the 170-kDa epidermal growth factor receptor 
(EGFR), is responsible for signaling the normal cellular 
growth of epithelial and mesenchymal cells [for reviews, see 
Carpenter (1987), Carpenter and Cohen (1990), and Staros 
et al. (1989)l. Human transforming growth factor a (TGF- 
a)' has a similar binding affinity for EGFR and has no other 
known receptor (Lax et al., 1991; Korc & Finman, 1989; 
Carpenter, 1987). Involvement in embryonic development 
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of hair and epithelial tissues and wound healing processes 
are cited as possible biological roles for TGF-a (Mann et 
al., 1993; Luetteke et al., 1993; Martin et al., 1992; Dougall 
et al., 1993). Yet the major biological interest in TGF-a 
comes from studies implicating this growth factor in the 
transformation and maintenance of the growth of several 
different types of malignant tumors (including breast, renal, 
and squamous cancers) (Derynck et al., 1987; ten Dijke et 
al., 1989). 

In addition to binding to the same receptor, the 50-residue 
human-TGF-a shares 40% sequence identity with the 53- 
residue human-EGF. Further, both proteins are divided into 
three loops (A, B, and C) by three conserved disulfide bonds. 
Over the past decade, various attempts have been made to 
define the functionally important domains and residues within 
EGF and TGF-a. These include recombinant DNA tech- 
niques to identify functional residues (Defeo-Jones et al., 
1988, 1989; Lazar et al., 1988, 1989; Engler et al., 1988, 
1991; Matsunanmi et al., 1991), monoclonal antibodies 
studies to identify important peptide segments (Katsuura & 
Tanaka, 1989; Hoeprich et al., 1989; Richter et al., 1992), 
and the mitogenic activity of synthetic peptides derived from 
EGF and TGF-a (Heath & Merrifield, 1986; Darlak et al., 
1988; Eppstein et al., 1989; Tam et al., 1991). These studies 
have implicated certain residues in TGF-a such as R42 and 
LA8 (or R41 and LA7 in EGF) as critical for function (Engler 
et al., 1990; Matsunanmi et al., 1991) and have suggested 
that large portions of more than one loop are required for 
mitogenic activity (Tam et al., 1991; Richter et al., 1992). 
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measurements to characterize molecular motion (Palmer et 
al., 1993; Cheng et al., 1993, 1994; Grasberger et al., 1993), 
we have chosen to study the 'H NMR relaxation behavior 
of the methyl residues of TGF-a to probe the regions of 
TGF-a which interact with the receptor. We present a 
detailed description of the experimental procedures, the 
evidence which discriminates the regions of TGF-a that have 
restricted mobility upon binding from those that do not, the 
limits on the exchange rates, and a discussion of the 
implications of these results for a possible mechanism by 
which TGF-a and EGF may bind and activate EGFR. 

MATERIALS AND METHODS 
Expression and Purijkation of T G F - a  Recombinant 

human TGF-a was expressed in Escherichia coli (expression 
plasmid PTBI102-trpE/TGF) as a trpE fusion protein (first 
15 amino acids of the E gene of the tryptophan operon plus 
Glu-Phe-Met plus 50 amino acids of TGF-a) under control 
of the bacteriophage lambda promoter pL in the prototroph 
strain ETB-64(W1485). The fermentation for the expression 
of 15N-enriched TGF-a was performed by growing the 
bacteria on a modified minimal media [variation of M63 
Medium described by Miller (1972)l. Expression of the 
TGF-a fusion protein was induced by a 32-42 "C tempera- 
ture shift during the fermentation run (3.5 h, 3.5 ODsso). Cells 
were harvested and stored at -70 "C. 

Cells were lysed by sonication and then centrifuged. The 
TGF-a fusion protein is found in the pellet fraction as 
inclusion bodies. The protein is solubilized by extraction 
of the inclusion bodies in 6 M guanidine-HC1, containing 
0.1% trifluoroacetic acid. The fusion protein was treated 
with cyanogen bromide to remove the 18-residue trpE leader. 
Mature TGF-a was purified by preparative HPLC. Refold- 
ing of TGF-a was performed by sulfitolysis (Spear & 
Sliwkowsh, 1991) followed by a final purification on a 
Mono-S column (Pharmicia). The eluted fractions containing 
the TGF-a were lyophilized for the preparation of NMR 
samples. 

Purified, refolded, TGF-a was shown to be homogeneous 
based upon NH2-terminal sequence analysis and was assessed 
to be greater than 98% pure by reverse-phase analytical 
HPLC using a C-18 column (SynChropak RP-PC18, 250 x 
4.6 mm id, 300-A pore size, SynChrom, Inc., Layfayette, 
Indiana). The correct primary ion peaks of the expected 
molecular mass of 5544 Da was confirmed for TGF-a by a 
BIOION-20 Nordic plasma-desorption time-of-flight mass 
spectrometer (Uppsala, Sweden). In addition, the protein 
was also shown to be fully active in an EGF radioreceptor 
binding assay using membranes enriched in the EGFR from 
human A431 cells. This assay is based upon the ability of 
TGF-a to compete with lZ5I-EGF for binding to the EGFR. 

Expression, Large Scale Production, and Purification of 
the EGFR-ED. Recombinant baculovirus carrying the 
EGFR-ED cDNA was generated as previously described 
(Brown et al., 1994). Ten liters of Sf9 cells (5-10 x lo6 
cells/mL) grown in suspension culture [SF400 media (Gib- 
co)] was infected with recombinant baculovirus at an MOI 
of between 0.5 and 3. The culture supematant was harvested 
at 72 h postinfection. A protease inhibitor (0.1 mM PMSF) 
and glycerol (10% v/v) were added, and the media was stored 
at -20 "C until purification. Purification of the EGFR-ED 
involved a mild, nonaffinity, two-step ion exchange chro- 
matography procedure (Debanne et al., 1994). The EGFR- 

However, a clear consensus of the requirements for activity 
and binding of these growth factors to EGFR has not been 
established. 

Structural studies of EGF and TGF-a have been pursued 
vigorously in hopes of gaining knowledge of the important 
structural features necessary for binding and activation of 
the receptor. To date, the vast majority of the structural work 
has been centered on the structure of the growth factors 
themselves in the absence of the receptor, and relatively little 
work has been focused on the growth factor-receptor 
complex (Rousseau et al., 1993; Zhou et al., 1993). The 
only structure for a growth factor-receptor complex known 
is the X-ray crystal structure of human growth hormone- 
human growth hormone binding protein complex (deVos et 
al., 1992). Crystallographic studies have been unsuccessful 
in yielding structures of any EGF-like growth factor receptor 
complexes. However, X-ray studies have yielded the 
structure of the EGF-like domain of human factor Xa, 
(Padmanabhan et al., 1993) and high-resolution 'H 2-D NMR 
studies have yielded the detailed tertiary structures of human 
EGF, murine EGF, and human TGF-a in solution (Cooke 
et al., 1987; Kohda et al., 1989; Kline et al., 1990; Harvey 
et al., 1991; Montelione et al., 1992) as well as the EGF- 
like factor IX (Baron et al., 1992). More recently, hetero- 
nuclear 3-D NMR experiments have resulted in higher 
resolution structures of human EGF and human TGF-a 
(Hommel et al., 1992; Moy et al., 1993). 

While high-resolution multidimensional NMR methods 
have been successful in determining the solution structures 
of EGF and TGF-a, the determination of the structure of 
the complex of TGF-a with the membrane-bound EGF 
receptor is clearly well beyond the limits of NMR methods. 
Even if the water-soluble extracellular domain of the EGF 
receptor (EGFR-ED) is used, the total molecular weight of 
TGF-a (6 kDa) and EGFR-ED (85 kDa) is more than twice 
the MW limit for the applicability of three- and four- 
dimensional multinuclear NMR methods. The largest com- 
plex to date to have its structure determined in solution by 
NMR is that of calmodulin-myosin light chain kinase peptide 
(MW >> 20 000) (Ikura et al., 1992). However, for many 
applications such as the design of small molecule antagonists, 
it is sufficient to characterize the structure, dynamics, and 
environment of the bound ligand. Over the last 30 years a 
large variety of NMR techniques have been used to study 
the interaction of ligands with large proteins (Sykes & Scott, 
1972; Dwek, 1973; Jardetzky & Roberts, 1981). This 
includes the recent resurgence of techniques such as the 
transferred NOE to determine the structure of bound ligands 
(Campbell & Sykes, 1993; Sykes, 1993; Anglister & Naider, 
1991) and the use of multinuclear multidimensional NMR 
to determine the bound structure of ligands such as cy- 
closporin bound to the target protein cyclophilin (Fesik et 
al., 1991). The selection and applicability of the various 
possible NMR approaches depends upon a variety of factors 
such as the affinity for the ligand and the exchange rate of 
the ligand on and off of the receptor biomolecule. 

The focus of this paper is to use NMR relaxation 
measurements to study TGF-a in the presence of the 
extracellular domain of the EGF receptor to characterize both 
the chemical exchange of TGF-a on and off of the receptor 
and the dynamic properties of TGF-a when bound to the 
EGF receptor. In particular, while many recent studies in 
other systems have used 13C and I5N NMR relaxation 
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ED was quantitated during purification according to an 
immunoenzymetric assay (ELISA) (Grimaux et al., 1989). 
The protein concentration of the purified receptor was 
determined by Lowry. The degree of purity was 85% or 
greater as determined by densitometric scanning of Coo- 
massie Blue or silver-stained SDS-PAGE gels. The per- 
centage of active EGFR-ED in the preparations (90% or 
greater) was determined using a band shift technique 
(Debanne et al., 1994). 

NMR Sample Preparation. Lyophilized TGF-a samples 
were dissolved into 460 pL of buffer containing 50 mM 
potassium phosphate, 10 mM potassium chloride, 1 mM 
ethylene diamine tetraacetic acid, 0.5 mM sodium azide, 0.15 
mM sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, 
internal standard), and 99.9% D20 or 90%/10% (v/v) H2O/ 
D20. The solution was adjusted to pH 6.0 or 8.0 by the 
addition of microliter amounts of 0.5 N NaOD or 0.5 N HC1 
bringing the final volume to 500 pL (measurements uncor- 
rected for deuterium isotope effects). Protein concentrations 
are indicated in the figure legends. 

Stock solutions of EGFR-ED were made by dialyzing the 
sample against the phosphate buffer used above to prepare 
TGF-a. The receptor solutions were 200 pM of active 
EGFR-ED in 500 pL. 

NMR Measurements. NMR experiments were recorded 
at 298 K using a Varian Unity-600 NMR spectrometer 
operating at 599.9 MHz. All 1-D and lH relaxation spectra 
were acquired with a lH-13C- 15N triple-resonance probe; 
some assignment spectra were recorded using an indirect 
detection probe. For all experiments, the spectral width in 
the 'H dimension(s) was 8000 Hz. The 'H chemical shift is 
relative to an internal DSS standard. The 'H carrier 
frequency was placed on the H20 peak (4.78 ppm). 

For 2-D homonuclear phase-sensitive DQF-COSY (Piatini 
et al., 1982; Rance et al., 1983), TOCSY (Bax & Davis, 
1985; Griesinger et al., 1988), and NOESY (Bodenhausen 
et al., 1984; Kumar et al., 1980; Jeener et al., 1979) spectra, 
256 or 320 complex tl experiments (48 or 64 signal averaged 
transients) were recorded consisting of 1024 complex points 
in t2. Quadrature detection was accomplished using the 
hypercomplex method (States et al., 1982). Mixing times 
(tm) of 30 or 50 ms were used for TOCSY spectra and 50, 
100, and 200 ms were used for the NOESY spectra. During 
the NOESY experiments, solvent peak recovery was reduced 
by the inclusion of a 180" composite pulse in the center of 
the mixing period (Brown et al., 1988). In all other 
experiments the H20 peak was suppressed by low-power 
coherent irradiation of the water resonance for 1.0-2.0 s 
prior to each pulse train. 

Spin-lattice relaxation times TI were measured using the 
standard inversion-recovery pulse sequence (Vold et al., 
1968). Transverse spin-spin relaxation times T2 were 
measured using the Meiboom-Gill modification of the Carr- 
Purcell experiment (Meiboom-Gill, 1958). In these experi- 
ments the time delay between 180" pulses was kept small 
(22 = 0.00025 s) to minimize dephasing due to spin-spin 
coupling. The relaxation curves were fit to Mz(t) = Mz(0)[ 1 
- w exp(-t/Tl)] and M,(t) = [M,(O) exp(-t/7'2)] for TI 
and T2 measurements, respectively, where w is the 180" pulse 
inversion factor (w = 2 for perfect 180" pulse). Values 
obtained for w were typically 1.8- 1.9. 
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FIGURE 1: Ribbon diagram of the TGF-a structure with CPK 
depiction of the methyl groups. The structure is the RMSD average 
of published NMR data (Harvey et al., 1991) obtained from the 
Brookhaven Data Bank. The ribbon (gold) traces the peptide 
backbone atoms of TGF-a. The side chain methyl groups from 
residues Val 1 ,  Val 2, Thr 13, Thr 20, Leu 24, Val 25, Ala 31, Val 
39, Ala 46, Leu 48, Leu 49, and Ala 50 which were analyzed 
extensively in this paper are labeled and appear in white. The side 
chain methyls of Val 33 and Ala 41 appear in green. The three 
disulfide bridges between residues 8-21, 16-32, and 34-43 are 
shown in yellow, and the resulting A, B, and C "~OOPS" are labeled. 

RESULTS 

Methyl Resonances as Molecular Probes. There are 
several reasons for choosing the 'H NMR relaxation behavior 
of the methyl residues of TGF-a to probe the chemical 
exchange of TGF-a with the water soluble extracellular 
domain of the EGFR receptor and to determine the dynamic 
properties of TGF-a when bound to the receptor. From the 
structural standpoint, human TGF-a has 14 residues out of 
50 which contain a total of 22 methyl groups. These methyl- 
containing residues are punctuated in the primary sequence 
and are well-spaced throughout the TGF-a structure (Figure 
1). In Figure 1, the distribution of the methyl groups is seen 
in CPK form against the ribbon through the backbone atoms. 
The residues containing methyl groups which were analyzed 
most extensively are colored white while the remaining 
methyl groups are colored green. The methyl groups of 
TGF-a are excellent probes for NMR relaxation measure- 
ments since their resonances are well resolved, have been 
completely assigned, have an intensity three times that of a 
single proton resonance, have narrow line widths because 
of internal motion (see below), and have a simple NMR 
coupling pattern which leads to easily identifiable doublets. 
From a relaxation standpoint, the methyl protons are suitable 
because the lH NMR relaxation of geminal or methyl protons 
is dominated by the dipole-dipole relaxation involving 
geminal protons separated by a fixed internuclear distance, 
and the internal motion of methyl groups is simple and well 
understood (Marshall et al., 1972; Sykes et al., 1978; 
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Table 1: 'H NMR Assignments TGF-a at pH 6.0, 25 "C" 

chemical shift (ppm) 

T13 A46 V25 

V P  Y 

l ~ ' ' ~ 1 ' ' ' ' 1 " " 1 ' ~ ' ' 1 ' ' " l ' " ' 1 ~  
1.3 1.2 1.1 1.0 0.9 0.8 0.7 

6 (ppm) 

FIGURE 2: Methyl group region of the 1-D 'H NMR spectrum of 
TGF-a. The protein concentration was 2 mM, and the solution was 
buffered at pH 6.0. Spectrum was recorded at 298 K and at 600 
MHz. This spectrum represents 512 scans with a digital resolution 
of 0.25 Hz/pt (32K data points collected). Processing was ac- 
complished using resolution enhancement with window functions 
of -1.60 = lb and 0.60 = gf. 

Goldman, 1988).2 The 'H NMR relaxation of methyl protons 
relaxing via the dipole-dipole mechanism where the con- 
tributions of internal motion are not yet considered is given 
by 

Where A = (3/2O)(N - 1)(y4h2/1.6) = 5.0 x IO9 s - ~  for N 
= three equivalent spins separated by r = 1.8 A, wo is the 
NMR resonance frequency, and z, is the correlation time 
for the internuclear vector between the methyl protons. 

Presented in Figure 2 is a 1-D 'H NMR spectra of TGF- 
a. The spectral region shown is the upfield-shifted region 
which contains only methyl proton resonances (except A41 
which appears at 1.57 ppm, is not well resolved from other 
sidechain resonances, and is not discussed further). The 
methyl resonances have all been assigned using standard 2-D 
and 3-D NMR methods under the conditions used in this 
study (see Table 1) and most are well resolved. The most 
striking feature are the differential line widths which must 
result from different correlation times for the various methyl- 
containing residues in TGF-a. These differences in cor- 
relation times are caused by differences in motion for the 
various residues. Motions of the protein as a whole as well 
as internal dynamics of the backbone and side chains must 
be considered. To understand differential line width, we 
have to first consider the effects of internal motion of the 
methyl group. The effects of line narrowing on a 'H 
resonance of equivalent protons via internal mobility can be 
corrected under conditions where t i n t  << t,; yielding an 
effective correlation time zceff (Marshall et al., 1972): 

In formal terms the relaxation of A X 3  and similar spin systems 
can be quite complex due to effects such as cross-correlation (Werbelow 
et al., 1977), especially in the presence of anisotropic overall motion; 
in practice, the observable effects in terms of nonexponential relaxation 
behavior are small (Werbelow & Marshall, 1974) and are neglected 
herein. 

residue HN H, HE other protons 
Val 1 
Val 2 
Ser 3 
His 4 
Phe 5 
Asn 6 
Asp 7 

Pro 9 
Asp 10 
Ser 11 
His 12 
Thr 13 
Gln 14 
Phe 15 
Cys 16 
Phe 17 
His 18 
Gly 19 
Thr 20 

Arg 22 
Phe 23 
Leu 24 
Val 25 
Gln 26 
Glu 27 
Asp 28 
Lys 29 

cys 8 

cys 21 

3.87 2.18 H3Y 1 .OO, 0.99 
8.55 4.16 2.01 H3Y 0.92,0.86 
8.48 4.41 3.72, 3.72 
8.47 4.67 3.12, 3.00 H2 8.37, H4 7.09 
8.26 4.98 3.12, 2.94 H2.6 7.17; H3,5 7.31 
8.74 4.94 2.92, 2.73 H6N 7.62,6.94 
8.22 4.66 2.68, 2.52 
8.92 4.31 3.12, 3.12 

8.55 4.42 2.68,2.68 
8.11 4.26 3.78, 3.78 
8.39 4.73 3.43, 2.89 H2 8.06, H4 6.72 
7.77 4.18 4.14 HY 1.21 
8.43 4.31 2.03, 1.78 HY2.16,2.16;HfN7.37,6.77 
7.94 4.16 3.10, 2.87 H2,6 7.12; H3,' 7.19 
8.28 4.34 2.49, 2.03 
8.30 4.22 2.71, 2.71 H2,6 7.09; H3.5 7.12 
6.81 4.48 2.72, 2.28 H2 8.42, H4 6.89 
7.40 3.89, 3.58 
8.43 4.49 3.92 HY 1.27 
9.05 5.17 3.23, 3.22 
9.44 4.74 1.64, 1.58 HY 1.45, 1.45; Hd 2.82,2.82 
9.07 4.63 2.92,2.70 H2,6 6.85; H3.5 7.1 1 
8.27 4.46 1.74, 1.51 HY 1.51; H36 0.75, 0.73 
8.04 3.68 2.03 H3Y 1.07, 0.98 

4.41 2.18,1.95 HY1.68,1.68;H63.23,3.13 

8.82 4.09 2.08, 2.08 HY 2.40, 2.40; H'N 7.63, 6.85 
7.74 4.18 1.70, 1.56 HY 2.18, 2.05 
7.94 4.26 3.09, 2.38 
6.94 4.66 1.72, 1.55 HY 1.23, 1.23; Hd 1.65, 1.57; 

H' 2.82,2.82 
Pro 30 4.68 1.74. 1.59 HY 1.33. 1.33: Hd 3.48. 3.36 
Ala31 8.88 4.73 1.36 
Cys 32 8.74 5.29 2.78,2.61 

Cys 34 9.14 5.04 3.44, 2.74 
His 35 8.70 4.86 3.40, 2.90 H2 7.90; H4 7.06 
Ser 36 8.66 4.27 3.92, 3.92 
Gly 37 8.83 4.16, 3.58 
Tyr38 8.01 5.26 2.92, 2.76 H2,6 6.67; H3s5 6.40 
Val39 9.20 4.85 2.27 H3Y 0.86,0.80 
Gly 40 8.12 5.04, 3.90 
Ala41 9.24 4.17 1.57 
Arg42 8.75 4.73 2.28, 2.28 HY 1.38.0.84; H6 2.93,2.93 
Cys43 8.10 3.98 2.94, 2.48 
Glu 44 10.02 4.26 1.64, 1.64 HY 1.87, 1.45 
His45 8.57 5.15 3.14, 3.05 H2 8.38, H4 7.12 
Ala46 8.74 4.18 1.16 
Asp 47 8.11 4.43 2.49, 2.21 

Val 33 8.99 4.23 2.00 H3Y 0.93,0.86 

Leu 48 8.08 4.25 1.58, 1.58 HY 1.58; H3'0.88,0.81 
Leu49 8.19 4.31 1.64, 1.64 HY 1.58; H3'0.89,0.82 
Ala50 7.61 4.06 1.29 

The 'H chemical shift values (f0.02 ppm) were derived from the 
2D 'H TOCSY NMR spectrum. The 'H chemical shift is relative to 
an intemal DSS standard. Assignments were made using standard 
sequential assignment methods including 3-D I5N-edited NOESY- 
HMQC and 3-D I5N-edited TOCSY-HMQC NMR spectra. 

tceff = [(I - 3 C O S ~ ~ ) / ~ I ~ Z ,  (2) 

The qnt << zc assumption is met safely since the internal 
rotation (qnt = 10-11-10-12 s) of methyl groups is expected 
to be several orders of magnitude faster than the overall 
tumbling of the 6-kDa TGF-a (t, = 2 x s) especially 
when bound to the 85-kDa EGFR-ED [t, = 60 x s, 
estimated from the Stokes-Einstein equation; see Brauer and 
Sykes (1987)l. For CH3 groups, 8 = 90" (measured as the 
angle between the H-H internuclear vector and the C3 axis 
of internal motion), and thus tceff = l /4tc.  Furthermore, this 
narrowing effect due to internal methyl rotation on line width 
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Table 2: Relaxation Rates for TGF-a Methyl Resonances as a Function of Added EGFR-ED 

[TGFa]/[EGFRx] PB= V1 V2 T13 T20 L24 V25 A31 V33 V39 A46 L48/49 A50 
(A) Longitudinal Relaxation Rates (Rt) (s-') 

0.00 1.8 1.7 2.0 2.3 2.0 1.6 2.2 1.7 2.1 1.9 1.6 1.4 
10.0 0.10 2.0 2.2 3.1 3.0 3.0 2.3 3.5 3.6 3.1 2.5 2.0 
7.5 0.13 2.1 2.3 3.3 3.3 2.5 3.9 3.2 2.6 
5.0 0.20 2.2 2.3 3.7 3.7 3.0 3.8 3.3 2.9 
3.5 0.29 2.3 2.4 4.4 3.2 
2.0 0.50 2.4 2.4 

(B) Transverse Relaxation Rates (Rz) (s-l) 
0.00 4 6 19 13 10 11 30 14 16 33 5 5 

10.0 0.10 6 10 34 25 23 30 34 60 62 25 23 
7.5 0.13 6 10 36 27 30 42 72 29 
5.0 0.20 6 11 49 40 37 43 50 
3.5 0.29 7 11 66 90 
2.0 0.50 8 11 

LI PB = [EGFRx.TGFa]/[TGFa],, a [EGFRx]tot~/[TGFa]lot~. This approximation assumes the receptor is saturated. This assumption is valid 
if [TGFa], [EGFRx] >> KD and is met with the experimental conditions used (millimolar components and micromolar KD). 

of all methyl proton resonances will be equal. Therefore 
the differential line width seen in Figure 2 between methyl 
resonances must be a result of differences in motion in the 
peptide backbone or in the side chain of the longer chain 
residues such as Val and Leu. The very sharp resonances 
are from methyl-containing residues in the N and C termini 
such as V1 and V2, and L48, L49, and A50. 

The observed differential line widths for TGF-a in the 
absence of receptor are supported by T I  and TZ relaxation 
time measurements for each methyl resonance. The values 
are reported as relaxation rate constants R1 and Rz,  where 
the RZ values are directly proportional to line width (Av = 
Rz/n) .  Therefore, residues with the smallest RZ values 
correspond to resonances with the narrowest lines. These 
relaxation rate constants for the free TGF-a are summarized 
for each methyl-containing amino acid residue in the first 
row of Table 2, sections A and B, respectively. For leucine 
or valine residues, only one value is listed since the relaxation 
rates of both methyl resonances were found to be identical. 
Comparing Table 2 sections A and B, it is observed that R1 
< RZ in all cases. This indicates that even for free TGF-a 
the NMR relaxation is outside of the extreme narrowing limit 
[ (w ,~ , )~  = 50 >> 11. In this slow tumbling limit, and 
especially for the bound TGF-a, R1 measurements will be 
dominated by cross-relaxation and uniform methyl internal 
motion (Sykes et al., 1978) and therefore are not useful 
probes of overall motion, whereas R2 measurements will be 
directly proportional to zc, 

3 
4 

R ,  = -AT, (3) 

and hence are good probes of differential internal motion. 
From the first row in Table 2A, the R1 values span a narrow 
range of 1.4-2.3 s-l with an average value of 1.9 s-'. 
Therefore Tl relaxation is approximately the same for all 
resonances in the free TGF-a as predicted. 

In contrast, from the first row in Table 2B, the R2 values 
cover a much larger range from 4 to 33 s-l. The smallest 
R2 values are seen for N-terminal residues V1 and V2 as 
well as the C-terminal residues L48/49 (which are not well 
resolved from each other) and A50. The largest values of 
RZ are seen for A31 and A46. These residues have no 
additional internal motion other than methyl rotation and 
therefore may be more motionally restricted than other 
methyl-containing residues. Richardson and co-workers have 

encouraged the view that the Cp of alanines should be 
considered part of the backbone (Richardson et al., 1992). 
Thus it would not be surprising that the largest Rz values 
correspond to the alanines. Although A46 is only four 
residues away from the flexible C-terminus, it is known to 
exist in a short B-structure (Harvey et al., 1991; Moy et al., 
1993). This accounts for the pronounced difference in RZ 
values between A46 and A50. Most of the methyl reso- 
nances fall into the intermediate range R2 values. L24 which 
has two extra possible modes of internal rotation (a$ and 
P-y), which may account for a smaller transverse relaxation 
rate of 10 s- l .  Having one extra possible rotation (a$), 
threonine and valine residues display intermediate values 
with an average RZ value of 15 s-l. Together all these R2 
values give credence to the differential mobility of methyl- 
containing residues seen in the observed line widths of the 
methyl resonances in Figure 2 and suggest a model for free 
TGF-a of a relatively rigid core with quite flexible N- and 
C-termini. 

TGF-a in the Presence of EGFR-ED. Initially, the first 
spectra examined of the TGF-a/EGFR-ED system were a 
series of l-D spectra. In Figure 3 are l-D 'H NMR spectra 
of the titration of EGFR-ED with TGF-a. The top spectrum 
is of free TGF-a in the absence of EGFR-ED, and the 
assignments are indicated on this spectrum. The bottom 
spectrum is of EGFR-ED alone in the absence of TGF-a. 
Even though the MW of EGFR-ED is large, resonances can 
be seen in the l-D NMR spectrum. Most of these are quite 
broad, although some relatively narrow methyl resonances 
near 0.8-1.0 ppm can be seen. The titration is over seven 
ratios of ligand to receptor (10: 1 to 0.5: 1) with the maximum 
concentration for TGF-a and EGFR-ED of 2 mM and 200 
pM, respectively. It is clear from this figure that all TGF-a 
resonances are broadened in the presence of receptor but the 
increase in line width is not uniform. The methyl proton 
resonances from the C-terminal residues such as A50, L49, 
L48, and A46 are broadened more severely in the presence 
of receptor at lower ratios of TGF-a to EGFR-ED than the 
residues from other areas of the molecule; especially the 
N-terminal residues V1 and V2. Differential broadening of 
methyl resonance linewidths implies a significant change in 
the mobility of some residues but not others, but we must 
consider the effects of chemical exchange on the NMR 
relaxation measurements. 
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FIGURE 3: Observed 1-D 'H NMR spectra of TGF-a titrated into 
EGFR-ED. The 1-D spectra shown are of EGFR-ED alone (bottom 
spectrum, i) with increasing mole ratios of TGF-a to EGFR-ED. 
The top spectrum (a) is of TGF-a alone and the assignments of 
the TGF-a methyl resonances are marked. The mole ratios of 
TGF-a to EGFR-ED of the indicated spectra are (b) lO:l, (c) 7.5: 
1, (d) 5:1, (e) 3.5:1, (0 21, (g) 1:1, and (h) 0.5:l. Each spectrum 
is comprised of 512 scans with 0.25 Hdpt digital resolution. Spectral 
processing was made with a 0.5 Hz line broadening. All spectra 
were recorded at 298 K and pH 6.0. Peaks at 1.18 ppm (triplet) 
and 1.32 ppm (doublet) are small molecule impurities. 

In the presence of receptor, we have free and bound TGF-a 
and exchange between them 

k m  

koff 
TGF-a + EGFR-ED EGFR-EDOTGF-a (4) 

If we define the lifetime of the bound TGF-a as TB, the 
longitudinal and transverse 'H NMR relaxation rates of the 
bound TGF-a as 1/TlB and l/TZB of the free TGF-a as 1/TlF 
and 1/T2F, and the fraction of bound and free TGF-a as PB 
and PF, then the observed relaxation rates can be written 

This assumes there is no chemical shift difference between 
free and bound TGF-a protons as is shown to be the case 
(see Figure 3). Further we can define 

We examined the TI and T2 relaxation of TGF-a in the 
presence of receptor for every point measured in the titration 
shown in Figure 3. Typical TI  and T2 relaxation measure- 
ments can be seen in Figure 4. Plots A and B are data 
extracted from T1 and T2 relaxation experiments (as peaks 
from panels C or E and D or F, respectively) curve fitted as 
described under Materials and Methods. The curve-fitting 
typically yields single-exponential curves. All values of 2'1 

and T2 obtained are in Table 2 indicated in terms of relaxation 
rate constants R1 and Rz. 

In Figure 5, plots A and B graphically demonstrate the 
experimentally derived relaxation constants RZ and R1 as a 
function of the fraction of TGF-a bound to the EGFR-ED. 
The slope of these points are depicted for three representative 

Hoyt et al. 

A C E 

7'"''.0 0.5 1' 1 " ' I 
0 D 

I 
F 

I 

0.05 0.10 0.95 0.85 0.75 0.95 0.85 0.75 

time (s) 6 (ppm) 6 (ppm) 

FIGURE 4: Typical T I  and T2 relaxation measurements for TGF-a. 
In panels A and B are plots of typical curve-fit data (specifically 
the methyl resonance of L24 at a TGF-a to EGFR-ED ratio of 
1O:l;  raw data indicated in panels E and F) taken from TI and T2 
relaxation experiments, respectively. In panels C and E are spectra 
from TI relaxation measurements of TGF-a in the absence of 
receptor and at a 1O:l mol/mol ratio of TGF-a to EGFR-ED, 
respectively. Panels D and F are the analogous T2 data. Fitted 
exponential increases from plots like panel A and exponential 
decays from plots like panel B yield longitudinal relaxation rate 
constants (R1) and transverse relaxation rates (&), respectively, and 
these constants are reported in Table 2. The processing of the spectra 
shown was accomplished with a line broadening of 0.5 Hz. 

residues V1, L24, and A46. The data for all the methyl- 
containing residues are given in Table 2. Plot C of Figure 
5 displays the slope of R2p versus fraction bound as a function 
of residue. These values are equivalent to the bound values 
for Rzpr designated R2p-max. Figure 5B taken in comparison 
to Figure 5A (also refer to Table 2A,B) clearly shows that 
although the R1 values for all resonances are increased 
somewhat in the presence of receptor, the values for each 
residue are approximately the same and the magnitude of 
the relaxation rates are much smaller than the contributions 
to Rz. This is as expected for the large molecular weight 
system (Sykes et al., 1978). Looking at Table 2B or Figure 
5A,C, it should be noted that the R2 values for each TGF-a 
methyl resonance increase at least modestly upon interaction 
with the EGFR-ED. However, the increases are not uniform 
as evidenced by their different slopes or bound line widths 
(Figure 5C). 

A family of methyl resonances that are broadened by an 
average amount include T13, T20, and L24. Residues such 
as L48/L49 and A50 start out with high mobility (small R:! 
values) and have a dramatic reduction in their mobility upon 
interaction with increasing amounts of receptor. Therefore 
the C-terminus appears to have lost its high flexibility upon 
binding to EGFR-ED. Residues, such as A46 and V39, start 
with large or intermediate RZ values and undergo a large 
reduction in their mobility. Finally and most stunning are 
V1 and V2 which retain their high mobility upon binding to 
EGFR. These results together suggest that based on the 
protein dynamics of methyl-containing residues in TGF-a, 
it is possible to discriminate regions that do not participate 
in the binding of the ligand to receptor from those motionally 



NMR Relaxation of the TGR-a/EGF Receptor Complex 

100 

- r 

i 7s 

e 

Y 

0 - 
50 

c 
0 - - 
- 9 25 
al 
E 

0 
0.0 0.1 0.2 0.3 0.4 0.5 .. ~ 

Fraction bound Fraction bound 

500, 

n 
a N 

100 

v1 
A V2 T13 TZO J J I  V25 A31 V39 

L&49 A h  

Residue 

FIGURE 5: Comparison of the relaxation parameters of the methyl 
resonances of TGF-a. Plot A is a comparison of the transverse 
relaxation rates (R2) of various methyl resonances as a function of 
mole fraction of bound TGF-a. Plot B compares the longitudinal 
relaxation rates ( R I )  of TGF-a methyl resonances as a function of 
mole fraction of bound TGF-a. The data shown in plots A and B 
are of V1 (squares), L24 (circles), and A46 (triangles), and this 
subset is chosen to represent the trends and diversity of all the data. 
Plot C is a comparison of the slope of bound as a function of 
residue for the bound TGF-a for the whole data set. 

restricted and therefore more intimately bound to the EGFR- 
ED. 

Estimation of the Kinetic Parameters from Relaxation 
Parameters. Before the results presented in Figure 5 can 
be interpreted in terms of differential line widths and 
therefore differential mobility of bound TGF-a, the effects 
of chemical exchange on the relaxation time measurements 
must be understood. If the exchange rate (koff) in eq 4 is 
small and the bound line widths large, then ZB (= l/koff) will 
be larger than T ~ B  (= l l h v ~ )  and the relaxation enhancement 
RQ would be the small and equal for all residues. This is 
clearly not observed (Figure 5A,C). Further, increasing 
temperature sharpens resonances slightly in the 1-D 'H NMR 
spectrum of TGF-a in the presence of EGFR-ED (Figure 
6), indicating that the binding is not in the slow exchange 
limit. Lifetime broadened line widths would be expected 
to increase in line width strongly with temperature as koff 
increases with temperature. In the intermediate-to-fast 
exchange limit, the reduction in line width as a function of 
increasing temperature is due to the reduction of rotational 
correlation time (tc = v/i'J. Thus r g  must be s T 2 ~  
(indicating fast exchange conditions) for all residues mea- 
sured, and the most we can derive is a upper limit for t g  

derived from the resonances with the largest observed 
broadening. For V39 and A46, R2p-max << 300-400 s-l, and 
thus l/(T*g + r g )  << 300-400 s-l < l/tg SO that koff > 300- 
400 s-l. If a diffusion-controlled k,, of 1 x lo8 M-' s-l 
(Guttfreund, 1972) is assumed, then the expected KD would 
be very approximately 3 pM. 

A 
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FIGURE 6: Comparison of the 1-D 'H NMR spectrum of TGF-a in 
the presence of EGFR-ED (15:l) at 25 and 40 "C. The top spectra 
(A) is recorded at 40 OC and the bottom (B) at 25 "C. Each spectrum 
represents 512 scans with a digital resolution of 0.25 Hdpt (32K 
data points collected). Spectral processing was made with a 0.5 
Hz line broadening. Spectra were recorded at pH 6.0 and at 600 
MHz. The TGF-a concentration 0.9 mM and EGFR-ED at 0.06 
mM. 

DISCUSSION 

We have used 'H NMR relaxation measurements, specif- 
ically of resonances containing methyl groups, to determine 
the kinetics of the interaction of TGF-a with the extracellular 
domain of the EGF receptor and the dynamics of TGF-a 
both when free in solution and when bound to the EGFR- 
ED. The goal of these measurements is to thereby determine 
which portions of TGF-a are in contact with the receptor 
and by implication important to the binding. These mea- 
surements have been done under conditions (pH 6) where 
the binding of TGF-a is weaker and the exchange of TGF-a 
between the free and bound states is rapid on the NMR 
relaxation time scale. The koff rate was found to be '300- 
400 s-l, which has allowed us to determine the relative line 
widths of this growth factor when bound to its receptor whch 
would not have been possible for much tighter binding. 

Schlessinger and co-workers (Zhou et al., 1993) have 
reported a KD of ~ 0 . 5  pM for EGF binding to monomeric 
EGFR-ED. However, they report a koff M 0.05 s-l and a kon 

1 x lo5 M-' s-l. In this work, they employ the technique 
of surface plasmon resonance for biomolecular interaction 
analysis (BIAcore). This method follows in real time the 
association and dissociation of receptor-ligand complexes 
as an injected solution of EGFR-ED passes over immobilized 
EGF and the difference in refractive index is measured. Using 
experimental methods similar to those of the Schlessinger 
lab, similar kinetic parameters and equilibrium constants were 
found when TGF-a was the immobilized ligand (M. 
O'Connor-McCourt, unpublished results). Nonetheless, these 
koff values are 103-104 less than the koff determined from 
our NMR results and their kon values are correspondingly 
103-104 less than a diffusion controlled ken. A k,, of 0.05 
s-l would place the chemical exchange rate in the slow 
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chemical exchange regime on the NMR time scale. Our data 
clearly show that this is not the case. It is possible that the 
two techniques give different results; specifically immobi- 
lization of the receptor or ligand may influence the lunetics, 
or the rate constants may be too rapid to be accurately 
measured by the BIAcore technique. Further, their experi- 
mental conditions were slightly different and the ligand was 
different. Nonetheless, these detailddifferences are not likely 
to account for the several orders of magnitude difference 
between these two methods. Further, the very slow k,, 
measured by the Schlessinger lab (Zhou et al., 1993) implies 
that a simple binding mechanism such as eq 4 is not sufficient 
to describe the results (Baldo et al., 1975; Gutfreund, 1971, 
1972; Hammes et al., 1970). Zhou et al. (1993) postulate a 
more complex mechanism involving receptor dimerization. 
Another proposal that can accommodate both the NMR and 
plasmon resonance results is a binding mechanism such as 
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k, k2 

k-i k-2 
T G F a  + EGFR-ED == TGFwEGFR-ED e 

(TGFwEGFR-ED)* (7)  

which has been found very commonly in situations where 
the measured k,, is so much less than the diffusion-controlled 
rate (Baldo et al., 1975; Gutfreund, 1971, 1972; Hammes et 
al., 1970). In this mechanism, the formation of a initial rapid 
recognition complex is followed by a conformational change 
to form a second complex. We can then postulate that the 
complex in rapid exchange observed in the NMR is 
TGFwEGFR-ED and the complex dissociating slowly in the 
plasmon resonance experiments is (TGFa-EGFR-ED)*. In 
this mechanism the Zhou et al. (1993) value of k,, is 
associated with k-2, and then k,, becomes IC~IKD~. Extrapo- 
lating further, one might postulate that the TGFwEGFR- 
ED to (TGFwEGFR-ED)* conformational change is impor- 
tant in triggering receptor dimerization. 

The plasmon resonance techniques also indicate that the 
exchange rate constants are pH dependent with k,ff decreasing 
and k,, remaining constant at higher pH (M. O'Connor- 
McCourt, unpublished data). In terms of the proposed 
mechanism (eq 7) this would lead to a shift from TGF- 
wEGFR-ED to (TGFwEGFR-ED)* and a reduction in the 
linebroadening from the TGFa + EGFR-ED ==$!, 
TGFwEGFR-ED exchange since the high molecular weight 
complex ( ~ 9 0  kDa) in slow exchange would be too broad 
for observation by NMR. To check this, 1-D 'H NMR 
spectra of TGF-a in the presence of EGFR-ED were 
examined as a function of pH. In Figure 7, the 1-D NMR 
spectra of TGF-a in the presence of EGFR-ED at a mole 
ratio of 1O:l is shown for pH 6.0 (bottom) and pH 8.0 (top), 
respectively. The line broadening of the TGF-a resonances 
seen previously [in Figure 3 (pH 6.0)] in the presence of 
EGFR-ED is seen to be dramatically reduced at pH 8.0 so 
that the TGF-a resonances return to narrow lines. This can 
be seen most clearly for A50. Resonances in other parts of 
the spectra also become narrower; however, the exact 
chemical shifts of the methyl resonances are somewhat 
different due to the change in pH. The narrow line widths 
seen in Figure 7 are consistent with the strong pH dependence 
of the k,ff rate. 

If the mechanism shown in eq 7 is valid, then the bound 
line width (Rzp-") shown in Figure 5C reflect the line 
broadening of resonances in the TGFwEGFR-ED complex. 
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FIGURE 7: Comparison of the 1-D 'H NMR spectrum of TGF-a in 
the presence of EGFR-ED (1O:l) at pH 6 and 8. The top spectra 
(A) is recorded at pH 8.0 and the bottom (B) at pH 6.0. Each 
spectrum represents 512 scans with a digital resolution of 0.25 Hzl 
pt (32K data points collected). Processing was accomplished using 
resolution enhancement with window functions of - 1.60 = lb and 
0.60 = gf. Spectra were recorded at 298 K and at 600 MHz. The 
TGF-a concentration 1.2 mM and EGFR-ED at 0.12 mM. Peaks 
at 1.18 ppm (triplet) and 1.32 ppm (doublet) are small molecule 
impurities. 

The relaxation measurements reflect the overall motion of 
the protein, the differential motion of the backbone and side 
chain residues, and the internal motion of the methyl groups. 
For free TGF-a the differential mobility was greatest for 
the N- and C-termini which were found to be much more 
mobile than the rest of the molecule. Upon binding the N 
terminus remains quite mobile relative to the C-terminus and 
the interior core methyl groups as evidenced by the line 
broadening (Figure 3) and relaxation measurements (Figure 
5). When comparing C-terminus to the residues of the 
interior core, the C-terminus undergoes a severe restriction 
in its mobility upon binding to receptor. However, when 
comparing the R z ~ - ~ ~  values in the presence of receptor 
(Figure 5C), these values are similar for methyl groups in 
the C-terminus and the interior core (e.g., L48/49 and L24). 
This result implies that the motion is similar for both regions 
in the presence of receptor. 

To discuss these results, we need to estimate the line- 
broadening of the fully immobile ligand bound to the 
receptor. From eq 3, we calculate R z ~ - ~ ~  = 225 s-l in the 
presence of no internal motion other than methyl rotation 
which will persist for bound TGF-a, estimating zc from the 
Stokes-Einstein equation (Brauer & Sykes, 1987) as 60 x 

s. We can see in Figure 5C that the calculated R2p-maw 
is much greater than N-terminal VI and V2 residues, slightly 
more than the A + B loop residues T13, T20, L24, V25, 
and A31 and smaller than the C loop residues. One must 
acknowledge the large experimental error in the slopes of 
Figure 5A because some resonances overlap, and overlap 
increases with added receptor and concomitant line broaden- 
ing, and therefore the R~p-max for some resonances (T20, V39, 
and A50) were determined from only a few points. Alter- 
natively, the extra line broadening for C loop residues may 
be the result of exchange line broadening which occurs for 
resonances which are chemical shifted when bound (Sykes 
& Scott, 1972). Another important potential source of line 
broadening for the bound TGF-a methyl resonances comes 
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via relaxation with receptor nuclei. Thus, methyl resonances 
of the C loop in contact with receptor may have additional 
relaxation pathways available that other methyl resonances 
do not. Nonetheless, the line broadening is near appropriate 
values and greatest in regions shown by other data to be 
important for binding, Le., residues defined by site-directed 
mutagenesis to be critical (Defeo-Jones et al., 1988, 1989; 
Lazar et al., 1988, 1989; Engler et al., 1988, 1990, 1991; 
Matsunanmi et al., 1991). The most obvious contrast is the 
lack of immobility of N-terminal residues. 

The finding that the N-terminus is very mobile in the initial 
TGFwEGFR-ED complex may be taken as a indication that 
no contact is made with this region with the receptor. 
However, this does not prove that this region makes no 
important contacts in the (TGFwEGFR-ED)* state either 
with the monomeric receptor or upon subsequent formation 
of an activated dimer. The N-termini or C-termini of a 
variety of cytokines have been recently shown to be 
important in the activity of these cytokines with their 
receptors (Clark-Lewis et al., 1991; Ember et al., 1991). 
Specifically, for IL-8 analogs with deletion of critical 
N-terminal residues serve as good antagonists. Much less 
is known about the mode of activation of these systems and 
no direct physical studies of bound-ligand flexibility have 
been done. Thus, the present hypotheses might suggest that 
N-terminal or C-terminal deleted TGF-a analogs would be 
good antagonists and not lead to further activation. Future 
studies are in progress to address these issues of fundamental 
importance. 
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