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Abstract 

Two synthetic analogues of murine epidermal growth factor, [Abu6, 201 mEGF4-48 (where Abu denotes amino-butyric 
acid) and [Gl, M3, K21, H40] mEGF1-48, have been investigated by NMR spectroscopy. [Abu6, 201 mEGF4-48 was 
designed to determine the contribution of the 6-20 disulfide bridge to the structure and function of mEGF. The overall 
structure of this analogue was similar to that of native mEGF, indicating that the loss of the 6-20 disulfide bridge did 
not affect the global fold of the molecule. Significant structural differences were observed near the N-terminus, 
however, with the direction of the polypeptide chain between residues four and nine being altered such that these 
residues were now located on the opposite face of the main @-sheet from their position in native mEGF. Thermal 
denaturation experiments also showed that the structure of [Abu6, 201 mEGF4-48 was less stable than that of  mEGF. 
Removal of this disulfide bridge resulted in  a significant loss of both mitogenic activity in Balb/c 3T3 cells and receptor 
binding on A431 cells compared with native mEGF  and mEGF4-48, implying that the structural changes in [Abu6, 201 
mEGF4-48, although limited to the N-terminus, were sufficient to interfere with receptor binding. The loss of binding 
affinity probably arose mainly from steric interactions of the dislocated N-terminal region with part of the receptor 
binding surface of  EGF. [Gl, M3, K21, H40] mEGF1-48 was also synthesized in order to compare the synthetic 
polypeptide with the corresponding product of recombinant expression. Its mitogenic activity in Balb/c 3T3 cells was 
similar to that of native mEGF  and analysis of its 'H chemical shifts suggested that its structure was also very similar 
to native. 
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Native protein structures are stabilized by large numbers of weak 
interactions, such as hydrogen bonds and hydrophobic, electro- 
static and dipole-dipole interactions. Covalent cross-links also con- 
tribute in many proteins, with disulfide bridges being the most 
important. The stabilizing influence of disulfide bridges in proteins 
has traditionally been explained by their ability to reduce the con- 
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formational degrees of freedom of the polypeptide chain in its 
unfolded state, thereby decreasing the entropy of the unfolded state 
and destabilizing it relative to the folded state (Flory, 1956; Rich- 
ardson, 1981; Thornton, 1981). Doig and Williams (1991) sug- 
gested, however, that the dominant effect of disulfide bridges on 
stability was enthalpic, with the presence of disulfide cross-links 
destabilizing the unfolded protein by reducing the effectiveness of 
the hydrogen bonding network relative to an unfolded state lacking 
the disulfides. More recently, Betz (1993) has suggested that di- 
sulfide bridges stabilize proteins by enthalpic or entropic contri- 
butions or a combination of both. 

There have been several studies in which the role of disulfide 
bridges in small proteins (less then 100 residues) and polypeptides 
has been probed by removal of one or more of the native disul- 
fides. When the 30 to 51 disulfide bridge was deleted in bovine 
pancreatic trypsin inhibitor by substitution of the half-cystines with 
Ala, the resulting structural changes were smaller than the confor- 
mational variability found among three different crystal structures 
of the molecule (Eigenbrot  et al., 1990), although there were some 
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Solution structure of EGF analogue 1739 

movements to compensate for  a packing defect associated with the 
missing sulfur  atoms. Deletion of the 5 to 55 disulfide bridge 
caused small  changes near the N-terminus (residues 1-7) and 
C-terminus (residues 55-58), but otherwise the protein had a native- 
like structure (van Mierlo et al., 1991). The conformation of this 
analogue was less native-like than those of analogues with only the 
5 to 55 bridge or the 5 to 55 and 14 to 38 bridges intact, indicating 
that the 5 to 55 bridge is the most important of the three disulfides 
in stabilizing the native conformation (van Mierlo et al., 1991). An 
analogue with only the 14 to 38 disulfide intact (the other four 
half-cystines having been replaced by a-amino-n-butyric acid (Abu), 
an isosteric analogue of Cys with similar conformational prefer- 
ences) retained two strands of antiparallel P-sheet  at low temper- 
ature, but the rest of the molecule sampled a range of conformations 
(Barbar et al., 1995). Fully reduced bovine pancreatic trypsin in- 
hibitor has been described as  a "molten coil," characterized by 
extensive non-random structure that includes many non-native in- 
teractions among side chains (Pan  et al., 1995). In a smaller trypsin 
inhibitor, EETI 11, loss of the 2 to 19 disulfide caused mainly local 
structural changes  in the vicinity of residues 2 and 19 (Le-Nguyen 
et  al., 1993). 

In insulin-like growth factor I, replacement of the 47 to 52 
disulfide bridge residues by either Cys or Ala caused local unfold- 
ing of a nearby a-helix, but no other significant structural changes 
(Hua et al., 1996). In the potassium channel blocker charybdo- 
toxin, removal of the 13 to 33 disulfide by replacement with Abu 
caused some structural changes, but the RMS difference between 
the 10 lowest energy structures for the analogue and native cha- 
rybdotoxin was only 1.44 8, for the backbone heavy atoms (Song 
et al., 1997). It should be noted, however, that the solution struc- 
ture of the analogue was determined at  a much lower temperature 
(5  "C, compared with 45 "C for the native toxin). The analogue had 
an eightfold lower affinity for the potassium channel than native 
charybdotoxin. In another scorpion-derived potassium channel 
blocker with three disulfides, leiurotoxin I, an analogue lacking the 
3 to 21 bond was fully active and had a very similar CD spectrum 
to that of the native toxin (Sabatier et al., 1996). Similar findings 
were reported for the RGD-containing disintegrin, echistatin y,  
where deletion of the last four residues and one of the four disul- 
fides (by replacement of Cys8 and Cys37 with Ala) caused only a 
slight reduction in activity and minor structural changes (Chuang 
et al., 1996), although in this protein the residues essential for 
activity are in less ordered parts of the structure, which might be 
less sensitive to conformational perturbations elsewhere in the mol- 
ecule. Finally, in heat-stable enterotoxin B from Escherichia coli, 
which is a 48-residue protein with two disulfide bridges, loss of 
either  disulfide abolished toxicity (Amaga et  al., 1995). One of the 
single-disulfide analogues retained native secondary structure, as 
monitored by CD, but the other showed significant changes. 

In general, it appears that, in small proteins with multiple di- 
sulfides, the loss of a disulfide bridge has a greater impact on 
biological activity than on the overall structure, and that at least 
part of any loss of activity can be attributed to the greater flexi- 
bility of the analogue compared with the native protein. Moreover, 
in any given protein, some disulfides are, not surprisingly, more 
important than others in stabilising the native fold. 

EGF  is  a small mitogenic peptide of 53 amino acid residues that 
was first characterized and sequenced in 1972 (Savage et al., 1972). 
EGF and EGF-like proteins such as TGF-a are thought to play 
roles in wound healing and oncogenesis (Burgess, 1989; Campbell 
& Bork, 1993). Since the discovery of  EGF, more than 300 EGF- 

like sequences have been identified, mostly as  domains of larger 
proteins. These proteins have been associated with a  diverse range 
of functions, including blood coagulation, fibrinolysis, neural de- 
velopment, and cell adhesion (Campbell & Bork, 1993). 

Structures have been determined for a large number of these 
EGF and EGF-like molecules, including solution structures for 
human EGF (Cooke et al., 1987; Hommel et al., 1992). murine 
EGF  (Montelione et al., 1986, 1988, 1992; Kohda & Inagaki, 
1992a, 1992b; Tejero et al., 1996), and TGF-a (Harvey et  al., 
1991; Tejero et al., 1996). EGF and EGF-like molecules contain 
three disulfide bridges (Fig. l), typically paired in a 1-3/2-4/56 
pattern (although recently White et  al. (1997) have identified an 
EGF-like domain of thrombomodulin with a 1-2/3-4/56 disulfide 
bonding pattern). Other common structural features are two anti- 
parallel P-sheets, consisting of a larger triple-stranded P-sheet where 
residues at the N-terminus contribute a small third strand, and a 
smaller two-stranded P-sheet near the C-terminus of the molecule. 
The three disulfide bridges anchor the amino-terminal strand (di- 
sulfide bridge 1-3) and loop (2-4), as well as the C-terminal do- 
main (5-6) containing the smaller sheet, to the surface of the major 
P-sheet. 

Given the highly conserved nature of the disulfide bridging 
pattern in EGF and EGF-like modules, it is likely that they play a 
key role in maintenance of the common EGF structure. In this 
paper, we describe the structural changes associated with deletion 
of the first disulfide bridge (Cys6-Cys20), achieved by substitut- 
ing the two half-cystine residues at positions 6 and 20 with Abu. 
This analogue was also truncated at both the N-terminus (first 
three residues deleted) and C-terminus (last five residues deleted), 
but these parts of the molecule have been shown previously to be 
unimportant for biological activity in  EGF (Simpson et al., 1985; 
Burgess et al., 1988; Groenen et al., 1994). The residues deleted at 
the C-terminus were also disordered in the solution structure of 
mEGF  (Montelione  et al., 1988). Another analogue, [GI, M3, 
K21, H40] mEGF1-48, has also been synthesized and investigated 
by NMR; its structure was very similar to that of native EGF. 

Results 

Resonance assignments 

Sequence-specific 'H NMR resonance assignments were made for 
both analogues from 2D NOESY and TOCSY spectra (Wiithrich, 
1986); the C"H-NH region of the NOESY spectrum of [Abu6, 201 
mEGF4-48 in water is shown in Figure 2. Plots of the deviation of 
the C"H and NH chemical shifts for [Abu6, 201 mEGF4-4g5 and 
[GI, M3, K21, H40] mEGFl-48 from those of native mEGF re- 
ported by Montelione et al. (1988) are shown in Figure 3.  The 
chemical shift differences from the native molecule for [Gl, M3, 
K21, H40] mEGFl-48 are very small and are limited to the sites of 
mutation, suggesting that the structures are very similar. As a re- 
sult, no detailed structure determination was undertaken for this 
molecule. Chemical shift differences from native were more pro- 
nounced for [Abu6, 201 mEGF4-48, suggesting that there may be 
some significant structural differences between these two polypep- 
tides. and a full structure determination of [Abu6, 201 mEGF4-48 
was therefore canied out. Figure 4 summarizes the sequential and 

'The residue numbering system of full-length mEGF is used for both 
analogues. 
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0.29  ppm  downfield,  respectively)  and  C"H of lle35 (0.23 ppm -0.0 I ! I I 
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action  with  the  bulk of  the  molecule. 
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Fig. 3. Chemical  shift differcnces ( in  ppm) of mEGF analogues from  na- 
tive  mEGF (Montelione et  al.. 1988). A: [Ahu6. 201 mEGF4-48. R: [GI. 
M3. K21. H40] mEGFl-48. 0. N H  chemical shift; 0. C"H chemical shift. 

Strrtcture clc.tc~nninntion 

Structures  were  calculated  using  953  upper-bound  distance  con- 
straints  inferred  from  NOEs,  made  up  of 332 intra-residue,  234  Norton.  1994). In addition, 3 I backbone  dihedral  angle  constraints 
sequential. 118 medium-range (1  < Ii - j l  5 4) and  269  long-  based on spin-spin  coupling  constants  were  included, as well as 5 
range  NOEs  (Fig.  SA),  as  well  as  93  lower  bound  constraints  based x ' side  chain  constraints  for  stereo-specifically  assigned.  non- 
on the  absence  of  NOEs  from  the  NOESY  spectrum  (Manoleras & degenerate,  geminal  CPH  resonances.  Structures  were  calculated 
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Fig. 2. C"H-NH  region  of a 250 ms mixing  time  NOESY  spectrum of 
[Ahu6. 201 mEGF4-48 in 90% H?0/10% 'H?O  at  pH 2.8  and 300 K. 
Sequential connectivities from  residue  24 to 32 are  indicated. with intra- 
residue d ~ , ~  cross-peaks numhered. 
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were  hetween 6 and X Hz.  The  relative  exchange  rates  of  backhone NH 
protons are indicated in the  row  laheled NH. hased on the  strength of 
cross-peaks in a 'H?O exchange TOCSY experiment: slowly  exchanging 
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mediate exchange. N H  protons with intermediate  exchange  rates  were 
identified as those that had peaks  present in the  TOCSY  spectra after 10 h 
hut not after 24  h. The hottom  plot  is a chemical shift index (CSI) analysis 
(Wishan et al., 1992) for  the  C"H  resonances.  where  CSI  is  shown as 
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value (Wishart et al., 199Sa).  negative if > O . I  ppm upfield.  or 0 if within 
0.1 ppm of its random  coil  value. 
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Fig. 5. Parameters characterizing the final 20 structures of [Abu6. 201 
mEGF4-48 in water. plotted as a function of residue number. A: Upper- 
bound distance restraints used in the final round  of structure refinement; 
long range ( i  - j 2 S). medium-range (2 5 i - j 5 4). sequential and 
intra-residue NOEs are shown, respectively. in hlack. cross-hatched, white, 
and hatched shading. NOEs are counted twice. once for each proton in- 
volved. R: RMSDs from the mean structure for the backbone heavy atoms 
( N ,  C", C )  following superposition over the whole molecule. C-F: An- 
gular order parameters ( S )  (Hyberts et  al.. 1992; Pallaghy et al., 1993) for 
the backbone (4 and (lr) and side chain ( x  I and x ? )  dihedral angles. Gaps 
in the x '  plot are due to Gly and Ala residues. Gaps in the x' plot, in  
addition to Gly and  Ala. are due to Ser, Pro. Val, Cys. and Thr residues. 

initially using DYANA, then refined by simulated annealing in 
X-PLOR and finally energy  minimized in X-PLOR with the 
CHARMM force field. A summary of geometric and energetic 
parameters for these structures is given in Table 1. 

Structural analysis and description 

Analysis of the backbone angular  order parameters (S) (Hyberts 
et al., 1992; Pallaghy et al., 1993) of the final 20 structures indi- 
cates that residues 6-46 are well defined, with S > 0.8 for both 4 
and 1+4 angles  (Fig.  5C,D).  The backbone RMSD from the mean 
structure is plotted as  a function of residue number in Figure 5B, 
which confirms that the structure is well defined over most of the 
molecule, except for residues near the N- and C-termini. The over- 
all conformation of [Abu6, 201 EGF4-48 is shown in Figure 6, 
where the backbone heavy atoms of the 20 best structures (those 
with the lowest overall energies, excluding the electrostatic term) 

Table 1. Structurd stntistics.for the 20 energy-mininlized 
structlrres of [Ahuh. 201 mEGF4-48,frorn X-PLOR" 

RMSDs from experimental distance 

RMSDs from experimental dihedral 

RMSDs from idealized geometry 

restraints A ( I . ~ 6 ) ~ . '  0.020 f 0.001 

restraints (deg)  0.36 -t 0.07 

Bonds (A) 0.0105 f 0.0003 
Angles (deg) 2.69 k 0.05 
Impropers (deg)  0.32 -t 0.01 

Energies (kcal mol ~ ' ) 
ENOE 17.9 -t 1 . 1  

EL-J -72.6 f 5.9 
Ecdih 0.29 h 0. I O  

E h n d  + Eanp~e + Eimpmper 144.9 h 6.2 
E c ~ w  -547.6 f 13.1 

Backbone All 

Mean pairwise RMSD (A) heavy atoms heavy atoms 

Residues 4-48 0.62 * 0.21 1.14 -t 0.19 
Residues 6-46 (S4,(lr > 0.8)  0.42 f 0.15 0.91 rt 0.15 

"The best 20 structures after energy minimization in the distance geom- 
etry force-field were subsequently energy minimized in the CHARMM 
force-field. using a distance-dependent dielectric and neutralized side chains. 
as described under Materials and methods. 

hThe numbers of restraints are shown in parentheses. None  of  the struc- 
tures had distance violations >0.3 A or dihedral angle violations >So. 

'Distance restraints consisted of 953 upper-bound restraints (332 intra- 
residue, 234 sequential, I18 medium-range ( I  < Ii - j l  5 4) and 269 
long-range) and 93 lower-bound restraints (see text). 

have been superimposed over residues 6-46. Several of these res- 
idues have well-defined x' angles  and some also have well- 
defined x' angles (Fig. 5E,F). 

The absence of the 6 to  20 disulfide bond in [Abu6, 201 
mEGF4-48  did not cause any gross  changes to the structure of 
murine EGF, its overall fold being similar to that of native mEGF 
(Fig.  7A).  The only major difference was at the N-terminus of the 
molecule, where there was a significant change in the direction of 
the polypeptide chain. The effect of the 6 to 20 disulfide in mEGF 
is to pull the N-terminus across the loop  (residues 20-31) that 
contributes the two main strands of the first P-sheet, allowing the 
first four residues to form an extra strand of the sheet. In the 
absence of the 6 to  20 disulfide, the polypeptide chain continued 
on the opposite  side of the loop and was not involved in any 
secondary structural elements (Fig. 7B,C).  The structures diverged 
from one  another around Ser9, the 4 angles of which differed by 
ca. 160" (-31" for [Abu6, 201 mEGF4-48 and 131" for mEGF 
(Montelione et al., 1992). The RMS differences between the po- 
sitions of the C" atoms in the N-terminal regions of the two fam- 
ilies of structures were as follows (mean f SD, in A): Pro4. 17.9 f 
0.6; Gly5, 12.5 2 0.4;  Cys/Abu6, 8.5 f 0.5; Pro7.5.4 f 0.5; Sertl, 
6.3 f 0.5; SerlO, 1.8 5 0.9. The mean pairwise RMS differences 
between the two families were 2.0 and 3.8 8, over the backbone 
heavy atoms (N, C", C) of residues 9-48 and 4-48, respectively. 

NOE diflerences at N-terminus 

As a result of the structural change at the N-terminus, there were 
several NOE peaks observed in the NOESY spectrum of [Abu6. 
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Fig. 6. Stereo view of the  backbone heavy atoms 
and disulfide bonds of the  final 20 structures of [Abu6. 
201 mEGF4-48  in  water,  superimposed over the  back- 
bone heavy atoms (N, C", C) of the well-defined (Sd 
and S ,  > 0.8) region of the molecule, encompassing 
residues 6-46. 

201 mEGF4-48 that were not present in the spectrum of mEGF 
(PDB accession no. IEGF; Bernstein et al., 1977; Montelione 
et al., 1988, 1992), and vice versa. Unique NOEs observed in the 
spectrum of [Abu6, 201 mEGF4-48 include Gly5 C"H to His22 
C(2)H and Thr30 CPH, Abu6 NH to Ser28 C"H, Abu6 CPH, to 
Thr30 @Hz, Pro7 CPH2 to Tyrl3 C(2,6)H, Pro7 CYHz to Glu24 
CYH2, and Pro7 C6Hz  to Ser28  @Hz. Conversely, NOEs in native 
mEGF between Pro4 C"H and Val 19 CYH:, and Met21 C"H, CYH, 
and C'H3, Gly5 C"H2 and Met21 C"H, and Cys6 NH and Cys20 
@Hz were not seen in [Abu6, 201 mEGF4-48. While there were 
differences in the long-range NOEs for residues near the N-terminus 
of [Abu6,20] mEGF4-48 and the native molecule, there were also 
similarities, with NOEs observed in both molecules between Gly5 
and His22, Cys(Abu)6  and TyrlO, Tyr29 and Pro7 and Tyr29, and 
between Tyrl3 and Cys(Abu)20. 

Coupling constants 

The coupling constants observed from the DQF-COSY spectrum 
of [Abu6, 201 mEGF4-48  (Fig. 4) were in good agreement with 
those observed by Montelione et al. (1986). There were a few 
exceptions, where we observed low coupling constants ( 5 6  Hz) 
but high coupling constants ( 2 8  Hz) were reported by Montelione 
et al. (l986), viz. Tyrl3, Glu24, and Ile35. 

NH exchange rates 

Most of the slowly exchanging amides observed in mEGF by 
Montelione  et al. (1988)  were also observed for [Abu6, 201 
mEGF4-48 (Fig. 4), but there were some subtle differences. The 
most striking was the NH exchange rate of Ile35, which was the 
slowest in native mEGF (still present in spectra well after 20 h) but 

had an intermediate exchange rate in [Abu6, 201 mEGF4-48 (no 
longer present in spectra after 20 h). The  other difference was 
Abu20 which had an intermediate NH exchange rate in [Abu6,20] 
mEGF4-48 (a weak  peak was still observed in the TOCSY spec- 
trum after 20 h), even though its counterpart in native mEGF, 
Cys20, was not observed in a TOCSY spectrum I O  h after disso- 
lution in 'Hz0 (Montelione et al. 1986). 

Temperature and pH dependence 

Figure 8 shows the effect of temperature on 1 D spectra of mEGFl-48 
(with all three disulfide bridges intact) and [Abu6,20] mEGF4-48, 
both in 'H20. These  spectra clearly show that mEGF1-48 is more 
stable to thermal denaturation than [Abu6, 201 mEGF4-48. Peaks 
due to the low field-shifted C"H and some aromatic protons (e.g., 
from TyrlO and Tyr29, which are close to one another in the 
structure) in the spectra of mEGF1-48 began to broaden at 333 K, 
and those of Tyr37 began to broaden at  343 K, but at 353 K the 
aromatic peaks of Tyr3 and Tyrl3 were still relatively sharp and 
some low field CuH resonances (5-5.6 ppm) were still observed, 
indicating that the molecule retained some structure even at this 
temperature. The low field-shifted C"H peaks in the 1 D spectra of 
[Abu6, 201 mEGF4-48 began to broaden at  323 K, while the ar- 
omatic peaks began to broaden at 333 K. By 343 K [Abu6, 201 
mEGF4-48 was largely denatured. Because the transition to a fully 
unfolded form was not complete in the of case mEGF1-48 at the 
highest temperature examined, it was not possible to specify the 
mid-point of the thermal denaturation process. However, it was 
clear that [Abu6, 201 mEGF4-48 had a thermal denaturation tem- 
perature more than IO" lower than that of mEGF1-48. 

The pK, values of His22 were determined to be 7.03 and 7.1 1 
for [Abu6, 201 mEGF4-48 and mEGF1-48, respectively, in *H20. 
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Biological activity 

The mitogenic activities of [Abub, 201 mEGF4-48, [Gl, M3, K21, 
H40] mEGF1-48 and mEGF1-48 were compared with native mEGF 
by observing the uptake of tritium-labeled thymidine in Balb/c 
3T3 cells. The activities of both synthetic and recombinant [Gl, 
M3, K21, H40] mEGF1-48 and mEGF1-48 were similar to that of 
native mEGF  (ECso 50-100 pM), whilst [Abu6, 201 mEGF4-48 
was considerably less active 30-50 nM). All the derivatives 
gave  a similar stimulation index (around sevenfold), with essen- 
tially parallel titration curves. To confirm that, as reported previ- 
ously (Simpson et  a]., 1985; Burgess et  al., 1988; Groenen et a]., 
1994). the first three N-terminal residues were not essential for 
biological activity, the [GI, M3, K21, H40] mEGF1-48 analogue 
was cleaved with cyanogen bromide (M3 is the only methionine 
residue in this analogue) and the product was purified to homo- 
geneity by RP-HPLC and analyzed by mass spectrometry and 
amino acid analysis prior to bioassay. The ECso of the [K21, H40] 
mEGF4-48 generated in this way (150-160 pM) confirmed that 
removal of the three N-terminal residues had little effect on bio- 
logical activity. 

The ability of [Abu6, 201 mEGF4-48 to bind to the EGF recep- 
tor was also tested in a competition binding assay using A43 1 cells. 
In this assay, [Abu6, 201 mEGF4-48 clearly showed concentration- 
dependent inhibition of binding, with an ICso of 230 nM. By 
comparison, both mEGF and mEGF4-48 had ICso values of ap- 
proximately 1 nM  in the same assay, in good agreement with 
values reported previously (Burgess et al., 1988, Groenen et  al., 
1994). 

Discussion 

A high-resolution solution structure of [Abu6, 201 mEGF4-48, an 
analogue of mEGF lacking the 6 to 20 disulfide bridge, has been 
determined at 300  K and pH 2.8. The deletion of this disulfide 
bond caused significant local changes in the structure but did not 
alter the overall fold of the molecule. This indicates that this di- 
sulfide bridge is not essential for the EGF structural motif, even 
though it is well conserved across the family of EGF sequences 
(Campbell & Bork,  1993;  Groenen  et al., 1994). [Abu6, 201 
mEGF4-48 was not as thermodynamically stable as the native 
molecule, as shown by its lower thermal denaturation temperature, 
but it was possible to obtain a well-defined solution structure under 
similar conditions of  pH and temperature to those used for the 
native structure (Montelione et al., 1992). 

As summarized in the Introduction, in many small proteins con- 
taining multiple disulfides, the deletion of a single disulfide caused 
only localized changes in the structure, leaving the overall fold 
largely unaffected. The biological activity was usually more sen- 
sitive than the conformation to the loss of a disulfide. As it was 
often the case, analogues laclung individual disulfides were less 
stable than their native counterparts (as reflected in their greater 
susceptibility to denaturation), it is reasonable to ascribe at least 
some of this loss of activity to greater conformational entropy in 
the unbound analogue, with a corresponding reduction in the free 
energy of binding to its target receptor. In the case of [Abu6, 201 
mEGF4-48, some of its loss of activity can be attributed to this 
factor, as it was clearly less stable than native mEGF. However, as 
discussed below, some of the local structural changes in [Abu6, 
201 mEGF4-48 had a significant effect on functionally important 

residues, and these changes are probably the major cause of the 
activity loss. 

Deletion of the 6 to 20 disulfide bridge in  mEGF had no 
significant effect on the smaller two-stranded &sheet near the 
C-terminus, consistent with their spatial separation in the structure 
(Fig. 7C). The  two major strands of the first antiparallel p-sheet 
(residues 19-23 and 28-32) were also largely unaffected, presum- 
ably because of the large number of backbone hydrogen bonds and 
side-chain to side-chain interactions stabilizing this region. In the 
native structure, the first strand of this sheet (residues 2-4)  is 
loosely anchored to the second strand by two hydrogen bonds 
between residues 3 and 22. Truncation of the first three residues in 
[Abu6, 201 mEGF4-48 effectively eliminates the N-terminal strand 
of this sheet, but, as has been noted previously (Simpson et al., 
1985; Burgess et  al., 1988; Groenen et al., 1994), and confirmed 
again in these studies, does not significantly affect the biological 
activity of mEGE It, therefore, follows that the integrity of this 
strand per se is not necessary for activity. The finding that [Gl, 
M3, K21, H40] mEGF1-48 has full mitogenic activity despite 
changes in two of the first three residues further supports this 
conclusion. The significant losses of receptor binding affinity and 
mitogenic activity on Balb/c 3T3 cells for [Abu6, 201 mEGF4-48, 
therefore, must be a direct result of the conformational changes 
associated with deletion of the disulfide bridge. This result is in  
keeping with a recent NMR study of the interaction of the struc- 
turally similar TGF-a with the EGF receptor (McInnes et al., 
1996), which showed that the three N-terminal residues (which 
also formed the third strand of the major p-sheet) were not in- 
volved in receptor binding. 

The  structures of the polypeptide backbones of [Abu6, 201 
mEGF4-48 and mEGF differ significantly up to Ser8, beyond which 
they superimpose quite well (with the exception of some residues 
in the loops containing reverse turns). In principle, the structural 
change at the N-terminus could result from the N-terminal trun- 
cation or the loss of the disulfide (or both), but the fact that 
N-terminal truncation did not cause any loss of activity makes it 
likely that the loss of the disulfide is the major cause of the per- 
turbation. It appears that the disulfide anchors the N-terminal re- 
gion to one face of the main p-sheet in mEGF and in its absence 
the remaining interactions are too weak to maintain the native 
structure. The loss of hydrogen bonding and other interactions 
involving the three N-terminal residues in mEGF undoubtedly  makes 
some contribution to the loss of native structure in [Abu6, 201 
mEGF4-48, but it is unlikely that their presence would have over- 
come the destabilisation associated with loss of the disulfide. Fol- 
lowing Ser9, hydrophobic interactions involving a small cluster of 
aromatic residues (Tyrl 0, Tyr  13, and Tyr29) and the presence of the 
14 to 3 I disulfide bridge stabilise the structure in its native fold. 

There  are  some  minor  structural  differences in [Abu6, 201 
mEGF4-48 in the region of Ile35. For example, the exchange 
rate of the backbone amide of He35 was the slowest of any in 
mEGF (Montelione et al., 1988), but  in [Abu6, 201 mEGF4-48 
it had an intermediate exchange rate (Fig. 4). There were also 
some chemical shift differences from native in this region in 
[Abu6, 201 mEGF4-48 and [Gl, M3, K21, H40] mEGF1-48 
(Fig. 3), as well as mEGF1-48 (data not shown). As Ile35 is 
located on a loop some distance away from the 6 to 20 disulfide 
(Fig. 7), and as the chemical shift changes are evident in all 
three C-terminally truncated analogues, these changes must re- 
flect the loss of the C-terminal residues rather than the disulfide. 
Thus, even though the C-terminus of mEGF is unstructured, there 
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Fig. 7. A: Stereo  views of the  final  20  structures of [Abu6,20] mEGF4-48  (black),  and  the 16 structures of native  mEGF  (red)  from 
Montelione et al. (1992)  (Protein Data Bank accession no. 3EGF),  superimposed  over  the  backbone  heavy  atoms (N, C*, C) of the 
well-defined (S, and S > 0.8)  region of the  molecule,  encompassing  residues  6-46. In mEGF  the first three residues,  for which  there 
are  no  counterparts  in  fAbu6.201  mEGF4-48, are colored  pink  and  the  last  five  residues,  which  are  highly  disordered, are not  shown. 
This view is identical  to  that  shown in Figure  6. B: An alternative  view  highlighting  the  differences in the direction of  the  polypeptide 
chain  at  the  N-termini of the two molecules. C: Ribbon  diagrams of native  mEGF  (left)  and  [Abu6,20]  mEGF4-48  (right).  The  P-sheet 
strands,  disulfides,  and  the  side  chain of the  functionally  important  Arg41 are highlighted  in  different  shades  of  grey. In each  case  the 
individual  structure  closest to the  average  over  residues  6-46  (the  well-defined  region of [Abu6,  201  mEGF4-48)  is  shown. (Figure 
continues on facing page.) I 

is  apparently  some  weak  interaction  with  the  region  around  Ile35, Given  that [Gl, M3, K21, H40]  mEGF1-48  and  mEGF1-48 
which  has  the  effect of reducing its solvent  exposure in mEGF (see are essentially  equipotent  with  native  mEGF in mitogenic  and 
Fig. 7). receptor  binding  assays,  what  causes  the loss of activity  associ- 
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Fig. 8. A: Temperature dependence of one-dimensional  spectra  recorded 
at 500 MHz of mEGF1-48 (20 pM) at pH 3.4 in 'H20. These spectra 
demonstrate that  thermal denaturation of mEGFI-48 begins by 333 K but 
that  some  native-like structure is still present  at 353 K. B: Temperature 
dependence of one-dimensional  spectra  at 500 MHz of [Abu6,20] mEGF4-48 
(50 pM) at pH  3.0 in 'H2O. These spectra indicate  that  the  thermal dena- 
turation of [Abub, 201 mEGF4-48 begins by 323 K and  is complete by 
343 K. 
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ated  with  deletion  of  the 6 to  20  disulfide?  Structure-function 
studies on  mEGF  and  related  proteins  (Groenen  et  al.,  1994) 
suggest  that  almost  the  entire  EGF  structure  is  required  for  ef- 
fective  receptor  binding,  although  some  residues  such  as  Arg41 
and  Leu47  have  been  identified as being  particularly  important. 
Our  structure  for  [Abu6, 201  mEGF4-48 is  quite well  defined  at 
the  C-terminus,  but  the  corresponding  region  of  the  mEGF  struc- 
ture  is  less  ordered (Fig. 7). so detailed  comparisons of  the  local 
environment  around  Leu47  are  not  warranted. In the  case  of 
Arg41,  however,  it is  clear  that  the  dislocation of  the  N-terminal 
region in [Abu6,  201  mEGF4-48  may alter  its  local  environment. 
Perhaps  more  importantly,  the  proximity  of  the  N-terminal  re- 
gion  of  [AbuB,  201  mEGF4-48 to  the  receptor  binding  surface in 
the  vicinity  of  Arg41  may interfere with  the  receptor  binding  of 
this  analogue. 

It is now  generally  accepted  that  the  binding interface of  EGF 
and TGFa encompasses a large  part  of  the surface of the  molecule, 
and  that  these  growth factors might  be  anchored  to  the  receptor  by 
multiple  domains  (Groenen  et  al.,  1994;  Mclnnes  et  al.,  1996).  One 
of  these  binding surfaces  appears  to  comprise  one  complete  side of 
the  molecule,  with  contributions  from  residues of  both  the N- and 
C-terminal  domains  (Tyr13,  IIe23,  Thr30,  and  Arg41 in EGF).  The 
major  focus of  point  mutation studies has  been  the  strongly  con- 
served  residues Tyr/Ilel3, Tyr37,  Arg41,  and  Leu47, as well  as 
residues 19-32,  which comprise  the  main  &sheet.  Changes in the 
eight most  N-terminal residues or truncation  of  the first three  res- 
idues of  EGF,  have,  with the  exception of Cys6, not significantly 
affected  biological  activity.  In TGFa, deletion  of  residues 1-7 
(Tam et al.,  1991) or His/Lys  substitution  at  position 4 (Defeo- 
Jones  et  al.,  1989)  reduced  the  biological  activity  significantly (to 
C 10%). However,  antibodies  recognizing  the  N-terminus of TGFa 
are not  neutralizing  (Hoeprich  et  al.,  1989),  implying  that  these 
residues  do not  make  contact  with  the  receptor,  and in recent NMR 
studies on the TGFaIEGFR (Hoyt  et  al.,  1994;  Mclnnes  et  al., 
1996)  the  N-terminal  residues  were  shown  to  have  little  direct 
involvement in receptor  binding. 

In conclusion, the results  reported  here  extend our understand- 
ing  of  the relationship between structure and  function in EGF. It is 
clear  that  the 6 to  20  disulfide  bridge is critical in maintaining  the 
biologically  active  structure of  EGF  even  though the  N-terminal 
residues  themselves  are not essential  for  activity.  The  role of 
this  structural  restraint  will  need  to be  taken into  account in any 
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attempt at polypeptide minimisation (Cunningham & Wells, 1997), 
undertaken with the goal of reducing the receptor binding surface 
of EGF to its bare minimum without loss of potency. 

Materials and methods 

Materials 

The resin used for  EGF syntheses was Boc-Arg(Tos)-OCH2-Pam 
resin (0.58 mmol/g), supplied by Applied Biosystems (Foster City, 
CA). Protected Boc amino acid derivatives were from the Peptide 
Institute (Osaka, Japan) or Applied Biosystems. The following 
side-chain protected amino acids were used: Arg(Tos), Asp(OcHex), 
Cys (4-MeBzl), Glu(OcHex), His(DNP), Lys(ClZ), Ser(Bzl), Thr- 
(Bzl), and Tyr(BrZ). All other Boc-amino acids used were side 
chain unprotected. DMF, dichloromethane, N,N-diisopropyl ethyl- 
amine, TFA, dicyclohexylcarbodiimide, and hydroxybenzotriazole 
were all peptide synthesis grade from Auspep (Melbourne, Aus- 
tralia). HPLC-grade methanol was supplied by Millipore Waters, 
USA. Acetonitrile (Hipersolv-Far UV grade) was from  BDH (Poole, 
UK). Water was obtained from a tandem Millipore Milli-RO- 
Milli-Q system. p-Cresol and p-thiocresol were from Fluka (Ger- 
many). HF was supplied by BOC Gases (Brisbane, Australia). 
Guanidinium hydrochloride (99+ %) and Trizma base (reagent grade, 
99.9+%) were from Sigma. 2H,0,  Na02H, and *HCI for NMR 
were obtained from Cambridge Isotope Laboratories (Andover, 
MA). 

Peptide  synthesis 

Machine-assisted stepwise chain assembly of mEGF analogues 
was performed on Pam resin (0.5 mmol scale) using the Boc/ 
benzyl strategy with an AB1 430A protein synthesizer that was 
modified by removal of in-line filters to the top and bottom of the 
reaction vessel. Symmetric anhydride or active ester chemistries 
were used to couple Boc-protected amino acids to the resin. The 
Boc protecting group was removed using 100% TFA; DMF was 
used as both the coupling solvent and for flow washes throughout 
the cycle. Each residue was routinely double-coupled and the 
progress of the chain assembly evaluated by quantitative ninhydrin 
monitoring. Where necessary (less than 99.5% coupling), the syn- 
thesis was halted and a further coupling was carried out manually 
using the HBTU (or HATU)  in  situ neutralization method (Schnolzer 
et al., 1992). If this repeat coupling was less than 99.5% complete, 
acetylation of the remaining amino groups was carried out using 
acetic anhydride (87 pL/mL) in  DMF. 

Deprotection and cleavage 

The fully protected peptide-resin was first subjected to thiolysis 
(20% P-mercaptoethanol, 10% N,N-diisopropyl ethylamine in  DMF, 
2 X 30 min) to remove histidine-DNP groups. The N-a-Boc group 
was then removed (TFA, 2 X 1 min), and the peptide-resin was 
washed with DMF, dichloromethane, and dried under nitrogen. 
Cleavage from the resin and simultaneous deprotection of side 
chains was carried out in  an HF cleavage apparatus (Peptide In- 
stitute, Japan) using liquefied HF in the presence of scavengers 
(9.0:O.S:O.S  by volume, HF:p-cresokp-thiocresol) for I .5 h at -7" 
to -2°C. After removal of HF under vacuum, the peptide was 
precipitated with cold, oxygen-free, ethyl acetate. The resultant 

precipitate and residual resin were collected on a filter, and washed 
thoroughly with more cold, oxygen-free, ethyl acetate to remove 
traces of scavenger and scavenger adducts. The crude, reduced 
peptide mixture was dissolved in 50% aqueous acetic acid and 
collected by filtration. The solution was then diluted to 5% (v/v) 
aqueous acetic acid before lyophilization. 

Folding  and  oxidation 

Crude reduced  peptide was dissolved in 6  M  guanidinium 
hydrochloridel100 mM Tris (pH 8.3), then diluted to 2-3 M gua- 
nidinium hydrochloride with water. The solution (final peptide 
concentration ca.  2  mg/mL) was then stirred at ambient tempera- 
ture in air. Samples were taken periodically and analyzed by RP- 
HPLC.  Eluant  fractions were collected  for electrospray mass 
spectrometric analysis. The presence of free sulfhydryl groups was 
confirmed using Ellman's reagent. The oxidation was stopped by 
acidification with  TFA when the HPLC profile was unchanged 
between two runs, and both MS analysis and the Ellman test in- 
dicated that disulfide bond formation was complete. 

Chromatographic purification 

Analytical HPLC was carried out on a Brownlee RP300 (C8, 
300 A) analytical cartridge (100 mm X 4.6 mm ID)  on a Waters 
600 HPLC system. Samples (5 pL, 1 mg/mL peptide dissolved in 
45% aqueous acetonitrile/O.l% TFA) were injected via a Waters 
715 WISP autoinjector. Chromatography was carried out using a 
linear gradient of 0-67% B  at 1 mL/min over 60 min, where 
buffer A was 0.15% aqueous TFA and buffer B was 90% aqueous 
acetonitrile/O.l25% TFA. Detection was at 215 nm. 

Preparative HPLC was performed using a Vydac C4  300 8, pre- 
parative column (30 cm X 2.2 cm ID) on a Waters Delta Prep 
chromatography system with detection at 230 nm. The solution 
containing the oxidized peptide was adjusted to pH 2 using TFA, 
before being loaded directly onto the column. The column was 
washed with 0.1% aqueous TFA until the oxidizing buffer com- 
ponents were completely eluted. Retained peptides were recovered 
using a linear 80 min gradient at  a flow rate of 8 mL/min between 
0.1% aqueous TFA and 90% aqueous acetonitrile/0.09% TFA. 
Fractions were collected at 30 s intervals for MS analysis. 

Mass  spectrometv 

Mass spectrometric measurements were performed on a Sciex APIIII 
Ion Spray mass spectrometer at an orifice potential of 80 V. Data 
were collected in the positive ion mode by accumulation of data in 
the mass range 400-2,100 amu from several scans using a scan 
step of 0.1 amu, and a delay time of 0.3 s. Peptides were dissolved 
at  a concentration of 1 mg/mL in 45% aqueous acetonitrile con- 
taining 0.1 % TFA. HPLC fractions were used without further treat- 
ment. Samples were delivered to the orifice via a glass capillary 
by direct injection (5-20 pL) using a Rheodyne injector into a 
30-50 pL/min solvent flow of SO% aqueous acetonitrile contain- 
ing 0.05% TFA. The resultant data were subjected to deconvolu- 
tion (Hypermass-MacSpec 3.2, SCIEX, Canada) to determine the 
M,  of the observed protonated species. 

Mitogenic and  receptor  binding  assays 

Analogues for analysis were purified by micro-preparative RP- 
HPLC as described previously (Nice, 1996). Aliquots were taken 
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simultaneously for quantitative amino acid analysis, mass spectro- 
metric, receptor binding, and mitogenic assays (Groenen et al., 1994). 

Mitogenic assays were performed using Balb/c 3T3 mouse fi- 
broblasts. Briefly, the cells were grown in 175 cm2 tissue culture 
flasks in Dulbecco's Modified Eagles Medium (DMEM) and 10% 
newborn calf serum (NBS) at 37 "C  in a water jacketed incubator 
equilibrated with 5% C02.  Cells were washed with mouse tenicity 
phosphate buffered saline, trypsinized, and resuspended in 10 mL 
DMEM + 10% NBS. Cells were counted in a haemocytometer and 
cell number adjusted to 50,000  cells/mL. 

Tissue culture plates (96 well) were seeded with 200 p L  of cell 
suspension using a Biomek 2000 automated laboratory worksta- 
tion (Beckman, California) and grown for  3 days until confluent. 
The medium was changed to DMEM + 0.5% NBS (200 pL) and 
the cells incubated overnight. EGF containing samples for analysis 
( 1  0 pL) were made up to 200 p L  with media and added in dupli- 
cate to the first wells of the plate. A 200 p L  aliquot was then taken 
from these wells and serially titrated across the plate. The plates 
were then incubated for  a further 20 h before the addition of 10 p L  
(0.2 pCi) of %thymidine per well. After a further 2  h incubation, 
the cells were lysed with 0.5  M NaOH and the contents harvested 
onto glass filter mats using a LKB Wallac (Turku, Finland) 1295- 
001 automatic cell harvester. The filter mats were then allowed to 
dry, inserted into sample bags, scintillation fluid (10 mL) was 
added and incorporated 'H-thymidine determined using an LKB 
I205 liquid scintillation counter. 

Receptor binding assays were performed on the human epider- 
moid carcinoma cell line A431 (American Type Culture Collec- 
tion) using the protocol described previously for Balb/c  3T3 
fibroblasts (Burgess et al., 1988; Groenen et al., 1994). 

NMR spectroscopy 

The pH of the NMR samples was adjusted with small additions of 
0.5 M Na02H or 'HCI. Reported pH values were measured at 
room temperature and were not corrected for isotope or solvent 
effects. The 'H chemical shifts were referenced to 2,2-dimethyl- 
2-silapentane-5-sulfonate at  0 ppm, via the chemical shift of the 
H 2 0  resonance (Wishart et al., 19Y5b) or an impurity at 0.15 ppm. 

Spectra were recorded on Bruker AMX-600 and AMX-500 spec- 
trometers. Unless stated otherwise, all spectra were recorded at 
300  K and pH 2.8, with probe temperatures calibrated according to 
the method of  Van Geet  (1970). All two-dimensional spectra were 
recorded in phase-sensitive mode using time-proportional phase 
incrementation (Marion & Wuthrich, 1983).  Solvent suppression 
was achieved by selective, low-power irradiation of the water sig- 
nal during the relaxation delay (typically 2 s) and during the mix- 
ing time in NOESY experiments. 

Two-dimensional homonuclear NOESY spectra (Anil-Kumar 
et al., 1980; Macura et al., 1981) were recorded with mixing times 
of 50 and 250 ms. TOCSY spectra (Braunschweiler & Emst,  1983) 
were recorded using the DIPSI-2 spin-lock sequence (Rucker & 
Shaka, 1989)  with spin-lock times of  70-80  ms. DQF-COSY (Rance 
et al., 1983) and E-COSY (Griesinger et al., 1987) spectra were 
also recorded. Typically, spectra were acquired with 400-600 t I  
increments, 32-128 scans per increment, and 4,096  data points. 
The 'H sweep width was 7,575.6 Hz at 600  MHz. Spectra were 

The 'JNHCaH coupling constants were measured from a DQF- 
COSY spectrum. The appropriate rows were extracted from the 
spectrum, inverse Fourier transformed, zero-filled to 32 K data 
points, and multiplied by a Gaussian window function prior to 
Fourier transformation. The dispersive peak shapes were simulated 
to take account of the effect of broad line widths on small coupling 
constants, using an in-house program COUPLING. Slowly ex- 
changing amide protons were identified by dissolving the lyophi- 
lized protein in 'H20 at pH 2.9 and 300 K and recording a series 
of one-dimensional and TOCSY spectra immediately after disso- 
lution and over the next 24 h. 3JCaHCpH coupling constants were 
measured from an E-COSY spectrum. 

Structurul construints 

NOESY cross-peak volumes measured from a 250-ms mixing time 
spectrum were used to calculate upper bound distance restraints. 
Peaks from the upper side of the diagonal were used except where 
peaks from the lower side were better resolved. Peak volumes were 
calibrated using an average of the volumes of six well-resolved 
geminal COH cross-peaks (distance 1.79 A). Distance constraints 
were calculated using volumes proportional to r-' for backbone/ 
backbone constraints and r"' for all others, in the program CALIBA 
(Guntert et a]., 1991), which corrects automatically for degenerate 
and pseudo-atoms. Where cross-peak volumes could not be esti- 
mated reliably, an upper bound of 5 8, was assigned. Corrections 
of 0.5 and 1 .0 A were added to distance constraints involving only 
backbone protons and at least one side-chain proton, respectively, 
to allow  for  conformational  averaging and errors in  volume 
integration. 

A small number of lower bound restraints > 1.8 A (Manoleras & 
Norton, 1994) was also used for NH, C"H, and CPH atoms in the 
final structure calculations. These were obtained with  an in-house 
program that checked the initial (DYANA) structures for distances 
<3.5 that were not represented in the NOE restraint list. Dis- 
tances identified in this way were compared with the experimental 
NOESY spectra to confirm that cross-peaks could have been ob- 
served had they been present. Where a cross-peak was clearly 
absent, a lower bound restraint of 3.5 8, was added to the restraint 
list; for all other NH, C"H,  and CDH atoms, the lower limit was 

Backbone dihedral angle constraints were inferred from 'JNH,--H 
values as follows: 3JNHCaH < 5 Hz, 4 = -60" f 30"; 5 Hz < 

40" (Wiithrich, 1986). Where 6 Hz < 3JNHCaH < 8 Hz, and the 
possibility of positive 4 angles had been excluded by the NOESY 
spectrum (Ludvigsen & Poulsen, 1992), 4 was constrained to 
- 120" f 60"; otherwise 4 angles were not constrained. Where 
possible, ' J C ~ H C ~ H  coupling constants were measured from pas- 
sive couplings as displacements in E-COSY spectra or peaks split- 
tings in DQF-COSY spectra. The relative intensities of intra- 
residue daD(i , i )  and d N p ( i , i )  NOES were measured in a 50-ms 
mixing time NOESY spectrum. The 'JCaHCpH coupling constants, 
together with the NOE intensities, were used to determine if side 
chains could be placed in one of the three staggered side-chain 
rotamer conformations (x ' = -6V, 60". or 1 80') and to make 
stereospecific assignments (Wagner et al., 1987). 

1.79 A. 

3JNHC,,H < 6 HZ, 4 = -60" f 40"; 'JNHCuH > 8  HZ, 4 = - 120" * 

processed using UXNMR-941001.4 (Bruker) and analyzed using 
XEASY-1.3.7 (Bartels,et al., 1995). Sine-squared window func- 
tions, phase shifted by  60"-90", were applied in  both dimensions Initial structures were generated with the torsion angle dynamics 
prior to Fourier transformation. program DYANA, version I .0 (Guntert et al., 19Y7), using dihedral 

Structure calculations 
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angle constraints derived from coupling constant data and distance 
constraints derived from NOE cross-peaks assigned unambigu- 
ously in both chemical shift dimensions. No hydrogen-bonding 
restraints were used at any stage in the calculations. Ambiguous 
NOESY cross-peak assignments were resolved, where possible, 
using these initial structures. An assignment was accepted if  in all 
structures the appropriate inter-proton distance was <5 A, and the 
distance between alternative pairs was >7 A. A small number of 
lower bound restraints >1.8 8, was also introduced prior to the 
final structure calculations. 

Once the final set of restraints had been obtained, a new family 
of structures was generated using DYANA, and the 50 structures 
with the lowest penalty functions were refined by simulated an- 
nealing in X-PLOR, version 3.1 (Brunger, 1992). Simulated an- 
nealing (Nilges  et al., 1988) was performed using 20,000 steps at 
1,000 K and 10,000 steps as the molecule was gradually cooled to 
300 K. A time step of 1 fs was employed throughout. The 50 
structures were then subject to further simulated annealing in which 
they were gradually cooled from 300 to 0  K in 20,000 steps, and 
then energy minimized using 100 steps of Powell conjugate gra- 
dient minimization. For each structure, this procedure was carried 
out 10 times, and the best of these 10 in terms of total energy and 
NOE energies was selected. The structures were then energy min- 
imized in the empirical CHARMM force field (Brooks et al., 1983), 
with all explicit charges neutralized (Monks  et al., 1995) and with 
a distance-dependent dielectric instead of explicit water molecules. 
The 20 best structures based on their stereochemical energies (i.e., 
the sum of all contributions to the calculated energy except the 
electrostatic term) and NOE energies were chosen for structural 
analysis. These structures and the restraints from which they were 
generated have been submitted to the PDB (accession number 
la3p). 

Structures were analyzed using MOLMOL (2.1 .O) (Koradi et al., 
1996). Hydrogen bonds were identified in MOLMOL, using a 
maximum C-N distance of 2.4 8, and  a maximum angle of 35". 
Structural figures were generated using Insight XI and MOLMOL. 
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