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Individual Assignments of the Methyl Resonances in the lH Nuclear 
Magnetic Resonance Spectrum of the Basic Pancreatic Trypsin 
Inhibitor? 

Kurt Wiithrich,* Gerhard Wagner, Ren6 Richarz, and Stephen J. Perkins 

ABSTRACT: In earlier work the resonances of the 20 methyl 
groups in the basic pancreatic trypsin inhibitor (BPTI) had 
been identified in the 360-MHz ' H  nuclear magnetic reso- 
nance ( N M R )  spectra and most of the methyl lines had from 
spin-decoupling experiments been assigned to the different 
types of amino acid residues. The assignments to the different 
amino acid types were now completed by studies of the satu- 
ration transfer between the denatured and the globular forms 
of the inhibitor and by spin-decoupling experiments in nuclear 
Overhauser enhancement (NOE) difference spectra. These 
distinguished between the methyl resonances of Ala and Thr. 
Furthermore, for most of the methyl resonances, individual 
assignments to  specific residues in the amino acid sequence 

T h e  basic pancreatic trypsin inhibitor (BPTI) is a small 
protein which regulates the function of proteases (Tschesche, 
1974a,b). In its biological role, BPTI '  forms quite outstand- 
ingly stable complexes with trypsin and other proteolytic en- 
zymes (Tschesche, 1974a,b; Laskowski & Sealock, 1971). 
Studies of the intermolecular contacts in  these complexes are  
of interest both to investigate the structural basis of the bio- 
logical function of BPTl and more generally to gain further 
insight into the nature of intermolecular protein-protein in- 
teractions. High resolution nuclear magnetic resonance 
( N M R )  is a suitable technique to complement the single 
crystal x-ray data on the trypsin-BPTI complex (Riihlmann 
et al., 1973; Huber  et al., 1974) by measurements in solution 
(Wuthrich, 1976). In this context it is then of interest that the 
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were obtained from measurements of intramolecular pro- 
ton-proton NOE's, use of lanthanide N M R  shift and relaxa- 
tion probes, and comparative studies of various chemically 
modified forms of BPTI. These data provide the basis for in- 
dividual assignments of the methyl I3C N M R  lines in BPTI 
and for detailed investigations of the relations between the 
spatial structure of the protein and the chemical shifts of the 
methyl groups. The methyl groups in BPTI are  of particular 
interest since they are located almost exclusively on the surface 
of the protein and thus represent potential natural N M R  
probes for studies of the protein-protein interactions in the 
complexes formed between BPTl and a variety of proteases. 

methyl groups in BPTI are  located almost exclusively on the 
surface of the protein (Deisenhofer & Steigemann, 1975) and 
are  thus potential natural N M R  probes for studies of inter- 
molecular interactions of BPTI. To  provide a basis for such 
experiments, the present paper describes a ' H  N M R  investi- 
gation of the methyl groups in the isolated form of BPTI. 

BPTI has a molecular weight of 6500 and consists of one 
polypeptide chain with 58 amino acid residues (Tschesche, 
1974a,b). The amino acid sequence includes 15 amino acid 
residues which contain methyl groups, i.e., 6 Ala i n  the posi- 
tions 16 ,25 ,27 ,40 ,48 ,  and 58, Val-34,2 Leu in the positions 
6 and 29 ,2  Ile in the positions 18 and 19 ,3  Thr in the positions 
11, 32, and 54, and Met-52 (Kassell & Laskowski, 1965). 
Previously, the resonances of the 20 methyl groups were 
identified in the 'H N M R  spectrum at  360 M H z  (De Marco 
et at., 1977). T o  relate the N M R  parameters with aspects of 
the protein structure, these resonances had to be assigned to 
specific protons in the polypeptide chain. Since in the primary 
structure of BPTI most of the different types of amino acid 
residues are  contained more than once, two levels of resonance 
identification had to be considered (Wuthrich, 1976). First, 
in the previous paper (De Marco et al., 1977) the spin systems 
of most of the different types of amino acids had been distin- 
guished by spin-decoupling experiments. The assignments on 
this level were now completed by additional double irradiation 
techniques which resulted in the distinction between the methyl 
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F I G L R F  I Plot of the UOE c s  the correlation time for isotropic reori- 
entation for d pair of protons The curve\ are gi\en for t w o  field strengths 
correcponding t o o  = 6 28 X lo8 s-I and u = 2 26 X lo9 s-l ,  respectivelb 
(eq  1 - 6) 

resonances of Ala and Thr .  Second, the individual methyl 
resonances had to be assigned to specific positions in the amino 
acid sequence. It is the main purpose of the present article to 
describe how the second level assignments for most of the 
methyl lines in BPTI were achieved by a combination of dif- 
ferent N M R  techniques. For these experiments it was essential 
that the spin systems of the eight aromatic residues in BPTI, 
i.e., Phe-4, -22, -33, and -45, and Tyr-10, -21, -23, and -35, had 
previously been identified (Wagner et al., 1975, 1976). the 
resonances of the four Tyr had also been individually assigned 
(Snyder et al., 1975), and a highly refined crystal structure was 
available (Deisenhofer & Steigemann. 1975). 

Materials and Methods 
(a)  Preparation of N M R  Samples. The basic pancreatic 

trypsin inhibitor BPTI (Trasylol Bayer Leverhusen) was ob- 
tained as  a gift from the Farbenfabriken Bayer AG. Two 
chemically modified inhibitors, BPTI* and des-(A,R)-BPTI, 
for which the preparation was previously described (Jering & 
Tschesche, 1976), were obtained from Professor H.  Tschesche, 
Technical University Munich. In BPTI*, the peptide bond 
Lys-15-Ala-16 had been cleaved and in des-(A.R)-BPTI the 
polypeptide chain had been cleaved by removal of the amino 
acid residues Ala-I6 and Arg-17. The K M R  spectra of these 
modified forms of BPTI were previously investigated in detail 
(De Marco et al., 1977; Wagner, 1977). 

For the N M R  studies, 0.01 M to 0.001 M solutions of the 
inhibitor in D l O  were used. Solutions with different pD values 
were prepared by the addition of minute amounts of N a O D  
or DCI. The pD values reported in the paper are pH-meter 
readings uncorrected for isotope effects. 

For the experiments with lanthanides. stock solutions u ith 
0.05 M concentration of Gd(II1) and 0.5 M concentration of 
the other metal ions were prepared by dissolving the oxides \vith 
heating in D2O using 35% DCI (Perkins, 1977). The final so- 
lutions used for the experiments reported here contained 0.005 
M BPTI and 0.08 M lanthanide, with the exception of the 
measurements with Gd(II1) reported i n  Figure 8. N M R  ex- 
periments with Gd(II1) employed N M R  tubes treated with 
Repelcote (Hopkin and Williams Ltd.) to minimize the 
problems of Gd(II1) binding to the glassware (Jones et al., 
1974). In experiments a t  constant pD, piperazine-,V,ll"- 
bis(2-ethanesulfonic acid) (Sigma Chemical Co. Ltd.) was 
used as the buffer. 

IH NMR spectra were recorded on a Bruker HXS 360 
spectrometer. The spectral resolution was improved by digital 
filtering with the sine bell routine (De Marco & Wuthrich. 
1976). The  sample temperature in the probe was measured 
using an ethylene glycol standard. Chemical shifts are in ppm 
relative to internal DSS. 

(b) Nuclear Ouerhauser Enhancement (,VOE) Studies. The 
NOE for a pair of protons was long ago calculated for the sit- 

uation that dipole-dipole coupling between the tWo protons was 
the only relaxation mechanism and that the dipolar interaction 
was modulated by isotropic rotational motions (Solomon, 
1955). 

WOE = a/{) ( 1 )  

(7 = w. - wo ( 2 )  

p = w,, + 2w, + W? ( 3 )  

Wo, "1, and W2 are the transition probabilities between the 
eigenstates of the longitudinal components of the spin operators 
given by 

with 

(4 )  

where k = f z2T2 / r3 .  T R  is the correlation time for isotropic 
rotational motion. (*' the proton resonance frequency, y the 
gyromagnetic ratio, and r the distance between the two spins. 
I n  Figure 1 the K O E  for a pair of protons is plotted vs. TR. It 
is seen that for very short T K ,  i.e., for the situation of extreme 
motional narrowing (Abragani, 1962), the N O E  is +0.5 and 
is independent of the field strength Ho. In the T R  range between 

and I O p 8  s, the N O E  goes from +0.5 to -1 .  For these 
intermediate tumbling rates, the N O E  is markedly dependent 
on the field strength Ho. For TU longer than s the NOE 
is - 1 and is independent of Ho. 

In the interior of a globular protein, each individual proton 
is generally surrounded bg several nearby protons which all 
contribute to the spin relaxation. However, i f  the mutual di- 
pole-dipole coupling between two protons is much larger than 
the dipolar coupling mith any of the other protons in the protein 
molecule, Figure 1 may be used to estimate the N O E  expected 
between the two nearby spins. Since rotational correlation 
times for globular proteins are  typically of the order lov9 to 
1 OW7 s .  negative TiOE's can result. This expectation was borne 
out by earlier experiments (Balaram et at., 1972; Campbell et 
al.. 1974). Obviously. since i n  real proteins additional inter- 
actions may contribute to the proton relaxation, the curves in 
Figure 1 correspond to upper limits for the size of the N O E  to 
be expected. On the other hand, Figure 1 clearly illustrates the 
importance of using high field strengths for NOE experiments 
with small and medium sized proteins, where correlation times 
of to s prevail and hence the NOE's at  lower fields 
may be very small. 

In the present paper N O E  measurements were used to 
identify nearby methyl and tyrosine ring protons in the interior 
of the BPTI molecule. Computation of the values r;,-h, where 
ri, is the proton-proton distance between the methyl group i 
and the Tyr r ingj ,  in the refined crystal structure (Deisenhofer 
& Steigemann, 1975) had shown that outstandingly strong 
dipole-dipole coupling occurred for a small number of com- 
binations of methyl and tyrosine protons. Since the tyrosine 
resonances had previously been identified (Wagner et.al., 1975; 
Snyder et al., 1975), several methyl groups could thus be as- 
signed. 

The NOE was also employed to obtain improved spectral 
resolution in "NOE difference spectra" (Richarz & Wuthrich. 
1978a). With the use of suitable gating sequences, which are 
described in detail in the above reference, the difference be- 
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F I G U R E  2: The 360-MHz FT  IH N M R  spectrum between 0.5 and 2.2 
ppm of a 0.005 M BPTI solution in neutral D20 a t  45 O C .  The spectral 
resolution was improved with the sine bell routine (De Marco & Wiithrich, 
1976). The numbers indicate the multiplets of the 20 methyl groups in 
BPTI. 

tween a spectrum acquired with selective presaturation and 
a spectrum recorded without double resonance irradiation was 
obtained. Spin-decoupled NOE difference spectra were ob- 
tained when a double resonance irradiation frequency was 
applied during data acquisition. 

(c) Use o f h n t h a n i d e  Probes. On the basis of previous ex- 
perience (Dwek, 1973; Nieboer, 1975; Reuben, 1975; Dobson 
& Levine, 1976; Wuthrich, 1976), it can readily be argued that 
contact shifts are negligibly small in the experiments described 
here and hence only pseudocontact shifts need to be considered. 
The pseudocontact shift a t  a nucleus i,  bpi, is given by 

where D’ and D” are  ligand field parameters, and ri, 8i, and 
4; are  the spherical coordinates of the i th  proton, where the 
lanthanide is a t  the origin. O defines the angle between the 
principal axis z and the vector joining the metal ion with proton 
i, and 4, is the angular position in the plane perpendicular to 
z .  Equation 7 has been found empirically in many cases 
(Dobson & Levine, 1976) to reduce to the form for axial 
symmetry, either because D” is zero as  a consequence of true 
axial symmetry or because cos 2 4  becomes effectively zero by 
a dynamic averaging in solution. In such cases, only the first 
term of eq 7 is retained and the geometrical term relating the 
lanthanide-induced shifts with the molecular structure is 
simply (3 cos2 Oi - 1)ri-3. 

Besides producing pseudocontact shifts (eq 7), certain lan- 
thanides affect also the spin relaxation times (Solomon, 1955; 
Bloembergen, 1957; Dwek, 1973; Wuthrich, 1976). Here, 
Gd(II1) was used as a relaxation probe. From the Solomon- 
Bloembergen equation, the paramagnetic contribution to  the 
transverse relaxation time, T2,, is given by 

where only dipolar relaxation is considered. ri is the distance 
between the metal ion and the i th  proton, T~ the effective cor- 
relation time for the dipolar interaction, andf(Tc) is a complex 
function of T ~ .  In eq 8, the geometrical term relating T2 . to  
the molecular structure is r;-6. As the width of a Lorenztian 
line at  half-height in Hz is given by l / r T 2 ,  line widths increase 
upon binding of Gd(II1). These line broadening effects were 
detected by means of conventional NMR difference spectra, 
where the difference between a normal and a broadened 
spectrum was recorded (Dwek, 1973; Wuthrich, 1976). 

The analysis of the lanthanide shift and relaxation data was 
based on the refined crystal coordinates of BPTI (Deisenhofer 
& Steigemann, 1975) and the energy-refined coordinates of 
BPTI (Hetzel et al., 1976). I t  was assumed that  lanthanide 
binding occurred a t  the carboxyl groups of BPTI. The  lan- 
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FIGURE 3: a-carbon diagram of the BPTI inolecule obtained from a single 
crystal x-ray analysis (Huber et a]., 1971). The three disulfide bonds are 
also indicated. The figure illustrates structural features which were im- 
portant for the resonance assignments described in this paper. Amino acid 
residues are identified with one-letter symbols: A = Ala, V = Val, T = Thr, 
L = Leu, I = Ile, E = Asp, D = Glu, Y = Tyr, K = Lys. Furthermore, 
filled circles ( 0 )  indicate the residues bearing methyl groups and the four 
tyrosines are denoted by . The arrows point to the five carboxyl groups 
in BPTI, which are potential binding sites for lanthanides. The lysyl residue 
15 in the reactive site is next to the shaded area which covers the locations 
of the chemical modifications in  BPTI* and des(A,R)-BPTI. 

thanide coordinates a t  the carboxyl groups were generated 
using a metal-to-oxygen distance of 2.3 A and assuming bi- 
dentate ligation. The ro-6 and r ~ - ~  terms from each proton 
i to the metal positionj were computed in A-6 and A-3. In the 
calculation of the geometric terms corresponding to (3  cos2 Oi 

- 1) (eq 7), it was assumed that the principal symmetry axis 
of the lanthanide susceptibility tensor coincided with the di- 
rection of the C-C bond between the carboxyl carbon and the 
penultimate carbon atom (Dobson & Levine, 1976). 

Results 
The first part of this section describes the experiments used 

to resolve the remaining ambiguities in the assignments of the 
20 methyl resonances in BPTI (Figure 2) to the different types 
of amino acid residues (De Marco et  al., 1977). Three addi- 
tional parts, b-d, treat the procedures used for individual as- 
signments of methyl multiplets to specific residues. These 
studies were based on the features of the primary structure 
(Kassell & Laskowski, 1965; Jering & Tschesche, 1976) and 
the molecular conformation in single crystals (Huber e t  a]., 
197 1 ; Deisenhofer & Steigemann, 1975) which are  outlined 
in Figure 3. Reference points for locating individual methyl 
groups were the four tyrosyl residues, the resonances of which 
were previously studied in detail and individually assigned 
(Wagner & Wuthrich, 1975; Wagner et al., 1975; Snyder et 
al., 1975), the five carboxyl groups as  potential binding sites 
for lanthanides, and the sites of the chemical modifications of 
the protein in BPTI* and des-(A,R)-BPTI (Jering & 
Tschesche, 1976). A survey of the results is given in Table 
I .  



TABLF. I :  Methyl Resonance Assignments in the ' H N M R  Spectrum of the Basic Pancreatic Tr)psin Inhibitor: Resul t \  Obtained with the 
Different Techniques Described in This Paper (for Details See Text).  

__._ ______ 
New identifications of spin systems Individual resonance assignments 

Identifi- By spin de- By saturation By N O E  (aro- Using From Individual . .  
cation coupling in transfer between matics rclatcd I ant  h ii nide c hc ti1 ic;i I assignments 

from com- Rcso- of spin NOE differ- globular and de- to the methyls probes (nictcil iniodifi- 
nance" svstems' ence sDectra natured Drotein bv KOE)  bindine sites) cations bined data  

1 Met-52 Mct-52 
2 A l a o r T h r  Thr  Thr  + Ala Thr-54 

A I a - 2 5 
Thr-  1 1 or Thr-32 Thr-  I 1 

'4 I3 - 5 8 

3 Aluor  Thr  Ala or Thr  
4 Thr Thr  
5 Ala-58 Ala or Thr  

Ala-25 (Tqr-23) 

A l a - 5 8  
Thr 

(C  terminus) 
6 -  X contain 

.!\la-40 
.\la- I6  and 1 Efii: I 

/\Id ~ 48 
Ile-y2 18 or 19 
I-eu-6 

Ala or Thr  Ala-40 (Tlr-35) 
Ala or Thr  Ala or Thr  

8 A l a o r T h r  A l a o r T h r  A 1 a 4 8  
9 A l a o r T h r  A l a o r T h r  Ala-48 (Tqr-21) (Glu-49. Asp-50) 

Leu-6 

I 1""'" 
10 [le-y' 

1 1 .  1 2  

13. I 5  Val or Leu LCU-29 Leu-29 
14. 17 Val or Leu 

Val or Leu 
(ASP-3. Glu-7) 

I I C - - , ~  18 or 19 t V a l - 3 4  lle-6 1 8  and 19 

V a I - 3 4 
16 Ile-y' 
I X  Ile-6 
I9 Ile-fi 
20 Ala or Thr  Ala or Thr  Thr Thr-32 (Tyr-21) Thr-I 1 or Thr-32 Thr-32 

(' Same notation as in Figure 2. Both the methyl and C,, proton chemical shifts of Ala-27 and A l a - I 6  are ncarl) identical and could therefore 
not be distinguished. From De Marco et al.. 1977. 

20 
E -. 

I I I I 
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F I G U R E  4: The 360-MHz ' H  NMR spectra of BPTl between 2.5 and 6.0 
ppm, solvent DzO, pD = 7.0, T = 35 "C. The spectral resolution was im- 
proved with the sine bell routine (De Marco & Wiithrich, 1976). (A) 
Normal FT spectrum. (B-E) Spin-decoupled NOE difference spectra 
where the same frequency was selected for presaturation and spin de- 
coupling. The double resonance irradiation was applied at the following 
locations in the spectrum: (B)  methyl resonances 2 and 3 at 1.58 ppm; (C) 
methyl 4 at 1.39 ppm: (D) methql 9 at 1.04 ppm; (E)  methyl 20 at 0.59 
PPm. 

(a )  Identification of the Ala  and Thr Spin  Systems. The 
methyl resonance assignments to different types of amino acid 
residues obtained previously with spin decoupling difference 
spectra (De Marco et al., 1977) are given in the second column 
of Table I. With this technique, the distinction between Ala 
and Thr  depends mainly on recognizing in the difference 
spectra the multiplet structure for the protons attached to the 

carbon atoms next to the methyl groups. One limitation of the 
method is a consequence of the limited selectivity of this type 
of difference spectroscopy in cases where the spin-decoupling 
must be applied in a crowded spectral region. Improved se- 
lectivity was now obtained using spin-decoupled NOE differ- 
ence spectra (Richarz & Wiithrich. I978a). All the spin sys- 
tems assigned previously to Ala or Thr  (Table I )  were rein- 
vestigated with this technique. Figure 4 illustrates that quite 
selective difference spectra s e r e  obtained i n  the crowded re- 
gion from 3 to 5 ppm (Figure 4A). A negative NOE was built 
up by presaturation of individual methyl groups, and the same 
methyl resonance was then decoupled during data acquisition. 
The spectra 4B-E correspond to the differences between 
decoupled spectra obtained with and without presaturation of 
the methyl multiplets. In spectrum 4B the decoupling fre- 
quency was centered on the nearlq overlapping methyl reso- 
nances 2 and 3 (Figure 2).  This resulted in a doublet a t  3.95 
ppm and a singlet at 3.74 ppm. As a control, irradiation at  3.95 
ppm caused the collapse of the multiplet of methyl 2 and ir- 
radiation at  3.74 ppni decoupled methyl 3. From this, the 
resonance at  3.95 ppm was assigned to &CH of Thr  and the 
corresponding methll 2 to -,-CH, of Thr. From the singlet 
structure in spectrum 4B, the resonance at  3.74 ppm and the 
corresponding methyl 3 can come cithcr from Ala or Thr, ab 
is further discussed belor+. The experiment 4C showed that the 
methyl resonance 4 (Figure 2) corresponds to Thr. For the 
methyls 5-9 and 20, singlets were observed in the spin-de- 
coupled NOE difference spectra (Figure 4, D and E) (Table 
1).  

Even with the improved selectivity of the NOE difference 
spectra, only two of the three methyls of Thr in BPTl could be 
identified on the basis of the e-CH multiplet structures (Table 
I ) .  This is a consequencc of an inherent limitation of this ap- 
proach: The doublet structure of the 6-CH resonance of Thr  
expected upon decoupling of the methyl line may not be re- 
solved when either the dihedral angle x is fixed near a gauche 
configuration for the C Y -  and @-methine protons and hence Jci,j 
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F I G U R E  5:  Saturation transfer experiment5 used to distinguish between 
methyl resonances of Ala and Thr. The spectra were obtained at 360 MHz 
from a BPTl solution in DzO, pD = 1 .O, after resolution enhancement with 
the sine bell routine. The bottom trace shows the spectrum of the native 
inhibitor at 80 O C .  Three methyl resonances are identified by their numbers 
in Figure 3 .  At 90 "C the inhibitor was denatured. At 86 "C the spectrum 
contained two sets of resonances originating from the native and denatured 
forms of BPTI. The top trace illustrates how the chemical shifts of cor- 
responding resonances in the two forms of BPTl were identified. Double 
resonance irradiation of resonance 20d (arrow) lead via saturation transfer 
to the disappearance of resonance 20. The positions of the resonances 2d, 
4d. and 20d. which were determined by this technique, are also indicat- 
ed. 

= 2 Hz (Wiithrich, 1976), or when the a and 0 protons are  
chemical shift equivalent. Both these situations may prevail 
for individual Thr residues in the interior of globular proteins. 
For BPTI, inspection of the refined crystal structure 
(Deisenhofer & Steigemann, 1975) showed that x' = -77O, 
+53O, and -6OO for Thr-l 1, Thr-32 and Thr-54, respectively. 
The corresponding coupling constants 35,0 would be (Wiith- 
rich, 1976) 10.1 Hz, 2.0 Hz, and 11.3 Hz for Thr-11, -34, and 
-54, respectively. To distinguish between methyl groups of Ala 
and Thr, different criteria must thus in certain cases be em- 
ployed. I n  the following experiments the identification of the 
third Thr methyl resonance in BPTl was based on the different 
random coil chemical shifts for Ala and Thr  (Wuthrich, 1976; 
Bundi, 1977). 

The globular form of BPTl is outstandingly stable with re- 
spect to thermal denaturation (Vincent et al., 1971) and under 
suitable conditions the denaturation is reversible (Masson & 
Wuthrich, 1973). Comparison of spectra recorded between 80 
and 90 "C i n  acidic solutions of BPTI (Figure 5 )  with spectra 
taken a t  ambient temperature showed that the globular form 
of BPTl prevailed a t  80 "C, whereas the spectrum at  90 O C  was 
typical for the denatured protein (Wiithrich, 1976). Because 
of the different random coil chemical shifts for the methyl 
protons of Ala and Thr  (Wiithrich, 1976; Bundi, 1977), the 
two types of residues could be distinguished in the spectrum 
of the denatured BPTI a t  90 O C .  The three doublet resonances 
between 1. I and 1.2 ppm (Figure 5 ,  2d, 4d, and 20d) corre- 
spond to the three threonines; five methyl resonances of Ala 
were a t  around 1.4 ppm and the C-terminal Ala-58 was ex- 
pected to be at  around 1.6 ppm a t  pD = 1 .O (Wiithrich, 1976). 
At intermediate temperatures between 80 and 90 O C ,  BPTI 
was only partially denatured and the N M R  spectra contained 
two sets of resonances corresponding to the globular and the 
denatured forms. At 86 OC and pD = 1 .O, 50% of the inhibitor 
was in the native form and 50% was denatured (Figure 5). By 
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F I G U R E  6: Assignment of methyl resonance 3 (Figure 3) to Ala-25 by 
NOE experiments. The spectra were obtained at 360 MHz from a solution 
of BPTl in D20, pD = 7.0, T = 35 O C ,  after resolution enhancement with 
the sine bell routine (De Marco & Wuthrich, 1976). ( A )  Sorrnal FT ' H  
N M R  spectrum. (B)  NOE difference spectrum obtained with presatu- 
ration of the doublet resonance of the c protons of Tyr-23 at 6.30 ppm (*). 
(C) Spin-decoupled NOE difference spectrum obtained with presaturation 
at  6.30 pprn (*) and spin decoupling during the data acquisition at the 
position of the methyl resonance 3 (0). 

6 L 2 PPm 

small variations of the temperature, the relative populations 
of the native and denatured forms could be changed. While the 
rate of exchange of BPTI molecules between the native and 
denatured forms was obviously slow on the time scale of the 
conformation dependent chemical shifts of the threonine 
methyl resonances at  360 MHz (Figure 5 ) ,  it was fast com- 
pared with the methyl proton spin relaxation rates TI- ' .  
Hence, saturation transfer experiments (Wiithrich, 1976) 
could be employed to relate the threonine methyl resonances 
in native and denatured BPTI. This is illustrated in the top 
trace of Figure 5 ,  where irradiation of the doublet 20d at  1 . I  
ppm, which comes from the denatured BPTI, caused saturation 
of the doublet 20 in the native protein. Similarly, 1 : l  corres- 
pondences were established between the resonances 2 or 3, 
which were completely overlapped in the spectrum a t  80 "C 
(Figure 5 ) ,  and 2d, and 4 and 4d, respectively (Table I, column 
4). Combining the results of columns 3 and 4 in Table I ,  the 
methyl resonances 2, 4 and 20 correspond to the three 
threonines in BPTI, the resonances 3, 5 and 6-9 to the six 
alanines. 

(b) Individual Assignments of Methyl Resonances with 
NOE Studies. Negative NOE's between the previously as- 
signed Tyr spin systems (Wagner & Wiithrich, 1975; Wagner 
e t  al., 1975; Snyder et a]., 1975) and the methyl resonances 
were investigated. Again the N O E  difference technique (Ri- 
charz & Wiithrich, 1978a) was used as  illustrated in Figure 
6. The  doublet resonance a t  6.30 ppm (Figure 6A, *), which 
was previously assigned to  the t protons of Tyr-23 (Snyder et 
al., 1975), was presaturated. The NOE difference spectrum 
(Figure 6B) contains a quartet a t  3.74 ppm (0) and a doublet 
a t  1.57 (0). In the spin-decoupled NOE difference spectrum 
obtained with presaturation at  6.38 ppm (Figure 6A, *) and 
spin decoupling a t  1.57 ppm (Figure 6A, O), the resonance at 
3.74 (0) appears as  a singlet (Figure 6C). These experiments 
thus manifest a through-space interaction between the t pro- 
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F I G U R E  7: Computer drawing of the peptide fragment from Tyr-23 to 
Ala-25 in the refined crystal structure of BPTI (Deisenhofer & Steige- 
mann, 1975); the side chain of Asn-24 was omitted. The size of the indi- 
vidual atoms corresponds to the van der Waals radii. The following atoms 
are identified by numbers: ( I )  methyl protons of Ala-25; (2) cu-proton of 
Ala-25; (3) t-proton of Tyr-23. 
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FIGURE 8: Resonance assignments with the use of Gd(II1) as a relaxation 
probe. The figure shows 360-MHz ‘H N M R  spectra of the methyl region 
of BPTI after resolution enhancement with a shifted sine bell (De Marco 
& Wdthrich, 1976; Wagner, 1977). (A) DzO solution of 5 X M BPTI 
and 4 X M La(III), pD = 5.4, T = 25 OC. (B) Difference spectrum 
of A from a spectrum of the same solution of BPTI in which there was 3.8 
X 1 0-4 M La(II1) and 2 X M Gd(I1I). The methyl signals 5 ,  11 ,  and 
12 (Figure 3) are identified in spectrum B. 

tons of Tyr-23 and the alanine spin system 3 (Figure 2 ) .  As a 
control, presaturation of methyl resonance 3 produced a N O E  
in the Tyr resonance a t  6.30 ppm. 

In similar experiments, evidence for through space inter- 
actions between Tyr-21 and Tyr-35 and individual methyl 
groups was obtained. These studies were somewhat less 
straightforward, since the resonances of the e protons of Tyr-21 
and -35 are  superimposed (Snyder et al., 1975; Wagner et al., 
1976). Hence, irradiation at  6.75 ppm saturated the E protons 
of both, Tyr-21 and Tyr-35, producing NOE’s on the methyl 
resonances 6, 9, and 20. Since the 6 proton resonances of 
Tyr-21 and Tyr-35 have largely different chemical shifts 
(Snyder et al., 1975; Wagner et ai., 1976), more specific cor- 
relations were obtained from the spin-decoupled N O E  dif- 
ference spectra obtained with presaturation of one of the 
methyls 6 , 9 ,  or 20 and spin decoupling of the 6 proton lines of 
either Tyr-21 and Tyr-35 during acquisition. It was thus found 
that methyl 6 interacts with Tyr-35, whereas the methyls 9 and 
20 were correlated with Tyr-21. 

Inspection of the refined crystal structure of BPTI 
(Deisenhofer & Steigemann, 1975) showed that only a very 
limited number of close contacts between aromatic protons of 
Tyr  and methyl groups occur. Figure 7 illustrates the local 
structure including Tyr-23 and Ala-25. In  Table 11, values of 
r-6 are  given for all possible combinations of the tyrosines-21, 
-23, and -35 with the 20 methyl groups. Combining Table I1 
with the experimental N O E  data, in particular considering the 
assignments of the methyl lines to the different types of amino 

TABLE 11: Relative Values for IO’ X ri,-h.o 

Methyl Tyr-21 Tyr-23 Tyr-35 
group 6-H e-H 6-H t-H 6-H e-H 

Met-52 18 1 1  576 3400 0 0 
Ala- 16 I I 0 0 135 93 
Ala-25 2 1 3320 8700 0 0 
Ala-27 I O  6 82 118 0 0 
Ala-40 5 1 1 0 800 6400 
Ala-48 3850 10800 32 14 1 0 
Ala-58 1 0 7 15 0 0 
Thr- 1 1 2 1 0 0 660 132 
Thr-32 3430 9100 5 2 7 2 
Thr-54 6 2 57 23 1 I 
Ile-18y2 39 24 0 0 12400 737 
Ile- I86 5 3 0 0 4000 2140 

Ile- 196 32 43 0 0 34 8 
Leu-6 0 0 68 96 0 0 
Leu-6 1 1 1811 2800 0 0 
Leu-29 88 50 147 137 0 0 
Leu-29 20 19 40 75 0 0 
Val-34 5 4 0 0 130 28 
Val-34 11 I O  0 0 32 8 

lle-19y2 650 1330 1 0 33 8 

rv is the average distance between ring protons of the tyrosines 
and methyl protons of the aliphatic amino acid side chains in the re- 
fined crystal structure of BPTI (Deisenhofer & Steigemann, 1975). 
Large numbers indicate that sizable NOE’s might be produced be- 
tween the protons i and j .  In the computation of rtJ the 180’ flips of 
the Tyr  rings (Wagner et  al.,  1976; Hetzel e t  al., 1976) and the rota- 
tional motions of the methyl groups were considered. Hence, the av- 
erage was taken over two equally populated rotation states of the ar-  
omatic rings and 12 equally populated and equally spaced rotation 
states of the methyl groups. Very similar numbers were obtained when 
instead of the refined crystal structure the energy refined structure 
of BPTI (Hetzel et  al.. 1976) was used. 

acid residues (Table I, columns 2-4) leads to the individual 
assignments given in the fifth column of Table I. 

(c) Individual Assignments of Methyl Resonances with the 
Use of Lanthanide Probes. The methyl resonances in the ’H 
NMR spectrum of BPTI were investigated after the addition 
of diamagnetic La(”, the relaxation probe Gd(II1) and the 
shift probes Pr(II1) and Yb(II1). A 0.005 M solution of BPTI 
a t  pD 5.4 gave essentially identical methyl resonances with and 
without the addition of 0.08 M La(III), which indicated that 
the protein conformation was a t  most very little affected by 
lanthanide binding (see also Marinetti et al., 1976). Combined 
with the observation that the paramagnetic probes affected the 
methyl resonances selectively, this provided the basis for using 
the lanthanides to obtain a number of individual methyl res- 
onance assignments (Table I). 

The use of Gd(II1) as a relaxation probe is illustrated in 
Figure 8. Measurements were performed a t  variable pD and 
variable ionic strength. The difference spectra (Figure 8B) 
contained only those resonances which were broadened by 
Gd(II1). In acidic solutions, there was no evidence for line 
broadening in the spectrum. At higher pD and low ionic 
strength, the methyls 5, 11, and 12 appeared in the difference 
spectrum against a clean background (Figure 8B). 

The chemical shifts of the methyl resonances produced by 
the addition of Yb(II1) and Pr(II1) are shown in Figure 9. The 
extent of the lanthanide induced shifts depended markedly on 
pD. In the acidic solutions at  pD around 1 .O, the spectrum was 
essentially unaffected by the methyl ions. For most of the 
methyl lines, maximum shifts occurred a t  pD around 5.0 or 
higher. Sizeable lanthanide induced perturbations were ob- 
served for the methyl resonances 5 ,9 ,  1 1 ,  and 12, which were 
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previously assigned to Ala-58, another alanine, and a leucine 
or valine (Table I ,  columns 2-4). The assignment of the 
methyls 1 1 and 12 to one Leu or Val residue was confirmed a t  
selected points in the titration curves of Figure 9 by the spin 
decoupling criteria used for the assignment in the absence of 
lanthanides (De Marco et al., 1977); e.g., in a solution of 0.005 
M BPTI and 0.08 M Yb(1lI) a t  pD 5.2 and 45 OC, irradiation 
at  1.96 ppm decoupled methyls 1 1 and 12 at 1 S O  and 1.20 ppm 
without affecting any of the other methyl signals. The Yb(II1) 
induced shift of the coupled proton was thus 0.23 ppm down- 
field, compared with downfield shifts of 0.55 and 0.34 ppm for 
the methyls 1 1 and 1 2  in the same spectrum. The data in Fig- 
ure 9 provide also evidence for the pseudocontact origin of the 
lanthanide induced shifts, in that the opposite directions of the 
Pr(II1) and Yb(II1) induced shifts concur with the theoretical 
pseudocontact shifts of 11.0 and -22 ppm for Pr(lI1) and 
Yb(lII) ,  relative to Dy(I1I) a t  100 ppm (Dwek, 1973; Wiith- 
rich, 1976). 

To  be able to use the spectral perturbations by Gd(III), 
Pr(III), and Yb(II1) for the assignment of individual reso- 
nances, the lanthanide binding sites had to be localized. The 
primary structure of BPTl contains five carboxyl groups as 
potential ligands for lanthanides (Figure 3). The titration 
curves of Figure 9 are compatible with carboxyl groups as weak 
lanthanide binding sites. From the observation of a second ti- 
tration endpoint in the neutral pD range for the previously 
assigned (De Marco et al., 1977) C-terminal Ala resonance 
5 (Figure 9), one binding site was shown to be a t  the C termi- 
nus. A second titration endpoint of resonance 5 was previously 
also observed in the absence of lanthanides; from comparison 
with BPTI chemically modified at  the N terminus, it was at- 
tributed to a salt bridge interaction between the N terminus 
and the C terminus of the polypeptide chain (Brown et al., 
1978). At least two additional binding sites were inferred from 
the locations of the independently assigned residue types (Table 
I )  relative to the carboxyl groups in the crystal structure of 
BPTI. Figure 3 shows that the set of five carboxyl groups of 
BPTI may be divided into the three subsets of the C terminus, 
Asp-3 and Glu-7, and Glu-49 and Asp-50 on the grounds of 
proximity in the protein structure. Of the three leucine and 
valine residues in BPTI, only one can be near to any of the five 
carboxyl groups. This is Leu-6, which is close to Asp-3 and 
Glu-7. Likewise, of the five nonterminal alanine residues in 
BPTI, only Ala-48 can be close to any of the five carboxyl 
groups, i.e., Glu-49 and Asp-50. These findings suggest that 
methyls 1 1 and 12 are from Leu-6, and that methyl 9 is that 
of Ala-48, and at  the same time showing that the lanthanides 
bind at  all three of the subsets of carboxyl groups. 

These assignments were confirmed by predictions of the 
lanthanide induced shifts and line broadenings using the re- 
fined atomic coordinates of BPTl (Deisenhofer & Steigemann, 
1975). A satisfactory analysis resulted with the assumptions 
that only one binding site in each of the three subsets was oc- 
cupied under the conditions of our experiments and the posi- 
tions and directions of the three lanthanide symmetry axes 
were those determined by the C terminus and the side chain 
carboxyls of Asp-3 and Asp-50 (Table 111; for procedures used, 
see Materials and Methods). For the line broadening data with 
Gd(III) ,  the theoretical data  of Table I11 combined with the 
previous assignments to types of amino acid residues show that 
methyl 5 corresponds to Ala-58 and methyls 1 1  and 12 to 
Leu-6. With similar argumentation, the lanthanide induced 
shifts confirm the assignments of resonances 5 ,9 ,  and 1 1  and 
12 to Ala-58, Ala-48, and Leu-6, respectively. The Ala-48 and 
Ala-58 methyls have the largest shifts of the six alanine 
methyls both in the experiments (Figure 9) and in the predic- 

0.5 1 
1 2 3 4 5 6 7  

P D 

tions (Table 111). Of the three leucines and valines in BPTI, 
only the leucine-6 methyls have shifts opposite in sign to those 
predicted for Ala-58 and Ala-48. The agreement between 
predicted and experimental shifts is quite satisfactory, bearing 
in mind that the possible binding of lanthanides a t  Glu-7 and 
Glu-49 has been neglected, and that the calculations are  first 
order. A more detailed account of weak binding of lanthanides 
to BPTI, which will also include a more thorough assessment 
of the role of Glu-7 and Glu-49 in the protein-lanthanide in- 
teractions, is given elsewhere (Perkins & Wiithrich, 1978a). 

(d) Comparatiue Studies of Chemically Modified BPTI 
Species. Native BPTI was compared with two species which 
had been modified at  the active site (Figure 3), i.e., BPTI*, 
where the peptide bond Lys- 15-Ala- 16 was cleaved, and 
des(A,R)-BPTI, which was obtained from BPTI* by removal 
of the two amino acid residues Ala- 16 and Arg- 17. Inspection 
of the 'H N M R  spectra of the three proteins, in particular the 
resonances of the amide protons and the aromatic rings, 
showed that the overall features of the molecular conforma- 
tions of BPTI were maintained after the chemical modifica- 
tions, which caused local perturbations near the modification 
site (Figure 3; De Marco et al., 1977; Wagner, 1977). On this 
basis, comparison of BPTI, BPTI*, and des(A,R)-BPTI was 
now used to identify those among the 20 methyl resonances in 
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f - I G L R E  10: Chemical-shift differences between BPTI, BPTI*. and 
des-(A,R)-BPTI for the 20 methyl proton resonance5 (filled bars) and the 
protons attached to the carbon atom to which the methyl groups are 
bonded (open bars). The top line gives the relative chemical shifts for BPTl 
and BPTI*, the middle line those for BPTl and des-(A.R)-BPTI, and the 
bottom line those for the two chemically modified species. The data ucrc 
obtained at 360 MHz i n  D 2 0  solutions of thc proteins, pD = 4.6. 7 = 45 
"C (Wagner, 1977). 

BPTl (Figure 2) which correspond to methyl groups located 
near the modification sites. 

The ' H  N M R  spectra of BPTI* and des-(A,R)-BPTI were 
presented in detail elsewhere (De Marco et al., 1977; Wagner, 
1977; Wagner et al., 1978). In Figure 10, thechemical shift 
data on the methyl groups in native BPTl and the two modified 
proteins are collected. In the three rows, the figure presents the 
chemical shift differences for corresponding methyl groups in 
BPTI and BPTI*, BPTI and des(A,R)-BPTI, and BPTI* and 
des(A,R)-BPTI, respectively. For both modified species, the 
methyl resonances were separated into the subgroups of Met, 
Ile, Val or Leu, and Ala or Thr by double resonance difference 
spectroscopy (Wagner, 1977). Furthermore, from the chemical 
shifts of the spin systems attributed to Ala or Thr ,  the Thr  
resonances in BPTI* and des(A.R)-BPTI could be directly 
related to  those in BPTI. For the investigation of their indi- 
vidual assignments, the methyl resonances in the three species 
could therefore be compared within the small groups indicated 
in Figure 10. 

Met-52 contains the only singlet methyl resonance in the 
protein, which could thus unambiguously be assigned (De 
Marco et al., 1977). In  the present context, the Met resonance 
contributed to the evidence that the protein conformation 
outside the immediate environment of the fragment Lys-15 to 
Ile-18 (Figure 3) was only little affected by the chemical 
modifications. 

Among the three threonines, those containing the methyl 
resonances 4 and 20 are more extensively affected by the 
protein modifications than resonances 2. This comes out most 
clearly when the two derivatives are compared, where thc 
conformational differences should be even more strictly lo- 
calized than between the native molecule and any one of the 
modified species. In the crystal structure, Thr-32 and Thr- I 1 
are  closer to the modification site than Thr-54, which is a t  the 
opposite end of the molecule (Figure 3). Therefore, the 
chemical shift differences in Figure 10 indicate that methyl 

TABLE 1 1 1 :  Relative Values for Z,r,,-'and Z,r,,-3(3 cos? 8,, - 1 )  
for the 20 Mcthyl Groups i in BPT1.O - 

Methyl group L, r , , r6  \ 3 , r , , - y 3  cos? ti,, - I ) ' ]  

MCt-52 3 I 2 2  

Ala- 16 0 4 
Ala-25 5 1 1  
Ala- 2 7 I 31 
Ala-40 I 24 
A 1 a-4 8 6 117 
A 111- 5 8 613  1117 

Thr - l  I 0 18 
Thr-32 I 53 
Thr-54 13 86 

lle-186 0 I 

Ilc- 196 0 20 

1-cu-6 175 -176 
Leu-6 25 -34 
1-eu-29 1 54 
1.e~-29 I 48 

Val-34 0 17 

I le-  187: I X 

[le- 19y' 1 35 

- Val-34 0 20 
The summation is over the three lanthanide binding sites at the 

C terminus and the side chain carboxyls of Asp-3 and Asp-50. The 
refined crystal structure coordinates (Deisenhofer & Steigemann, 
1975) were used. The lanthanide coordinates a t  the three carboxyl 
groups were generated as described in the Experimental Section. The 
methyl proton coordinates correspond to the average of I2 equally 
spaced and equally populated rotation states. Very similar numbers 
were obtained when instead of the refined crystal structure the energy 
refined coordinates (Hetzel et  al., 1976) were used. Negative 
numbers correspond to upfield shifts in the presence of Pr(lI1).  

2 corresponds to Thr-54, and the methyls 4 and 20 to Thr- l  1 
and Thr-32. 

For three of the six methyl doublets in  BPTl which were 
assigned to Ala residues (Table I ) ,  the corresponding reso- 
nances in the modified species could readily be identified. 
These are rcsonancc 5 of the C-terminal Ala, which was in all 
three species identified from its pH dependence (De Marco et 
al., 1977). and resonances 3 and 9. which were i n  all three 
species well separated from the other four Ala lines and ex- 
perienced only small shifts due to the modifications (Figures 
2 and I O ) .  The remaining three Ala methyl resonances 6 to 8 
i n  BPTI have very similar shifts a t  1.214, 1.194, and 1.183 
ppm. and thc 0-proton multiplets coupled to 7 and 8 have also 
almost identical chemical shifts a t  4.300 and 4.290 ppm (De 
Marco et a l . ,  1977). Therefore, these resonances were not in- 
dividually related to specific lines in the corresponding group 
of three resonances 6' to 8' a t  1.457. I .  183 and 1 . 1  11 ppm in 
BPTI*. The effect of the protein modification on the reso- 
nances 6' to 8' i n  BPTI*. Ah, could be determined to within 
0.03 1 ppm, which is the chemical shift spread of the lines 6 to 
8 in BPTI, I e.. -0.274 ppm S S ( 6 ' )  F -0.243 ppm, 0.000 
ppm 5 2 4 7 ' )  5 0.031 ppm, and 0.072 ppm 5 h6(8 ' )  5 0.103 
ppm. Resonance 6' in  BPTI* w a s  assigned to Ala-I6 since it 
titrated with ii pK,, corresponding to that of a terminal a-amino 
group and since it disappeared in des(A,R)-BPTI (De Marco 
et a l , ,  1977). The correspondence between resonances 7' and 
8' in RPTI* and des(A,R)-BPTI could readily be established 
since these resonances were essentially unaffected by the re- 
moval of AI:\- 16 and Arg- 17 (Figure IO) .  Overall the data for 
the alanines in Figure I O  thus showed that two of the three 
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resonances 6 to 8 in BPTl experience the largest shifts in the 
modified proteins. Besides Ala-16, only Ala-40 is near the 
modification site (Figure 3). Hence we concluded that two of 
the resonances 6 to 8 correspond to Ala-16 and Ala-40. In 
BPTI*, resonance 6’ was assigned to Ala-16, and in both 
modified proteins, resonance 8’ corresponds to Ala-40. 

Of the three pairs of Leu or Val methyls 11 and 12, 13 and 
15, and 14 and 17, the latter were most strongly affected by 
the chemical modifications (Figure 10). Since Val-34 is the 
only Val/Leu type residue near the modification site, reso- 
nances 14 and 17 were assigned to this position. In des- 
(A,R)-BPTI, and in particular in the comparison between 
BPTI* and des(A,R)-BPTI, small chemical shifts were also 
observed for the resonances 13 and 15. Even though both Leu 
residues are well separated from the modification site (Figure 
lo) ,  the latter is related to Leu-29 in that both are  located in 
the sheet (Deisenhofer & Steigemann, 1975). It seems quite 
conceivable that removal of two amino acid residues from the 
/3 sheet in des-(A,R)-BPTI might cause a slight rearrangement 
of this structural entity. On this basis, resonances 13 and 15 
were assigned to Leu-29. 

Quite sizeable chemical shifts were observed for the reso- 
nances of Ile- 18 and - 19. This was not unexpected, since both 
residues are  near the modification site (Figure 3). These res- 
onances were not further distinguished, since the chemical 
shifts for the 6 methyls of Ile-18 and Ile-19 were essentially 
identical in all three species (De Marco et al., 1977; Figure lo), 
and since 1 : 1 correspondences between the Ile y2-methyl res- 
onances in BPTl and the modified proteins could not unam- 
biguously be established. 

Discussion 
As a complement to  the IH N M R  studies of the amide 

protons (Masson & Wuthrich, 1973; Karplus et al., 1973; 
Wagner, 1977) and the aromatic side chains (Snyder et al., 
1975; Wagner & Wiithrich, 1975; Wagner et al., 1975, 1976), 
which provided information on static and dynamic features of 
the interior parts of the solution structure of BPTI, investiga- 
tions of the methyl resonances are of interest for characterizing 
the protein surface both in the isolated molecule and in com- 
plexes formed between BPTI and the proteases. The main 
theme of the present paper was the assignment of the methyl 
resonances. Resonance assignments in a protein, which can in 
certain cases be a real challenge for the spectroscopist, present 
the groundwork needed for detailed studies of various aspects 
of the molecular structure in solution. This section presents 
some comments on the experimental techniques used to obtain 
the data in Table I, describes structural information which 
resulted directly from the present experiments, and gives a brief 
outline of potential uses of the assigned methyl resonances for 
further structural studies of BPTI. 

The  identification of the methyl resonances from the dif- 
ferent types of amino acid residues in this and a previous paper 
(De Marco et al., 1977) provided the distinctions between the 
subgroups 1 Met, 6 Ala, 3 Thr, 3 Val + Leu, 2 Ile y2, and 2 Ile 
6 (Table I, columns 2-4), where the y2- and &methyl multi- 
plets of the two isoleucines were not individually correlated. 
These data depended for most of the amino acid residues en- 
tirely on recognizing the characteristic spin systems in the 
double resonance difference spectra. The distinction between 
Ala and Thr  methyls by the saturation transfer experiments 
was further based on the different random coil chemical shifts 
for the two types of residues (Bundi, 1977). In no case reference 
was made to the crystal structure of the protein. It should be 
emphasized that the distinction between the different types of 
amino acid residues was essential for the unambiguous inter- 

pretation of the experiments used for the individual resonance 
assignments. 

Three techniques, N O E  studies, use of lanthanide probes, 
and comparison of different chemically modified proteins, were 
applied for individual methyl resonance assignments (Tablc 
I, columns 5-7), and Met  and Ala-58 were previously inde- 
pendently assigned (De Marco et al., 1977). In all, 14 of the 
20 methyls in BPTI were thus assigned. For the remaining 6 
methyls, Le., those of the two alanines-16 and -27 and the two 
isoleucines-18 and -19 (Table I ,  column 8), a further distinction 
was not achieved. However, since the chemical shifts of the 
methyl groups and the a protons of the two alanines- 16 and 
-27 coincide to within 0.01 ppm and the &methyl chemical 
shifts of the two isoleucines agree to  within <0.01 ppm (De 
Marco et al., 1977), the N M R  parameters of these 4 methyls 
were accurately determined even without individual assign- 
ments. For the two Ile y2-methyls, individual assignments 
could so far not be obtained, in spite of the apparent favorable 
situation for distinguishing the two resonances by N O E  studies 
(Table 11). 

The three techniques used for the individual methyl reso- 
nance assignments represent a quite ideal combination for 
BPTI since they cover different regions of the molecular 
structure. Figure 3 shows that, while the chemical modifica- 
tions in BPTI* and des-(A,R)-BPTI are near the reactive site, 
the lanthanide binding sites are near the chain termini a t  the 
opposite end of the molecule. The N O E  studies are  related to 
three of the four tyrosines, which are  located in interior parts 
of the molecular structure. As a consequence of this fortunate 
situation, almost all the methyl resonance assignments could 
be based on positive evidence, and the assignments of several 
lines could independently be assured by two different tech- 
niques (Table I). 

In contrast to  the experiments which led to the distinction 
of methyl resonances from different types of amino acid resi- 
dues, the studies leading to the individual assignments de- 
pended to some extent on the crystal structure atomic coordi- 
nates (Deisenhofer & Steigemann, 1975). The three techniques 
used may hence also be distinguished by the use made of the 
crystal structure and by the perturbations imposed on the na- 
tive protein structure. By the N O E  experiments, the native 
protein was not perturbed. It was assumed that the molecular 
structure of BPTI observed in single crystals is maintained in 
aqueous solution, which seems well justified by earlier obser- 
vations (Vincent et al., 1971; Masson & Wuthrich, 1973; 
Wagner, 1977). They did not, however, rely on the accurate 
preservation of the atomic coordinates but rather on the 
qualitative nearest neighbor relations between Tyr rings and 
methyl groups manifested in the numbers of Table 11. All four 
interactions between tyrosines and methyl groups of Ala and 
Thr which were likely to cause NOE’s (Table 11) were actually 
observed by the technique used. The above-mentioned lack of 
success with the y2-methyls of Ile (Table TI) might be due to 
dominance of proton-proton dipolar coupling within the Ile 
side chains which might quench the N O E  between individual 
Ile protons and protons of neighboring side chains. 

In principle, binding of lanthanides may cause conforma- 
tional changes in proteins. In BPTI, the comparison of those 
N M R  spectral features which were not affected by the lan- 
thanides clearly showed that a t  most small local changes oc- 
curred. fn contrast to earlier studies with nitrotyrosine-BPTI 
(Marinetti et al., 1976), only weak lanthanide binding to the 
carboxyl groups had to be considered, so that the two sets of 
experiments cannot readily be compared. Similar to the 
analysis of the N O E  experiments, the use of lanthanide probes 
was based on the assumption that the crystal structure of BPTl 
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was essentially maintained in solution, but it did not have to 
rely on accurate preservation of the crystal structure atomic 
coordinates in the solution conformation. A detailed account 
of metal binding to native BPTl is given elsewhere (Perkins 
& Wiithrich, 1978a). 

Cleavage of the polypeptide chain and removal of amino acid 
residues will generally affect the protein conformation. It was 
all the more essential that earlier studies of the amide protons 
and the aromatic residues had shown that the solution con- 
formations of BPTI* and des-(A,R)-BPTI are  very similar to 
that of native BPTI (De Marco et al., 1977; Wagner, 1977). 
In  contrast to the NOE and lanthanide experiments, not all the 
effects of the chemical modifications used for methyl assign- 
ments were strictly short range perturbations. As was argued 
in the results section, some long range perturbations on methyl 
groups appeared to be propagated through the sheet in the 
BPTl structure (Figure 3: Huber et al., 197 I ) .  

The combination of the data collected in Table I reflects an 
overall consistency of the results obtained from the different 
techniques. These results provide the most complete set of 
evidence to date that the molecular conformations of BPTI in 
single crystals and in solution are very similar. The coincidence 
of crystal and solution conformations manifested, e.g., in the 
NOE experiments based on the local structure illustrated in 
Figure 7, is all the more remarkable since most of the methyl 
groups are located near the protein surface (Deisenhofer & 
Steigemann, 1975) where they might be affected by different 
intermolecular interactions in the crystal and in solution. The 
three Thr residues 1 I ,  33, and 54 are unique in that the spatial 
orientation of the side chains could also be characterized by 
measurement of the spin-spin coupling constants 3J,,d. The 
experimental coupling constants agreed for all three Thr  to 
w i t h i n  & I  Hz with the values expected from the crystal 
structure on the basis of the dependence of 3JJ,,,y on the dihedral 
angle X I  (Wuthrich, 1976). 

I n  addition to the interest for studies of the protease-BPTI 
complexes discussed in the introductory section, individual 
resonance assignments open the way for systematic investi- 
gations of the relations between N M R  parameters and protein 
conformation. BPTl is a particularly suitable "model protein" 
for research in this area, since the crystal structure was highly 
refined (Deisenhofer & Steigemann, 1975), the globular 
conformation is outstandingly stable in aqueous solution 
(Vincent et al., 1971: Masson & Wiithrich. 1973; Wagner, 
1977). and it was recently the subject of theoretical investi- 
putions on the dynamics of the globular structure (Gelin & 
Karplus, 1975: Hetzel et al., 1976: McCammon et al., 1977: 
Bcrendsen, 1977). which must also be considered in the in- 
terpretation of the spectral properties. Since 1 : I  correspon- 
dences between ' H  and I3C resonances of the methyl groups 
in BPTl were previously established (Richarz & Wuthrich, 
I977), individual assignments are now available for the IH and 
' 'C lines of most of the methyl groups (Table I ;  Richarz & 
Wiithrich. 1978b). The ' H  and I3C chemical shifts of indi- 
vidual methyl groups can hence be related to their local envi- 
runnient in  the protein (Perkins & Wiithrich, 1978b). I t  is to 
be hoped that projects of this type will eventually lead to more 
direct correlations between protein structure and N M R  
chemical shifts, which is undoubtedly one of the essential gaps 
to be filled in order to further enhance the potential of N M R  
techniques for structural studies of proteins. 

Acknowledgments 
We wish to thank Dr. R .  Schmidt-Kastner, Farbenfabriken 

Bayer AG, Leverkusen. for a generous gift of BPTI (Trasylol) 
and Professor H. Tschesche, University of Bielefeld, for pro- 

viding us with the modified proteins BPTI* and des-(A,R)- 
BPTI. 

References 
Abragam, A. ( 1  962) The Principles ofNuclear Magnetism. 

Oxford University Press, Oxford. 
Balaram. P., Bothner-By, .4. A,, & Dadok. J .  (1972) J .  A m .  

Chem. SOC. 94, 401 5. 
Berendsen, H.  J .  C .  (1977) presented a t  the 1 1  th FEBS 

Meeting in Copenhagen, Abstract KO. B5-31. I .  
Bloembergen, N .  (1957) J .  Chem. Phys. 27, 572. 
Brown, L. R., De Marco, A., Richarz, R., Wagner, G., & 

Wuthrich, K .  (1978) Eur. J .  Biochem. (in press). 
Bundi, A. (1977) Ph.D. Thesis No. 6036, E T H  Zurich. 
Campbell, I .  D.. Dobson, C. M.. & Williams, R.  J .  P. (1  974) 

Chothia. C. ,  & Janin, J .  (1975) Nature (London) 256, 705. 
Deisenhofer, J., & Steigemann, W .  (1975) Acta Crystallogr., 

Sect. B 31, 238. 
De Marco, A , .  & Wuthrich, K.  (1976) J .  Magn. Reson. 24. 

201. 
De Marco, A, ,  Tschesche, H., Wagner, G. ,  & Wuthrich, K .  

(1977) Biophys. Struct. Mech. 3, 303. 
Dobson, C .  M.,  & Levine, B. A. ( I  976) New Tech. Biophjss. 

Cell Biol. 3 ,  19-9 1.  
Dwek, R. A. ( 1  973) X M R  in Biochemistry, Oxford University 

Press. Oxford. 
Gelin, B. R., & Karplus, M. (1975) Proc. Na f l .  Acad. Sci. 

L'.S.A. 2002. 
Hetzel. R.,  Wuthrich, K., Deisenhofer. J.,  & Huber, R .  ( 1  976) 

Biophys. Struct. Mech. 2, 159. 
Huber, R., Kukla, D., Ruhlmann. A,, & Steigemann, W. 

( 197 1 ) Cold Spring Harbor S y m p .  Quant. Biol. 36, 14 1 .  
Huber, R., Kukla, D., Bode, W., Schwager, P., Bartels, K., 

Deisenhofer. J., & Steigemann, W. (1974) J .  Mol. B id .  89, 
73.  

Jering. H . ,  & Tschesche, H .  (1976) Eur.  J .  Biochem. 6 1 ,  
443. 

Jones, R., Dwek, R. A,. & Forsin, S. (1974) Eur. J .  Biochem. 
47 ,  27 1 .  

Karplus. S., Snyder, G .  H., & Sykes, B. D. (1973) Biochem- 
i s t r j ,  I ? ,  1323. 

Kassell, B., & Laskowski, M.  ( 1  965) Biochem. Biophys. Res. 
Commun. 20. 463. 

Laskowski, M., & Sealock, R. W. (1971) Enzymes, 3rd Ed.  
3, 375-473. 

Marinetti, T. D., Snyder. G. H., & Sykes, B. D. (1976) Bio- 
(,hemistry 15, 4600. 

Masson, A,. & Wuthrich, K. (1973) FEBS Lett. 31, 114. 
McCanimon, J .  A., Gelin, B. R., & Karplus, M. (1977) Nature 

Nieboer, E. (1975) Struct. Bond. (Berlin) 22, 1 .  
Perkins, S .  J .  ( 1  977) Ph.D. Thesis, University of Oxford. 
Perkins, S. J., & Wiithrich, K.  (1978a) Biochim. Biophys. 

Perkins. S. J.. & Wiithrich, K .  (1978b) Biochim. Biophys. 

Reuben, J .  (1975) ,Vaturwissenschuften 62, 172. 
Richarz, R. ,  & Wuthrich, K. (1977) FEBS Lett. 79. 64. 
Richarz, R. ,  & Wuthrich, K.  (1978a) J .  Magn. Reson. (in 

Richarz, R., & Wuthrich, K. (1978b) Biochemistry (following 

Ruhlmann, A,. Kukla. D., Schwager, P., Bartels, K., & Huber, 

J .  Chem. SOC., Chem. Commun., 8 8 8 .  

(London)  267, 585. 

Acta (submitted for publication). 

Acta (submitted for publication). 

press). 

paper in this issue). 

R .  (1973) J .  Mol. Biol. 77. 417. 



H I G H - F I E L D  1 3 C  N M R  O F  B P T I  V O L .  1 7 ,  N O .  1 2 ,  1 9 7 8  2263 

Snyder, G. H., Rowan, R., Karplus, S., & Sykes, B. D. (1975) 

Solomon, I. (1 955) Phys. Rev. 99, 559. 
Tschesche, H .  (1974a) Angew. Chem. 86, 21-40. 
Tschesche, H. (1974b) Angew. Chem., Znt. Ed. Engl. 13, 

Vincent, J .  P., Chicheportiche, R., & Lazdunski, M. (1971) 

Wagner, G. (1977) Ph.D. Thesis No. 5992, E T H  Zurich. 
Wagner, G., & Wuthrich, K. (1975) J .  Magn. Reson. 20, 

Biochemistry 14, 3765. 

10. 

Eur. J .  Biochem. 23,401.  

435. 
Wagner, G., De Marco, A., & Wuthrich, K. (1975) J .  Magn. 

Reson. 20,565. 
Wagner, G., De Marco, A., & Wuthrich, K. (1976) Biophys. 

Struct. Mech. 2, 139. 
Wagner, G., Wuthrich, K., & Tschesche, H. (1978) Eur. J .  

Biochem. in press). 
Wuthrich, K. (1976) N M R  in Biological Research: Peptides 

and Proteins, North-Holland Publishing Co., Amster- 
dam. 

High-Field I3C Nuclear Magnetic Resonance Studies at 90.5 MHz of 
the Basic Pancreatic Trypsin Inhibitor? 

Renk Richarz and Kurt Wuthrich* 

ABSTRACT: The carbon-13 N M R  spectra of the basic pan- 
creatic trypsin inhibitor (BPTI) were investigated at 90.5 
MHz.  The identification of the resonances of the 20 methyl 
groups in this protein is described. Corresponding methyl 
proton and carbon- 13 resonances were assigned by heteronu- 
clear double resonance experiments. Since the proton reso- 
nances had previously been individually assigned, assignments 
to individual amino acid residues were obtained for most of the 
methyl carbon resonances. Carbon- 13 chemical shifts could 
thus be related to the corresponding proton chemical shifts and 
to the molecular conformation of BPTI. In the spectral regions 
of the aliphatic carbons and the carbonyl and carboxylic acid 

w h i l e  principal aspects of high-field NMRI of bio- 
logical macromolecules have been much discussed (Doddrell 
et a]., 1972; Anet, 1974), relatively few experiments with 
peptides or proteins have so far been reported (Komorowski 
et al., 1975; Deslauriers et al., 1975, 1976; Wilbur et al., 1976; 
Shindo & Cohen, 1976; Norton et al., 1977; Richarz & 
Wuthrich, 1977; Wilbur & Allerhand, 1977a; Dill & Aller- 
hand, 1977; Markley et al., 1977). Much emphasis has actually 
been on work with extra large sample sizes a t  the lowest field 
strength commonly used in high resolution N M R  (Allerhand 
et al., 1973, 1977; Oldfield et al., 1975a,b; Wilbur & Aller- 
hand, 1977b). This paper reports on I3C N M R  studies a t  90.5 
M H z  of the globular protein basic pancreatic trypsin inhibitor 
(BPTI). Previously we presented the identification of the 20 
methyl carbon resonances in BPTI (Richarz & Wuthrich, 
1977; Wiithrich et al., 1977). Here, individual assignments for 
most of the methyl lines are described. In addition, resonances 
of the ionizable side chains of Asp, Glu, and Lys and the chain 

T From the lnstitut fur Molekularbiologie und Biophysik, Eidgen- 
ossische Technische Hochschule, CH-8093 Zurich-Honggerberg, Swit- 
zerland. This work was supported by the Swiss National Science Foun- 
dation (Project 3.0040.76). 

I Abbreviations used: BPTI, basic pancreatic trypsin inhibitor (Kunitz 
inhibitor, Trasylol, Bayer Leverhusen, West Germany); NMR,  nuclear 
magnetic resonance; ppm, parts per million; Me$i, tetramethylsilane; 
TSP, 2,2,3,3-tetradeuterio-3-trimethylsilylpropionate; FT, Fourier 
transform. 
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carbons, resonances of the ionizable amino acids were identi- 
fied. The pK, values for the two Asp side chains were found 
to be 3.1 and 3.4, those for the two Glu 3.6 and 3.7. With this, 
microscopic ionization constants have now been determined 
for all the groups in BPTI with pK, values in the range 0- 12, 
which provides a basis for detailed investigations of pH-de- 
pendent variations of the protein conformation. From the 
spectroscopist's viewpoint, these experiments illustrate essential 
advantages of using high-field carbon- 13 N M R  for studies of 
macromolecules, in particular for resolving and assigning 
resonances of protonated carbons. 

terminal amino acid residues were identified and used to in- 
vestigate the p H  titration of these groups. 

BPTI is a small globular protein with molecular weight 
6500, which in its biological function regulates protease activity 
(Tschesche, 1974). The sequence of the 58 amino acid residues 
(Kassell & Laskowski, 1965) and the x-ray structure 
(Deisenhofer & Steigemann, 1975) are known, and the protein 
was extensively studied by N M R  (Masson & Wuthrich, 1973; 
Snyder et al., 1976; Wagner et al., 1976; Wuthrich & Bau- 
mann, 1976). BPTI contains a total of 20 methyl groups, Le., 
those of 6 Ala in the positions 16,25,27,40,48, and 58, Val-34, 
Leu-6, Leu-29, Ile-18, Ile-19, 3 Thr in positions 11, 32, and 54, 
and Met-52 (Kassell & Laskowski, 1965). The proton reso- 
nances of all 20 methyls were identified (De Marco et al., 
1977) and most of them individually assigned (Wuthrich et 
al., 1978). On this basis individual assignments for most of the 
methyl I3C lines could be obtained by the identification of the 
corresponding 'H and I3C resonances. 

Earlier investigations indicated the occurrence of pH-de- 
pendent conformation changes in solutions of BPTI (Vincent 
et al., 1971; Brown et al., 1976; Wagner et al., 1976; Wagner, 
1977). For more detailed studies of these conformational 
transitions it was essential to know the microscopic dissociation 
constants for all the ionizable groups in the protein. Previously, 
'H N M R  measurements provided the pK, values for the four 
Tyr (Wagner & Wuthrich, 1975; Wagner et al., 1976; Snyder 
et al., 1976), the four Lys (Brown et al., 1976) and the N-  and 
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