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intermediate” by NMR measurements in the presence of en- 
zyme is highly implausible. 

Barlow et al. (1989) also report a nonspecific phosphatase, 
which must be a contaminant in their preparations because 
800 pM S3P and 1 mM glyphosate only inhibit the rate by 
80%; these concentrations are 40 times higher than should be 
required to see 98% inhibition of EPSP synthase (Anderson 
et al., 1988a). 

Other side reactions were also shown to occur, involving the 
hydrolysis of EPSP at the active site to produce pyruvate and 
breakdown of the intermediate to form the ketal. These re- 
actions are also slow; the rate of EPSP hydrolysis in the ab- 
sence of phosphate is 4.7 X lo4 s-’ (Anderson et al., 1988b); 
with 5% of the sites occupied by EPSP under internal equi- 
librium conditions, we predict a rate of pyruvate formation 
of 2.4 X s-l, which is consistent with the observed rate. 
These slow side reactions add little new mechanistic infor- 
mation to illuminate the events at the active site. For example, 
the hydrolysis of EPSP is probably a function of the proton- 
ation of the substrate at  the active site followed by attack by 
water rather than phosphate. The formation of the EPSP ketal 
might have implications for the geometry of the intermediate 
bound to the active site, but the slowness of the reaction and 
uncertainty of the pathway of formation of the ketal could lead 
one to question the validity of such conclusions. Rate mea- 
surements are necessary to extract mechanistic conclusions 
from structural data, and, certainly, the converse is equally 
true. 

Current data provide overwhelming support to conclude that 
the EPSP synthase reaction proceeds by a simple addition- 

elimination mechanism via the formation of a tetrahedral 
intermediate, as originally proposed in the pioneering work 
from Sprinson’s laboratory (Bondinell et al., 197 1). 
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ABSTRACT: Sequence-specific nuclear magnetic resonance assignments were obtained for eglin c, a polypeptide 
inhibitor of the granulocytic proteinases elastase and cathepsin G and some other proteinases. The protein 
consists of a single polypeptide chain of 70 residues. All proton resonances were assigned except for some 
labile protons of arginine side chains. The patterns of nuclear Overhauser enhancements and coupling 
constants and the observation of slow hydrogen exchange were used to characterize the secondary structure 
of the protein. The results indicate that the solution structure of the free inhibitor is very similar to the 
crystal structure reported for the same protein in the complex with subtilisin Carlsberg. However, a part 
of the binding loop seems to have a significantly different conformation in the free protein. 

E g l i n  c is a proteinase inhibitor from the leech Hirudo 
medicinalis (Seemuller et al., 1977). I t  inhibits the granu- 
locytic proteinases elastase and cathepsin G and some other 
proteinases such as chymotrypsin and subtilisin. Its inhibitory 
properties make the protein an interesting molecule for 
pharmaceutical application as antiinflammatory agent. Eglin 
c is a member of the potato inhibitor 1 family. It consists of 
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a single polypeptide chain with 70 residues. When eglin c was 
first detected, it was isolated together with hirudin and eglin 
b, which were identified as protein fractions a and b, respec- 
tively, while eglin c was fraction c. Eglins b and c differ by 
a single amino acid exchange at position 35 (histidine in eglin 
b, tyrosine in eglin c). Although eglin is lacking disulfide 
bonds, it is very stable against denaturation by heat (Seemuller 
et al., 1977, 1980). The crystal structure of the protein has 
been determined in the complex with subtilisin Carlsberg 
(McPhalen et al., 1985, 1987; Bode et al., 1986, 1987). The 
structure of the homologous serine proteinase inhibitor CI-2 
from barley seeds has been determined in the complex with 
proteinases by X-ray crystallography (McPhalen & James, 
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1988) and in the free form by X-ray crystallography 
(McPhalen & James, 1987) and by NMR' spectroscopy 
(Clore et al., 1987a,b). In this paper we present sequence- 
specific assignments of the 'H NMR spectrum of eglin c which 
were obtained with standard procedures described earlier 
(Dubs et al., 1979; Wagner et al., 1981, 1982; Wuthrich et 
al., 1982). In addition, we have obtained stereospecific as- 
signments of a part of the p-methylene protons and the valine 
y-methyl protons with methods developed in the work with 
this protein (Hyberts et al., 1987). For the assignments of 
the proton spectrum, in particular the aromatic resonances, 
we have also employed heteronuclear IH-l3C correlation 
spectroscopy as described previously (Briihwiler & Wagner, 
1986; Wagner & Briihwiler, 1986). Furthermore, we have 
examined the patterns of nuclear Overhauser enhancements 
(NOE's) and spin-spin coupling constants, combined with 
analysis of hydrogen-deuterium exchange rates, to elucidate 
the secondary structure of the protein. 

The assignments presented here are the basis for a structure 
determination in solution of this protein and several mutants 
which were designed to alter the structure of the proteinase 
binding loop. Part of these mutants that we are investigating 
have lost their inhibitory function, and in one case, the NMR 
data provide an indication for the structural basis of the loss 
of inhibitory function (Wagner et al., 1989). 

MATERIALS AND METHODS 
The protein eglin c was produced by Ciba-Geigy, Basel, 

Switzerland, from a synthetic gene cloned and expressed in 
high yield in Escherichia coli. Structural analysis showed that 
the expressed eglin c is modified to N*-acetyleglin c in a 
posttranslational event (Rink et al., 1984; Marki et al., 1985; 
Richter et al., 1985). For the NMR measurements 0.005 M 
solutions in H 2 0  or 2 H 2 0  were used. For the measurements 
in Z H 2 0  all labile protons were exchanged with deuterons prior 
to the measurements. All experiments were carried out at pH 
3.0. The NMR spectra were measured on a Bruker WM-500 
and a General Electric GN-500 spectrometer. Double 
quantum filtered COSY (DQF-COSY) spectra were recorded 
as described (Piantini et al., 1982; Shaka & Freeman, 1983; 
Rance et al., 1984). 2D RELAY (Eich et al., 1982) and 
double RELAY spectra were recorded as described previously 
(Wagner, 1983). The 2D total correlation spectra (TOCSY; 
Braunschweiler & Ernst, 1983; Muller & Ernst, 1979) were 
recorded in H,O and 2 H 2 0 .  The isotropic mixing was per- 
formed with an MLEV-17 sequence as described (Bax & 
Davis, 1985; Davis & Bax, 1985). Heteronuclear IH-13C 
COSY spectra were recorded with IH detection as described 
(Bruhwiler & Wagner, 1986; Wagner & Briihwiler, 1986) 
following previously developed methods (Muller, 1979; Vidusek 
et al., 1982; Bax et al., 1983a,b; Bendall et al., 1983; Frey et 
al., 1985). NOESY spectra (Jeener et al., 1979; Kumar et 
ai., 1980) were recorded with variation of the mixing time as 
outlined (Macura et al., 1981; Rance et al., 1985) to minimize 
zero-quantum contributions in NOESY cross peaks of coupled 
protons. NOESY spectra with mixing times of 50, 75, 100, 
150, and 200 ms were recorded. All 2D NMR spectra were 
recorded in a way suitable for phase-sensitive Fourier trans- 
forms. The sign discrimination along o, was achieved by 
time-proportional phase incrementation (TPPI) as described 
by Marion and Wiithrich (1983) or by quadrature detection 

Hyberts and Wagner 

I Abbreviations: NMR, nuclear magnetic resonance; lD,  one di- 
mensional; 2D, two dimensional; ppm, parts per million; COSY, 2D 
correlated spectroscopy; DQF-COSY, double quantum filtered COSY; 
NOE, nuclear Overhauser effect; NOESY, 2D NOE spectroscopy. 
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FIGURE 1: Assignments of glycine, threonine, and alanine spin systems 
in a DQF-COSY spectrum of a 5 m M  solution of eglin c in 2H20  
at 36 T, p2H 3.0. (A) Glycine POL cross peaks and threonine a-/3 
cross peaks. (B) Threonine 0-y cross peaks and an alanine a-0 cross 
peak. The asterisk marks an extra Ala/Thr spin system of low 
intensity, which indicates the presence of a chemical or conformational 
heterogeneity. 

along wl  (States et al., 1982). 

RESULTS AND DISCUSSION 
The assignment of the proton resonances of eglin c was 

obtained with the strategies first described by Dubs et al. 
(1978), Nagayama and Wuthrich (1981), Wagner et al. (1981, 
1982), Wiithrich et al. (1982), and Wider et al. (1982). 
Following these procedures, (i) we describe the assignment to 
residue type of the spin systems of the nonlabile protons as 
far as they involve a-protons and connectivities to labile protons 
of amino acid side chains; (ii) we present the identification 
of the aromatic side-chain resonances; (iii) we describe how 
we have obtained the connectivities between a-protons and 
backbone amide protons; (iv) we document the sequence- 
specific assignments; (v) we show spectral parameters that 
characterize the secondary and tertiary structure of eglin c. 
The chemical shifts for all spin systems assigned are listed in 
Table I .  In the figures the peaks are identified with the 
sequence positions as obtained after the final sequential as- 
signment procedure. 

Assignments of Nonlabile Side-Chain Spin Systems. Figure 
1 shows regions of a double quantum filtered COSY spectrum 
of eglin c recorded in 2H20 containing the cross peaks of the 
glycine, threonine, and alanine spin systems. Figure 1A 
contains all a-p cross peaks of the five glycines and the a-8 
cross peaks of the five threonines. The @-7 cross peaks of the 
threonines and the a-P cross peaks of the threonines and the 
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and three aspartic acids. The identification of the serine spin 
systems was obtained on the basis of the small @-j3 coupling 
constant (Nagayama & Wuthrich, 1981) and on the basis of 
the low-field shift of the &protons. This identification of serine 
spin systems was confirmed at a later stage in the process of 
sequential assignments. For Ser 9 the /3-/3 coupling constant 
could not be measured because of the near degeneracy of the 
two &protons. Therefore, for the assignment of this serine 
as such we had to rely only on chemical shifts and finally on 
the sequential assignments. The identification of tyrosine, 
phenylalanine, and histidine spin systems was achieved by 
observation of NOE’s between the &protons and the aromatic 
&protons (Wagner & Wuthrich, 1982; Wider et al., 1982) as 
described below. Similarly, the identification of the asparagine 
spin systems was obtained by observation of NOESY cross 
peaks between the N6 protons and the ,&protons in a NOESY 
spectrum in H20.  The 0-protons of most AMX spin systems 
are nondegenerate. Only Asp 33 has completely degenerate 
@-protons. This was found from a double quantum spectrum 
in ZH20, which shows a cross peak at the w2-position of the 
a-proton (4.70 ppm) and at the q-position of the sum of the 
@-proton positions (Wagner & Zuiderweg, 1983). 

Valine and leucine spin systems are analyzed in Figure 3. 
Eglin c contains 1 1  valine spin systems. The a-j3 cross peaks 
and the 0-7 cross peaks are identified in panels A and B of 
Figure 3, respectively. For Val 52 the two y-methyl resonances 
are almost entirely degenerate. This becomes evident when 
one inspects the line shape of the cross peak in Figure 3B, 
which is slightly broader than for the other nondegenerate cross 
peaks. All connectivities between the y-methyl groups and 
the a-protons were obtained from the COSY spectrum of 
Figure 3, from a RELAY spectrum, and from a-y cross peaks 
in a TOCSY spectrum in *H20. 

Eglin c contains five leucine spin systems. The five pairs 
of cross peaks between the &methyl groups and the y-methine 
protons can readily be recognized in Figure 3B. The con- 
nectivities to the a- and &protons were obtained by RELAY 
and TOCSY experiments. Figure 4 shows the region of a 

6 5 d w m )  

FIGURE 2: Assignments of the AMX spin systems in another expansion 
of the same DQF-COSY spectrum as shown in Figure 1. 

a-0 cross peaks of the single alanine (Ala 21) are documented 
in Figure 1B. The assignments of all the threonine spin 
systems were confirmed with RELAY and TOCSY experi- 
ments where cross peaks between a-protons and y-protons were 
observed. The peak labeled with an asterisk in Figure 1B has 
the same multiplet structure as an alanine or a threonine cross 
peak, but it has much lower intensity. Since eglin c contains 
only five threonines and one alanine, this peak indicates a 
chemical or conformational heterogeneity. Probably, there 
is a minor fraction of molecules where the N-terminus is not 
acetylated, and the extra peak belongs to Thr 1 of this protein 
fraction, 

Figure 2 is another expansion of the same DQF-COSY 
spectrum as shown in Figure 1 containing all a-0 cross peaks 
of the AMX spin systems. Eglin c has six tyrosines, five 
phenylalanines, three histidines, three serine, four asparagines, 
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FIGURE 3: Assignment of valine and leucine spin systems in other expansions of the same DQF-COSY spectrum as shown in Figure 1 .  (A) 
The 1 1  valine a-@ cross peaks and (B) the valine 8-r and the leucine 7-6 cross peaks. 
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Table I:  Chemical Shifts of the Assigned Proton NMR Resonances of Eglin c at  pH 3.0, 36 OC' 
HN Ha H@ H7 others HN Ha HB H7 others 

Thr 1 
Glu 2 
Phe 3 

Gly 4 
Ser 5 
Glu 6 
Leu I 
Lys 8 

Ser 9 
Phe 10 

Pro 11 
Glu 12 
Val 13 
Val 14 
Gly 15 
Lys 16 

Thr 17 
Val 18 
Asp 19 
Gln 20 
Ala 21 
Arg 22 

Glu 23 
Tyr 24 

Phe 25 

Thr 26 
Leu 27 
His 28 

Thr 29 

Pro 30 
Gln 31 
Tyr 32 

Asp 33 
Val 34 

8.10 4.27 
8.32 4.30 
8.17 4.62 

8.22 3.87, 3.98 
8.10 4.36 
8.27 4.38 
8.07 4.42 
7.89 4.12 

7.89 5.10 
7.66 5.31 

4.30 
9.53 4.16 
7.09 3.82 
7.18 3.52 
9.10 3.50, 4.43 
7.84 4.63 

8.43 5.09 
8.07 3.10 
8.39 4.18 
7.70 4.12 
9.39 4.14 
9.06 4.24 

7.59 4.15 
8.11 4.19 

8.62 4.12 

8.30 3.89 
7.74 4.06 
7.80 4.29 

8.38 5.21 

4.54 
9.53 4.27 
7.35 4.90 

9.04 4.70 
8.10 4.54 

4.14 
1.93, 1.86 
3.19, 2.99 

3.88, 3.81 
2.00, 2.13 
1.57, 1.70 
1.60, 1.68 

3.69, 3.71 
2.82, 2.97 

2.10, 2.32 
1.94, 1.78 
2.23 
2.04 

2.07, 2.09 

4.70 
1.50 
2.56, 2.66 
2.49, 2.49 
1.74 
1.73, 1.90 

2.22 
3.1 1, 3.21 

3.15, 3.36 

4.23 
1.01, 1.41 
2.36, 2.22 

3.57, 2.88 

2.05, 2.56 
1.88, 1.98 
2.54, 2.61 

2.73, 2.73 
1.47 

1.14 
2.18, 2.29 

2.40, 2.45 
1.64 
1.08, 1.18 

2.02 
2.05, 2.35 
0.96, 0.70 
0.92, 0.99 

1.36 

1.32 
-0.02, 0.1 1 

1.99, 2.05 

1.50, 1.59 

2.55, 2.19 

1.26 
1.30 

1.85, 1.99 
1.53, 2.18 

-0.13, 0.23 

N-Ac, 2.09 

Ha, 7.24 
H', 7.31 
Hf, 7.27 

Ha, 0.85, 0.93 
H6, 1.68 
H', 2.83, 3.07 
Hf, 7.50 

H*, 6.98 
H', 6.35 
Hr, 6.36 
H*, 3.29, 3.82 

H6, 1.36, 1.48 
H', 2.76, 2.88 
Hf, 7.55 

H', 7.49, 6.87 

H6, 3.09, 3.19 
H', 7.01 

H*, 6.50 
H', 6.41 
Hd, 7.39 
H', 6.18 
Hf, 6.35 

Ha, 0.70, 0.79 
Ha, 6.62 
H', 8.64 
Ha, 6.99 
H', 7.04 
H*, 3.16, 3.56 
H', 7.51, 7.10 
Hd, 6.97 
H', 6.97 

Tyr 35 

Phe 36 

Leu 37 
Pro 38 
Glu 39 
Gly 40 
Ser 41 
Pro 42 
Val 43 
Thr 44 
Leu 45 
Asp 46 
Leu 47 
Arg 48 

Tyr 49 

Asn 50 
Arg 51 

Val 52 
Arg 53 

Val 54 
Phe 55 

Tyr 56 

Asn 57 
Pro 58 
Gly 59 
Thr 60 
Asn 61 
Val 62 
Val 63 
Asn 64 
His 65 

Val 66 
Pro 67 
His 68 

Val 69 
Gly 70 

8.23 4.59 2.34, 2.84 H6, 6.93 
H', 6.64 

8.84 5.27 2.78, 2.98 H6, 7.05 
H', 7.15 
Hf, 7.10 

9.25 5.08 1.15, 1.15 1.35 H*, 0.58, 0.82 
3.58 1.81, 1.94 1.98, 2.11 Hd, 3.68, 3.92 

8.82 4.07 1.95, 2.02 2.33, 2.47 
8.67 3.55, 4.23 
7.72 4.61 3.86, 3.96 

8.07 4.57 2.1 1 0.84, 0.95 
7.66 4.36 4.30 1.21 
8.60 4.46 1.63, 1.71 1.66 Ha, 0.82, 0.92 
8.16 4.45 2.65, 2.74 
8.13 4.72 1.38, 1.45 1.30 H6, 0.80, 0.86 
8.82 4.56 1.56, 1.82 1.53 Hd, 3.15 

N'H, 7.30 
8.46 4.28 3.31, 2.85 H6, 7.15 

H', 6.83 
7.94 4.96 2.63, 3.25 H*, 7.63, 6.89 
7.29 5.37 1.45, 2.29 1.79 Hd, 2.85, 2.93 

4.49 1.88, 2.25 2.02, 2.10 H6, 3.92, 3.72 

N'H, 9.12 
NnH, 6.58, 6.64 

8.37 4.13 1.20 0.19, 0.19 
8.62 4.43 1.49, 1.76 0.89, 1.21 H6, 2.90, 3.14 

8.69 4.13 1.41 0.18, 0.98 
9.21 6.08 2.72, 2.83 H*, 7.13 

H', 6.94 
H*, 6.94 

8.13 5.55 2.64, 2.48 H6, 6.84 
H', 6.60 

8.60 5.01 2.81, 3.43 H6, 7.62, 7.24 
4.67 2.31 2.10 H6, 4.12, 4.12 

8.54 4.00, 4.1 1 
7.28 4.48 4.40 1.16 
8.89 4.35 3.01, 3.06 Ha, 7.32, 6.68 
7.41 4.40 1.88 0.75, 0.86 
8.87 4.17 2.62 1.23, 0.95 
8.91 5.01 2.56, 2.83 H6, 7.55, 6.84 
7.77 4.92 3.14, 3.27 Ha, 7.26 

N'H, 7.32 

He, 8.62 
9.17 3.79 2.21 0.92. 1.18 

4.99 1.79, 2.63 2.25: 2.13 H6, 3.94, 4.49 
8.82 5.68 3.17, 3.29 H6, 7.41 

H', 8.71 
8.53 4.67 2.15 1.18, 1.09 
8.84 3.42, 4.34 

' Stereospecific assignments were obtained for those 8-methylene protons and for those y-methyl protons of valines that are italic (Hyberts et al., 
1987). In these cases, the numbers listed first and second correspond to H@z and H@l, respectively (for 8-methylene protons), and to H71 and HT2, 
respectively (for y-methyl protons of valines). 

DQF-COSY spectrum in 2 H 2 0  that contains the a-/3 cross 
peaks of all residues with long side chains. Besides the five 
leucines, eglin c contains four arginines, two lysines, five 
glutamic acids, two glutamines, and six prolines. The chemical 
shifts are listed in Table I .  The a-/3 cross peaks of Pro 38 are 
outside the spectral range displayed in Figure 4. They can 
be seen in Figure 3A where they are labeled with an asterisk. 
The y-protons of the glutamines and the glutamic acids were 
obtained from a TOCSY spectrum. The other resonances of 
the long side chains that are listed in Table I were obtained 
from TOCSY spectra in H 2 0  and *H20. In particular, we 
have assigned the lysine side chains completely. All arginine 
side chains were assigned out to the N'H protons, and for Arg 
51 the side-chain NTH guanidinium protons could also be 
assigned, showing strong NOES to the N'H proton. This was 
possible because the N'H proton of this residue is unusually 
far shifted to lower field (9.12 ppm; see Table I). Therefore, 
the resonance is well resolved from the signals of the other 
labile protons of this side chain, and NOE's are resolved, 

whereas in most other cases N'H protons and NqH guanidi- 
nium protons are nearly degenerate and cross peaks merge with 
the diagonal. 

Aromatic Side Chains. The elucidation of the spin systems 
of the aromatic side chains was achieved with a combination 
of double quantum spectra (Figure 5A), double quantum 
filtered COSY, and heteronuclear lH-I3C COSY spectra. The 
connectivities between the aromatic spin systems and the re- 
spective @-protons were obtained from a NOESY spectrum 
in 2H20,  which is documented in Figure 5B. Five of the six 
tyrosines have well-separated resonances (Tyr 24, Tyr 29, Tyr 
35, Tyr 49, and Tyr 56) so that the cross peaks can readily 
be recognized in COSY and double quantum spectra. Tyr 32 
was more difficult to assign. No cross peak could be found 
for this sixth tyrosine in the DQ spectrum (Figure SA) and 
in a DQF-COSY. It could only be identified with a hetero- 
nuclear COSY spectrum. At the w,-position of the C6 carbon 
resonances there are cross peaks for six tyrosines. The sixth 
tyrosine at a proton chemical shift of 6.97 ppm must be Tyr 
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FIGURE 4: Assignment of the a-j3 cross peaks of the residues with 
long side chains in another expansion of the same DQF-COSY 
spectrum as shown in Figure 1. 

32. The fact that it is not visible in the DQ spectrum and in 
the DQF-COSY spectrum can only be explained by a complete 
degeneracy of the 6- and e-protons. The resonance position 
at  6.97 ppm coincides with those of the e- and the (-proton 
resonances of Phe 55. Thus, this tyrosine could not have been 
identified without the heteronuclear experiment where the 
proton degeneracy is resolved by the resolution along the 
carbon axis. The spin system of Phe 25 was elucidated from, 
the DQ spectrum (Figure 5A). All resonances are well re- 
solved, and the signal at  wz = 7.39 ppm can be assigned to 
the &protons on the basis of the small multiplet splitting 
(doublet) whereas the other two signals have the characteristic 
COSY triplet structure where the center component is can- 
celed. The identification of the &proton resonances is con- 
firmed by observation of a NOESY cross peak to the @-pro- 
tons. For Phe 10 and Phe 55 the &proton resonances are well 
resolved, but the e- and the (-protons are degenerate. The 
&protons can be identified as such from the NOESY cross 
peaks to the @-protons (Figure 5). The 4-protons can only be 
resolved from the 3,5-protons in the heteronuclear spectrum 
due to the separation of the 4-carbon resonance from the 
e-carbon resonance along the q-axis. For Phe 3 and Phe 36 
all aromatic resonances have very similar chemical shifts 
(Figure 5A). The &proton resonances can be identified from 
the NOESY cross peaks to the @-protons in Figure 5B. In 
the heteronuclear lH-13C spectrum the resonances are better 
resolved and can readily be identified since the (-carbon 
resonance is always shifted to higher field relative to the 6- 
and e-carbon resonances. The histidine 6- and €-proton reso- 
nances have well-resolved COSY cross peaks, and the con- 
nectivities to the @-protons are obtained from the NOESY 
spectrum of Figure 5B (see Table I). 

N H  Connectiuities. Figure 6 shows the fingerprint region 
of a COSY spectrum of eglin c in HzO at 36 OC. This 
spectrum, a DQF-COSY at 20 OC, a RELAY, and a TOCSY 
spectrum provided unambiguous connectivities between 
backbone amide protons and the spin systems of the nonlabile 
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FIGURE 5 :  Connectivities between aromatic spin systems and j3-protons. 
The assignments of the aromatic spin systems are shown in a DQ 
spectrum (A). Connectivities to the /?-protons of the same residues 
were obtained in a NOESY spectrum (B). 

protons. In the TOCSY spectrum we obtained, in addition, 
connectivities between the side-chain amino groups of the 
lysines and the rest of the side chains, as well as between the 
N'H of arginines and the y-methylene protons. The H' of Arg 
51 has an unusual low-field shift and is resolved from the 
proton resonances of the guanidinium group. Therefore, we 
can observe NOES to the latter resonances. These signals are 
located at  6.58 and 6.64 ppm. Both signals are broad. The 
assignments of these signals are important since, according 
to the crystal structure, the side chain of Arg 5 1 is involved 
in several hydrogen bonds stabilizing the proteinase binding 
loop. 

Sequential Assignments. The connectivities obtained in the 
process of sequential assignments are summarized in Figure 
7. We follow the standard notations for daN, dNN, and dflN 
connectivities as introduced and used previously (Wagner & 
Wuthrich, 1982; Wuthrich et al., 1982, 1984). For prolines, 
connectivities to the &protons stand in place of connectivities 
to the amide protons. Filled circles in the first line of Figure 
7 indicate slow amide proton exchange at  pH 3.0, 20 OC. 
Amide proton exchange rates were measured quantitatively 
in NOESY spectra of proteins dissolved in ZHzO. The se- 
quential NOESY connectivities were obtained from spectra 
at  different mixing times (50, 75, 100, 150, and 200 ms), at  
36 "C. A few additional spectra were recorded at  20 OC to 
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protons of these two residues coincide (Table I) so that se- 
quential connectivities cannot be distinguished from intrare- 
sidue cross peaks. 

Figure 9A shows daN connectivities from Thr 1 to Gly 4. 
Since the N-terminal region of eglin seems to be mobile, re- 
sidual J contributions are present in the intraresidue cross 
peaks for Thr 1 and Glu 2. Figure 9B shows daN connectivities 
from Gly 4 to Ser 5, from Leu 7 to Phe 10, from Pro 11 to 
Val 14, from Gly 15 to Lys 16, and from Thr 17 to Gln 20. 
The connectivity between Ser 5 and Glu 6 cannot be identified 
unambiguously because it coincides with the intraresidue peak 
of Glu 6. The connectivity between Glu 6 and Leu 7 is par- 
tially overlapped between the intraresidue cross peaks of Ser 
5 and Leu 7 (see Figure 9B). The das connectivity between 
Phe 10 and Pro 11 is in another part of the spectrum and very 
strong. The cross peak between Val 14 and Gly 15 coincides 
with the intraresidue peak of Gly 15 and cannot be identified 
unambiguously. Figure 9C shows all the daN connectivities 
between Ala 21 and Tyr 29. A daN connectivity between Gln 
20 and Ala 21 cannot be established unambiguously because 
of the near degeneracy of the a-protons of both residues. A 
da6 connectivity is observed between Tyr 29 and Pro 30 (not 
shown). Figure 9D shows the daN connectivities from Pro 30 
to Leu 37, from Pro 38 to Ser 41, from Pro 42 to Asp 46, and 
from Arg 48 to Tyr 49. The dad connectivities between Leu 
37 and Pro 38 and between Ser 41 and Pro 42 are observed 
in a 2 H 2 0  NOESY spectrum. The daN connectivity between 
Asp 46 and Leu 47 cannot be obtained because the amide 
protons of both residues are nearly degenerate. For the same 
reason neither a dNN nor a dSN connectivity can be identified. 
This is the only part of the sequence where there is a break 
in the sequential connectivities. The daN connectivity between 
Leu 47 and Arg 48 is bleached out by solvent irradiation. 
Figure 9E shows the daN connectivities from Tyr 49 to Asn 
57, from Gly 59 to Val 66, and from Pro 67 to Val 69. The 
dsN connectivities between Pro 58 and Gly 59 overlap with the 
intraresidue cross peaks of Gly 59. Therefore, the sequential 
connectivities between Pro 58 and Gly 59 rely only on the dpN 
connectivities (Figure 8). The daN connectivity between Pro 
58 and Gly 59 is absent because the H" of Pro 58 overlaps 
with the water signal (Table I). The connectivity is present 
at lower temperature, but it overlaps with the intraresidue cross 

3'11 

I I 

g H 6 6  

- 6 0  
3 F 5 5  

-----a 
Q I P P ~ I  9 0  

FIGURE 6: Region of the HN-Ha cross peaks in a DQF-COSY 
spectrum in H 2 0  (fingerprint region). 

resolve problems of overlap with the water resonance. The 
documentation is given in spectra with a mixing time of 200 
ms, 36 "C. Figure 8 shows dNN connectivities; Figure 9 
provides daN connectivities. In Figure 9 we have used the same 
representation of daN connectivities as first described in the 
assignments of metallothionein 2 (Wagner et al., 1986). The 
rectangular boxes indicate the positions of the intraresidue 
NH-Ha cross peaks, for which the positions are known from 
the COSY of Figure 6. From these boxes horizontal lines lead 
to sequential daN cross peaks connecting with the following 
residue; vertical lines lead to the preceding residue. daN 
connectivities listed in Figure 7 that are not shown in Figure 
9 were observed at the lower temperature (20 " C ) .  At least 
one sequential connectivity was found for each peptide link, 
except for the sequence Asp*-Leu4'. This is because the amide 
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(i,i+2) NOE. No attempts have been made so far to char- 
acterize the types of turns. 

A summary of all interresidue NOE's is given in the NOE 
distance plot of Figure 1 1 .  The data represent 820 interre- 
sidue NOE's. The upper triangle of Figure 1 1  shows all 
NOE's; the lower triangle lists only the backbone-backbone 
NOE's. The antiparallel arrangement of the strands Lys 8 
to Val 18 and Val 62 to Val 69 can readily be recognized. The 
interruption of the antiparallel @-sheet by the helix on one 
strand and the @-bulge on the other strand is manifested in 
a lack of interstrand contacts (Figures 10 and 11). The second 
antiparallel @-sheet and the parallel @-sheet are also clearly 
manifested in the distance plot of Figure 1 1 .  

The structure of the binding loop (Pro 42 to Asp 46) is very 
poorly characterized by NOE constraints. Besides intraresidue 
and sequential NOE's, there is only a single medium-range 
NOE between the N H  of Asp 46 and the methyl group of Thr 
44. In the crystal structure of the complex of eglin c with 
subtilisin Carlsberg, the conformation of the binding loop is 
stabilized by H-bonds between the side chains of Arg 5 1 and 
Arg 53  and the C-terminal carboxyl group of Gly 70 on the 
one side and the side-chain hydroxyl group of Thr 44, the 
main-chain carbonyl of Thr 44, the N H  of Asp 46, and the 
side chain of Asp 46 on the other side. In addition, there are 
a number of H-bonds between an internal water molecule and 
the residues Thr 44, Asp 46, and Arg 51 (Bode et al., 1986, 
1987; McPhalen & James, 1987). H-bonds are difficult to 
characterize by NMR. Involvement of a N H  in an intra- 
molecular H-bond can be recognized by observation of slow 
hydrogen exchange. However, identification of the H-bond 
acceptor has been possible so far only within regular secondary 
structures where also NOE's are observed which are charac- 
teristic for this type of secondary structure. If the H-bond 
acceptor is a titrable group, and the pK, of this titrable group 
is known, the interaction with the H-bond donor may be 
recognized from a large pH-dependent chemical shift change 
of the proton of the H-bond acceptor. This is not the case for 
the H-bonds to side chains that are supposedly stabilizing the 
binding loop of eglin c. 

In the crystal structure of the complex between eglin c and 
subtilisin Carlsberg, the eglin strand Pro 42 to Leu 45 is the 
central strand of a triple-stranded @-sheet where the two outer 
strands belong to the proteinase (Bode et al., 1986). It can 
therefore be expected that there are differences in the struc- 
tures of free and complexed eglin c. Indeed, the H-exchange 
rates measured for free eglin c (Figure 7) are inconsistent with 
a conformation of the binding loop identical with the con- 
formation of the complex. The amide protons of the residues 
Ser 41, Val 43, Leu 45, and Leu 47 exchange slowly although 
they are not involved in intramolecular H-bonds in the crystal 
structure of eglin. This indicates that this part of the molecule 
has a different structure in the free inhibitor. There is other 
evidence that the binding loop has a slightly different con- 
formation in the free inhibitor. For example, in the crystal 
structure of the complex, the side chain of Arg 53 forms 
hydrogen bonds with side-chain and main-chain oxygens of 
Thr 44, and the 6- and e-protons of Arg 53 are in close contact 
with the @-proton and the y-methyl groups of Val 43 so that 
strong NOE's would be expected. We also have simulated the 
NOESY spectrum of eglin c (Beeson, Hyberts, and Wagner, 
unpublished results) with the coordinates of the crystal 
structure (Bode et al., 1987), using the CORMA algorithm 
(Keepers & James, 1984). This simulation yields strong 
NOESY cross peaks between the two residues Arg 53 and Val 
43. However, in the experiment the expected NOE's are 

9 6  8 8  8 0 wz(ppm) 7 2 

FIGURE 8: d" connectivities as observed in a NOESY spectrum of 
eglin in HzO, recorded with a mixing time of 200 ms. 

peak of Val 69. We observe a strong da6 connectivity between 
Val 66 and Pro 67 in NOESY spectra in 2H20.  The daN 
connectivity between Gly 70 and Val 69 is absent since the 
Ha of Val 69 (see Table I) is bleached out by the water ir- 
radiation at this temperature. The connectivity is seen at 20 
OC. We have recorded a NOESY spectrum in 2H20  with a 
high signal-to-noise ratio, with a mixing time of 200 ms. In 
this spectrum we observed a few daa(i,i+l) connectivities. 
These are summarized in Figure 7. All of these cross peaks 
are very weak, and there is no evidence for cis peptide bonds. 

Secondary Structure. We have analyzed the NOE's for 
typical patterns of regular secondary structures. These are 
presented in Figure 7. There is evidence for two helical 
structures in the N-terminal region of the protein. The first 
extends from Phe 10 to Val 13 and the second from Val 18 
to Tyr 29. For both helices we observe strong dNN connec- 
tivities in a 50-ms NOESY spectrum (not shown). We also 
observe a number of characteristic daN(i,i+3) and daa(i,i+3) 
NOE's (Figure 7). For the first helix we see three daN(i,i+2) 
N O E S  similarly as for the beginning of the second helix. Only 
for the second helix do we observe a larger number of dNN- 
(i,i+2) NOE's. At this stage the experimental data do not 
distinguish whether these helices are a-helices or 3 lo-helices 
since we have no resolved daN(i,i+4) NOE cross peaks which 
would identify a helix as an a-helix (Wuthrich et al., 1984). 

There is experimental evidence for an irregular four- 
stranded @-sheet. The summary of the NOE's observed and 
the patters of slowly exchanging amide protons are given in 
Figure 10. Lys 8 to Phe 10 form a short antiparallel sheet 
with His 68 and Val 69. Lys 16 and Thr 17 are in an anti- 
parallel sheet with Val 62 and Val 63. The strands Lys 8 to 
Val 18 and Val 62 to Gly 70 can be considered a longer 
@-sheet, interrupted by a short helix on the one strand and a 
&bulge on the other strand (Figure IO). The strand from Val 
62 to Val 63 forms an antiparallel @-sheet with Tyr 56 to Asn 
57, and Val 69 shows NOE's to Val 52 (Figure 10). The 
strands Arg 51 to Asn 57 and Asp 33 to Glu 39 form a regular 
parallel @-sheet. 

The N O E S  summarized in Figure 7 indicate that there are 
turns centered at Gly1s-Lys'6, P ~ O ~ O - G I ~ ~ ~ ,  Gly@-Ser4l, 
Leu4'-Arg4*, T ~ r ~ ~ - A r g ~ ' ,  GlyS9-VaP2, and A ~ n ~ ~ - H i s ~ ~ .  
However, only for residues T ~ r ~ ~ - A r g ~ l  do we observe a daN- 
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FIGURE 9: daN connectivities as observed in a NOESY spectrum of eglin in H 2 0 ,  recorded with a mixing time of 200 ms: (A) Thr 1 to Gly 
4; (B) Gly 4 to Ser 5, Leu 7 to Phe 10, Pro 11 to Val 14, Gly 15 to Lys 16, and Thr 17 to Gln 20; (C) Ala 21 to Tyr 29; (D) Pro 30 to Leu 
37, Pro 38 to Ser 41, Pro 42 to Asp 46, and Arg 48 to Tyr 49; (E) Tyr 49 to Asn 57, Gly 59 to Val 66, and Pro 67 to Val 69. 
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FIGURE 10: Schematic drawing of the regular secondary structure elements of eglin c. The helical segments are indicated with horizontal 
cylinders; the @-sheet structures are drawn explicitly. The NOES observed in the &sheets are indicated with arrows. Slowly exchanging amide 
protons are in bold letters. 
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FIGURE 1 1: Diagonal plot of interresidue NOE distance constraints. 
The axes are calibrated with the amino acid sequence numbers. Each 
square indicates that at least one NOE was observed between the two 
residues in NOESY spectra of 50, 75, 100, or 200 ms. The data of 
this figure represent a total of 820 interresidue NOE‘s. The upper 
triangle contains all NOE constraints observed; the lower triangle 
contains only the backbone-backbone constraints. 

completely absent. That the contact between Arg 53 and the 
residues Val 43 and Thr 44 is not important for the function 
of eglin c has further been corroborated by the fact that 
mutation of Arg 53 to a lysine and also mutation of Thr 44 
to a proline do not affect the function of the inhibitor (Wagner 
et al., 1989; Griitter, Heinz, Hyberts, and Wagner, unpublished 
results). In the crystal structure of the complex with the 
proteinase, there is also a contact between the H‘ of Arg 5 1 
and the peptide amide proton of Arg 48, which would, ac- 
cording to the CORMA calculations, result in a strong NOE 

cross peak. However, in the experimental spectra it is com- 
pletely absent at mixing times between 50 and 150 ms. At 
200 ms its presence cannot be ruled out, but the cross peak 
would be only a little above the noise level, whereas in the same 
spectrum more than 800 interresidue NOE’s are clearly ob- 
servable. There are several other minor differences between 
the crystal structure of the inhibitor in the complex with the 
proteinase. These include, in particular, orientations of side 
chains such as histidines and valines. These may in part be 
due to the different pH at which the NMR and the X-ray 
studies were carried out. We have performed most of the 
spectroscopy at  pH 3.0 to keep amide proton exchange slow 
and to increase the solubility of the protein. However, we have 
recorded 1D spectra at pH values between 2 and 8 using dilute 
samples. Qualitatively, the main features of the spectra do 
not change up to pH 8. We also have recorded 2D spectra 
up to pH 5 with the purpose to measure individual pK,’s; 
however, we did not exhaustively analyze these spectra. We 
did not find significant changes of the spectra. However, 
details, such as the orientation of individual side chains, could 
not be followed in this pH-variation study. At present, we are 
carrying out structure calculations. They result in confor- 
mations similar to those of the crystal structure of the complex, 
as far as the core of the protein is concerned, whereas the 
binding loop is little constrained and many different confor- 
mations of this strand are possible. Details of the structure 
calculation will be described in a subsequent publication. 
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