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1. Introduction 

The basic pancreatic trypsin i~ibitor (BPTI) is a 

well characterized [1,2] small globular protein which 
functions as an inhibitor of trypsin and other 

proteases [3]. BFTI was extensively investigated by 
nuclear magnetic resonance (NMR) techniques 
[4-g]. In addition to the interest for a better 
understanding of the structure-function relations 
in protease-inhibitor systems, these data also 

provided new insights into general aspects of 
protein structure and relations between NMR 
spectral properties and protein conformation. To 
further pursue these different areas of interest we 
have started additional investigations using high field 
13C NMR at 90.5 MHz. The present paper illustrates 
the advantages of the high field for the identification 
of individual resonance lines of protonated carbon 
atoms, in particular methyl carbons, and reports 
conformation dependent chemical shifts for numerous 

methyl 13C resonances in BPTI. 
While principal aspects of high field 13C nuclear 

magnetic resonance (NMR) of biological molecules 
have been much discussed [IO,1 11, relatively few 
experiments with proteins have so far been reported 
[ 12- 141. Much emphasis has actually been on work 
with extra large sample sizes at the lowest field 
strength commonly used in high resolution NMR, 
which were shown to be favorable conditions for 
studies of non-protonated carbons [15-171. The high 
field 13C NMR experiments so far mainly included 
investigations of the field dependence of the spin 
relaxation times [12,14] and a study of the pH 
titration of carboxyl groups in lysozyme [ 131. In the 
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present experiments with BPTI the main emphasis is 

on using the potential of high field 13C NMR for 
studies of protonated carbons, which also depend 

critically on the improved resolution of the ‘H NMR 
spectra of proteins at higher fields [ 181. 

2. Materials and methods 

The basic pancreatic trypsin inhibitor (BPTI, 
Trasylol@, Bayer Leverkusen, Germany) was 
obtained from the Farbenfabriken Bayer AG. For 
the NMR studies 0.025-0.05 M solutions of the 
protein in DzO were prepared. Different pD-values 
were obtained by the addition of minute amounts 

of 1 M DC1 or NaOD. The pD-values reported in 
the figures and the table are pH meter readings 
uncorrected for isotope effects. Dioxane was used 

as an internal reference. 
13C NMR spectra at 90.5 MHz were recorded on 

a Bruker HXS360 spectrometer. The 13C NMR 
spectrum at 25.2 MHz was obtained on a Varian 
XL100 spectrometer. Additional experimental 
details are given in the figure captions. 

3. Results 

Figure 1 shows the natural abundance 13C NMR 
spectra of BPTI at 25.2 MHz and 90.5 MHz. The 
improved spectral resolution attained at high field, 
in particular for the protonated carbon atoms 
observed in the regions O-80 ppm and 1 lo- 140 ppm, 
was essential for the experiments described below. 
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F&l. Natural abundance ‘H no&decoupled FT r3C NMR spectra at 25.2 MHz and 90.5 MHz of a 0.025 M solution of the basic 
pancreatic trypsin inhibitor (BPTI) in DIO, pD = 8.2, T = 35”C, accumulation time 12 h. At 25.2 MHz, the sample diameter was 
12 mm, 54 000 transients were accumulated with a recycle time of 0.8 s, the-digital resolution is 1.25 Hz/point. At 90.5 MHg 
the sample size was 10 mm, 86 000 transients were accumulated with a recycle time of 0.5 s, the digital resolution is 2.5 Hz/point. 
At both frequencies, a digital broadening of 1 s was applied. 

Here the discussion is limited to the methyl carbon 
reson~~s between 0 ppm and 25 ppm. A more 
detailed discussion of the entire spectrum will appear 
elsewhere (R. Richarz and K. Wiithrich, manuscript 
in preparation). 

The individual methyl 13C NMR lines were 
related to the corresponding proton resonances by 
heteronuclear off-resonance double irradiation 
experiments. Figure 2 i~ustrates the quality of the 

Fig.2. Spectral region from O-25 ppm of the FT ‘“C NMR 
spectrum at 90.5 MHz of a 0.05 M solution of BPTI in 
D,O, pD = 4.2, T = 35°C. (A) ‘H Noise-decoupled spectrum. 
The methyl resonances are indicated by the letters a-t. 
(B) Off-resonance selective ‘H irradiation of 1.0 W at 4.0 ppm. 
For each of the spectra A and B, 100 000 transients were 
accumulated with a recycle time of 0.5 s The resonance 
intensities indicated by the letters in spectrum A were 
confirmed by experiments with different selective proton 
irradiation frequencies. 

$1, 90.5 MHZ 
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spectra obtained with this technique. In this 
particular experiment, the proton irradiation was 
applied at 4.0 ppm. As all the 20 methyl proton 
resonances in BPTI are between 0.6 ppm and 
2.2 ppm [9], this resulted in relatively large residual 
spin-spin couplings. Since only aliphatic methyl and 
methylene carbon resonances are expected to occur 
at higher field than 23 ppm [18], fig.ZB shows 
readily that all the 17 resonances a-q must come 
from methyl groups, and that the resonance line 

marked r, s (t) contains at least two, more likely 3 
methyl resonances. In all, at least 19 and quite 
possibly all the 20 methyl resonances in BFTI had 
thus been observed. 

In additional off-resonance experiments, where 
selective proton irradiation was applied at various 
frequencies between 0.60 ppm and 2.15 ppm, the 
methyl carbon resonances a-t were assigned to the 
different types of amino acid residues in BPTI 
(table 1). These experiments were based on the 

Table 1 
r3C NMR chemical shifts, S(‘“C), and assignments of the methyl carbon 

resonances in BPTI 

r3C NMR Double resonance experiments 

Resonance 6(“C)a ‘H Decouplingb 
(see fig.2) (ppm) (ppm) 

Resonance assigmnentC 

a 9.13 0.68 f 0.04 k-6 
b 12.37 0.70 + 0.02 Ile-6 
C 14.97 2.23 * 0.07 Met 52-e 

d 15.70 0.76 + 0.03 

1 19.69 0.85 + 0.04 

16.02 1.06 i 0.02 
16.67 1.00 f 0.04 
17.32 1.61 f 0.07 
17.91 1.19 f 0.10 
18.04 1.19 f 0.10 
18.25 1.33 f 0.02 
18.69 1.24 f 0.04 

19.69 
20.63 
20.70 

20.73 

1.41 f 0.04 
1.63 f 0.06 
0.62 f 0.03 

0.85 * 0.03 

21.49 0.94 f 0.02 

Ala-p 
Ile+ 
Ala-P 

Thr-Y 
ThW 
Ala 58-p 
Ala 16-p 
Val+, y* 
or Leu-d’, 6’ 

I 

or 1167’ I 

Thr-7 
Ala-0 
Ala-p 
Val-y’, -y* 
or Leu-8 I, 8’ I 
Val+ , ‘y2 
or Leu-6’. 6’ I 

r 23.3 
S 23.3 
t > 23.3 

a13C Chemical shifts are relative to external TMS, where internal dioxane was 
taken to be at 67.8 ppm. T = 35”C, pD = 6.5. 

blH Decoupling frequency in ppm from internal TSP determined by a linear least 
squares fit of the ‘H frequency-dependence of the residual spin-spin couplings. 
(see text). 

CThe resonance assignments,are based on comparison of the ‘H decoupling 
frequencies determined by the ‘H-‘sC double resonance experimentsb with the 
previously established ‘H chemical shifts [9]. 
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good resolution of the methyl resonances in the 

high field ‘!I NMR spectrum of BPTI at 360 MHz 
[9,19] and on the previous assignments of the 
methyl ‘H NMR lines to the different types of 
amino acid residues [8,9]. Furthermore, they used 

that over a certain range the residual ‘H-13C 
spin-spin coupling varies linearly with the proton 

irradiation frequency [20,21]. Individual 13C 
resonances could thus by least squares fits of the 

‘H frequency dependence of the residual spin-spin 
couplings be related to individual ‘H resonances 
(table 1). A more detailed documentation of these 

experiments will be given elsewhere (R. Richarz and 
K. Withrich, manuscript in preparation). 

Three of the methyl 13C resonances were further 
assigned to specific residues in the amino acid 

sequence of BPTI (table 1). For the 13C resonances 
k and j the assignments to Ala 16 in the active site 

of BPTI and the C-terminal Ala 58, respectively, 
resulted from the previous identification of the 
corresponding ‘H NMR lines. The assignment of the 
“C resonance j to Ala 58 could also be directly 
confirmed from its pH titration, with a pK, c 2.9 
and a titration shift of 0.8 ppm. The assignment of 
resonance c to Met 52 was straightforward on the 
basis of the amino acid composition. 

4. Discussion 

Reliable identification of the spin systems of the 
different types of amino acid residues and assignment 

of resonances to specific positions in the amino acid 
sequence are the key to meaningful applications of 
NMR for structural studies of proteins. The present 
experiments demonstrate the advantage of using high 
fields for studies of protonated carbon atoms. Table 
1 shows that while at the highest presently available 
field strength of 84 kG unambiguous identification 
of corresponding ‘H and 13C resonances was possible 
for the methyl groups of Ala, Thr, Met and Ile-6 in 
BPTI, establishing 1 : 1 correspondences for the 
‘H and 13C resonances of Val, Leu and Ile-y2 was 
still limited mainly by the small separations of the 
individual ‘H NMR lines [9]. 

The potential interest of NMR relaxation times 
of protonated carbons for studies of dynamic 
aspects of protein structure is well recognized 

[7,10-12,14,18]. Since the methyl carbons give 
quite prominent lines in the 13C NMR spectra of 
proteins, they are attractive as spectroscopic 
probes also from the point of view of ease of 
observation. It is, e.g., quite conceivable that certain 
methyl resonances of BPTI will also be observable 
in the complexes with proteases. The data in table 1 

provide a basis for more meaningful structural 
interpretation of methyl carbon relaxation times 

and spectral changes in BPTI, which may, e.g., arise 
from the interactions with proteases or from the 
addition of paramagnetic NMR probes to systems 
including BPTI. Experiments currently in progress 
showed that the assignments of Ala-l 6 in the active 

site and the C-terminal Ala-58 are of particular 
interest for studies of structure-function relations 

in BPTI. 
It is an important aspect of the present experiments 

that they yield data on conformation-dependent 13C 

chemical shifts of the methyl groups, which may 
hopefully contribute to establish additional empirical 
relations between 13C chemical shifts and polypeptide 
conformation [18]. Meaningful values for dispersions 
of 13C chemical shifts for methyl groups in BPTI 
are 4.7 ppm for the six Ala, 3.3 ppm for the two 

Be C, and 1.8 ppm for the three Thr. The ‘random 
coil’ chemical shifts obtained from model peptides 

are 17.7 ppm for Ala, 11.3 ppm for Ile C, and 
20.0 ppm for Thr [18]. Table 1 shows that in BPTI 
both high and low field shifts of the methyl resonances 
arise as a consequence of the folding of the peptide 
chain. The extent of the shifts is comparable to the 
conformation-dependent shifts of quaternary 
aromatic carbons reported for lysozyme [ 151. For 
Met 52 the methyl “C chemical shift coincides with 
the random coil value [18], and the Ile C, resonance 

f is shifted downfield by 1 .O ppm. The remaining 
seven methyls of Val, Leu and Be C, are in the range 
15.7- Z 23.3 ppm, while the corresponding random 
coil values are between 15.7 ppm and 23.1 ppm [18]. 
The distribution of the chemical shifts for these 
resonances (table 1) indicates again the occurrence of 

conformation-dependent shifts of the order of one to 
several ppm for individual lines. Comparison of 
corresponding methyl 13C and ‘H [9] chemical shifts 
shows that the 13C resonances experience more 
extensive conformation-dependent chemical shifts. 
For example, the total range covered by the six 
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methyls of Ala is 4.7 ppm for “C and 1 .O ppm for 
‘H and for the three methyls of Thr the corresponding 
numbers are 1.8 ppm and 0.2 ppm. The most striking 
observation is that the &methyl 13C resonances of the 
two Be differ by 3.3 ppm, while the corresponding ‘H 
lines differ by < 0.01 ppm [9]. The h-carbon chemical 
shifts of Be thus appear to be particularly sensitive to 
certain aspects of the protein conformation, which 
might be of potential practical interest. Experiments to 
relate the conformation-dependent r3C chemical shifts 
with other paramaters, e.g., the relaxation times, are 
currently in progress. 
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