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Summary 

A large portion of the lac resonance assignments for murine epidermal growth factor (mEGF) at pH 
3.1 and 28 ~ has been determined at natural isotope abundance. Sequence-specific ~3C assignments are 
reported for 100% of the assignable C a, 96% of the C ~, 86% of the aromatic and 70% of the remaining 
peripheral aliphatic resonances of mEGE A good correlation was observed between experimental and 
back-calculated C a chemical shifts for regions of regular [i-sheet structure. These assignments also 
provide the basis for interpreting 1H%13C c~ heteronuclear NOE (HNOE) values in mEGF at naturaI 
isotope abundance. Some of the backbone polypeptide segments with high internal mobility, indicated 
by these 1H%13C~ HNOE measurements, correlate with locations of residues involved in the putative 
mEGF-receptor binding site. Using four families of mEGF structures obtained over the last few years, 
we demonstrate that standard deviations between experimental and back-calculated ASC ~ values can be 
used to monitor the refinement of this protein's structure, particularly for [3-sheet regions. Improved 
agreement between calculated and observed values of ASC ~ is correlated with other measures of structure 
quality, including lowered values of residual constraint violations and more negative values of conforma- 
tional energy. These results support the view that experimental conformation-dependent chemical shifts, 
ASC ~, can provide a reliable source of information for monitoring the process of protein structure 
refinement and are potentially useful restraints for driving the refinement. 

Introduction 

Murine epidermal growth factor (mEGF) is a small 
protein of 53 amino acids. EGF and EGF-like proteins 
play important roles in wound healing (Burgess, 1989) 
and in oncogenesis (Burgess, 1989; Guerin et al., 1989). 
The EGF-like sequence module is an important structural 
motif, occurring in over 300 known protein sequences 
(Campbell and Bork, 1993). Although an X-ray crystal 
structure is not yet available for mEGF, its three-dimen- 
sional structure has been determined by solution N M R  
spectroscopy (Montelione et al., 1987,1992; Kohda and 

Inagaki, 1988,1992a,b). Similar three-dimensional chain 
folds (see Fig. 1) have also been determined by solution 
N M R  for the homologous human EGF (hEGF) (Cooke 
et al., 1987; Hommel et al., 1992) and human type-or 
transforming growth factor (hTGFt~) (Brown et al., 1989; 
Kohda et al., 1989; Montelione et al., 1989; Tappin et al., 
1989; Kline et al., 1990; Harvey et al., 1991; Moy et al., 
1993) proteins, and for the EGF-like domains of human 
coagulation factor IX (Baron et at., 1992), bovine coagu- 
lation factor X (Sela~del" et at., 1990; Ullner et al., 1992) 
and the urokinase-type plasminogen activator (Hansen et 
al., 1994). X-ray crystal structures have also been deter- 
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Abbreviations: HSQC, heteronuclear single-quantum coherence spectroscopy; PFG, pulsed-field gradient; TOCSY, ~H-JH total correlation 
spectroscopy; EGF, epidermal growth factor; mEGF, murine EGF; hEGF, human EGF; hTGFc~, human type-c~ transforming growth factor; 
DIPSI, spin-locking pulse sequence; NOE, nuclear Overhauser effect; HNOE, heteronuclear Overhauser effect. 
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Fig. 1. (A) Regular i3-sheet backbone structure in murine EGF (Montelione et al., 1987,1992). (B) Overall chain fold of EGF. The ribbon arrows 
represent regions of the peptide backbone which constitute the i3-sheet backbone structures. 

mined recently for the homologous EGF-like domains of 
human E-selectin (Graves et al., 1994) and human coagu- 
lation factor Xa (Padmanabhan et al., 1993). 

While the general structural features of EGF and 
EGF-like domains are reasonably well understood, rela- 
tively little information is available about internal mo- 
tions and molecular dynamics for this important family 
of polypeptide chain folds. Some dynamic information, in 
the form of ~H/2H amide exchange rates and 'H line- 
widths, is available for mEGF (Montelione et al., 1986, 
1987,1988,1992), hEGF (Cooke et al., 1987; Hommel et 
al., 1992) and hTGF(x (Brown et al., 1989; Kohda et al., 
1989; Montelione et al., 1989; Tappin et al., 1989; Harvey 
et al., 1991; Moy et al., 1993). Although detailed studies 
of ~SN nuclear relaxation have been published recently for 
hTGF~ (Li, 1994; Li and Montelione, 1995), no hetero- 
nuclear relaxation studies have been reported to date for 
other EGF-like molecules, including mEGE 

13C NMR can provide important structural and dyna- 
mic information on proteins and nucleic acids (Wfithrich, 
1976; Wagner, 1989). Carbon resonance frequencies are 
sensitive to bond geometries, orbital hybridizations and 
local chemical environments (Wishart et al., 1991; de Dios 
et al., 1993a,b; Laws et al., 1993), while I3C nuclear relax- 
ation rates provide information about overall tumbling 
and internal motions (Allerhand et al., 1971; Nirmala and 
Wagner, 1988; Wagner, 1989,1993; Palmer et al., 1991, 
1993). 13C NMR parameters also can provide information 
that is useful for protein structure determination and 
refinement (Spera and Bax, 1991; Wishart et al., 1991; de 
Dios et al., 1993a,b; Laws et al., 1993). For example, 
conformation-dependent chemical shifts of ~3C~ and ~3C~ 
nuclei (i.e., ASC~ and ASC ~, respectively) can be used to 
identify regular c~-helical and 13-sheet conformations of 
proteins and peptides (Spera and Bax, 1991; Wishart et 

al., 1991,1992; Lee et al., 1992; Reily et al., 1992; Thana- 
bal et al., 1994; Wishart and Sykes, 1994). Such second- 
ary structure analyses are especially useful in the initial 
stages of a protein structure determination by NMR (see, 
for example, Metzler et al., 1993; Anglister et al., 1994; 
Garrett et al., 1994). 13C chemical shifts can also be used 
to characterize dynamic equilibria in partially folded 
polypeptides (Reily et al., 1992). It may also be possible 
to use comparisons between calculated and observed 13C 
chemical shift values as a driving force for structure re- 
finement (de Dios et al., 1993a,b; Laws et al., 1993), or as 
an independent measure of the accuracy of a protein 
structure determined by NMR or X-ray crystallography. 

In this paper we demonstrate that conformation-de- 
pendent 13C chemical shift data, measured at natural 
isotope abundance, can be used to monitor an NMR 
structure refinement. An extensive set of sequence-specific 
~3C resonance assignments is presented for mEGF and 
used to interpret backbone 1H~-~3C~ heteronuclear Over- 
hauser effects (HNOEs). Some of the backbone polypep- 
tide segments with high internal mobility, indicated by 
these  ~HC~-13C a HNOE measurements, correlate with loca- 
tions of residues involved in the putative EGF-receptor 
binding site. A good correlation is observed between 
negative values of the conformation-dependent 13C~ chem- 
ical shifts and the locations of extended p-sheet backbone 
structures in mEGF, corroborating existing evidence 
(Spera and Bax, 1991; Wishart et al., 1991) that ~3C~ 
chemical shifts provide useful information for identifying 
regular [3-sheet backbone conformations in proteins. 
Using ensembles of mEGF structures obtained over the 
last few years, we demonstrate that standard deviations 
between experimental and empirically estimated ASC ~ 
values can also be used to monitor the refinement of the 
structure of this protein, particularly for 13-sheet regions. 
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Improved agreement between calculated and observed 
values of ASC ~ is correlated with other measures of struc- 
ture quality, including lowered values of residual NOE 
and dihedral angle constraint violations, and conforma- 
tional energies. These results demonstrate that experimen- 
tal conformation-dependent chemical shifts, ASC ~, can 
provide a reliable source of information for monitoring 
the process of protein structure refinement and are poten- 
tially useful restraints for driving the refinement. 

Materials and Methods 

The preparation and chemical analyses of natural 
mEGF from mouse submaxillary gland have been report- 
ed elsewhere (Montelione et al., 1988). Protein NMR 
samples were prepared in 99.9% D20 solution at 5 mM 
concentration, pH* = 3.1 + 0.1 (the uncorrected pH meter 
readings of D20 solutions are reported as pH*). The 
sample was not isotopically enriched. 

All NMR spectra were recorded on a Varian Unity 500 
NMR spectrometer at 28 ~ ~3C chemical shifts were 
determined from the published sequence-specific proton 
resonance assignments (Montelione et al., 1988) by com- 
bined analysis of proton-detected HSQC (Bodenhausen 
and Ruben, 1980) and HSQC-TOCSY (Moy et al., 1993) 
2D NMR spectra. HSQC spectra were recorded with the 
carbon carrier frequency centered in the C ~ and aromatic 
carbon regions. Each of these spectra required -24  h of 
NMR measuring time. Two HSQC-TOCSY spectra, each 
requiring about ~ 60 h, were recorded. In the first HSQC- 
TOCSY data set the carbon carrier frequency was placed 
in the center of the o~-carbon resonances and in a second 
set it was moved to the center of the [3-carbon resonances. 
In both of these data sets isotropic mixing was performed 
with the DIPSI (Shaka et al., 1988) multipulse sequence, 
using a range of mixing times between 9 and 32 ms, 
which were then co-added in the frequency domain as 
described elsewhere (Celda and Montelione, 1993). The 
recycle times were 1.83 s. 

1H-13C HNOEs were determined using 2D PFG-HNOE 
(Li and Montelione, 1994). Steady-state HNOEs on 1H- 
detected 13C resonance intensities were measured with and 
without 4.0 s of aliphatic proton saturation, sufficiently 
long to ensure > 95% steady-state NOE for all ~3C~ nuclei 
with longitudinal relaxation times T~ < 800 ms. Although 
13C T~ relaxation rates have not been measured for 
mEGF, values in proteins of similar size are typically 
<500 ms (Nirmala and Wagner, 1988; Wagner, 1993). 
The total recycle times were 5.2 s. Each HNOE spectrum, 
with and without aliphatic proton presaturation, was 
recorded in duplicate, requiring a total of ~ 40 h of NMR 
instrument time. 

Conformational energy calculations were carried out 
on a Silicon Graphics Indigo 2 workstation using the 
CHARMm energy potential function of the CONGEN 

program (Brooks et al., 1983; Bruccoleri and Karplus, 
1987). Details of these calculations and their application 
in the refinement of the solution structures of mEGF and 
hTGFc~ will be presented elsewhere (Tejero, R., Basso- 
lino-Klimas, D., Bruccoleri, R.E. and Montelione, G.T., 
manuscript in preparation). 

Results 

Sequence-specific "C resonance assignments 
An expansion of the aliphatic C~-H ~ region from an 

HSQC spectrum of mEGF is shown in Fig. 2. Using the 
published proton chemical shifts (Montelione et al., 1988), 
most of the C ~ and C ~ resonances could be assigned un- 
ambiguously. However, proton chemical shift degeneracies 
precluded the unique determination of several ~3C assign- 
ments, including the C ~ resonances of the following groups 
of amino acids: Asn 1, Va119, Asp 27 and Asp4~ Pro 4 and 
Arg41; Pro 7, Ser 28 and Asp46; Ser 8 and Ser2S; Ser 9, Tyr ~~ 
A r g  45, Glu sl and Arg53; and Cys 2~ Thr 3~ and Asn 32 (see Fig. 
2). Most of these degeneracies could be overcome using 2D 
HSQC-TOCSY. By recording a set of HSQC-TOCSY 
spectra with isotropic mixing times ranging between 9-32 
ms, many two-bond heteronuclear connectivities could be 
established (e.g. C~-H ~, C~-H ~, C~-H ~, etc.). In these spec- 
tra, the symmetry-related two-bond C~-H J and CJ-H ~ (e.g. 
C~-H ~ and C%H ~) HSQC-TOCSY cross peaks provide 
complementary information. Ambiguities in interpreting 
the HSQC spectrum due to degeneracies of H ~ protons can 
generally be resolved using Ci-H J cross peaks, while degen- 
eracies of C i carbons are resolved using CLH ~ cross peaks. 
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0)1 

(ppm) 
i ~ P48 P4~ cJ4 ~ ~ 

N32 P78 
50 n 2 2  ~ c6 N1 

~3 ca3 D46 D27 C42 
M~I R41 ~ ~L15/ NI6  L52 

C31 
S 2 8  L26 S9,Y 10,R45,R53 

54j V29 ~;~ ~O~11 
~ Q  0 4 0  E51 ~3 R48 

58 i T30 ~ +,~ _....~$9~ 

62 ~ Y13 / ~ "  $2[~ 
s813 

s3s~, ,',~ 
S28~ S28[~ 

66 

70. 

T44~ 
@ 

T30~ 

5.6"-- -~,-T----r5.2 ...... 4.8~-'"~ ...... 4.4r-"-"~-"''~'~'~'4.0 3.6' ~ - '  

13 C 

Fig. 2. Aliphatic C~-H ~ region (excluding glycine residues) of an 
HSQC spectrum of 5 m M  m E G F  in 99.9% D20 at pH* 3.1 and 28 
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TABLE 1 

SEQUENCE-SPECIFIC R E S O N A N C E  AS S IGNM E NT S  FOR M U R I N E  E P I D E R M A L  G R O W T H  FACTOR a 

Residue C ~ H ~ C ~ H ~ Others 

Asn 1 52.6 4.34 
Ser  2 57.7 4.63 
Tyr  3 55.6 4.90 
Pro 4 63.6 4.68 
Gly s 45.0 4.23, 
Cys 6 53.0 4.52 
Pro 7 63.0 4.59 
Ser 8 61.5 4.11 
Set 9 56.9 4.17 
Tyr ~~ 56.2 4.17 
Asp tl 56.2 4.49 
Gly ~ 45.5 3.94, 
Tyr 13 62.5 4.07 
Cys ~4 53.0 4.39 
Leu ~s 54.5 4.26 
Asn ~6 55.1 4.03 
Gly 17 45.0 4.00, 

Gly ~8 45.5 4.33, 
Va119 61.4 4.33 

Cys ~~ 58.8 4.99 
Met ~ 54.6 4.97 
His ~ 53.0 5.17 
Ile 23 60.4 4.07 
Glu 24 59.0 3.66 

Ser ~ 60.4 4.14 
Leu 26 54.6 4.40 
Asp 27 53.5 4.32 
Ser 28 56.7 4.59 
T y r  29 57.7 5.26 

Thr  ~~ 59.9 5.01 
Cys ~ 54.0 5.30 
A s n  32 52.4 5.01 
Cys ~3 54.0 4.74 
Va134 62.5 4.04 

Ile 3~ 63.0 3.74 
G l y  36 44.5 4.10, 
Tyr 37 57.7 5.38 

Ser ~8 57.7 4.79 
Gly 39 43.4 4.82, 

Asp 4~ 56.7 4.35 
Arg 4~ 55.1 4.67 
Cys 42 55.1 4.09 
Gln 43 57.2 4.00 

Thr  ~ 62.5 4.42 
Arg 4s 56.8 4.15 
Asp 46 53.0 4.60 
L e u  47 59.3 4.18 

Arg 4~ 56.7 3.80 
Trp  49 59.0 4.20 

Trp ~~ 59.3 4.26 
Glu ~ 56.9 4.17 
Leu ~ 55.3 4.24 
Arg ~ 55.2 4.19 

4.04 

3.94 ~ 

3.58 
3.45 

3.18 

3.82 

37.9 2.86, 2.86 ~ 
64.3 3.71, 3.68 
39.5 3.08, 2.72 
32.3 2.27, 2.13 

42.4 2.98, 2.81 
32.7 2.43, 2.08 
62.7 3.93, 3.93 b 
62.3 3.77, 3.77 b 
39.5 3.28, 2.67 
37.6 2.93, 2.93 b 

38.2 3.03, 3.03 b 
38.1 2.58, 2.26 
44.0 1.61, 1.25 
37.1 1.98, 1.36 

35.9 2.00 
40.3 3.37, 3.13 
36.1 1.90, 1.90 b 

30.7 3.19, 2.94 
37.3 1.81 
28.1 1.98, 1.98 ~ 
62.4 3.87, 3.87 b 
43.4 1.55, 1.44 
37.5 3.17, 2.67 
65.9 3.64, 3.50 
39.9 2.48, 2.28 
71.5 4.11 
43.2 2.77, 2.59 
39.0 2.98, 2.76 
37.9 3.28, 2.64 
32.8 2.07 
37.8 1.65 

41.9 2.97, 2.97 b 
65.2 3.92, 3.92 b 

43.3 3.05, 3.05 u 
1.06 

36.7 3.59, 3.16 
2.18, 1.77 

69.9 3.85 
42.2 1.62, 1.56 
39.4 2.75, 2.48 

1.59, 1.47 
29.7 1.43, 1.33 
29.3 3.22, 3.12 
28.9 3.05, 2.80 
29.2 1.97, 1.80 
42.4 1.56, 1.56 b 
31.1 1.80, 1.65 

H 8 7.14; H ~ 6.80; C ~ 133.6; C ~ 118.1 
H Y 2.07, 2.00; H ~ 3.82, 3.63; C Y 17.3; C ~ 50.9 

H Y 1.93, 1.85; H ~ 3.38, 2.72; C ~ 27.4; C ~ 50.6 

H ~ 6.44; H ~ 5.98; C ~ 132.4; C ~ 117.4 

H ~ 6.98; H e 6.76; C * 127.0; C ~ 118.3 

H Y 1.64; H 5 0.73; C Y 27.3; C 8 25.4 

H ~ 1.01; C Y21.4 

H ~ 2.45; H ~ 1.89; C ~ 31.9; C ~ 17.3 
H ~ 6.54; H ~ 8.53 
H Y 1.27, 0.93; H TM 0.81; H 6 0.66; C Y 27.1; C a 12.4 
H ~ 2.34; C v 33.4 

H v 1.52; H 6 0.82, 0.80 

H ~ 6.82; H ~ 6.26; C ~ 133.4; C ~ 116.7 
H Y 1.09; C Y 21.0 

H Y 1.15, 1.00; CV 21.9, 21.9 
H v 1.35, 1.01; H TM 0.68; H ~ 0.80; C ~ 28.6; C TM 17.1 

H a 6.88; H ~ 6.65; C a 133.9; C ~ 117.6 

H Y 2.30, 1.27; H ~ 2.91, 2.78; C Y 31.0; C ~ 44.0 

H Y 2.64, 2.55; C ~ 32.3 
H Y 1.08; C r 22.2 
H v 1.21; H a 2.67; C r 27.9; C a 43.4 

H v 1.59; H a 0.88, 0.79 
H r 1.38; H a 3.03; C Y 22.3; C ~ 43.3 
H ~ 7.01; H ~3 7.09; H ;2 7.38; H ~3 6.72; H n2 7.09; C ;2 114.4 
H a 7.06; H ;2 7.38; H ;3 7.06; H nz 7.19; C ;2 114.4 
H r 2.19, 2.09; C Y 33.4 
H r 1.56; H a 0.82, 0.78; C Y 27.0 
H Y 1.46; H ~ 2.94; C Y 27.2; C 8 43.3 

T = 28 ~ pH 3.1. 
a 1H and 13C assignments are reported relative to the methyl resonance of  internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0 ppm and the 

carbon resonances of  external 1,4-dioxane in HzO at 69.4 ppm, relative to the carbon methyl resonance of  trimethylsilapentanoic acid (TSP) in 
a coaxial capillary tube at 0 ppm (Thanabal  et al., 1994). 

b The reported chemical shift degeneracies of  methylene protons were confirmed by two-quantum spectroscopy (Montelione et al., 1987). 

U s i n g  t h e  H S Q C - T O C S Y  d a t a ,  t h e  C a c h e m i c a l  s h i f t s  

f o r  Se r  8 a n d  Se r  25, h a v i n g  s i m i l a r  H a v a l u e s  (F i g .  2),  w e r e  

d i s t i n g u i s h e d  u s i n g  a H ~ - C  ~ H S Q C - T O C S Y  c r o s s  p e a k  

f o r  Se r  8. T h e  H a c h e m i c a l  s h i f t s  o f  r e s i d u e s  A s n  1, Wa119, 

A s p  27 a n d  A s p  4~ a r e  a l s o  v e r y  s i m i l a r ,  b e t w e e n  4 . 3 4  a n d  

4 . 3 6  p p m ,  b u t  c o u l d  b e  a s s i g n e d  u s i n g  C ~ - H  ~ c r o s s  p e a k s  



for the spin systems of Asn 1, Va119 and Asp 27. The remain- 
ing Asp 4~ Ca-H a HSQC peak was then assigned by elimin- 
ation. The Cys 2~ Thr 3~ and Ash 32 Ca-H a cross peaks, 
which have degenerate H a resonance frequencies, were 
distinguished using Ca-H ~ HSQC-TOCSY connectivities 
for Thr 3~ and Asn 32, allowing assignment of the Cys 2~ 
HSQC peak by elimination. The C a chemical shifts for 
Ser 9, Tyr 1~ Arg 45, Glu sl and Arg s3 were assigned using C a- 

l l  ~ connectivities of the latter four spin systems; the re- 
maining Ser 9 Ca-H ~ HSQC peak was assigned by elimin- 
ation. Finally, of  the spin systems Pro 7, Ser 28 and Asp 46, 
which have similar H a resonance frequencies, the Ca-H a 
HSQC peak of residue Ser 28 was assigned using two C a- 
l l  ~ HSQC-TOCSY peaks. 

The remaining pairs of Ca-H a HSQC cross peaks with 
similar proton chemical shifts, namely ProY/Asp 46 and 
Pro4/Arg 41, were distinguished using the characteristic ~3C 
chemical shifts of proline C a resonances (Richarz and 
Wtithrich, 1978; Kessler et al., 1990; Thanabal et al., 
1994) which are approximately 7 ppm downfield of the C a 
resonance frequencies of  arginine and aspartic acid. In 
addition, assignments for many Ca-H a peaks which were 
uniquely identified in the HSQC spectrum were confirmed 
with HSQC-TOCSY data. 

The spin systems of residues Asn 16 and Cys 42 have 
similar C a chemical shifts which were verified by the 
identification of a Cys 42 Ca-H [~ HSQC-TOCSY peak, 
together with all of the expected Asn 16 and Cys 42 CCH ~ 
HSQC peaks. Similarly, the C a resonances of  residues 
Tyr 13, VaP 4 and Thr 44 and the C ~ resonance of Ser 2s have 
nearly identical frequencies. These carbon assignments 
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Fig. 3. Experimental (hatched bars) and back-calculated (solid bars) 
conformation-dependent C ~ chemical shifts, 2x8C ~, in mEGE The 
value of each bar indicates the conformation-dependent chemical shift 
( A~Cc~ = ~observed -- grand . . . .  il) for each of the C ~ carbons of mEGF (see 
text). Back-calculated values of ASC ~ were estimated using an 
ensemble of energy-refined mEGF structures (Montelione et al., 1992; 
3EGF) and the empirical ~)-~ correlation map of Spera and Bax 
(1991), as described in the text. 
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were corroborated by identification of Tyr 13 Ca-H ~, Cys 42 
Ca-H ~ and Thr 44 Ca-H [~, as well as Thr 44 C~-H a HSQC- 

TOCSY peaks. 
Using a similar analysis strategy, the combined HSQC 

and HSQC-TOCSY data were then used to determine as- 
signments of  a large portion of the remaining aliphatic 
and aromatic carbon resonances. The side-chain 13C res- 
onance assignments for the five tyrosine residues and a 
few for the two tryptophan amino acids were also deter- 
mined from these data. Altogether, 100% of the assign- 
able C a, 96% of the C ~, 86% of the aromatic and 70% of 
the remaining peripheral aliphatic resonances were ident- 
ified from this analysis. These carbon resonance assign- 
ments are listed in Table 1. 

Conformation-dependent chemical shifts 
It is well established that C a and C ~ chemical shifts can 

be correlated with regular secondary structure in proteins 
(Spera and Bax, 1991; Wishart et al., 1991,1992; Lee et 
al., 1992; Reily et al., 1992; Wishart and Sykes, 1994). 
The secondary shift for each carbon atom was computed 
as the difference between its observed chemical shift (8obs) 
(Table 1) and the random coil shifts (grc) of amino acid 
residues in H20 solution (Thanabal et al., 1994), refer- 
enced externally to dioxane at 69.4 ppm: 

A ~  z ~obs --  ~rc (1) 

The observed conformation-dependent C a chemical shifts 
(ASC a) of m E G F  are shown as hatched bars in Fig. 3. 

Many amino acids of m E G F  have negative A6C a val- 
ues, as is expected for a structure comprising mainly J- 
sheet (Spera and Bax, 1991; Wishart et al., 1991,1992; 
Wishart and Sykes, 1994). The three-dimensional struc- 
ture of  EGF (Fig. 1) is composed of a triple-stranded 
antiparalM I]-sheet in the N-terminal subdomain and a 
small 'double hairpin' structure (i.e., a very short triple- 
stranded antiparallel J-sheet) in the C-terminal subdo- 
main (Montelione et al., 1987,1992; Kohda and Inagaki, 
1988,1992b). As seen in Fig. 1A, the N-terminal antipa- 
rallel t-sheet of m E G F  is formed by residues Gly 18 to Ile 23 
(~-strand 2) and Ser 28 to Cys 33 (~-strand 3). There is a 
type-I ~-bend in the polypeptide segment Glu 24 to Asp 27 
(Montelione et al., 1992). Residues Tyr 3 to Pro 4 form a 
small stretch of a third strand of this antiparallel J-sheet 
(13-strand 1) which has been proposed to interact transi- 
ently with the polypeptide segment Cys 2~ to His 22 of J- 
strand 2 (Montelione et al., 1987,1988,1992; Kohda and 
Inagaki, 1992b). The remaining polypeptide segment of 
the N-terminal subdomain, Cys 6 to Cys TM, forms a mul- 
tiple-bend structure, reminiscent of a severely distorted a-  
helix. The C-terminal subdomain has a 'double hairpin' 
structure in which residues Cys 33 to Va134, Tyr 37 to Ser 38 
and Thr 44 to Asp 46 form short strands of a small three- 
stranded antiparallel 13-sheet. The first chain reversal in 
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this C-terminal subdomain occurs at residues Ile 35 to Gly 36 
(a type-II l]-bend), while the second chain reversal is in a 
polypeptide loop of residues Gly 39 to Gln 43 (a multiple- 
bend backbone conformation). 

A good correlation between experimental ASC ~ values 
(hatched bars) and [3-strand backbone conformations ([3) 
is evident in the data presented in Fig. 3. Almost all of 
the residues involved in [~-sheet backbone conformation 
(i.e., Tyr 3, Pro 4, Gly TM, Va119, Met  21, His 22, Ile 23, Ser 28, 
Tyr 29, Thr 3~ Cys 31, Asn 32, Cys 33, Va134, Tyr 37, Ser 38, Thr 44, 

Arg 45 and Asp 46) show negative, or very small positive, 
AfiC ~ values. The one significant exception within the [33- 
strands of mEGF is residue Cys 2~ which has a positive 
AgC ~ value, +2.9 ppm. The [3-bend and multiple-bend 
backbone conformations exhibit both positive and nega- 
tive ASC ~ values. Although the theoretical basis of 13C 
chemical shifts is not completely understood and import- 
ant deviations may arise from local electric fields (de Dios 
et al., 1993a,b), sequence-specific ASC ~ values for mEGF 
appear to provide an accurate description of its [3-sheet 
secondary structure. In particular, extended [3-strand 
conformations of mEGF can be identified reliably by 
searching for stretches of three or more negative, or near- 
ly zero, ASC ~ values. 

Comparison of experimental and back-calculated conforma- 
tion-dependent chemical shifts 

We also compared the experimentally measured values 
of A6C ~ with values calculated from the 3D structure of 
mEGF using the empirical correlation of backbone 0 and 

values which has been published by Spera and Bax 
(1991). Ensemble-averaged back-calculated values of ASC = 
for 16 mEGF conformers (Brookhaven Protein Data 
Bank (PDB) entry 3EGF) were computed from: 

<A~C~> = N -1 [~7, i m~c~ ((~i,ll/i)] (2) 

where k is the residue number in the sequence, i is the 
conformation number and N is the number of conforma- 
tions. The value ASC ~ is the secondary shift for each con- 
formation computed from the pair of backbone dihedral 
angles 0i,~i using expanded contour plots of the empirical 
relationship between ASC ~ and backbone conformation 
(i.e., Fig. 1 of Spera and Bax (1991)). These back-calcu- 
lated values of ASC ~ are plotted for each residue in the 
mEGF sequence as solid bars in Fig. 3. 

In general, there is good agreement between back- 
calculated and observed values of ArC ~, particularly in 
regions of regular [3-sheet structure. For example, most 
ASC ~ values for polypeptide segments Asn 1 to Cys 6, Cys TM 
to Ash 16, Va119 to Ile 23, Ser 25 to Cys 33 and for Tyr 37 and 
Ser 38 are in good qualitative agreement with the experi- 
mentally derived secondary shifts. Again, the only signifi- 
cant exception in the [3-strands is residue Cys 2~ For back- 
bone polypeptide segments of mEGF containing turns 

(Cys 6 to Cys 14, Glu 24 to Asp 27, Ile 35 to Gly 36 and Gly 39 to 
Cys42), the observed and calculated ASC ~ values are gen- 
erally not very consistent (Fig. 3). This may be due, in 
part, to the fact that amino acids involved in regular [3- 
sheet secondary structures share stretches of common Oi,~i 
values, which is not the case for residues involved in 
turns. 

An additional comparison between experimental and 
back-calculated ASC = values was carried out using as 
input the ~i,~i values from a single structure obtained by 
averaging the ~) and ~ values for each residue in the set 
of 16 energy-refined (3EGF) conformers. The resulting 
values of ASC ~, calculated from the average structure, fit 
to the experimental data as well as the ensemble-averaged 
values (Eq. 2). This is not very surprising, since the 3D 
solution NMR structure of mEGF is generally well 
defined (Montelione et al., 1992) and the mathematically 
averaged backbone coordinates are very similar to each 
of the 16 energy-refined conformers. 

Although a-helix and [3-sheet regular structures are less 
reliably defined by ASC ~ values (Spera and Bax, 1991), 
the secondary shifts for C ~ resonances may be an addi- 
tional structural probe, complementary to other parame- 
ters such as NOE interproton distance constraints, vicinal 
coupling constant measurements and ASC ~ values. For 
mEGF the ASC ~ values also show some agreement with 
back-calculated values (Spera and Bax, 1991) in l]-sheet 
regions (data not shown), although to a lesser degree than 
the ASC ~ values. 

Heteronuclear NOE measurements 
Fast internal motions in proteins can be characterized 

by 13C Yl, Y 2 and HNOE measurements (Allerhand et al., 
1971; Nirmala and Wagner, 1988; Wagner, 1989,1993; 
Palmer et al., 1991,1993). For molecules of the size of 
mEGF and at a field strength of 125.7 MHz, 1H-13C 
HNOEs are quite sensitive to sub-nanosecond internal 
motions (Heinz et al., 1992), and relatively insensitive to 
internal motions on longer time scales. Although 1H-~3C 
HNOE measurements alone cannot be used to quantitat- 
ively analyze internal molecular dynamics, they provide 
a sensitive approach for identifying large-amplitude inter- 
nal motions with correlation times significantly shorter 
than the overall tumbling time "t c (Heinz et al., 1992). 
Recent studies of 15N relaxation rates in hTGFa  show 
good correlations between T1, HNOE and motional order 
parameters S 2, even when there are significant contribu- 
tions of chemical exchange linebroadening to the trans- 
verse relaxation time T 2 (Li, 1994; Li and Montelione, 
1995). 

Duplicate 1H-13C PFG-HNOE spectra were obtained 
with and without aliphatic proton saturation. HNOEs for 
each 13C%~H~ site were then calculated from: 

HNOE = 1 + T I = Isa t / Ieq (3) 



167 

where I~, t and Ieq a r e  the 1H-detected 13C polarizations in 
spectra recorded with and without saturation of aliphatic 
protons during the preparation period. The quantity 1"1 is 
the HNOE enhancement, which for ~3C nuclei is always 
_> 0. The results of these measurements (HNOE = 1 + 1"1) 
are presented in Table 2. In mEGF at a temperature of 
28 ~ and pH* 3.1, these 1H-~3C HNOE values range 
between 0.96-1.96 units, with estimated uncertainties of 
0.05-0.20 units. As expected, most HNOE values for 
mEGF are slightly larger than 1.0, with an average value 
of 1.33 units for the whole set of residues. For several 
sites, HNOE values could not be determined because of 
peak overlaps in the lHC~-13Ca region of the HNOE spec- 
trum (cf. Fig. 1). 

A large subset of residues exhibit 1He~-13C c~ HNOE 
values of 1.1 + 0.2 units, typical of an isotropically tumbl- 
ing, highly ordered small protein (Palmer et al., 1991). 
These include the C a sites of residues Asn 1, Cys 6, Pro 7, 
Ser 8, Asp 11, Cys 2~ His 22, Ile 23, Glu 24, Ser 25, Leu 26, Asp 27, 
Ser 2s, Tyr 29, Cys 31, Cys 33, Yyr 37, Ser 38, Asp 4~ Gln 43, Thr 44 

and Arg 48. Within this subset of backbone atoms, the 
average HNOE value is 1.18 units. Assuming rigid iso- 
tropic reorientation of the 1HC~-~3Ca bond vector with no 
internal motions, negligible contributions from chemical 
shift anisotropy (Palmer et al., 1991), and the dominance 
of 1H~ dipolar relaxation of ~3C~ methine nuclei, this 
corresponds to an approximate overall rotational correla- 
tion time % = 3.5 ns (Palmer et al., 1991) for mEGF at 
pH* 3.1 and 28 ~ This value for mEGF (molecular 

T A B L E  2 

M E T H I N E  ~H-13C H N O E s  F O R  m E G F ,  D E T E R M I N E D  A T  

N A T U R A L  I S O T O P E  A B U N D A N C E  

C a r b o n  site H N O E  (1 + 11) C a r b o n  site H N O E  (1 + 11) 

A s n  1 C ~ 1.26 _+_ 0.08 ~ T y r  29 C ~ 1.01 + 0.01 

Ser  2b C ~ 1.46 _+ 0 .04 T h r  3~ C a 1.45 _+ 0.12 

Tyr  3 C a 1.41 + 0.10 T h r  3~ C ~ 1.3t  + 0.12 

P r o  4 C a 1.96 _+ 0.21 Cys  31 C a 1.09 _+ 0.02 

Cys  6 C a 1.14 _+ 0.07 A s n  32 C a 1.74 _+ 0.11 

P r o  7 C a 1.15 _+ 0.11 Cys  33 C a 1.20 _+ 0.08 

Ser  8 C a 0.96 _+ 0.04 Ile 35 C ~ 1.62 + 0.12 

A s p  tl C a 1.27 + 0.09 Tyr  37 C ~ 1.22 + 0.08 

C y s  TM C ~ 1.74 + 0.10 Ser  38 C a 1.10 + 0.01 

L e u  ~5 C ~ 1.48 _+ 0.05 A s p  4~ C a 1.05 _ 0.08 

Va119 C a 1.54 +_ 0.12 A r g  41 C a 1.81 _+ 0.09 

Cys  2~ C a 1.13 _+ 0.07 Cys  4z C a 1.40 _+ 0.07 

M e t  2~ C ~ 1.89 + 0.13 G l n  43 C ~ 1.01 + 0.04 

Hi s  22 C a 1.11 _+ 0.03 T h r  44 C a 1.27 _+ 0.07 

Ile 23 C ~ 1.18 _+ 0.02 T h r  44 C ~ 1.33 _+ 0.01 

G l u  24 C ~ 1.18 _+ 0.03 A s p  46 C a 1.80 _+ 0 .12 

Set  25 C a 1.22 _+ 0.09 L e u  47 C ~ 1.61 _+ 0.01 

L e u  z6 C a 1.00 _ 0.07 A r g  48 C a 1.21 _+ 0.01 

A s p  27 C c~ 0.99 + 0.12 Yrp 49 C ~ 1.33 _+ 0.01 

Ser  z8 C a 1.01 + 0.06 L e u  52 C a 1.89 _+ 0.14 

T = 28 ~ p H *  = 3.1. 

a E r r o r s  r ep resen t  the  r a n g e  o f  va lues  o b t a i n e d  in two  i n d e p e n d e n t  
m e a s u r e m e n t s .  

b M e t h i n e  C ~ nuclei  wi th  H N O E  values  > 1.3 a re  unde r l ined .  

weight 6.0 kDa) is similar to the overall correlation time 
determined from ~5N relaxation rate measurements for the 
homologous 5.5 kDa hTGF~ molecule, % = 3.8 ns at pH 
6.5 and 30 ~ (Li, 1994; Li and Montelione, 1995). 

Other backbone ~3C methine sites exhibit significant 
positive deviations from the values (1.1 1.3 units) expect- 
ed for a rigidly tumbling ~H~-~3C ~ bond vector with a 
rotational correlation time of 3.5-3.8 ns. These HNOE 
values, ranging from 1.33+0.01 to 1.96+_0.21 units, are 
indicative of internal motions on the sub-nanosecond time 
scale for ~H~-13C ~ bonds of residues in the N-terminal [3- 
strand 1 (i.e. Set 2, Tyr 3 and Pro4), in the solvent-exposed 
[3-bend between the second and third cystine residues (i.e. 
Cys TM, Leu ~5, Vale9), within [3-strands 2 and 3 of the main 
[3-sheet structure (i.e. Met 21 and Thr3~ in the hinge region 
between the N- and C-terminal [3-sheets (i.e. Asn32), in the 
solvent-exposed chain reversal of the C-terminal double 
hairpin structure (i.e. Ile 35, Arg 41 and Cys42), and in the 
solvent-exposed C-terminal polypeptide backbone (i.e. 
A s p  46, L e u  47, Y r p  49 and Leu52). Most of these more mobile 
sites are in surface-exposed N- or C-terminal polypeptide 
segments, or in surface loops, except for sites Met 2~, Thr 3~ 
and Asn 32 which are in the middle of [3-strands (cf. Fig. 
1). Interestingly, residues Pro 4, Met 21 and Thr 3~ are spaci- 
ally adjacent to one another in [3-strands 1, 2 and 3, re- 
spectively, while residues Va119 and Ash 32 are also juxta- 
posed in [3-strands 2 and 3. The relaxation behavior of 
these sites may be related to internal motions of the Cys 6- 
Cys 2~ and/or Cys~4-Cys 3~ disulfide bonds or to internal 
flexing within the N-terminal [3-sheet (see Discussion). 
Residue Asn 32 has been proposed to act as conforma- 
tional hinge between the N- and C-terminal subdomains 
of human EGF (Campion et al., 1993) and the homo- 
logous residue (VaP 3) appears to act as a eonformational 
hinge between the subdomains of hTGFc~ (Li, 1994; Li 
and Montelione, 1995). 

Applicability of 13C chemical shift constraints for monitor- 
ing protein structure refinement 

Table 3 shows the standard average deviation ((y) val- 
ues between experimental and back-calculated confor- 
mation-dependent ~3C~ chemical shifts (ASC ~) for four 
different ensembles of mEGF structures calculated over 
the last few years. These are designated as coordinate 
sets: DISMAN-1, five structures calculated with the DIS- 
MAN (Braun and G6, 1985) program using 333 NMR 
constraints (Montelione et al., 1987); DISMAN-2, 16 
structures calculated with DISMAN using 730 NMR 
constraints (Montelione et al., 1992; 1EGF); ECEPP, 16 
structures calculated with DISMAN using 730 NMR 
constraints and energy minimized with the ECEPP/3 
(N6methy et al., 1992) potential energy function (Monte- 
lione et al., 1992; 3EGF); and CONGEN, 16 structures 
calculated using simulated annealing with molecular dy- 
namics using 730 NMR constraints and the CHARMm 
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TABLE 3 
COMPARISON OF THE AVERAGE STANDARD DEVIATIONS BETWEEN EXPERIMENTAL AND BACK-CALCULATED ASC ~ 
VALUES FOR mEGF WITH OTHER MEASURES OF THE QUALITY OF THE NMR STRUCTURE DETERMINATION 

Average fy value b (ppm) 

Refinement leveP ALL BETA BETA-RIGID 

Average vdW Average conf. Average number of constraint viola- Backbone 
energy ~ energy d tions per structure ~ rmsd (~.)f 

(kcal/mol) (kcal/mol) NOE Dihedral 

0.1-0.3 ~ >0 .3~  >10 ~ 

DISMAN-1 1.95 1.51 1.31 256 + 60 4495 + 224 37.6 + 6.9 41.2 + 2.5 5.2 + 1.6 0.64 
DISMAN-2 (1EGF) 1.76 t.16 1.13 77 _+ 41 3003 + 377 31.1 + 4.5 31.4 + 3.2 5.6 + 1.1 0.75 
ECEPP (3EGF) 1.72 1.17 1.03 -120 + 14 2617 + 319 27.5 _+ 4.5 31.7 + 3.8 5.5 + 1.4 0.69 
CONGEN 1.39 1.17 1.00 -186 + 15 -673 + 23 1.1 _+ 1.1 0 0.1 + 0.1 0.93 

a DISMAN-h ensemble of five NMR structures, generated from 333 constraints using DISMAN (Montelione et al., 1987); DISMAN-2: ensemble 
of 16 DISMAN structures, using 730 constraints (Montelione et al., 1992); ECEPP: ensemble of 16 energy-minimized DISMAN structures, using 
730 constraints and ECEPP/3 (Montelione et al., 1992); CONGEN: ensemble of 16 refined structures, using 730 constraints and simulated 
annealing with molecular dynamics using the CONGEN computer program (Tejero, R., Bassolino-Klimas, D., Bruccoleri, R. and Montelione, 
G.T., manuscript in preparation). The PDB identity codes for the DISMAN-1 and ECEPP structures are given in parentheses. 

b Standard deviations between calculated and observed ASC ~ values (~) were computed for the set of structures at each refinement level using the 
following subsets of residues: ALL, all C ~ atoms; BETA, only C ~ atoms in [3-sheet structures shown in Fig. 1A (see text); BETA-RIGID, only 
C ~ atoms in 13-sheet structures that have HNOE values < 1.3. For BETA and BETA-RIGID, data for residue Cys 2~ were not included. 

~ The van der Waals (vdW) energy was computed for all structures in the same way, using the Lennard-Jones part of the CHARMm potential 
energy function of the CONGEN computer program (Bruccoleri and Karplus, 1987). 

d The total conformational (conf.) energy was computed for all structures in the same way, using the full CHARMm potential function of the 
CONGEN computer program with a distance-dependent dielectric e = r (Bruccoleri and Karplus, 1987) and an energy cutoff of 10 A. 

~ The NMR constraint violations were evaluated for all structures using the same complete set of 730 NOE and dihedral angle constraints. For 
this reason, the residual constraint violations for the DISMAN-1 structures are more numerous than those summarized in the original paper 
(Montelione et al., 1987). 

f Backbone rmsd values are reported for the N, C ~ and C' atoms in the core of the mEGF structure (i.e., residues 2-6, 18~3, 26-38 and 4~45) 
relative to the mathematical average structure in each ensemble. 

po ten t ia l  energy func t ion  (Brooks  et al., 1983) o f  the 

C O N G E N  c o m p u t e r  p r o g r a m  (Bruccoler i  and  Karp lus ,  

1987). 

Three  sets o f  c~ values  were ca lcula ted  for  each o f  these 

four  ensembles  o f  s t ructures:  set A L L ,  inc lud ing  C a chem-  

ical shift  da ta  for all residues in the es t imate  o f  G; set 

B E T A ,  inc lud ing  C a chemica l  shift  da t a  only for  a m i n o  

acid  residues in the p-sheet  s t ructures  o f m E G F  (i.e., Ser 2, 
Tyr  3, Pro 4, Gly  is, Va119, Met 2I, His 22, Ile 23, Ser 2s, Tyr  29, 

T h r  3~ Cys 31, A s n  32, Cys 33, Va134, Tyr  37, Ser 38, T h r  44, A r g  45 

ASC a data as constraints to drive the structure refinement 
of mEGF. In order to evaluate this possibility, experi- 
mental values of ASC a were used to generate 34 dihedral 
angle constraints on ~ and ~ (Table 4). The experimental 
13Ca chemical shift data were interpreted in terms of di- 
hedral angle  ranges  us ing the empi r ica l  re la t ionship  sum- 

mar i zed  in Fig.  1A o f  Spera  and  Bax (1991). Ranges  on  

and  Asp46), except  site Cys2~ and  set B E T A - R I G I D ,  

inc lud ing  only those  sites o f  set B E T A  wi th  H N O E  values  Residue ~) (~ ~ (~ 

_< 1.3 (Table 2). The  van  der  Waals  (vdW) energies (in- Ser 2 -100--% 30 

c luding  only  the Lenna rd - Jones  p o r t i o n  o f  the C H A R M m  Tyr3 -130 _+ 30 
Pro 4 -90 _+ 30 

potential energy function) and conformational energies Vall 9 -110 + 30 

( including all o f  the t e rms  o f  the C H A R M m  poten t i a l  Met21 -110 + 30 

energy funct ion)  l isted in Table 3 were ca lcu la ted  in the His 22 -130 + 30 

same way for all  s t ructures  us ing  C O N G E N .  C o m p a r i n g  Ile23 -110 + 30 
Ser 28 -130 + 30 values among these sets of structures (Table 3), it was 
Tyr 29 -120 -+ 30 

observed  that  lower  values  o f  ~ corre la te  wi th  lower  val-  Thr30 -130 _+ 30 

ues o f  the average v d W  or  c o n f o r m a t i o n a l  energies, and  Cys3~ -120 + 30 

wi th  lower  res idual  v io la t ions  o f  the N O E  and  d ihedra l  Asn 32 -100 + 30 

angle  constraints .  Interestingly,  while  ~ values  and  e n e r -  TY r37 -90 + 30 
Ser 38 -110 _+ 30 

gies were lower for the CONGEN structures, atomic root- Thr44a -90 + 40 

m e a n - s q u a r e  devia t ions  ( rmsd)  are  higher. This  can  be Arg,5~ -90 _+ 40 

a t t r ibu ted  to improved  sampl ing  o f  the so lu t ion  space by Asp 46. -90 + 40 

the s imula ted  annea l ing  p ro toco l  (Tejero, R.  et al., m a n u -  

scr ipt  in prepara t ion) .  

These  results suggested that  it migh t  be safe to use 

TABLE 4 
ASC ~ DIHEDRAL ANGLE CONSTRAINTS IN mEGF 

+110 + 30 
+150 _+ 30 

+50 + 30 
+130 _+ 30 
+130 _+ 30 
+150 _+ 30 
+130 _+ 30 
+150 + 30 
+130 + 30 
+150 _+ 30 
+150 _+ 30 
+110 _+ 30 
+120 + 30 
+110 + 30 

+50 + 90 
+50 + 90 
+50 + 90 

a In cases where two distinct regions of the ~-~ map were consistent 
with the measured value of ASC ~, dihedral angle constraints were 
constructed to span both regions of conformational space. 



these ~ and ~ dihedral constraints (typically + 30 ~ were 
conservatively estimated from the spacings between con- 
tour lines of  constant ASC ~ values in this plot (Spera and 
Bax, 1991). In cases where more than one region of  the 
#"4 map was consistent with the measured values of  
A~C ~, the corresponding dihedral angle constraint was 
constructed using upper  and lower bounds spanning both 
possiNe ranges o f  r and ~g. Of  these 34 backbone con- 
straints, 14 ~ constraints were consistent with, though 
generally tighter than, constraints which had been deter- 
mined previously from estimates o f  3JHN~ coupling con- 
stants (Montelione et al., 1992). None  of  the constraints 
on q~ and ~ determined from the ASC ~ data (Table 4) 
were inconsistent with dihedral angle constraints deter- 
mined from the previously published 3JuNHa coupling 
constant values (Montelione et al., 1992). 

The 16 C O N G E N  structures described above were 
then used as starting points for a further 8 ps restrained 
molecular dynamics trajectory at 300 K using C O N G E N  
either with (13C-restrained C O N G E N )  or without (Con- 
t ro l -CONGEN)  the additional ASC ~ dihedral angle con- 
straints. Contributions o f  ASC ~ dihedral angle constraint 
violations to the C O N G E N  target function were com- 
puted using a flat-bottomed harmonic penalty function, 
with variable weights beginning at 10 kcal mol -x rad -2 at 
the start of  the trajectory, and increased first to 50 kcal 
mol -~ rad -~ and then to a final value of  100 kcalmol  -~ 
rad -2 toward the end of  the trajectory. For each trajec- 
tory, the average coordinates over the last 2 ps were 
computed and minimized with respect to energy and 
constraint violations. The two resulting ensembles o f  
structures were then used to compute  6 values, average 
vdW and conformational  energies, residual N O E  and di- 
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hedral angle constraint violations, and backbone rmsd 
values for these m E G F  structures (Table 5). Both the 
Control- and ~3C-restrained trajectories reduce the average 
conformational  energy, largely by relaxation of  some 
unfavorable electrostatic interactions. Although the 13C- 
restrained C O N G E N  structures exhibit average energies 
and residual constraint violations slightly higher than the 
C o n t r o l - C O N G E N  structures, the differences are relative- 
ly small and within the ranges of  values observed among 
the 16 structures (Table 5). Overall, this test o f  applying 
experimental ASC ~ values to drive the stnlcture refine- 
ment results in molecular structures which are consistent 
with N O E  and other N M R  data and which exhibit good  
vdW and conformational  energies. 

Discussion 

"C resonance assignments and HSQC-TOCSY data for 
mEGF 

Carbon resonance assignments at natural abundance 
have been reported for a few other small proteins, includ- 
ing pancreatic trypsin inhibitor (Wagner and Briihwiler, 
1986; Hansen, 1991) and the a-amylase inhibitor Tenda- 
mistat (Kessler et al., 1990). For  mEGF,  it was relatively 
straight-forward to obtain sequence-specific carbon as- 
signments at natural isotope abundance. The ~3C-resolved 
HSQC-TOCSY spectra were especially useful for deter- 
mining ~3C resonance assignments from the published 
proton assignments. In our  analysis, 20 C~-H ~ connectivi- 
ties and 34 C~-H ~ connectivities were observed for the 47 
spin systems. It  is interesting to note that 70% more C ~- 
H ~ peaks than C~-H ~ peaks were observed in the HSQC-  
TOCSY spectrum. This may reflect the fact that ~3C~ 

TABLE 5 
SUMMARY OF RESTRAINED MOLECULAR DYNAMICS CALCULATIONS FOR mEGF USING ASC ~ DIItEDRAL ANGLE CON- 
STRAINTS 

Average 6 value u (ppm) 

Ensemble s ALL BEIS~ BETA-RIGID 

Average vdW Average conf. Average number of constraint viola- Backbone 
energy ~ energ?A tions per structure ~ rmsd (A.) f 
(kcal/mol) (kcal/mol) NOE Dihedral 

0.1-0.3 A >0.3 A > 10 ~ 

ControI-CONGEN 1.48 1.26 1.02 -186_+15 -765_+24 5.5_+1.3 0 0.1_+0.1 0.94 
13C-restrained 1.44 0.9I 0.96 -182_+15 -728_+22 6.7_+ 1.8 0 0A_+0A 0.88 

CONGEN (0.5 _+ 0.5) 

" Control-CONGEN: ensemble of 16 NMR structures refined by restrained molecular dynamics using 730 NMR constraints; 13C-restrained 
CONGEN: ensemble of 16 NMR structures refined by molecular dynamics using 730 constraints plus 34 A8C ~ dihedral angle constraints on 
17 pairs of backbone dihedral angles ~) and ~t. 

b Standard deviations between calculated and observed ASC ~ (c0 values were computed for the set of structures at each refinement level using the 
subsets of residues defined in footnote b of "fable 3. 

~ The van der Waals (vdW) energy was computed for all structures as described in Table 3. 
d The total conformational (conf.) energy was computed for all structures as described in Table 3. 
~ The NMR constraint violations were evaluated for all structures using the same set of 730 NOE and dihedral angle constraints. Small residual 

violations of the additional 34 ASC ~ dihedral angle constraints are not included in tahese statistics. The average number of violations of these 
additional dihedral constraints are indicated in parentheses. 

f Backbone rmsd values are reported for the N, C a and C' atoms in the core of the mEGF structure 0.e., residues 2-6, 18-23, 26-38 and 42-45) 
relative to the mathematical average structure within each ensemble. 
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nuclei generally exhibit relatively faster relaxation rates 
than ~3C~ nuclei. 

Another interesting feature of these HSQC-TOCSY 
data was observed for spin systems with non-degenerate 
H ~ protons. In nearly all such cases, only one of the two 
possible C~-H ~ cross peaks was observed. These relative 
cross-peak intensities are correlated with the values of the 
3JHc~H[~ coupling constants for these methylene protons 
(Montelione et al., 1992) measured by homonuclear 
E.COSY. The HSQC-TOCSY data could also be used to 
estimate relative values of homonuclear vicinal coupling 
constants which were not obtained in the homonuclear 
E.COSY spectra, providing useful information for the 
determination of stereospecific assignments of some [3- 
methylene protons (Constantine et al., 1994; Celda, B. 
and Montelione, G.T., manuscript in preparation). 

Our experience with these natural abundance IH-13C 
correlation spectra of mEGF indicates that such data also 
provide useful information for identifying amino acid spin 
systems and for verifying resonance assignments. The 
A~C ~ values themselves provide rough constraints on 
some backbone ~,kg values, which can be combined with 
NOE and other scalar coupling data to restrict the local 
conformations of the backbone and side chains. In addi- 
tion to being useful for prediction of regular backbone 
structure, 13C resonance assignments can provide a useful 
monitor of the quality of a protein NMR structure. The 
significant amount of information which can be extracted 
from natural abundance IH-13C correlation spectra cer- 
tainly justifies the cost in instrument time expended in 
running these relatively insensitive experiments. 

Heteronuclear NOEs and internal motions 
HNOEs generally provide a reliable, though qualitat- 

ive, identification of polypeptide backbone segments 
exhibiting sub-nanosecond internal motions. While most 
mEGF C ~ nuclei exhibit HNOE values consistent with a 
rigid backbone on this time scale, the sites exhibiting 
larger HNOE values are clustered in regions of the struc- 
ture (cf. Table 2 and Fig. 1B): in the N-terminal polypep- 
tide segment Asnl-Pro 4, in the surface polypeptide chain 
reversal Cys14-Va119, in the surface polypeptide loop in- 
cluding residues Arg4~-Cys42 and in the C-terminal poly- 
peptide segment Asp46-Leu 52. Detailed ~SN relaxation 
measurements on 15N-enriched hTGF(z at pH 7.1 (Li, 
1994; Li and Montelione, 1995), including HNOE, T~ and 
T2 measurements and analysis of motional order parame- 
ters (Lipari and Szabo, 1982), reveal rapid internal mo- 
tions in the corresponding homologous polypeptide seg- 
ments. Internal flexibility in these regions of EGF and 
hTGFa is also consistent with anecdotal interpretations 
of proton resonance line widths and 1H/2H exchange data 
(Montelione et al., 1986,1987,1988,1989,1992; Brown et 
al., 1989; Tappin et al., 1989; Hommel et al., 1992; 
Kohda and Inagaki, 1992b; Moy et al., 1993). 

In addition to the information obtained for the loca- 
tions summarized above, these 1H-13C HNOE measure- 
ments in mEGF also indicate internal motions along a 
line through residues Pro 4, Met 2~ and Thr 3~ perpendicular 
to the principal axis of the ]3-sheet (see Fig. 1A), in sur- 
face p-bend residue Ile 35, and for the backbone of residue 
Ash 32, which forms a conformational hinge between the 
N- and C-terminal subdomains (Fig. 1). In hTGFc~, there 
is no evidence for fast (i.e. sub-nanosecond) internal mo- 
tions in the p-sheet or in the homologous hinge residue, 
though slower motions on the millisecond time scale are 
indicated by chemical exchange line broadening of many 
backbone amide aSN resonances, including those of the 
homologous residues Met 21, Ala 3~ and Va132 (mEGF num- 
bering). Unfortunately, it is not yet possible to better 
characterize the internal dynamics at these sites of mEGF 
by additional T 1 and T 2 13C relaxation measurements, 
since the sensitivities of these experiments are too low at 
natural 13C abundance, and an expression system for 
mEGF is not presently available to us. 

In hTGFa,  chemical exchange line broadening of 
some ~SN resonances has been attributed (Moy et al., 
1993; Li, 1994; Li and Montelione, 1995) to slow inter- 
conversion between conformations which differ with re- 
spect to the relative orientations of the N- and C-terminal 
subdomains (Fig. 1A). This interconversion involves flex- 
ing about the 'hinge' residue located between the second 
and third disulfide bonds (i.e. Va132). Hinge-bending 
motions in hTGFc~ were first suggested from comparisons 
of the distributions and intensities of inter-subdomain 
NOEs in these growth factors (Moy et al., 1993). The 
identification of fast internal motions at the correspon- 
ding Asn 32 'hinge site' in mEGF indicates that similar 
hinge-bending motions may indeed occur in mEGF, 
though on a much faster time scale than in hTGFa. Inter- 
estingly, the principal normal mode for internal motions 
in mEGF is predicted to involve sub-nanosecond hinge- 
bending between the N- and C-terminal subdomains 
(Ikura and G6, 1993). 

The regions of mEGF exhibiting larger 1H~-13C~ 
HNOE values (Table 2) include residues Leu 15, Arg 41 and 
Leu 47, each of which have been implicated in the EGF- 
receptor binding epitope by site-directed mutagenesis 
studies. Substitutions at, or near, these positions in mur- 
ine and human EGF reduce receptor affinity by 10-1000- 
fold without significantly disrupting the protein's struc- 
ture (Moy et al., 1989; Hommel et al., 1991; Engler et al., 
1992; Campion et al., 1993; Tadaki and Niyogi, 1993). 
The fact that these sites exhibit some internal mobility in 
the unbound state of mEGF, and that their relative posi- 
tions may depend on the dynamic orientations of the N- 
and C-terminal subdomains (Fig. 1B), suggests that 
changes in internal dynamics may contribute to the free 
energy (Akke et al., 1993) of the interaction between 
mEGF and the EGF receptor. 



Combined use o f  " C  chemical  shi f t  and H N O E  data in 

monitoring the structure ref inement 

One of the most interesting results of this study is the 
observation that the refinement of m E G F  from an initial 
structure (Montelione et al., 1986,1987), through the in- 
corporation of additional NOE and scalar coupling data 
(Montelione et al., 1992), the inclusion of conformational 
energy minimization (Montelione et al., 1992), and finally 
the improvement in the optimization protocol by using 
simulated annealing with molecular dynamics (Tejero, R. 
et al., manuscript in preparation) could be monitored by 
comparing calculated and observed values of ASC ~. This 
measure of  the 'goodness' of the structure parallels more 
standard measures including van der Waals energy, total 
conformational energy (including hydrogen bond and 
electrostatic effects), and residual violations of NOE and 
dihedral angle constraints (Table 3). It is also possible to 
use some ASC ~ values to construct dihedral angle con- 
straints which complement NOE and vicinal coupling 
data, although more work will be required before such 
chemical shift data can be used routinely in protein struc- 
ture determination. The use of a dihedral angle penalty 
function derived from deviations between back-calculated 
and observed ASC ~ values appears to work best when 
residues exhibiting evidence for internal motions or con- 
formational averaging are excluded from the analysis. 

Conclusions 

In summary, the results presented for m E G F  support 
the view (de Dios et al., 1993a,b; Laws et al., 1993) that 
it is possible to use differences between calculated and ob- 
served conformation-dependent 13C~ chemical shifts to 
monitor an N M R  protein structure refinement. Indeed, 
initial results described in this paper demonstrate that 
structures refined using restrained molecular dynamics 
with ASC ~ dihedral angle constraints exhibit good energies 
and are consistent with other NMR-derived data. When 
using structure generation programs which fit experimen- 
tal N M R  data to a single structure, it may be preferable 
to omit ASC ~ dihedral angle constraints for regions of the 
protein exhibiting high mobility, since the corresponding 
dynamically averaged chemical shift values may not be 
consistent with a single low-energy structure. Furthermore, 
although all residues exhibit improved G values as the 
refinement proceeds (see the ALL data set in Table 3) we 
have used ASC ~ dihedral angle constraints in the restrain- 
ed molecular dynamics calculations only in the [3-strand 
regions of mEGF, since we cannot yet trust back-calcula- 
tions of ASC ~ values in bend and loop regions. Nonethe- 
less, our results strongly encourage further refinement of 
relationships between 13C chemical shifts and polypeptide 
backbone conformations, as these appear to provide 
useful data, accessible even at natural isotope abundance, 
for generating and evaluating protein N M R  structures. 
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