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Nuclear Magnetic Resonance in Protein Research 
b y  K U ~ T  WUTHRICI-I  

I n s t i t u t  f i i r  M o l e k u l a r b i o l o g i e  u n d  B i o p h y s i k ,  E i d g e n 6 s s i s c h e  T e c h n i s c h e  H o c h s c h u l e ,  
C F I - 8 0 4 9  Z t i r i c h  ( S w i t z e r l a n d )  

Introduction 

Over the last two decades, investigations of struc- 
ture-function relations in proteins have been based 
mainly on the structural information obtained from the 
elucidation of the amino acid sequences by chemical 
methods i, and from X-ray studies of the molecular 
conformations in protein single crystals 2. More recently 
different methods have been employed to complement 
the data on the covalent structure and the single 
crystal conformations with studies of the molecular 
conformations in solution, and of the dynamic aspects 
of the protein molecules in their biological roles. Today, 
after some quite spectacular advances in instrumenta- 
tion, nuclear magnetic resonance (NMR) spectroscopy 
holds a prominent position among the techniques used 
for solution studies of proteins. In this survey, the prin- 
ciples underlying the applications of NMR to proteins 
will be outlined and illustrated with some typical ex- 
periments. 

NMR techniques have been applied to a variety of 
different aspects of protein research. These include the 
molecular conformations in solution, the dynamics of 
protein conformation, the hydration of protein mole- 
cules, protein denaturation, allosteric effects in proteins, 
structural and kinetic aspects of the interactions be- 
tween enzymes and substrate8 or inhibitors, intermole- 
cular interactions between different proteins, proteins 
and nucleic acids, and proteins and lipids, e.g. in bio- 
logical membranes~ Even though this list gives only a 
selection of the prominent themes in the current liters- 

ture, and does not include any of the analytical work, 
e.g. to test the puri ty and homogeneity of protein 
preparations, it may serve to illustrate the multitude 
of current and potential future applications of NMR 
spectroscopy in the protein field. 

Nature has endowed proteins with a number of dif- 
ferent nuclei which can in principle be observed in 
NMR experiments (Table), In practice, however, be- 
cause of high sensitivity for NMR detection, which is 
given approximately by the product of isotope abun- 
dance and relative sensitivity (Table), is a crucial pre- 
requisite for studies of macromolecules, biological ap- 
plications were, until approximately two years ago, 
essentially restricted to 1H-NMR. With the introduc- 
tion of Fourier transform techniques, the observation 
of less abundant and less sensitive nuclei has also be- 
come practicable. Combined with the preparation of 
proteins enriched in certain isotopes, e.g. 2D, 13C, 15N or 
~gF, this provides now, from the technical point of view, 
for a greatly enlarged variety of potential applications 
of NMR methods. 

Historically, the first NMR experiments with pro- 
teins were described in the late 1950's. Very early on 
two different approaches were proposed, which are 

1 Handbook o/ Protein Sequences (Ed. L. R.  CROFT; J o y n s o n - B r u v -  
vers  L t d . ,  Oxford ,  E n g l a n d  1973). 
R. E. DICKERSON a n d  I. GELS, The Structure and Act ion  o/ Proteins 
( H a r p e r  a n d  Row,  N e w  Y o r k  1969). 

N M R  nuclei  in  p ro t e in s  

I so tope  Nuc l ea r  spin  I N a t u r a I  a b u n d a n c e  
(in mul t ip les  of h]2~z) (%) 

Re la t ive  sens i t iv i ty  
for  equa l  n u m b e r  of nucle i  
a t  c o n s t a n t  field 

N M R  f r e q u e n c y  
a t  10 k i logauss  (MHz) 

E lec t r i c  q u a d r u p l e  m o m e n t  Q 
(in mul t ip les  of e x 10 -24 c m  ~) 

1H 1/2 99.98 
2D 1 0.015 
18 C 1/~ 1.11 
1aN 1 99.63 
15N 1[2 0.37 
170 ~[2 0.04 
12F 1/2 100 
88S 8/2 0.74 
8~C1 3/~ 75.4 
8~C1 3/2 24.6 

1.000 
9.65 X 10 -8 
1.59 X 10 -8 
1.01 X 10 -3 
1.04 • 10 -3 
2.91 • 10 -2 
8.33 • 10 -1 
2.26 • 10 -8 
4.70 • 10 .2 
2.71 • 10 -2 

42.57 
6.53 

10.70 
3.08 
4.31 
5.77 

40.03 
3.27 
4.17 
3.47 

2.77 • 10 -8 

7.1 x 10 -2 

- - 4  • 10 -~ 

- - 6 . 4  • 10 -2 
- - 7 . 9  x 10 -2 
- -6 .21  x 10 -2 
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now generally referred to as 'high resolution NMR',  
and 'relaxation enhancement studies'. In a high resolu- 
tion NMR experiment one observes the nuclei of the 
protein, and derives structural information from the 
NMR parameters of the macromolecule. As a conse- 
quence of the high molecular weight, one encounters 
two principal difficulties in these experiments, i.e. the 
relatively small molar concentration attainable in solu- 
tions of even the smallest common proteins, and the 
limited resolution of the NMR spectra which consist of 
the mutually overlapping resonances of the several 
hundred to several thousand protons or carbon atoms 
in the protein molecule. Therefore, even though the 
proton NMR spectra of pioteins could be observed as 
early as 1957 a, it was only after the introduction of 
superconducting magnets into NMR spectrometers 
around 1967% and more recently of the Fourier trans- 
form method s, that  high resolution NMR became an 
attractive technique for studies of proteins. With the 
presently available instrumentation, high resolution 
NMR is second only to single crystal X-ray methods in 
the amount of details available on the molecular con- 
formations in proteins, and has thus become a most 
valuable technique for studies in solution. In a relaxa- 
tion enhancement experiment one observes the in- 
fluence of the macromolecule on the NMR of one of the 
low molecular weight components, most commonly the 
solvent. From these data, inferences can be drawn on 
structural and kinetic aspects of the interactions be- 
tween the macromolecules and the observed ligand. 
Since the latter can be present in high molar concen- 
trations, the requirements for sensitivity and resolution 
of the NMR spectrometer are frequently much less 
stringent than for high resolution work, and could be 
met  by the equipment available 15 years ago. Corre- 
spondingly accounts of relaxation enhancement exper- 
iments have been quite common in the literature since 
1958. 

N M  R parameters and protein conformation 

The N M R  experiment% A nucleus with a spin I = 
1/2 (Table) can occur in two different spin states de- 
scribed by the magnetic quantum numbers m = 1/2 (or 
~), and m -- -- 1/2 (or/9). In the absence of an external 
magnetic field, the two spin states are energetically de- 
generate and hence equally populated (Figure. 1) In a 
NMR experiment the sample is placed in amagnetic field 
Ho where the c~- and/9-spins have different energy (Fig- 
ure 1), and as a consequence their relative populations 
are given according to tile Boltzmann distribution 
law by 

up = e zlE 
n~ Tk  

where n~ and n~ are the number of nuclei in the respec- 
tive levels. Because of this population difference the 

sample becomes magnetized, and a net absorption of 
energy is observed during irradiation with an electro- 
magnetic field of suitable frequency. This resonance 
frequency is in the radiofrequency region (Table), and 
for a magnetic field Ho is given in hertz (Hz) by 

AE y 
v - -  - -  Ho ( i - - a )  (2) 

h 2~ 

Here h is the P]anck constant, y the magnetogyric ratio 
which is a constant for a given nucleus, and a the 
shielding factor which accounts for the chemical sur- 
roundings of the observed nucleus. 

N M R  Parameters 6.The utility of the NMR method 
results primarily from the sensitive variation of the res- 
onance frequency with chemical structure and confor- 
mation of the molecules and their environment, which 
is accounted for by  ~ in equation (2), and usually re- 
ferred to as the chemical shift. In practice the chem- 
ical shifts, d, are measured with respect to a standard 
reference compound, and given in parts per million 
(ppm) of the resonance frequency vo. For diamagnetic 
organic molecules, proton chemical shifts cover a spec- 
tral region of approximately 15 ppm from the reference 
tetramethylsilane (TMS), or a derivative thereof, to 
lower field at constant radiofrequency v (2), and car- 
bon-13 chemical shifts extend to approximately 200 
ppm to low field from TMS. 

Figure 2 shows that  the proton NMR in alanine which 
are separated by different chemical shifts, are further 
split into multiplets by spin-spin coupling between the 
protons bound to neighboring carbon atoms. The ex- 
tent of the multiplet splitting is given by the spin-spin 
coupling constants J. 

Through the radio-frequency irradiation of the 
sample during the NMR experiment, the Boltzmann 
distribution (1) of the spin states is disturbed, and in 
the af termath of the irradiation, the system tends to 
return to the equilibrium population of spins c~ and 13. 
This relaxation is an exponential process with a char- 
acteristic t ime constant T1, the so-called longitudinal 
relaxation time. 

As .will be further discussed in the following, the 
NMR parameters 8, J, and T 1 are closely related to the 
size, structure, conformation and dynamic characteris- 
tics of the observed molecules. 

High resolution N M R spectra of proteins in random coil 
forms. The NMR chemical shifts in diamagnetic organ- 
ic materials are primarily determined by  the covalent 

a M. SAUNDERS, A. WISHNIA a n d  J .  G. KIRKWOOD, J. Am. chem.  
Soc. 79, 3289 (1957). 

4 9". A. NELSON a n d  H.  E.  WEAVER, Science 746, 223 (1964). 
R.  R. ERNST a n d  W. A. AND~RSO~r, Rev .  seient .  I n s t r u m .  37, 93 
(1966). 

s F o r  i n t r o d u c t o r y  t ex tbooks  see e . g . F . A .  BOVEY, Nuclear Magnetic 
Resonance Spectroscopy (Academic  Press ,  New Y o r k  1969); T. C. 
FARRAR a n d  E. D. BECKER, Pulse and Fourier Translorm N M R  
(Academic  Press ,  N e w  Y o r k  1971). 
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structure of the molecules. Some typical proton chem- 
ical shifts in amino acids are those of the aliphatic 
methyl groups at around 1 ppm (Figure 2), the alipatic 
methylene protons at 1.5-3.0 ppm, the Ca-protons at 
3.5 to 4.5 ppm, the aromatic protons at around 7 ppm, 
and the amide protons at 7 to 9 ppm. The chemical 
shifts are further affected by the magnetic suscepti- 
bility of their environment in the solution. The starting 
point for high resolution NMR experiments of proteins 
are therefore the spectra of the individual amino acid 
residues observed in linear oligopeptides, where the 
amino acid side chains are readily acessible to the sol- 
vent (Figure 3A). For oligopeptides dissolved in DeO, 
these spectra are qualitatively very similar to that of 

('~ 

Ho:O 

�9 
aE=h~'o=y 2~Ho 

...... 2- .... -;-!-- 
H0>0 

Fig.  1. Magne t i c  ene rgy  levels for  a nuc leus  wi th  spin  I = 1/2 wi th  a n d  
w i t h o u t  app l i ca t ion  of a n  ex t e rna l  m a g n e t i c  field. 

CH3 
I 

D2N-CH-C00 e 

f 

J = ? . 2  Hz 

S 

J=7.2 Hz 

1,1t 
iE 

Ir 

ill DSS 

~(CH,)= 1.21 p'~ rn 
d(C~H) = 3.31 ppm I 

Fig. 2. P r o t o n  N M R  s p e c t r u m  a t  60 MHz of a 0 .5 -M so lu t ion  of 
L-alanine  in  D20,  p D  ~ 13.0, T = 35 ~ DSS,  a w a t e r  soluble de r iva -  
t ive  of t e t r ame thy l s i l ane ,  is used  as a n  i n t e r n a l  reference.  The  reso- 
n a n c e  a s s ignmen t s  c a n  be  de r ived  f rom the  re la t ive  s ignal  in tens i t ies  
in the  i n t e g r a t e d  s p e c t r u m  (upper  t race) ,  a n d  f rom the  mu l t i p l e t  
s t r uc tu r e s .  In  th is  example ,  the  N M R  p a r a m e t e r s  (~ a n d  J can  be  ob- 
t a ined  f r o m  the  l ine posi t ions ,  as i n d i c a t e d  b y  the  a r rows .  The  w e a k  
lines label led s are  the  s p i n n i n g  side b a n d s  of the  m e t h y l  doub le t  re- 
sonance .  The  scale is in  p a r t s  per  mil l ion (ppm) wi th  respec t  to DSS,  
where  pos i t ive  n u m b e r s  i nd i ca t e  shif ts  o t  lower  field a t  c o n s t a n t  r ad io  
f r e q u e n c y  ( equa t ion  2). 

alanine shown in Figure 2. In particular, because the 
labile hydrogen atoms, i.e. those bonded to O, N, or S, 
are, within a few minutes, exchanged with deuterium 
atoms of the solvent, only the NMR of  protons bound 
to the carbon atoms will be observed. Standard proton 
chemical shifts for amino acid residues in D20 had 
been tabulated by McDoNALD and PHILLIPS 7, and 
corresponding carbon-13 data have been collected in 
D20 and dimethyl-sulfoxide8. 

In the context of the present discussion, a protein 
molecule is taken to be in a 'random coil form' when all 
the amino acid side chains stick freely out into the sol- 
vent (Figure 3A). From what has been said above, one 
would expect that the NMR spectrum of a random coil 
protein should very nearly correspond to a hypothetical 
spectrum obtained through addition of the resonances 
of the individual amino acid residues in the polypep- 
tide chain 7. This is illustrated by the Figures 4 and 5. 
Figure 4 shows the proton NMR spectrum of a human 
polypeptide hormone, calcitonin M. This peptide 
(Figure 5) has been synthesized by chemical methods 10, 
and its physiological role in the regulation of the blood 
calcium level has been extensively investigated 11. NMR 
studies have shown that calcitonin M in aqueous solu- 
tion is predominantly in an extended random coil 
form 12. In the spectral regions of the aliphatic amino 
acid side chains between 0 and 3 ppm, and the aromat- 
ic side chains between 6 and 9 ppm, the experimental 
spectrum A and the computed spectrum B in Figure 4 
are nearly identical. This shows that all the labile hy- 
drogen atoms in calcitonin M had been replaced by 
deuterium atoms of D20, and that the different amino 
acid residues of one kind, e.g. the 3 phenylalanines in 
positions 16, 19, and 22 (Figure 5), are magnetically 
essentially equivalent. Here the methyl resonances of 
the five threonyl residues 6, 11, 13, 21, and 25 at 
approximately 1.1 ppln (the second line from the right 
in Figures 4 A and B) are the only apparent exception, 
in that they are slightly shifted with respect to each 
other in the spectrum 4 A 12. Figure 6 shows a corres- 
ponding laC-NMR experiment. The basic pancreatic 
trypsin inhibitor (BPTI) is a 'miniprotein' which con- 
sists of one polypeptide chain with 58 amino acid resi- 
dues 1~. In dimethyl-sulfoxide solution, BPTI  is in a 
random coil form, as evidenced by the 1H-NMR14. In 
the spectral regions of the aliphatic and aromatic amino 

C. C. McDONALD a n d  W. D. PHILLIPS, ill Fine  Structure o] Proteins 
and Nucleic Acids  (Eds. G. D. FASMAN a n d  S. N. TIMASHEFF (Dek- 
ker ,  New Y o r k  1970). 

s CH. GRATHWOHL a n d  K.  WOTnmeH,  J .  m a g n e t .  Res.,  73, 217 (1974). 
9 R. NEHER, B. RINIKER, W. RITT~L a n d  H.  ZUBER, Helv.  ch im.  

A c t a  51, 1900 (1968). 
10 p .  SIEBER, ]3. RINIKER, M~. BRUGGER, B. KAMBER a n d  W. RITTEL, 

Helv.  china. A c t a  53, 2135 (1970). 
11 Calcitonin 7969, Proceedings  of the  Second  I n t e r n a t i o n a l  S y m p o -  

s ium ( H e i n e m a n n  L td . ,  L o n d o n  1970). 
12 A. MASSON, Konformationsstudien an Calcitonin M und  am Tryp-  

s in-Inhibi tor  B P T f ,  P h . D .  thesis,  E T H  Zfirieh (1974). 
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Fig. 3. Schemat ic  represen ta t ion  of a segment  of the po lypept ide  
chain  in an ex tended  r andom coil form (A) and a globular  conforma- 
t ion (B) of a prote in  molecule. 

.a. 

8 

I I I I I I I I 
1 0  5 0 

P P M  

I I I 

Fig. 4. Pro ton  NMR spec t rum a t  220 MHz of calc i tonin  lVf in  a D60- 
solution, pD = 5.0. A) Expe r imen ta l  spectrum.  B) Hypo the t i ca l  
spec t rum computed  on the basis of the amino acid composi t ion (Fig- 
ure 5) as the sum of the resonances of the ind iv idua l  amino acid re- 
s iduesL The s t rong nar row lines be tween 4 and 6 p p m  in spec t rum A 
correspond to the resonance of the res idual  pro tons  of the solvent ,  and  
i t s  sp inn ing  side bands.  Pro ton  NMR spectra  recorded a t  220 MHz 
or higher frequencies are recorded on spect rometers  equipped wi th  
a superconduct ing  solenoid as the source of the polar iz ing magnet ic  
field H,. 

acid side chains from 0 to 30 ppm, and from 100 to 
160 ppm, respectively, the 13C-NMR spectrum of the 
random coilprotein (Figure 6c) agrees again quite closely 
with the hypothetical spectrum computed by adding 
together the NMR of the constituent amino acid resi- 
dues (Figure 6B) s 

High resolution NMR spectra of native globular pro- 
teins. In Figure 7 the proton NMR spectrum of reduced 
cytochrome c (A and B) in neutral aqueous solution is 
compared with the hypothetical spectrum of the ran- 
dom coil polypeptide chain computed from the re- 
sonances of the constituent amino acid residues (C). 
Cytochrome c is a globular protein of molecular weight 
12,500 which consists of 1 polypeptide chain with 104 
amino acids, and I heine group (Figure 8). In its physio- 
logical role as an electron transport protein in the respi- 
ratory chain, it shuttles forth and back between the re- 
duced diamagnetic state (Fe 2+, S = O) and the pars- 
magnetic oxidized state (Fe 8+, S = 1/2), where S is the 
electron spin. The proton NMR spectrum of the oxi- 
dized cytochrome c is shown in Figure 8. I t  is readily 
apparent from the inspection of Figures 7 and 8 that  
there are quite dramatic NMR spectral differences be- 
tween the hypothetical random coil form and the glob- 
ular forms in both oxidation states of the protein. The 
resonances shifted to positions outside the spectral 
region from 0 to 10 ppm, which contains all the re- 
sonances of the individual amino acid residues (Figure 
7 C)7, are particularly worth noting. From the discus- 
sion in the preceding section, it is quite evident that 
these new spectral features arise as a consequence of 
the globular conformation of the protein. They are the 
major source of conformational information in the pro- 
ton NMR spectra of this proteinl~-lL 

The manifestation of the protein conformation in the 
proton NMR spectra is due to interactions through 
space between different segments of the polypeptide 
chain. As is shown schematically in Figure 3 B, some of 
the amino acid side chains in the interior of a globular 
protein are no longer freely accessible to the solvent, 
and are instead in close contact with other amino acids. 
Across the protein molecule, the different amino acid 
residues of a given kind are thus in different micro-en- 
vironments characterized by different local magnetic 
susceptibilities, and hence their chemical shifts may be 
different. This dispersion oi the chemical shifts of struc- 
turally identical groups leads on the one hand to the 

1 5 lO 

H-Cy~-Gly-Asn-Leu- Ser-Thr-Cys-Met-Leu-Oly-Thr-Tyr-Thr-Gln-  
I I 

15 20 25 

A s p - P h e - A s n - L y s - P h e - H i s - T h r - P h e - P r o - G l n - T h r - A l a - I l e - G l y - V a l -  

30 

Gly-Ala-Pro-NHe 

Fig. 5. Amino acid sequence in  cale i tonin  ~ .  

16 R. HUBER, D. KUKLA, A. R~HLMANN and W. STEmE~A~N, Cold 
Spr ing Harbor  Syrup. quant .  Biol. 36, 141 (1971). 

~4 A. MASSON and K. WOTHRIen, F E B S  Let t .  37, 114 (1973). 
1~ K. W~THRICH, in Probes o] Structure and Function o] Macromolec- 

ules and Membranes (Eds. B. CHANCE, T. YONETA~I and A. S. 
MILDVAN; Academic  Press, New York  1971), vol. 2, p. 465. 

16 K. WOTHRICH, S t ruc ture  and  Bonding  8, 53 {1970). 
17 l<. WOTYlRICI{, Proc. ha th .  Acad, Sol. 63, 1071 (1969). 



15.6.1974 Generalia 581 

characteristic poorly resolved features in the region 
between 1 and 9 ppm of the protein spectra (Figures 7 
and 8). On the other hand it can also lead to the ap- 
pearance of well resolved lines outside the spectral 
range in which the resonances of diamagnetic organic 
molecules are usually observed. This is best illustrated 
by the chemical shifts arising from the local ring current 
fields in aromatic rings 6. 

If an external field Ho is applied perpendicular to the 
plane of an aromatic ring, it will induce a local ring 
current field HI~ which opposes Ho in the areas above 
and below the ring plane, and reinforces it in the ring 
plane outside the contours of the molecule (Figure 9). 
This large diamagnetic anisotropy can cause sizeable 
upfield or downfield shifts of the NMR of neighboring 
nuclei. Thus the resonance of a methyl  group located 
near the plane of an aromatic ring in the three-dimen- 
sional structure of a protein will appear at higher field 
Ho at fixed radio frequency, i.e. it will be shifted to the 
right in the NMR spectrum. Ring current shifts near 
aromatic amino acids can be as large as 2 ppm, near the 
porphyrin ring (Figure 8) in hemoproteins as large as 
5 ppm 16. Since in random coil peptides, the aliphatic 
methyl  protons are observed at around 1 ppm (Figure 
2) and the methylene protons at 1.5 to 3 ppm, it is 

c 

150 50 
PPM 

readily seen that  ring current fields can in principle 
produce resonances at high fields from DSS in the 
spectra of proteins. In the reduced cytochrome c (Fig- 
ure 7), all the resonances between 0 and -4 ppm have 
been shifted upfield by the aromatic amino acids and 
the porphyrin ring. In particular, the line at -3.3 ppm 
corresponds to the methyl  protons, and the lines at 
-3.7, -2.7, and -1.9 ppm to 3 of the 4 methylene pro- 
tons of the methionyl side chain bound to the heme 
iron (Figure 8) 17. 

The extent and the direction of the ring current 
shifts arising in the immediate surroundings of an aro- 
matic molecule depend solely on the relative coordi- 
nates (d and 0 in Figure 9) of the aromatic ring and the 
observed nuclei. Hence the ring current shifted reso- 
nances ale sensitive probes for changes of the molecular 
conformation near the aromatic ringsL In hemopro- 
reins 16 the porphyrin ring current effects are of partic- 
ular interest because the heine group is an integral part  
of the active site in these molecules. 

In view of the limited spectral resolution even at the 
highest presently available magnetic fields Ho, the de- 
tailed interpretation of the proton NMR in proteins has 
usually been limited to relatively few resonance lines in 
outstanding positions. In addition to ring current 
shifted lines, these included proton resonances of 
histidyl is and t ryptophanyl  ~ residues, which have both 
been found or postulated in the active sites of numerous 
enzymes, and resonances in paramagnetic metallopro- 
reins which can be largely shifted by interactions with 
the electron spin of the paramagnetic center (Figure 8)16. 

Comparison of the carbon-13 NMR spectra of 
BPTI  in the globular native and the denatured random 
coil form (Figure 6) shows that  the protein conforma- 
tion is also manifested in the 13C chemical shifts. In 
particular it can be seen that  different amino acid resi- 
dues of a given type, which give rise to a single sharp 
line in the computed and the observed random coil 
spectra (Figure 6, t3 and C), are magnetically not equiv- 
alent in the globular protein (A, e.g. observe the line 
at around 115 ppm which corresponds to the s aromatic 
carbon atoms of each of the 4 tyrosyl residues in BPTI).  

In addition to the chemical shifts, the molecular con- 
formation of peptide chains can also be manifested in 
the proton-proton spin-spin coupling constants. Of the 
torsion angles ~i and ~0,, which are used to describe the 
backbone conformations in polypeptide chains 2, ~ can 
in principle be determined from measurements of the 
coupling constant JHNC~I-I between the amide proton 
and the C~ proton. The dependence of Jt~e~I~ on 4, 
which obeys a Karplus-type relation 6, was the basis of 
numerous conformational studies in cyclic oligopep- 

Fig. 6. Proton noise*decoupled natural  abundance laC Fourier trans- 
form NMR spectra at 25.14 MHz of the basic pancreatic trypsin in- 
hibitor. A) Native protein in D~O solution. B) Hypothetical spectrum 
computed on the basis of the amino acid composition by addition of 
the resonances of the individual amino acid residues in DMSO s. C) 
Denatured protein in DMSO solution. 

18 G. C. K. ROBERTS and O. JARDETZKu Adv. Protein Chem. 24, 447 
(1970). 
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tides19, 2~ In the proton NMR spectra recorded in 
D20 solutions (Figures 4, 7 and 8), this source of infor- 
mation is in most cases lost because the amide protons 
are replaced by deuterium. With the most advanced 
high resolution proton NMR spectrometers at present 
available, it has in certain cases been possible to mea- 
sure particular ones of the parameters JI~C~Ir in H~O 
solutions of proteins. This indicates that  it may soon be 
practicable to obtain complementary information on 
the protein conformations from the analysis of the 
spin-spin coupling constants. 

Protein conformations in single crystals and in solution 

When the single crystal atomic coordinates of a pro- 
tein are available, and the local magnetic fields of the 
individual components are known, the conformation- 
dependent proton NMR chemical shifts which would 

I 1 I 1 
0 -2  -4  

C 

I I I I I I I 
8 6 4 2 

PPM 

I 1 
0 

arise if the molecular conformations in the crystal and 
in solution were identical, can in principle be computed. 
Comparison of the calculated chemical shifts with the 
observed spectra then provides a criterion for the in- 
vestigation of the relations between the single crystal 
and solution conformations. 

In practice such an analysis will depend most heavily 
on those resonance lines which are shifted to extreme 
positions at high or low field as a consequence of the 
folding of the protein. Ring current shifted tfigb field 
lines have been extensively investigated in different 
proteinsL Descriptions of the local ring current fields 
(Figure 9) are available for benzene rings 6 and porphy- 
rin rings 16. With d and 0 (Figure 9) determined by the 
single crystal atomic coordinates, the ring current shifts 
can be computed for all the atoms in the protein. Simi- 
lar plocedures can be applied to assess the effects of the 
local dipolar field in the vicinity of a paramagnetic cen- 
ter, e.g. the home groups in paramagnetic hemopro- 
teins. Detailed comparative studies of single crystal 
and solution conformations have been reported for 
lyozyme ~1 and cytochrome b5% 

When a close correspodance between the protein 
conformations in the crystal and in solution is evi- 
denced by the above procedures, some of the largely 
shifted and well resolved resonance lines (Figures 7 
and 8, spectral regions outside the range from 0 to 10 
ppm) can in general be assigned to specific amino acid 
residues. These can then be used as probes for confor- 
mational changes in well-defined regions of the mole- 
cule, e.g. during interactions of an enzyme with sub- 
strates, inhibitors, or other effector molecules. 

Protein denaturation 

The NMR spectral differences between globular and 
random coil proteins can be used for investigations of 
protein denaturation 7. In Figure 10, this is illustrated 
with some experiments with BPTI  ~4. The hypothetical 
sum of the NMR of the amino acid residues in this pro- 
tein (Figure 10 C) contains no resonances at higher field 
than 1 ppm, between 5 and 7 ppm, and at lower field 
than 8 ppm. In the native BPTI  (Figure 10 A), these 
spectral regions contain numerous quite well resolved 
resonance lines. At 83 ~ the proton NMR of the amino 
acid side chains (Figure 10 B, spectral regions from 0 to 
3, and 5 to 10 ppm) agree quite closely with the re- 
sonances computed for a random coil form of the poly- 
peptide chain (Figure 10 C), indicating that BPT[  has 

Fig. 7. Proton NMR spectrum at 220 MHz of reduced guanaco eyto- 
chrome c in a neutral solution in D20. A) and B) Experimental  spec- 
trum. C) Hypothetical computed spectrum of the random coil poly- 
peptide chain, The horizontal and vertical scales are different in A, 
where the resonance at -3.3 ppm corresponds in intensity to 3 pro- 
tons, and B, where the resonances between 0 and 10 ppm correspond to 
approx. 650 protons. The 5 sharp lines between 3.5 and 6.0 ppm in the 
experimental spectrum correspond to the resonance of the residual 
water protons and its spinning side bands. 

x9 F. A. BOVEY, A. I. BREWSTER, D. J. PATEL, A. E. TONELLI and 
D. A. TORGHIA, Accts. chem. Res. 5, 193 (1972). 

g0 R. SCHWYZER, CH. GRATHWOHL, J. P. ~V[ERALDI, A. TUN-KYI, R, 
VOOEL and K. WI)THRICH, Helv. chim. Aeta 55, 2545 (1972). 

al l-a STERNLICHT and D. WILSON, Biochemistry 6, 2881 (1967). 
az R. M. KELLER and K. WOTHRICB, Biochim. biophys. Acta 285, 

326 (1972). 



15 .6 .  1974 Genera l i a  583 

FERRICYTOCHROME C (TURKEY ) 

DSS 

3'~ ~o , ~'s ~o ,~s ,'o 
c.2 ,~.2 c.2 
C - - N O  S , 

HCN CH ~CH-CH 3 CH 3 S 

' HEME H3C ~ " C  H ' ~  CH/- C H 3 
- -  F,e PLANE ~-N\ . ,N• 

' CH F e  CH 

CH 2" S "CH 3 H3C CH CH3 

CH2 CH2 
CH2 CH2 

DSS COO- CO0- 

pprn 

Fig. 8. H i g h  reso lu t ion  p r o t o n  N M R  s p e c t r u m  a t  220 MHz of a 0 .01-M 
so lu t ion  of f e r r i c y t o e h r o m e  e in D20.  The  s h a r p  l ines be tween  4 a n d  
6 p p m  co r r e spond  to  the  H D O  resonance  a n d  i t s  f i rs t  a n d  second  
sp inn ing  side bands .  Di f fe ren t  ve r t i ca l  a n d  ho r i zon ta l  scales are  used  
for  the  regions  f rom - 1  to 9 p p m ,  a n d  f rom 0 to  - 1 0  a n d  10 to 35 p p m .  
The  2 lir~es be tween  30 a n d  35 p p m  co r r e spond  to 3 p r o t o n s  each,  
while  t he  resonances  b e t w e e n  0 a n d  9 p p m  co r r e spond  to a p p r o x i m a t e -  
ly  650 p ro tons .  F o r  t echn ica l  r easons  the  h igh  field r e sonance  a t  
-23 .2  p p m  a p p e a r s  as a n  inve r sed  l ine in  the  low field region.  The  
s t r u c t u r e s  of the  heme  g r o u p  of e y t o e h r o m e  e, wh ich  is a n  i ron  por -  
p h y r i n  complex ,  a n d  of the  ax ia l  l igands  of the  heme  i ron ,  are  shown  
a t  the  b o t t o m .  

Ho 

been denaturated under these conditions of tempera- 
ture and solvent medium. The reappearance of the re- 
sonances at 0 ppm, and between 5 and 7 ppm in the 
spectrum D (Figure 10) shows that  the thermal dena- 
turation was essentially reversible. The resonances be- 
tween 8 and 11 ppm in Figure 10A do not reappear in 
spectrum D because they correspond to amide protons 
which had been replaced by  deuterium atoms of the 
solvent when the protein was in the denatured form. 

A particular advantage of high resolution NMR for 
denaturation studies is that  in general the behaviour of 
a number of different resolved lines, which had in fa- 
vorable cases be assigned to specific amino acid resi- 
dues, can be observed during the denaturation. In addi- 
tion to monitoring the overall course of the denatura- 
tion process, one can thus in principle simultaneously 
investigate the degree of unfolding of the polypeptide 
chain in various different regions of the protein mole- 
cule. 

Dynamics of protein conformations 

When random coil oligopeptides and polypeptide 
chains are dissolved in D=O, the amide protons are 
within a few minutes replaced by deuterium of the sol- 
vent. In globular proteins, part  of the labile hydrogen 
atoms can be buried in the interior of the molecule where 
they are not readily accessible to the solvent. Studies 
of the proton exchange rates can then yield informa- 
tion on the dynamics of the protein conformation, i.e. 
on the frequency of the occurrence of certain events in 
which interior parts of the globular molecule would 
temporarily be exposed to the solvent ~a. 

In the proton NMR spectra, the exchange of the la- 
bile hydrogen atoms can be observed in the disappear- 
ance of the corresponding resonance lines. If the latter 
are involved in intramolecular hydrogen bond forma- 
tion with electronegative groups in the interior of the 
molecule, their resonances can be shifted sufficiently 
far downfield to be observable as individual resolved 
lines. The spectrum of BPTI  in Figure 10A contains 
numerous resonances of slowly exchanging amide pro- 
tons between 8 and 11 ppm. 

An experiment in which the variations of the in- 
tensity of the low field resonances of a BPTI  solution in 
D20 had been measured over a period of several months, 
is represented in Figure 11. Comparing the spectra 
11 A-C, one finds several resonances correspond.rag to 
protons which are replaced by  deuterium within a few 
minutes to several hours, others which are exchanged 
within days, and lines where no change in intensity was 
noticeable after several months ]4. I t  is a particular 
attraction of the NMR method that  the exchange rates 

Fig.  9. The  local  m a g n e t i c  r i ng  c u r r e n t  field of a n  a r o m a t i c  molecule.  
Ho is the  e x t e r n a l  po la r i z ing  field. F o r  a g iven  r i ng  the  field s t r e n g t h  
a t  a n y  po in t  in  space  is d e t e r m i n e d  b y  the  pos i t ion  (d, 0) re la t ive  to 
the  a r o m a t i c  molecule.  28 A. HVlDT a n d  S. O. NIELSEN, Adv .  P ro t e in  Chem. 2J,  287 (1966). 
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of individual protons, which can, in favorable cases, be 
assigned to specific locations in the protein i~, 34, 25, can 
be determined. When BPTI  was dissolved in H20 in- 
stead of D20, additional resonances of labile protons 
with life times with respect to chemical exchange of the 
order of approx. 10 -a sec to 1 min could be observed 25. 

Intramolecular segmental motions in the time do- 
main 10 -s to 10 -11 sec can be studied by measurement 
of the nuclear spin relaxation times T 1. Using Fourier 
transform methods, T1 can be obtained for the individ- 
uaI laC-resonances in the spectrum of a protein (Fig- 
ure 6)~6. The 13C relaxation time T 1 for a given molec- 
ular structure is mainly determined by the rotational 
tumbling in the solution 6. For proteins the relevant 
correlation time is deteimined by  the combination of 
the overall rotational tumbling of the macromolecule 
and the intramolecular segmental motions. 13C relaxa- 
tion times can therefore be employed to compare the 
segmental motions of individual amino acid side chains 
in the globular and the random coil forms of the poly- 
peptide chain ~6. Experiments of interest can, for 

B ~ / 
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C T H E O R  / ' ~  

D 2 0  ~ 

PPM 
I I I I I I I I I I I 

10  5 0 

Fig. 10. Spectral changes in the proton NMR spectrum at 220 MHz 
during the thermal denaturation of the basic pancreatic trypsin inhi- 
bitor (BPTI) in D20 solution containing 0.01-M of the protein and 
6-M guanidinum chloride, pD = 7.1. A) Native BPTI at  20 ~ B) De- 
natured BPTI at  83 ~ C) Hypothetical computed spectrum of random 
coil BPTI. D) Same sample as in B, after cooling down to 20 ~ 

example, include comparisons of the segmental mo- 
bility of the amino acids in the active site of an enzyme 
in the presence and absence of substrates, inhibitors, or 
other effector molecules. 

Enzyme-substrate interactions 

The dependence of the nuclear spin relaxation times 
on the rotational tumbling of the molecules is also at 
the basis of the so-called relaxation enhancement stu- 
dies, which have for many  years at tracted the interest 
of enzymologists. In introducing this technique, let us 
for simplicity of presentation assume that  the relaxa- 
tion rate, 1/T1, is proportional to a so-called 'correla- 
tion t ime'  Te. The effective correlation time determined 
by the rotational tumbling is of the order 10 - n  sec for 
a small molecule like H~O, and 10 .9 to 10 -s sec for pro- 
tein molecules with molecular weights from 10,000 to 
50,000. I t  follows that  the relaxation rate for the pro- 
tons of a water molecule bound to the protein in such a 
way that  its rotational motions are restricted to those 
of the hydrated protein is enhanced compared to that  
of the free water molecules. This relaxation enhance- 
ment is particularly dramatic for the nuclei of low mo- 
lecular weight ligands attached to the metal  ions in 
paramagnetic metalloproteins. The nuclear spin relaxa- 
tion arising from the interactions with the unpaired 
electrons is then in most cases by far the most domi- 
nant  contribution to the observed relaxation effects, 
and the relaxation rates of the nuclei bound to the pro- 
tein, 1/Tlpr, can be described by 

1 : C .  1 
TI~  ~,6 " t(z~) (3) 

where C is a constant, r the distance between the para- 
magnetic centre and the observed nuclei, and f(z,) ac- 
counts for the dependence on the effective correlation 
time. When the ligands bound to the metal  ion are rap- 
idly exchanging with the bulk of the ligands in the 
solution, the relaxation enhancement is averaged over 
the entire ligand population in the system. One then 
observes the NMR signal of the bulk of the ligand mole- 
cules in the presence and absence of the metalloprotein. 
The measured enhancement of the relaxation rate, 
(1/T 1 - -  1/Tlz), where T 1 and Tlz are respectively the 
relaxation times of the ligand nuclei in the presence and 
absence of the protein, can be described by  

1 1 P 
- -  ( 4 )  

T 1 TI~ Tlp~+'r~r 

24 S. KARPLUS, G. H. SNYDER and B. D. SYKES, Biochemistry 12, 
1323 (1973). 

25 O. WAGNER and K. WOTHRICH, to be published. 
26 A. ALLERHAND, D. DODDRELL, V. GLUSHKO, D. W. COCHRAN, E. 

WENKERT, P. J. LAWSON and R. F. N. GURD, J. Am. chem. Soc. 
93, 544 (1971). 
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P accounts for the protein concentration and the num- 
ber of ligand binding sites, T1pr is the relaxation time of 
the bounds ligand (3), and ~pr the life time with respect 
to chemical exchange of the ligand molecules bound to 

A 

B 
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I I I I I 
11 9 7 

P P M  

Fig. 11. S p e c t r a l  reg ion  f rom 7 to  11 p p m  of the  p r o t o n  N M R  spec- 
t r u m  a t  220 MHz of B P T 1  a t  d i f fe ren t  t imes  a f t e r  p r e p a r a t i o n  of a 
0 ,01-M so lu t ion  in  D20  , p D  = 7.3. A) Af ter  25 min  a t  22~ B) Af t e r  
150 mirl a t  22~ C) Af t e r  660 h a t  22~ D) Af t e r  s t a n d i n g  a t  85 ~ for  
a few minu tes .  

~.--,-L(Bulk) 

L=A- CH2-CH2-CH-B 
CH3 

Fig. 12. S c h e m a t i c  r e p r e s e n t a t i o n  of a s i tua t ion  wh ich  m a y  ar ise  in  a 
so lu t ion  c o n t a i n i n g  a m e t a l l o p r o t e i n  a n d  a n  excess of a low molecu la r  
we igh t  l i g a n d  L. I t  is a s s u m e d  t h a t  L con ta in s  2 po t en t i a l  m e t a l  b ind-  
ing  si tes A a n d  B. L i g a n d  molecules  are  r a p i d l y  e x c h a n g e d  be tween  the  
b i n d i n g  site on  the  p a r a m a g n e t i c  m e t a l  ion a n d  the  b u l k  of the  solu- 
t ion. 

the protein. An important advantage of this type of ex- 
periment is that the ligands can be present in large ex- 
cess, so that solutions with quite low molar concentra- 
tions of paramagnetic proteins can be investigated. 

A typical system which might be studied by relaxa- 
tion enhancement experiments is presented schemati- 
cally in Figure 12. On the basis of equations (3) and 
(4), a variety of qualitatively informative experiments 
can be developped. If one finds that rl~ ~ T~pr in equa- 
tion (4), the relaxation enhancement is determined by 
Tlpr. Because of the dependence of Tlpr on the sixth 
power of r, one can then decide from the extent of the 
relaxation enhancement whether the ligands are directly 
attached to the metal ion (as in Figure 12), or if the latter 
is, on the contrary, buried in the interior of the protein. 
Because of the dependence on 1/# (equation 3), one can 
in principle also determine the metat binding site in the 
ligand (Figure 12).When a system contains more than one 
potential ligand, e.g. H~O and a substrate or an inhib- 
itor, relaxation enhancement studies should in prin- 
ciple reveal when the different ligands compete for the 
metal binding sites. Overall, relaxation enhancement 
experiments have already had quite an impact on the 
elucidation of the mechanisms of action of certain me- 
tal ion dependent enzymes 2~, as. The application of the 
method was extended to include a variety of diamagnet- 
ic metalloenzymes after it had been found that  the 
diamagnetic bivalent metal ions in certain proteins 
could be replaced by the paramagnetic Mn ~+ without 
complete loss of the enzymatic activity2~, 2s. 

Zusammenfassung 

Die magnetische Kernresonanzspektroskopie hat 
sich im Laufe der letzten Jahre zu einer attraktiven 
Methode fiir Studien der Molektilkonformationen von 
Proteinen in L6sung entwickelt. In mancher Hinsicht 
bildet sie eine ideale Erg~inzung der Einkristallr6ntgen- 
untersuchungen. In der vorliegenden Arbeit wird ver- 
sueht, die Beziehungen zwischen Proteinstruktur, 
Proteinkonformation und den verschiedenen NMR- 
Parametern anschaulich darzustellen. Anschliessend 
werden einige ausgew/ihlte Themenkreise etwas ein- 
gehender diskutiert : Vergleich der Proteinkonforma- 
tionen in L6sung und in Einkristallen, Denaturierung 
yon Proteinen, dynamische Aspekte yon Proteinkon- 
formationen in L6sung, Studien von Enzym-Substrat-  
wechselwirkungen 29. 
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