
Biol Res 29: 141-163 (1996) 141 

Applications of nuclear magnetic resonance 
to determine the structure and interactions of 

ligands, peptides and enzymes 
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Nuclear magnetic resonance (NMR) spectroscopy is emerging as a powerful tool 
for the study of enzyme structure and function. This article discusses the general 
principles of NMR and the potential information this technique can provide in the 
study of enzymes along with its limitations. 
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GLOSSARY OF TERMS 

A hyperfine coupl ing constant 
g electronic ' g ' factor 
C O S Y J-correlated spectroscopy 
H o i n t e n s i t y of t h e s t a t i o n a r y 

magnet ic field 
-fi Planck ' s constant divided by 2n 
I t o t a l n u c l e a r s p i n q u a n t u m 

number 
J S c a l a r s p i n - s p i n c o u p l i n g 

constant 
K equi l ibr ium constant 
k rate constant 
M x , M y , M z components of the macroscopic M x , M y , M z 

m a g n e t i c m o m e n t a long x, y 
and z axes, respectively 

N O E nuc lear Ove rhause r effect (or 
enhancement ) 

N O E S Y n u c l e a r O v e r h a u s e r e f f ec t 
spectroscopy 

P angular m o m e n t u m 
q number of l igands bound in the 

sphere of influence of the para
magnet ic species. 

r internuclear dis tance 
R E L A Y r e l a y e d c o h e r e n c e t r a n s f e r 

spectroscopy 
R O E S Y close ly re la ted rotat ing frame 

N O E S Y 

S to t a l e l e c t r o n sp in q u a n t u m 
number 

T absolute temperature 

T , longitudinal (spin-latt ice) rela
xation t ime 

T 2 
t r ansve r se ( sp in - sp in ) r e l axa 
tion t ime 

T T re laxat ion t imes for nucle i in T T 
the sphere of influence of the 
paramagnet ic species 

T O C S Y total correlation spectroscopy 
6 Bohr magneton 
Y g y r o m a g n e t i c ( m a g n e t o g y r i c ) 

ratio 
5 chemical shift (ppm) 
e water proton spin lattice relaxa

tion rate enhancement 
magnet ic momen t of an indivi
dual spin 

V frequency (Hz) 

*c correlation t ime 
hyperfine correlation t ime 

T m l i f e t ime of a n u c l e u s in the 
coordinat ion sphere of a para
magnet ic species. 

\ rotational correlat ion t ime 
\ electron spin relaxation t ime 
CO, n u c l e a r r e s o n a n c e f r e q u e n c y CO, 

(2 7TV) 
co s electron resonance frequency 
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INTRODUCTION 

T h e d e v e l o p m e n t s in N u c l e a r M a g n e t i c 
R e s o n a n c e ( N M R ) a n d t h e a d v a n c e s in 
protein engineer ing provide powerful means 
to e lucidate the structure-function relation
ships of substrates, pept ides, proteins and, in 
p a r t i c u l a r , e n z y m e s . N M R s p e c t r o s c o p y 
can, in principle, yield detailed information 
regarding enzyme structure and the structure 
of the specific l igands which bind to the 
enzyme . The structure of the l igands at the 
binding site of enzymes and the structure of 
enzyme- l igand complexes can also obtained. 
The tertiary structure of small proteins and 
pept ides can n o w be de termined in solution, 
independent ly of diffraction data, by homo-
nuclear two dimensional N M R . 

A further improvement to determine the 
structure of larger proteins has been obtained 
us ing heteronuclear three- and four- d imen
sional N M R . Since the N M R phenomenon 
is a t ime dependent phenomenon, kinetic as 
well as the rmodynamic and structural infor
ma t ion r ega rd ing both e n z y m e s and sub
strates can be obtained. 

The goal of this article is to stimulate the 
reader to use N M R spectroscopy as a tool, 
in c o n j u n c t i o n w i t h p r o t e i n mod i f i c a t i on 
s tudies , to obta in deta i led informat ion on 
e n z y m e a c t i v e s i tes and the i r func t ions . 
Al though the applications of N M R to such 
p rob lems are not t reated exhaust ively , the 
potential information to be garnered and the 
l i m i t a t i o n s of the m e t h o d are d i scussed . 
As the app rop r i a t e N M R appl ica t ions a re 
chosen for the specific peptides, proteins and 
enzymes in quest ion, additional information 
can be found in the current literature to assist 
in their fundamental understanding. 

The attraction of N M R is that (again, in 
principle) one can investigate the magnet ic 
nuclei of each of the a toms within the mol
ecule of the enzyme ( 'H , 1 3 C , 1 4 N . . . ) , of the 
l igands which bind to the enzyme (lti, 1 9 F , 
3 1 P , 1 3 C . . . ) , or of the envi ronment of the ac
t ive-s i te ( so lvent H 2 0 , 2 3 N a , 3 9 K , 3 5 C1. . . ) . 
S i n c e a l a rge n u m b e r of e n z y m e s e i ther 
c o n t a i n m e t a l i ons ( m e t a l l o e n z y m e s ) or 
require the addit ion of metal ions for activity 
(metal - requir ing enzymes) a variety of these 
metal ions can be observed by N M R . These 
metals include divalent cations ( 2 5 M g , 4 3 C a , 

5 9 C o , 1 1 3 C d . . . ) and monovalen t cat ions ( 7 Li , 
2 3 N a , 3 9 K , 2 0 5 T 1 . . . ) . The rapid advance in 
t e c h n o l o g y of h i g h - r e s o l u t i o n , h igh- f i e ld 
super-conduct ing magne ts , radio frequency 
e l e c t r o n i c s , and c o m p u t e r s y s t e m s h a v e 
given birth to several new genera t ions of 
h i g h - f i e l d , h i g h - r e s o l u t i o n , m u l t i n u c l e a r 
N M R spectrometers . Such ins t ruments can 
allow exper iments and measurements to be 
made which were nearly unth inkable only 
two decades ago. A further attraction of the 
N M R methodology is that l igand b inding , 
s t r u c t u r a l c h a n g e s , a n d e n v i r o n m e n t a l 
changes at the catalytic site of an enzyme can 
be studied regardless of whether the enzyme 
is catalytically active, partially active, or in
active. This ability, currently highly under
u s e d c a n y i e l d i m p o r t a n t i n f o r m a t i o n 
concern ing the function of specific amino 
acids in l igand (substrate , metal act ivator, 
heterotropic modulator. . . ) b inding and in the 
catalytic processes . This chapter will at tempt 
to discuss the util ization of one and two di
mensional N M R spectroscopy to de termine 
act ive site s t ructure and prote in s t ructure , 
respect ively . Because of the re la t ive ease 
in s tudy ing me ta l ion effects , and in the 
uti l ization of certain metal ions as probes 
in the study of enzyme and enzyme- l igand 
interactions, these applicat ions may appear 
to be inordinately stressed in this chapter . 
The basic approaches will be examined , and 
the l i m i t a t i o n s d i s c u s s e d . S o m e g e n e r a l 
familiarity with the N M R me thod will be 
a s s u m e d , and gene ra l r e f e r ences wi l l be 
g i v e n bu t , t hey wi l l no t be e x h a u s t i v e . 
Theory will be d iscussed only as deemed 
necessary to comprehend and to uti l ize the 
method in a practical manner . M o r e detailed 
background can be obta ined from the re
ferences cited. 

N M R y ie lds t h r e e g e n e r a l p a r a m e t e r s 
which are useful in obta in ing informat ion 
regarding the structure and dynamics of the 
sys tem under inves t iga t ion . T h e chemica l 
shift (8) of a resonance which is observed is 
a function of the magnet ic envi ronment of 
the nuclei being investigated. This property 
makes N M R spectroscopy a potent tool in 
the study of molecules and their structure. 
If all protons within a molecule absorbed ra
d io f requency p o w e r at exac t ly the s a m e 
frequency, N M R would have little uti l i ty. 
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The phenomenon of a chemical shift arises 
owing to shielding of the nuclei under ex
aminat ion from the applied magnet ic field 
by the electrons. Thus it is the electronic en
vi ronment that causes variations in chemical 
shift. Any factor that will alter the electron 
densi ty at the nucleus will alter the chemical 
shift. Shielding of methyl protons is greater 
than that of m e t h y l e n e p ro tons , and still 
g rea ter than that of a romat ic pro tons , for 
example . Thus the resonance of a methylene 
p r o t o n is fu r the r up f i e ld than tha t of a 
protons on an aromatic system, and methyl 
p r o t o n is fur thes t upf ie ld . If spec t ra are 
obtained on samples that are fully relaxed 
and addi t ional effects such as Overhauser 
effects do not occur, the area under the peak 
for each resonance is directly proport ional to 
the concentrat ion of nuclei. Both the relative 
and, in some cases, absolute distribution of 
m a g n e t i c a l l y n o n - e q u i v a l e n t n u c l e i and 
contaminant levels can be quantitated. 

T h e s econd p a r a m e t e r is the sp in-sp in 
coupl ing or scalar coupling constant, J-, that 
occurs be tween two nuclei of spin I, I s and I . 
The term I is the nuclear spin or spin angular 
m o m e n t u m w h i c h h a s i n t e g e r and ha l f 
integer values (I = 0, V2, 1, 3/2 . . . . ) . Spin I ; is 
split into 2nlj + 1 lines by spin j . Spin j is 
split into 2nlj + 1 lines by spin i. The term n 
indicates the number of nuclear spins. Thus , 
if spin i is one 1 3 C (I = V2) and spin j is two 
' H ' s (I = 72) in a methylene group, then the 
1 3 C s p e c t r u m has th ree l ines and the lH 
s p e c t r u m has t w o . T h e m a g n i t u d e of the 
c o u p l i n g c o n s t a n t , d e p e n d s u p o n the 
interactions be tween the spins. Since most 
coupling is observed with nuclei of spin = V2, 
d iscussion is primari ly limited to such cases. 
Coupl ing constants depend on the environ
ment of the molecule and the relative orien
tation or molecular geometry of the nuclei 
u n d e r obse rva t i on , and therefore are im
por t an t in s t ruc tu re de t e rmina t i on . T h e s e 
coupl ing cons tants are independent of the 
magnet ic field. The closer the nuclei are to 
each o the r ( fewer b o n d s ) , the l a rger the 
magni tude of the coupl ing for related mol 
ecules . There are certainly cases , however , 
w h e r e t h r e e - b o n d c o u p l i n g cons t an t s a re 
larger than two-bond coupl ing constants . If 
the c h e m i c a l shifts or effect ive chemica l 
sh i f t s of t h e c o u p l e d n u c l e i a r e l a r g e 

compared to the coupling constant , then the 
spectral patterns are relatively s imple and are 
cons idered first-order. W h e n the chemica l 
shifts are of the magni tude of the coupling 
constant, the spectra become more complex 
and are called second order. Resolut ion of 
c o u p l i n g is an i m p o r t a n t s p e c t r o s c o p i c 
technique in structure determinat ion. Spin-
spin c o u p l i n g can b e s tud ied by d o u b l e 
r e s o n a n c e , s p i n - d e c o u p l i n g e x p e r i m e n t s , 
spectral simulation and by two dimensional 
correlation spectroscopy (Becker, 1980). 

The third and most often neglected of the 
parameters are the re laxat ion rates of the 
nuclei. In fact, in the initial search for a nu
clear resonance phenomenon , dynamic pro
ces se s and l ine s h a p e s w e r e of p r i m a r y 
interest, and coupling constants and chemical 
shifts observed in liquids came as a surprise. 
The equations derived to define the motion 
of the magnet ic moment (u) or magnetizat ion 
M in the s a m p l e s w e r e g iven by B l o c h 
(1946). The motion in the direction of the 
external magnetic field H 0 is designated as 
d M , z/dt. In the p lane perpendicular to H o , 
the x, y plane, the motion of the magnet iza
tion vector is designated as d M , x/dt. M a g 
netization in the x,y plane occurs because of 
the property of spin of the nuclei . When a 
sample with a nuclear spin is placed in an 
ex t e rna l m a g n e t i c f ie ld , H 0 , a t o r q u e is 
placed on the magnet ic moment M by H o to 
change the angular momentum, P. 

d P 
= - H G x M (1) 

dt 

Since the spin angular m o m e n t u m is related 
to the magnetic moment by the magnetogyr ic 
ratio g, 

M = yP (2) 

then 

d m 
= - y H 0 M (3) 

dt 

This expression describes the motion of 
the magnetic moment or magnet izat ion about 
the z axis defined as the direction of the H 0 
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TABLE I 

Electron spin quantum numbers and 
approximate values of isotropic g factors 

and electron spin relaxation times for some 
paramagnetic probes 

Probe S g * xs *(sec) 

Nitroxide 1/2 2,0 i o - 8 

Cu(II) 1/2 2,0-2,5 IO 6 

V(IV) 1/2 2,0 10 9 

Ni(II) 1 2,0-2,9 1 0 1 3 

Co(II) 3/2 2,1-2,8 i o - 1 3 

Cr(III) 3/2 2,0 1 0 . io 
Fe(II) 2 2,1-2,3 1 0 1 1 

Mn(II) 5/2 2,0 IO 9 

Fe(III), high spin 5/2 2,0 1 0-io 
Gd(III) 7/2 2,0 1 0 -io 

* These are approximate values that may be used in 
the Solomon-Bloembergen interactions. For lanthanide 
ions, the electron angular momentum j is necessary. 
The g factor may not correspond to the true isotropic 
factor. 

# The electron spin longitudinal relaxation time is 
dependent upon ligands coordinated to the ion, frequency 
and temperature. These values are approximate for the 
spin in question. 

field. At equi l ibr ium the nucleus has a mag
netizat ion of M 0 . The decay or relaxation of 
the magnet iza t ion in the z axis is charac
terized by a relaxation rate, 1/T,. A change 
in M z is accompanied by a transfer of energy 
be tween the nuclear spin and other degrees 
of f reedom or the lattice of the surroundings 
and is hence called the ' longitudinal relaxa
tion ra te ' or the 'spin-lat t ice relaxation rate, 
1 / T r A decay in the t ransverse components 
of the magne t i za t ion , M x and M , resul ts 
in an exchange of energy be tween spins of 
d i f f e r e n t n u c l e i w i t h o u t t r a n s f e r to the 
l a t t i c e , a n d is c a l l e d t h e ' t r a n s v e r s e 
relaxation ra te ' or the 'spin-spin relaxation 
ra te ' , 1/T 2. In solution studies, both Tj and 
T 2 are affected by the exchange of energy 
be tween the spin system being studied and 
the e n v i r o n m e n t . S ince ene rgy e x c h a n g e 
b e t w e e n spin sy s t ems is dependen t u p o n 
d i p o l a r e f fec t s , d i s t a n c e s b e t w e e n t h e s e 
dipoles can be calculated if the magni tudes 
of these effects can be measured. Since these 
re laxat ion p h e n o m e n a are t ime-dependent , 
kinetic information such as molecular motion 
is possible from the studies. More detailed 
t r ea tmen t s are ava i lab le ( A b r a g a m , 1973 ; 
James , 1975). 

ENZYME STUDIES 

In the study of enzymes it is conceivable 
that a ' H spectrum of the enzyme can yield 
absorp t ion peaks for each of the p ro tons 
in the molecule . In order to do such an ex
pe r imen t , severa l p r o b l e m s m u s t first be 
c o n s i d e r e d . A p r o t o n - f r e e s o l v e n t a n d 
proton-free buffer are, in general , desired. 
The solvent of choice which should give a 
m i n i m u m of p e r t u r b a t i o n of the p r o t e i n 
structure is deuter ium oxide, 2 H 2 0 or simply 
D 2 0 . T o attempt protein N M R studies, there 
are a variety of N M R methods to suppress 
solvent s ignals ( suppress the s ignal f rom 
H 2 0 or D H O ) , each with their inherent ad
vantages and disadvantages (Turner, 1984). 
T h e D 2 0 c o m m e r c i a l l y ava i l ab l e can be 
ob ta ined wi th 0 . 1 % pro tons or less . If a 
9 9 . 9 9 a t o m % D 2 0 so lven t is u sed , the 
pro ton con ten t of the so lvent is 11 m M , 
h igher than the poss ib le concen t ra t ion of 
most enzymes . 

Little information is available concerning 
the effects of D 2 0 on p ro t e in s t ruc tu re . 
However , it is common that a solvent isotope 
effect on e n z y m a t i c act ivi ty is obse rved . 
Reasons for such effects are often difficult 
to asses (Schowen , 1972) . Buffer sys tems 
can also be a problem. If a phosphate buffer 
causes no problem with the enzyme under 
investigation, it will be ' H N M R invisible. 
O t h e r w i s e e i t h e r l o w c o n c e n t r a t i o n s of 
buffer or no buffer may be used. 

The two major problems with this N M R 
approach are the concentra t ion of e n z y m e 
and resolution of the spectra. The signal-to-
noise of the spectrum is directly proport ional 
to the concentra t ion of the sample . Many 
enzymes may not be sufficiently soluble to 
yield a 1 x 10" 3 M solution. If 5 m m sample 
tubes are used, 0.30 ml is a m i n i m u m volume 
to obtain spectra. If a protein of molecular 
weight 1 x 10 5 is used, this required 30 mg of 
enzyme for a spectrum. Even if solubility is 
not a major problem, an increase in concen
tration increases the viscosity of the sample. 
In more viscous solutions rapid averaging of 
the sample no longer occurs and broad ab
sorption lines are observed, which decreases 
resolution of the spectrum. 

In an e n z y m e of molecu la r we igh t ap
proximately 70 000 (an average size protein) 
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the rotational correlation t ime, t in aqueous 
solution may be est imates at 10"^ s using the 
S t o k e s - E i n s t e i n e q u a t i o n , a s s u m i n g t h e 
protein is roughly globular. This enzyme is 
also expected to contain approximately 600 
amino acids. The large number of residues 
results in a high number of overlapping re
sonances because of the number of protons 
present . A ' typ ica l ' ' H spect rum shows a 
la rge e n v e l o p e of o v e r l a p p i n g r e s o n a n c e 
p e a k s upf ie ld f rom the wa te r r e s o n a n c e , 
that results from the aliphatic groups in the 
pro te in . An enve lope downf ie ld from the 
w a t e r r e s o n a n c e is d u e to the a r o m a t i c 
groups of the protein. The resonances that 
appear are usually quite broad as well . The 
b r o a d l ines a re c a u s e d by d i p o l e - d i p o l e 

in teract ions with e i ther the same or with 
other nuclei . The effect of dipolar interac
tions on line widths (1 / 7tT 2) is modulated by 
the rotational correlation t ime of the group 
under investigation. An increase in the line 
widths of resonances in small molecules with 
decreasing temperature is often seen for the 
same reason. Regardless of the nature of the 
d ipoles that affect the re laxa t ion , 1/T 2 is 
directly proportional to t r . If some groups 
have less restrictive motion in the enzyme 
they m a y y ie ld s h a r p e r p e a k s tha t m a y 
protrude from the envelope of broad, over
l app ing p e a k s . A l t h o u g h a s s i g n m e n t s of 
r e sonances of free a m i n o ac ids ( R o b e r t s 
and Ja rde tzky , 1970) and a m i n o ac ids in 
small peptides (Table II) have been made, 

TABLE II 

Random coil 'H chemical shifts for the 20 common amino acid residues 

Residue N H aH ßH Others 

Gly 8.39 3.97 
Ala 8.25 4.35 1.39 
Val 8.44 4.18 2.13 7CH3 

yCH2 

7CH, 

0.97, 0.94 
lie 8.19 4.23 1.90 

7CH3 
yCH2 

7CH, 
1.48. 1.19 
0.95 

8CH, 
yH ' 

0.89 
Leu 8.42 4.38 1.65, 1.65 

8CH, 
yH ' 1.64 
8CH, 
VCH2 

8CH2 

0.94, 0.90 
Pro (trans) 4.44 2.28, 2.02 

8CH, 
VCH2 

8CH2 

2.03, 2.03 
3.68, 3.65 

Ser 8.38 4.50 3.88, 3.88 
Thr 8.24 4.35 4.22 •yCH, 1.23 
Asp 8.41 4.76 2.84, 2.75 

•yCH, 

Glu 8.37 4.29 2.09, 1.97 7CH2 

7CH2 

•yCH2 

eCH 2 

2.31, 2.28 
Lys 8.41 4.36 1.85, 1.76 

7CH2 

7CH2 

•yCH2 

eCH 2 

1.45, 1.45 
1.70, 1.70 
3.02, 3.02 

eNHy 
7CH2 
8CH2 

NH 

• 7.52 
Arg 8.27 4.38 1.89, 1.79 

eNHy 
7CH2 
8CH2 

NH 

1.70, 1.70 
3.32, 3.32 
7.17, 6.62 

Asn 8.75 4.75 2.83, 2.75 yNH2 

VCH 2 

8NH2 

7.59, 6.91 
Gin 8.41 4.37 2.13,2.01 

yNH2 

VCH 2 

8NH2 

2.38, 2.38 
yNH2 

VCH 2 

8NH2 6.87, 7.59 
Met 8.42 4 . 5 2 2 .15 , 2.01 7CH2' 2.64, 2.64 

eCH, 2.13 
Cys 8.31 4.69 3.28, 2.96 

eCH, 

Trp 8.09 4.70 3.32, 3.19 2H 
4H 
5 H 
6H 
7H 
NH 

7.24 
7.65 
7 .17 
7.24 
7.50 
10.22 

Phe 8.23 4.66 3.22, 2.99 2,6H 
3,5H 
4H 

7.30 
7.39 
7.34 

Tyr 8.18 4.60 3.13, 2.92 2,6H 
3,5H 

7.15 
6.86 

His 8.41 4.63 3.26, 3.20 2H 
4H 

8.12 
7.14 

Data measured at pH 7.0, 35°C for residues X in tetrapeptide GGXA. 
From K Wiitrich (1986) NMR of Proteins and Nucleic Acids. Wiley Interscience, New York. 
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the ass ignments of resonances which may be 
observed for an enzyme must be made for 
spec i f i c a m i n o ac id r e s i d u e s w i t h i n the 
enzyme structure. This can be a severe limita
t ion . Often an app roach such as specif ic 
amino acid derivatization prior to obtaining 
the spec t rum can he lp in m a k i n g ass ign
ments . Mult i-pulse methods can aid in struc
ture determination. There is detailed informa
tion on peptides (Wuthrich, 1986), and nu
clear relaxation and Overhauser effects have 
been successfully used in studies of enzyme-
substrate interactions (Mildvan, 1989). 

The most useful approach to study enzyme 
structure by protein N M R with a min imum 
of perturbation has been the observation of 
the resonances from histidine. The C-2 and 
C-5 proton resonances are downfield from 
the aromatic protons (Markley, 1975). If a 
l imi ted n u m b e r of these amino acids a re 
present in the enzyme, they have sufficient 
molecular mot ion (to yield ' sharp ' l ines), and 
are in different (magnetic) environments in 
the enzyme, they can yield reasonably sharp, 
reso lved r e sonances . The classical use of 
these propert ies was with the small enzyme 
R N A a s e ( M r = 2 4 . 5 0 0 ) ( M e a d o w a n d 
Jardetzky, 1968); the large enzyme (M = 
2 3 7 . 0 0 0 ) p y r u v a t e k i n a s e has a l so been 
studied (Meshi tsuka et al, 1981). The C-2 
p r o t o n r e s o n a n c e is e s p e c i a l l y s ens i t i ve 
to t h e i o n i z a t i o n s t a t e of the i m i d a z o l e 
ni t rogens, thus the p K a for each individual 
hist idine within the native enzyme can be 
obta ined from titration studies. It remains 
that proper ass ignments be made for each 
hist idine. The binding of a ligand or metal 
ion to a specific histidine or histidines could 
result in a change in the magnet ic environ
ment (chemical shift) of the resonance and 
an alteration in the pK a . This application of 
N M R has usefulness in some limited number 
of enzymes . 

It is possible that 1 3 C and 1 4 N studies can 
also be performed. An increase in the range 
of chemical shifts for these nuclei enhances 
spectral dispersion and increases the possibi
lity of resolving more resonances. A major 
p rob lem with these nuclei is the low abun
dance (1 .1%) and sensitivity (1.6%) for 1 3 C 
and t h e l o w s e n s i t i v i t y ( 0 . 1 % ) for 1 4 N 
compared to the sensitivity of ' H (100%). 
The quadrupolar 1 4 N nucleus also has a nu

clear spin of 1 which gives substantial line 
b roaden ing . Wi th e n z y m e s from bacter ia l 
sy s t ems w h e r e it is f eas ib le to c o n s i d e r 
growing the organism on media or precursors 
(i.e. amino acids) that are selectively enrich
ed ( 1 3 C or 1 5 N ) (Hunkapi l ler et al, 1973), 
s o m e of these s tudies may b e c o m e more 
r ea sonab l e . D N A c lon ing t e c h n i q u e s can 
expand this potential . A detailed review of 
1 3 C N M R s t u d i e s of e n z y m e s h a s been 
published (Malthouse, 1986). Structural and 
d y n a m i c s s tudies of la rger p ro te ins have 
been done with 1 3 C and 1 5 N isotope labels 
through proton N M R and nuclear Overhauser 
effect (Redfield et al, 1989). 

An alternative approach to looking at the 
enzyme in an effort to obtain information 
regarding enzyme structure and the effects 
of ligand binding on the enzyme is to use a 
reporter groups on the enzyme. O n e of the 
more sensitive groups that can be studied 
is 1 9 F . The use of this nucleus in enzyme 
systems has been reviewed (Gerig , 1981). 
This nucleus is 8 3 % as sensitive as 'H , has 
a large range of chemical shifts, is ra ther 
sensitive to its magnet ic envi ronment , and 
there are no background resonances of 1 9 F 
which cause in te r fe rence . A 1 9 F repor t e r 
groups can be incorporated by one of two 
methods . A specifically f luorinated amino 
acid (i.e. fluorotyrosine, fluoroalanine) can 
be added to growth med ium and incorporated 
into the protein (Sykes and Weiner , 1980). 
Under these condit ions one group of amino 
acids (i.e. tyrosines, alanines) would contain 
the 1 9 F resonance. Mos t organisms will not 
grow on 100% fluorinated amino acids as 
they are toxic at higher levels. Fur thermore , 
each of the r e s idues is l abe led and will 
exhibit a resonance. In a case where each 
res idue is non-equivalent , a ss ignments for 
each res idue (i.e. each ty ros ine ) may be 
necessary. In the particular case of tubulin 
heterodimer, the principal protein of micro
tubules , f luorotyrosine can be specifically 
incorporated as the C-terminal amino acid of 
t h e a l p h a - s u b u n i t t h r o u g h t h e r e a c t i o n 
catalyzed by tubulin-tyrosine-l igase (Monas
terio etal, 1995). 

An a l t e r n a t i v e to th i s a p p r o a c h is to 
covalent ly label the e n z y m e at a specific 
residue with a f luorine-containing reagent . 
Among the possible reagents one may use 
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a r e t r i f l u o r o a c e t i c a n h y d r i d e , t r i f l u o r o -
a c e t y l i o d i d e , or 3 - b r o m o - 1 , 1 , 1 - t r i f l u o r o -
p r o p a n o n e . T h e chemica l shift and/or the 
line width (1 /T 2 ) of the 1 9 F label, a ' reporter ' 
for a change in the enzyme structure, must 
reflect l igand b inding and/or catalysis. If the 
1 9 F resonance is sensitive to conformational 
c h a n g e s in the e n z y m e then s i te-specif ic 
modificat ion of groups at the active-site will 
be reflected by changes in the 1 9 F resonance. 
Ligand binding to modified enzyme may also 
be moni tored by a measure of the spectral 
parameter ( d or 1/T 2) as a function of ligand 
c o n c e n t r a t i o n . A t i t ra t ion of the spec t ra l 
parameter versus l igand concentrat ion yields 
a titration curve that is evidence for ligand 
binding. A dissociat ion constant for ligand 
binding can be determined. 

T h e me thod of us ing reporter groups can 
be expanded with other labels. Most other 
labels would be less sensitive than fluorine. 
H o w e v e r , the modi f i ca t ion m a y be m o r e 
selective or may yield reporter groups that 
are m o r e sens i t ive to changes in e n z y m e 
structure. 2 H labels or 1 3 C labels can also be 
incorpora ted into the pro te in . A potent ia l 
s t rength of us ing these labels is that the 
incorporat ion of 2 H for J H or 1 3 C for 1 2 C into 
the protein will have a very minor, if any, 
effect on the protein itself. Al though reporter 
g r o u p s y i e l d i n f o r m a t i o n r e g a r d i n g t h e 
envi ronment of the group and not specific 
structural features of the enzyme, compara
t ive s t ructura l changes can be studied by 
such methods . 

The method of photo-chemical ly induced 
nuclear polar izat ion (photo C I D N P ) which 
or ig ina tes f rom free radica l reac t ions has 
been d e v e l o p e d as a sens i t ive m e t h o d to 
measure structural changes on the surface of 
proteins (Kaptein, 1982; Berliner, 1989). The 
method requires a modified spectrometer and 
a proper light source (laser) to begin to probe 
s u r f a c e c h a n g e s . T h e s e c h a n g e s , w h e n 
o b s e r v e d , a re re f lec ted in c h a n g e s abou t 
aromat ic amino acids. This technique has the 
advantage of high sensitivity, and it yields 
general conformat ion information. 

STUDIES OF THE LIGANDS 

An alternative to measur ing aspects of the 
e n z y m e and its s t ructure in the study of 

enzyme-l igand interactions is an investiga
tion of the ligand itself. A general definition 
of a l igand impl ies subs t ra tes , modi f ie r s , 
inh ib i to r s and ac t iva to r s i n c l u d i n g me ta l 
ions. The proper studies depend upon the 
enzyme of interest. There are two potential 
types of expe r imen t one can pe r fo rm. In 
some cases the interaction of a l igand with an 
enzyme results in the formation of an en
zyme-l igand complex such that partial im
m o b i l i z a t i o n of a p o r t i o n of the l i g a n d 
occurs. A decrease in the mobili ty of a group 
(i.e. a methyl group) increases the correlation 
t ime, the t ime constant for the process that 
modulates or interferes with the relaxation 
process . The rotational correlat ion t ime of 
the me thy l g roup is the ro ta t ion t ime of 
tha t g r o u p w h i c h m o d u l a t e s the d i p o l a r 
interactions among the methyl protons and 
results in an increase in 1/T 2 and 1/T,. T h e 
1/T 2 , est imated from the line width of the 
resonances , is the pa ramete r that is more 
easi ly measu red . If the effect on 1/T 2 is 
sufficiently large and the l igand is in the fast 
exchange domain (the l ifet ime, tm, of the 
ligand in the E-L complex is short compared 
to the relaxation t ime of the nucleus , T 2 b , 
in the E-L complex) an average line width 
( l / T 2 o b s ) for the bound ligand ( l / T o b ) and 
free ligand ( 1 / T 2 0 ) is observed. 

T « . [LTI V T „ / | L , 1 \ T „ ) 

The observed effect is a m o l e average 
effect of bound ligand [L b ] and free l igand 
[L f ] where the sum of the concentrat ions of 
L b and L f give the concent ra t ion of total 
l igand, [ L T ] . F r o m a de terminat ion of the 
amount of ligand bound (the concentrat ion of 
e n z y m e s i tes if the e n z y m e is s a tu ra t ed 
with ligand) and the total amount of ligand 
present, 1 / T 2 b can be calculated. Values for 
1/T, can be bandied by similar t r e a t m e n t if 
l / T l o b s is measured. If the dipolar effect is 
all i n t r a m o l e c u l a r and the n a t u r e of the 
dipoles is known (e.g. ' H - ' H interactions), 
the value for the rotational correlation t ime 
for that group in the enzyme-l igand complex 
can be calculated. F rom a determinat ion of 
l igand binding, values for [L b ] and [L f ] can 
be obtained and 1/T, b and 1/T 2 b calculated. 
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F r o m the s t ruc tu re of the m o l e c u l e , the 
d i s t ance r be tween the d ipoles is usual ly 
obtained. The distance r is est imated from 
crystal structure data or from models of such 
compounds (Mildvan et al, 1967). 

1 = 3 7 l h 2 / x c { 4x c \ (5) 
r , , b 10r 6 l+4o)fx?/ 

T 2 , b 20r 6 \ J T c l + c o f T ? 1 + 4 < D ^ / 

In these equat ions, u is P l anck ' s constant/27t 
and x , the correlation t ime for the dipolar 
interactions, is x r . The value cOj is the Larmor 
frequency in rad sec" 1 . If such immobil iza
tion is detected and calculated for the ligand 
bound to the nat ive enzyme, then one can 
d e t e r m i n e if i m m o b i l i z a t i o n of the s a m e 
l i g a n d o c c u r s w i t h m o d i f i e d e n z y m e . 
R e s t r i c t i o n of m o l e c u l a r m o t i o n is o n e 
possible mechan i sm of catalytic activation. 

Another approach to the study of ligand 
binding to enzymes is by the use of para
magne t i c p robes on the e n z y m e . The use 
of paramagnet ic species to probe ligand in
terac t ions is feasible because an unpai red 
electron is about 657 t imes more effective 
than a proton in causing a dipolar effect on 
r e l a x a t i o n . S e v e r a l a p p r o a c h e s c a n b e 
u t i l i zed to take advan t age of these la rge 
dipolar effects. Stable ni t roxides, many of 
which are commercia l ly available (e.g. from 
Aldrich Chemica l Co . and Merck and Co.) 
can potential ly be covalently attached to the 
enzyme . These ni troxides include derivatives 
of i o d o a c e t a t e , N - e t h y l m a l e i m i d e , a n d 
di isopropylf luorophospate that can be used 
to label reac t ive groups such as cyste ine , 
hist idine, lysine, or reactive serine (Berliner, 
1976). Selectivity of labeling and choice of 
amino acid residue, discussed elsewhere in 
this text, is necessary. These probes can be 
m o n i t o r e d by E P R spec t roscopy , or their 
effects on l igands can be studied by N M R . 
Th i s l abe l can be u s e d as the re fe rence 
point to study ligand interactions to labeled 
enzyme . 

A l t e r n a t i v e p a r a m a g n e t i c s p e c i e s tha t 
can be used are meta l ions. These metals 
may ei ther bind to the enzyme or can bind as 
a meta l - subs t ra te complex to the enzyme . 

Some of the metal ions that can be used or 
substituted"for the 'physiological ' cation are 
M n ( I I ) , Fe ( I I ) , C o ( I I ) , C u ( I I ) , Gd( I I I ) or 
Cr(III) . If the enzyme being studied gives 
the investigator a choice of cations there are 
distinct advantages to using a few of these 
c a t i o n s , p a r t i c u l a r l y M n ( I I ) , as wi l l be 
shown. A determinat ion of the s toichiometry 
of the paramagnet ic center is necessary. With 
the nitroxide 'spin label ' an integration of the 
EPR spectrum of labeled enzyme to obtain 
a spin count can be used. A compar ison of 
the spectrum of the sample with a spectrum 
of a known spin label can be made . This is 
often the method of choice . In the case of 
metal ions the investigator has a variety of 
techniques available to measure concentra
tion. With tight binding metals , a tomic ab
sorption spectroscopy can be used to deter
mine the metal content of the enzyme for any 
metal ion. Alternatively, metal binding using 
unstable nuclei can be performed using one 
of a variety of equil ibr ium techniques such 
as e q u i l i b r i u m d i a l y s i s , ge l p e r m e a t i o n , 
ultrafiltration, ... The Mn(II ) cation is almost 
un ique ly sui ted for E P R s tudies w h e r e a 
solution spectrum of the free cation can be 
measured , and it y ie lds a s imple s ix- l ine 
s p e c t r u m . U p o n l i g a n d b i n d i n g ( l i g a n d 
implying anyth ing from a small mo lecu le 
such as or thophosphate or A D P to protein) 
the change in zero field splitting and line 
broadening results in a 'd i sappearance ' in the 
spect rum of bound Mn(I I ) . The remaining 
signal is due to the free Mn(II ) and the in
tensity of the spectrum is directly propor
tional to the concent ra t ion of free Mn(I I ) 
(Cohn and Townsend, 1954). Proper binding 
studies will lead to a determinat ion of the 
dissociat ion constant for the label and its 
stoichiometry per enzyme or enzyme active 
site. 

In most cases the metal ion ut i l ized is 
ei ther the physiological ly important cation 
activator to elicit catalysis. The paramagnet ic 
center is at the activator site which may be 
either at, near, or remote from the active-site. 
Other probes such as the lanthanides (e.g. 
Gd III) may serve as activators in a few cases 
or as inactive analogs that are compet i t ive 
wi th the p h y s i o l o g i c a l l y r e l evan t ca t ion . 
The lanthanide metals , in spite of the fact 
that they are most commonly trivalent, have f 
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shell e lectrons which give nearly all of them 
i n t e r e s t i n g s p e c t r o s c o p i c p r o p e r t i e s . F o r 
many N M R studies the physical properties 
of Gd(III) m a k e it most useful. The Cr(III) 
cation which forms exchange inert ligand-
metal complexes can also be used as a probe. 
This metal has found use as a kinetic and 
an N M R probe by being used as a Cr(III)-
nucleot ide complex (Cleland and Mlldvan, 
1979). This metal nucleotide complex is an 
ana log of Mg-nuc leo t ide or Ca-nucleo t ide 
complexes that serve as substrates. 

T h e p a r a m a g n e t i c p r o b e s , p a r t i c u l a r l y 
ni t roxides, Mn(II ) , Gd(III) and Cr(III), can 
have a substantial effect on the longitudinal 
and the t ransverse re laxat ion rates of the 
nuclei of the l igands that are in close proxi
mi ty to the p a r a m a g n e t i c cen te r . In the 
studies of enzyme active-sites by chemical 
modif icat ion, the use of such probes may 
be of except ional value. After modification 
of the enzyme one can first determine if the 
binding site for the paramagnet ic probe is 
sti l l in tac t . E q u i l i b r i u m b i n d i n g or EPR 
binding (of Mn(I I ) can determine if there is 
any alteration in the stoichiometry or in the 
dissocia t ion constant for the cation to the 
modified enzyme . If the cation binding sites 
r ema in intact in the e n z y m e , then l igand 
b i n d i n g to the mod i f i ed e n z y m e can be 
s tudied. T h e resul ts of a proper series of 
N M R exper iments can describe the alteration 
in the binding of the ligands to the modified 
enzyme , the structure of the ligands at the 
binding site, and their exchange rates. This 
i n fo rma t ion can be c o m p a r e d to what is 
known regarding the structure and dynamics 
of ligand binding with the native enzyme to 
determine the effects of modification. Again, 
these studies can be performed even if the 
modified enzyme is totally inactive. 

The effect of the paramagnet ic species on 
the re laxa t ion ra tes of the nuc leus /nuc le i 
in ques t ion mus t first be quant i ta ted. The 
choice of nucleus studied is often dictated 
by the nature of the enzyme, its l igands, and 
ease of expe r imen ta t i on . For e x a m p l e , if 
the interaction of A T P to an enzyme-meta l 
complex will be investigated, the 3 1 P nuclei 
of A T P are probably of most interest and are 
relatively easy to detect, The ' H nuclei of 
the r ibose portion of A T P yield a complex 
s p e c t r u m wi th ove r l app ing l ines and the 

r e s o n a n c e s of the i nd iv idua l p r o t o n s are 
much more difficult to resolve. Also 1 9 F can 
be incorpora ted at the g a m m a p h o s p h a t e 
of A T P or G T P given a competi t ive inhibitor 
with respect to the nonfluorinated nucleot ide 
(Monaster io and Timasheff, 1987). The 1 3 C 
nuclei are of low natural abundance, and in 
an unenriched sample the exper iments would 
take an inordinately long t ime. 

To quantitate the paramagnet ic effect of 
the probe on the relaxation rate of the nuclei, 
t he r e l axa t ion ra tes a re m e a s u r e d in the 
absence of the paramagnet ic species ( 1 / T 1 0 , 
1 /T 2 0 ) . This may be performed by a mea
surement of the nuclei in the presence of 
enzyme but no added metal , a diamagnet ic 
metal (Mg(II) , Zn(II ) , Ca(II) . . . ) , or with a 
reduced nitroxide label. The addit ion of the 
paramagnetic species is made by either ad
ding the paramagnet ic metal to the analytical 
sample that contains l igand and apoenzyme, 
or by add ing the e n z y m e - m e t a l c o m p l e x 
to the so lu t ion . T h e p r o c e d u r e of c h o i c e 
depends upon the properties of the enzyme. 
If the enzyme is a meta l loenzyme the latter 
approach can be used. If the enzyme is me
tal-requir ing, then sufficient a p o e n z y m e is 
present such that when metal is added most 
if not all of the metal binds to the enzyme . 
If a spin-label enzyme is added, since most 
spin labels are covalent ly a t tached to the 
e n z y m e , the labe led e n z y m e is added in 
increments . The observed r e l a x a t i o n r a t e 

( l ^ i o b s ' obs) ^ s a m n c t i ° n of t n e dia
magnet ic relaxation rate and the pa ramag
netic relaxation rate: 

1 1 1 
= + (7) 

T T T 
1 l.obs lp 1,0 

1 1 1 
= + (8) 

T T T 
1 2,obs 12p 12,0 

The paramagnet ic effect is measured as 
a function of the concentration of paramag
netic species. If possible, a plot of l / T i o b s vs 
the concentra t ion of pa ramagne t i c species 
can be made to show expected linearity in 
the relaxation rate where i = 1 or 2. The rate 
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can be normalized for the concentration of 
the l igand, (L), and for the concentrat ion of 
the paramagnet ic species (p) by the term / 
w h e r e / = (p ) / (L) . T h e no rma l i zed para
magnet ic effects to the relaxation rates are 
related to the number of l igands (q) which 
bind to the specific site(s) in the vicinity of 
the paramagnet ic probe, the relaxation t ime 
of the nucleus at this site ( T i M ) and the life
t ime of the nucleus of this site (xm). In some 
cases wi th p a r a m a g n e t i c ions a chemica l 
shift change , Delta omega , is also observed 
which affects T 2 relaxation. 

T h e s e ef fec ts h a v e b e e n d e s c r i b e d by 
Swift and Connick (1962) and by Luz and 
M e i b o o m (1964) . 

1 

ST. 
ip T l m + ^ m 

(9) 

1 

fTi, 

T2M \ T 
2 m

 lM 
Ad)2 

2 M 
=— + — + Acù2 

(10) 

If chemica l shift changes are negligible or 
absent, eq.(10) reduces to: 

1 1 

fT 
2p 

(11) 

In most such cases Aco = zero, and eq. (11) 
can be used . The e n z y m e (enzyme- labe l ) 
should be cor rec ted for saturat ion by the 
ligand. If the K d for the formation of the E-
ligand complex is such that the complex is 
only partially saturated, then / = (E-label-
l i g a n d ) / ( l i g a n d ) . In the ca se s w h e r e the 
label is a metal ion then saturation of the E-
M - l i g a n d c o m p l e x mus t also occur or be 
corrected. The formation of binary M-ligand 
complexes must be minimized or corrected. 
The value for n, the mole fraction of M in 
the E-M-l igand complex , can be calculated 
from k n o w n dissociat ion constants or by a 
measure of 1 / / T l p under analogous condi
t ions at three different values of (Oj (Nowak, 
1981). 

If the values for 1/jT. and 1 / /T 2 p can be 
correctly determined and Aco for E -M-L is 
negl ig ib le , evaluat ion of these pa ramete r s 
must be made . If 1 / /T i p is in fast exchange , 
T » x . then: 

iM m' 

(12) 

fT 
ip IM IM 

fT 

(13) 

2p - 2M -2M 

An evaluation of q, the number of l igands 
binding at the paramagnet ic label site, can 
either be made by direct binding studies; or, 
in most cases, q is simply one. 

These re la t ionsh ips are s o m e w h a t s im
plified by the assumption that outer sphere 
effects are negl igible . These effects occur 
w h e n l i g a n d s in s o l u t i o n a p p r o a c h the 
paramagnet ic center but do not bind at the 
normal binding site (which may already be 
occupied) . The t ime of interaction and the 
l o n g e r d i p o l a r d i s t a n c e for t h e s e o u t e r 
sphere l igands resu l t s in a smal l , u sua l ly 
insignificant, effect. The measured relaxa
tion rates can then be related to the structure 
of the l igand on the enzyme relative to the 
paramagnet ic center. This information can be 
ob ta ined from the S o l o m o n - B l o e m b e r g e n 
relationships (Solomon, 1955; Bloembergen, 
1957). These relationships relate the dipolar 
( through space) and scalar ( through chemical 
bonds ) con t r ibu t ions of the p a r a m a g n e t i c 
centers to the nuclear relaxation rates: 

1 _ 2 5 ( 5 + l f r f e ' p 2 ( 3 T . + 7TC^ _ 
TlM ~ " \Srb \ 1 + C O ? T 2 1 + C I # C ? 

2 5 ( 5 + 1 ) [A\2( T C \ fiu\ 

1 _ 5(5-4-l)_Y?g2P2 / 4 t | 3t | 13i 

15 

S(S+1) (AY I t« 

3 [h Ve 1 + C I T ^ 

C 1 I ~ _2 1 , 1 1 1 

1 + COfT" 1 + Ù J J T J / 

(15) 
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T h e t e rm S is the e lec t ron spin q u a n t u m 
n u m b e r ; yx

 1 S t h e m a g n e t o g y r i c ( g y r o -
magnet ic) ratio of the nuclear spin; g is the 
electronic ' g ' factor; 6 is the Bohr magneton; 
C0j and co s are the Larmor angular precession 
frequencies for the nuclear and the electron 
spins respectively ( to s = 57 C0j); r is the ion 
(spin-label e lectron)-nucleus distance; A is 
the hyperfine coupling constant; 1i is P lanck ' s 
constant divided by 2TE; and i and xr are the 
co r re l a t ion t imes for the d ipo la r and the 
scalar in te rac t ions , respec t ive ly . T h e first 
term in each equat ion describes the dipolar 
interact ion, and the second te rm descr ibes 
the scalar interaction. Scalar interactions are 
caused by electron density from the electron 
spin at the nucleus under observation. Nuclei 
on l igands not directly bonded to the probe 
(metal) ions are expected to have no scalar 
effect, as is a lso the case for some nuclei 
such as 'H . Scalar effects on 1 /T 2 M for 3 1 P 
nuclei in second sphere complexes appear to 
be significant in some cases, however (Lee 
and Nowak , 1984). 

U p o n p e r u s a l of the S o l o m o n - B l o e m -
bergen equat ions , it is clear that the correla
t ion t ime funct ions for T 1 M and T 2 M are 
d i f f e r en t , a n d t h e r e f o r e t h e i r f r e q u e n c y 
and temperature behavior should differ. For 
T | M , scalar interactions are very small and 
can usually be ignored. Values for S, g and 
x s, the electron relaxation t ime for the para-
m a g n e t for a v a r i e t y of p o s s i b l e p a r a 
magnet ic probes , are listed in Table I. The x c 

may be an important component of tc in eqs. 
14 and 15. 

Other constants used in the equation are 
B = 9.284 x 1 0 - 2 1 erg G a u s s 1 a n d * = 1.055 x 
10 2 7 erg sec. Al though the choice of probes 
may be dictated by the nature of the enzyme, 
i t s c h e m i c a l , p h y s i c a l , a n d b i o p h y s i c a l 
propert ies , Mn(II ) would, given a choice, be 
t h e p r o b e to b e u s e d . T h i s c h o i c e is 
predicated by its ability to substitute for a 
number of physiological metal ions (Mg(II) , 
Ca(II) , Zn(II) . . . ) , its labile hydration sphere 
(x m for Mn(I I ) ( H 2 0 ) 6 ~ 3 x lO" 8 s), large 
e l e c t r o n s p i n q u a n t u m n u m b e r ( 5 / 2 ) , 
normal ly isotropic behavior , and long elec
tron spin relaxation t ime, x s. 

In a study of Mn( I I ) - 'H interactions where 
g = 2.675 x 1 0 4 rad Gauss" 1 s e c - 1 , g = 2 and S 
5/2, and hyperf ine coupl ing is negligible, the 

e q u a t i o n s for 1 / T 1 M a n d 1 / T 2 M c a n be 
simplified: 

1 2.878 x 1 0 - 3 1 „ v 

Y~ = r6 / K ) (16) 

1 1.439 X 1 0 - 3 ' 
J~ ~e / ' W (17) 
* 2 M ' v ' 

where / ( x c ) and f'(i) are the correlation t ime 
f u n c t i o n s for T ( a n d T 2 r e l a x a t i o n 
respectively. A determination of tc can allow 
the calculation of r for the ' H to Mn(II) in 
the E-Mn-l igand complex . The assumption 
of negligible hyperfine coupl ing for 1 /T 1 M 

u s u a l l y h o l d s , b u t w i t h s o m e n u c l e i , 
specifically 3 1 P of phosphates , this is not the 
case for 1 /T 2 M . 

Several methods may be used to est imate 
X £ . Discussions concerning the rigor of such 
e s t i m a t e s a re de t a i l ed e l s e w h e r e ( D w e k , 
1973; Mi ldvan and Gupta , 1978; N o w a k , 
1981). 

With a value for X c , r can thus be obtained. 
C h o o s i n g M n ( I I ) as an e x a m p l e , f rom a 
measurement of T 1 M and an est imate of x c , r, 
in Angst roms, can be calculated: 

r = X [ r i M / ( x c ) ] 1 / 6 (18) 

T 1 M comes from direct measurements , and 
/ (x c ) is calculated at C0j after an est imate of 
x c. The value X is a collection of constants 
giving X = 812 for ' H ; 796 for 1 9 F ; 601 for 
3 1 P ; or 512 for 1 3 C . Because of the sixth-
power dependence of r on T 1 M , the absolute 
value of r is reasonably insensit ive to minor 
errors in the est imation of / (x c ) or T 1 M . On 
the other hand, small differences in r for 
different nuclei within the ligand give rise 
to large differences T 1 M . Thus the method is 
ve ry s e n s i t i v e to s m a l l c h a n g e s in t h e 
structure of the l igand on the enzyme. F rom 
a determination of the various values of r in 
the enzyme-label- l igand ternary complex the 
structure of the ligand relative to label can be 
determined. 

In cases, for example , where a bisubstrate 
e n z y m e is apparent ly labeled at site 2 to 
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yie ld i nac t ive e n z y m e , the effect of this 
m o d i f i c a t i o n on t h e b i n d i n g ( K d ) a n d 
structure of substrate 1 at the catalytic site 
can be investigated. 

In s o m e cases where one nucleus of a 
l igand is very c lose to the pa r amagne t i c 
center compared to other nuclei measured, 
the relaxation may be so efficient that the 
nucleus may be in slow exchange ( T 2 M « 
t m ) ( 1 / / T 2 p = l / x m ) . If this is the case, then a 
tempera ture-dependence of 1 / / T 2 p will give a 
v a l u e for ko f f a n d for t h e e n e r g y of 
a c t i v a t i o n , E a c t , for the l igand e x c h a n g e 
p roces s . In this case the s t ructure of the 
ligand at the catalytic site (from 1 /T 1 M ) , its 
ex cha nge rate , and the energy barr ier for 
this exchange process , can be obtained and 
c o m p a r e d wi th t he se p a r a m e t e r s for the 
unmodif ied enzyme. In the case where the 
exchange process is simple, and 

voff 
(19) 

for l igand binding is known, values of k o 

can also est imated (Monaster io , 1987). 

WATER RELAXATION RATE PROCESSES 

A rapid and sensitive method of measuring 
l i g a n d - e n z y m e i n t e r a c t i o n s , w h e r e t h e 
enzyme system is appropriate, is to measure 
the effect of ligand binding on the solvent 
(*H of H 2 0 ) . This method requires a para
magnet ic probe that can affect the longitu
d ina l r e l axa t ion ra te of the so lvent . T h e 
probe elicits an effect on the proton longitu
dinal relaxation rate (PRR or PRE) to give a 
proton relaxat ion rate enhancement . If the 
enhancement effects are sensitive to ligand 
b i n d i n g , t hen s t u d y i n g the e n v i r o n m e n t 
a r o u n d t h e p r o b e c a n y i e l d i m p o r t a n t 
thermodynamic and structural information. 

Al though a number of probes can be used 
for these studies, Mn(II ) will again be chosen 
as an example because of its physical-chem
ical proper t ies and its usefulness in many 
cases . The interaction of the solvent with the 
paramagnet ic probe increases the relaxation 

rates of the ' H ' s of H 2 0 by dipole-dipole 
in te rac t ions as d i s cus sed in the p r e v i o u s 
section. Such studies are usually performed 
measur ing only T ; values and, as will be 
seen, lower values of co, (15-40 M H z ) are 
preferable to h igher f requencies (100-400 
M H z ) . D e d i c a t e d , l o w - r e s o l u t i o n p u l s e d 
instruments have been des igned especial ly 
for such studies. 

In free so lu t ion the in t e rac t ion of the 
unpaired electrons of the metal ions or of the 
nitroxide with ' H nuclei can be normal ized 
as shown in eq. (9). For metal ions the num
ber of protons is twice the hydrat ion number , 
q, (2 x 6 for Mn(II ) ; 2 x 8-9 for Gd(III)) . 
Hydra t ion may be less c lear for o rgan ic 
nitroxides. In solution at room temperature 
rapid exchange condi t ions prevai l and the 
correlation t imes is often x r . For M n ( H 2 0 ) 6 , 
x r is approximately 2.9 x 10" 1 1 s and with x s ~ 
10" 9 s and the residence t ime for Mn-bound 
water, x m ~ 2.9 x 10" 7 s, x c is x r . For some 
metals where x s is short (for Fe(II) , x s ~ 10" 1 1 

s) x c is determined by x r and x s . W h e n the 
me ta l b i n d s to an e n z y m e , at leas t t w o 
phenomena occur: q decreases , decreas ing 
the value for l / J T l p and x r increases. The 
increase in x r , if x r modu la t e s re laxa t ion , 
increases 1/fTj . For probes with long x s 

values , an increase in x r to the rota t ional 
correlation t ime of the enzyme (~10" 9 - 10" 7s) 
resu l t s in a subs tan t i a l i nc r ea se in x r to 
the po in t where x c may be d o m i n a t e d by 
p rocesses o ther than x r . T h u s the 1 / / T l p 

for ' H of H 2 0 by the paramagnet ic species 
is enhanced by some factor e*. The observed 
enhancement can be quanti tated by compar
ing the paramagnet ic effect of the label in the 
p r e s e n c e of e n z y m e , d e s i g n a t e d by the 
asterisk (*) to that in its absence: 

7Vo 

7"..o 

(20) 

The control used for the denominator term 
is s imply the p a r a m a g n e t i c effect of the 
probe on the P R R measured in the absence of 
enzyme. 
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The observed relaxation rate is the sum of 
the paramagnet ic effects due to free species 
and bound species: 

( iY-Uj- ) + y ± - ) ( 2 D 
\TiJ \TiM + zm/f U , M + x m / b 

The term designated subscript f describes the 
normal izat ion factor / for the concentrat ion 
of free paramagnet ic species ( [p] f) and the 
concentra t ion of water (55.5 M ) ( / = [p]f/ 
55.5) ; q, the hydrat ion number for free metal 
ion (ni troxide); T | M for the 1H of H 2 0 bound 
to the free probe; and the lifetime, x m of the 
complexes . The term designated subscript b 
descr ibes the same parameters for the species 
w h i c h is e n z y m e b o u n d and is pr imar i ly 
r e spons ib le for e n h a n c e m e n t . This effect, 
or the enhancement , can be quanti tated by 
re la t ing the free and b o u n d pa ramagne t i c 
species ( M ) f and ( M ) b respectively: 

£ . = [MJ, [ML (22) 

T h e e n h a n c e m e n t of f ree s p e c i e s , e f is 
defined as unity, and the binary enhancement 
(of the enzyme-label complex) , e b is charac
teristic of the complex being studied. The 
preceding equation relates the mole fraction 
of each species . Direct b inding studies of 
the probe can be used to evaluate e b . The 
value for e b is a reflection of the environment 
about the bound probe, and contains infor
mat ion concerning q, x m and x c for the H 2 0 
at the probe . A compar ison of stoichiometry, 
K d , and e b for metal b ind ing to modif ied 
and unmodif ied e n z y m e can relate the effect 
of modif icat ion to the envi ronment of the 
activator. If the stoichiometry of an enzyme-
M complex is known or assumed to be 1:1, a 
titration of e* versus [M] can yield K d and e b . 

An actual quanti tat ion of q for H 2 0 in the 
enzyme- label complex can be obtained by a 
determinat ion of x c for the complex. Several 
m e t h o d s to d e t e r m i n e x c for M n ( I I ) - H 2 0 
interactions in binary enzyme-Mn complexes 
have been at tempted to evaluate these para
meters . Such approaches are not very simple, 
and the eva lua t ion of addi t ional phys ica l -
chemical parameters and several assumptions 

are r equ i r ed . R e a s o n a b l e a p p r o x i m a t i o n s 
to these paramete rs can be m a d e , but the 
evaluat ion of the actual hydrat ion n u m b e r 
by such studies should be taken with some 
amount of skepticism (Burton et al, 1979). 
O n e i m p o r t a n t de ta i l o b t a i n e d f rom fre
quency-dependent studies of ( 1 / T l p ) is that 
for enzyme-bound Mn(II ) , the value for x c 

is usually frequency-dependent , showing that 
x c must be at least partially determined by x s 

in those cases. A fit of the data to equat ions 
(9) and (14) would suggest that / T , is linear 
with ( C 0 j ) 2 if x c is constant. Lower frequency 
m e a s u r e m e n t s shou ld y ie ld g rea t e r pa ra 
magnet ic effects on T r 

T h i s a p p r o a c h to the s tudy of l i gand 
interactions with enzymes can also be used 
w h e n p a r a m a g n e t i c i o n s b i n d o n l y to 
e n z y m e - l i g a n d c o m p l e x e s (i.e., c r e a t i n e 
kinase where Mn(II) binds to creatine kinase 
A T P but not to creatine kinase) . A similar 
evaluation of the data can be made . 

T h e addi t ion of a l igand ( subs t ra te or 
allosteric modifier) to the over enzyme-label 
complex can result in a perturbation of one 
or s e v e r a l p a r a m e t e r s w h i c h i n f l u e n c e 
re laxa t ion . The b o u n d l igand can c h a n g e 
metal binding ( K d and/or n) , result ing in a 
change in [ M ] b or can result in changes in 
q, x m or x c. A change in x c can affect T 1 M . 
Regardless of the reason for the perturba
tion in 1/T l p , a change in e* upon addit ion of 
ligand may be obtained. Such a titration can 
result in a determination of the dissociation 
cons tan t of the l i gand f rom the e n z y m e 
complex and a value for the enhancement of 
the ternary enzyme-label- l igand complex , e t . 
The equation for observed enhancement now 
becomes: 

[Ml . 
[Ml,- (1) + 

[ E M ] [E -M-Lj 

[ M J r ' 
(23) 

In the case of metal complexes where the 
ligand also competes with the enzyme for 
m e t a l b i n d i n g , a t e r m [ M - L ] / [ M ] T ( e a ) , 
must a lso be cons idered . A va lue for the 
enhancement of the metal - l igand complex , 
£ a , can be evaluated independent ly. In a ge
neral case when all possible equilibria may 
be present in such a t i tration exper iment , 
the following complexes , their dissociat ion 
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constants , and enhancement values must be 
considered: 

K I E ] [ M ] c 
K d ~ [EM] b 

K - № ! E 
K < ~ [ML] " 

_ [ E ] [ M - L ] 
K 2 - , ET [EML] 

[EM][L] 
K y ~ [EML] 

[EL][M1 
* A " [EML] 

r _ ÎË1ÎM 
* S " [EL] 

F r o m thermodynamics : 

^ 1 ^ 2 - ^ D ^ 3 - ^ A ^ S 

(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(30) 

In a s imple case, the addition of a ligand 
to an enzyme-label which results in a change 
in e* indicates the formation of an enzyme-
label-l igand ternary complex. Values for Ej 
can be either greater than for e* or less than 
e b ; no change in e* may result from failure of 
l igand to bind; no change in physical para
meters affecting £*; or fortuitous changes in 
1 /T l p that result in no observed change. A 
change in e* wi th concentra t ion of l igand 
can be either graphically evaluated to yield 
K d and £ j or a fit to the data can be at
tempted. A computat ional analysis of e* vs 
[ l igand], considering all possible equilibria, 
has been developed (Reed et al, 1970) and is 
the more r igorous treatment. An evaluation 
of K 3 and e T reflects any change of enzyme 
modificat ion on ligand binding and on any 
e n v i r o n m e n t a l c h a n g e a b o u t t h e p r o b e 
induced by the l igand, respect ively . Such 
changes can be compared to those observed 
in the nat ive or non-derivat ized enzyme. This 

method can be a powerful yet s imple tool to 
evaluate the effects of enzyme modification 
on ligand binding. 

A n a l o g o u s to P R R m e a s u r e m e n t s , the 
environments of the catalytic site can also 
be studied by observing the relaxation ( 1 / T 2 

from the line width measu remen t s ) of in
organic anions which serve as part of the 
mi l ieu . The in terac t ion of an an ion such 
as CI" using 3 5 C 1 N M R with paramagne t ic 
c e n t e r s can e l ic i t a p a r a m a g n e t i c effect 
ana logous to effects observed us ing P R R . 
O n the o t h e r h a n d , the i n t e r a c t i o n w i th 
diamagnet ic centers can also give rise to sub
s tant ia l q u a d r u p o l a r r e l a x a t i o n s r e su l t i ng 
in T 2 effects. The observa t ion of such an 
effect will demonstra te that the diamagnet ic 
center, i.e. Zn(II) , has access to the solvent. 
The addition of l igands influences the metal 
center. Another variation is the use of the 
more sensitive 1 9 F nucleus of F~ if this ion is 
innocuous for the enzyme under investiga
tion. The F" interaction with the Cu(II) center 
of galactose oxidase was studied by relaxa
t ion ra te m e a s u r e m e n t s ( M a r w e d e l et al, 
1975). The limitation of 1 9 F N M R is that F" 
is an inhibitor for a number of enzymes and 
may not be a good anion in every case. The 
s tudy of a n i o n r e l a x a t i o n h a s i m p o r t a n t 
potential in the study of envi ronment effects 
and l igand effects on the ac t ive si te en
vironment. 

CATION NMR 

A n a l t e r n a t i v e to s t u d y i n g t h e e n z y m e 
directly by N M R is to observe a portion of 
the enzyme, preferably the active-site, where 
good resolution of the important functional 
groups can be observed. One example where 
such a study is possible is in the case of me
tal uti l izing enzymes where the spectra of 
o n e of s eve ra l m e t a l s can b e o b s e r v e d . 
These metal ions often play a key role in the 
catalytic processes . There is a potential for 
the use of the ' phys io log ica l ly c o m m o n ' 
divalent cations 2 5 M g and 4 3 C a ; a review of 
the a t t empted app l i ca t ions con ta ins s o m e 
examples (Forsen and Lindman, 1981). Most 
of the studies have been with 4 3 C a which 
is somewha t eas ier to s tudy. The p r imary 
drawback in these studies is the very low 
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sensi t ivi ty of these nucle i . The high con
centration of these cations necessary to ob
serve the resonances of bound cations are 
l imited by the solubility of the proteins. 

Appl ica t ions of monovalent cations 7 L i , 
2 3 N a , 3 9 K or 2 0 5 T 1 are also quite possible. Be
cause of much weaker binding of the mono
v a l e n t c a t i o n s to e n z y m e s , t he e f f ec t s , 
i nc lud ing l i gand- induced cat ion per tu rba
t ions , can a l so be obs e rved and pe rhaps 
quanti tated. 

A broader application of 1 1 3 C d N M R has 
been made . Al though Cd(II) is a toxic metal 
ion, it has been found to substitute for Zn(II) 
or Mg( I I ) in severa l e n z y m e sys tems . Its 
chemical shift is sensitive to the nature of its 
l igands, and a change in ligand environment 
(e.g. addit ion of substrates) is reflected in a 
c h a n g e in c h e m i c a l shift ( A r m i t a g e and 
Otvos , 1982). The nucleus can be used to 
s tudy c h e m i c a l e x c h a n g e b e t w e e n me ta l 
sites, mult imetal sites, and the interactions of 
l igands to the enzyme-bound metal . The low 
sens i t i v i t y and low r e s o n a n c e f r equency 
keeps this metal from being routinely used. 
It can prove to be very useful, however , in 
the cases where plenty of e n z y m e that is 
quite soluble can be obtained. 

POLYPEPTIDE AND PROTEIN STRUCTURE 

Knowledge of the three-dimensional struc
ture of a polypept ide or protein is a pre
requisi te to the unders tanding of its physical , 
chemica l , and biologica l proper t ies . Since 
the t ime that Perutz and Kendrew determined 
the structure of hemoglobin and myoglobin, 
more than three decades ago, about 750 non-
identical structures of a total number of 2700 
h a s b e e n d e t e r m i n e d by c ry s t a l l og raph i c 
and N M R techniques (Orengo, 1994). The 
precision with which the N M R structures of 
s m a l l p r o t e i n s c a n n o w b e d e t e r m i n e d 
approaches that of moderate ly good X-ray 
crys ta l s t ruc tures . In the pro te in inter ior , 
t he s t r u c t u r e s o b t a i n e d f rom the h i g h e s t 
quality N M R data can be as precise as all but 
the very best X-ray structure, whereas the 
surface residues often appear disordered in 
solution and hence in the N M R structures 
der ived from solution data. Thus, the main 
d i f ferences b e t w e e n the N M R and X-ray 

s t ruc tures of p ro te ins are in fact usua l ly 
found on protein surfaces. 

In the last few years the significant in
crease in the number of known three-dimen
sional structures of small proteins in solution 
became possible due to advances in N M R 
t e c h n o l o g y such as the d e v e l o p m e n t of 
superconducting magnets , Fourier transform 
s p e c t r o s c o p y , c o m p u t e r c o n t r o l of t h e 
ins t rumentat ion and new mul t id imens iona l 
N M R techniques developed by Ernst (Ernst 
et al, 1987), who won the Nobel Prize in 
1991. 

The basic steps for protein determinat ion 
from N M R are the following: 1) Ass ignment 
of proton resonances signals to individual 
protons. 2) Determinat ion of proton-proton 
d i s t a n c e c o n s t r a i n s a n d d i h e d r a l a n g l e 
cons t r a ins f rom N O E ' s and J c o u p l i n g s , 
respectively. 3) Calculation of a family of 
th ree -d imens iona l s t ruc tures on the bas is 
of the d is tance res t ra ins , s u p p l e m e n t e d if 
pos s ib l e by s o m e t o r s i o n - a n g l e r e s t r a ins 
derived from coupling constants . 4) Refin
ing of the s t ruc tu res by u s i n g g e o m e t r i c 
constra ins and potent ia l energy funct ions, 
for instance, with restrained energy minimi
zation and restrained molecu la r dynamics . 
W e will discuss these steps in some detail. 

1. 1H Resonance assignments 

The first step is the ass ignment of the ' H 
signals to individual protons of the protein 
under s tudy. It is conven ien t to start the 
s t u d y w i t h t h e a n a l y s i s of t h e m o n o -
dimensional spectrum in order to know the 
condit ions of the sample, i.e. the presence of 
i m p u r i t i e s , a g g r e g a t i o n ( m i l l i m o l a r c o n 
centrations are normally used), the signal to 
noise ratio and the presence of some region 
in the protein without conformat ion or, in 
the case of pept ides , the presence of con
f o r m a t i o n . In g e n e r a l we l l d e f i n e d and 
n a r r o w s igna l s i n d i c a t e the p r e s e n c e of 
regions exposed to the solvent and without 
interaction with the rest of the polypept ide 
chain, except through the pept ide bond. The 
d ispers ion of the s ignals f requencies and 
broader signals, show a crowded spectrum 
with mutually overlapping lines in the case 
of a monomer protein where the polypept ide 
chain has many interactions with the rest of 
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the structure and the movement is restricted 
in the region where the proton under ob
servation is located. In table II the chemical 
shift for protons of natural proteins in the 
r andom coil conformation are listed. They 
fall in several classes as shown in Figure 1 
for the ' H - N M R spectra, at 600 (A) and 300 
(B) M H z , of the peptide containing the ~ 60 
amino acids of the beta tubulin subunit. 

The ass ignment of the total signals from 
a monodimensional spectra of a polypeptide 
is no t s t r a i g h t f o r w a r d b e c a u s e w h e n the 
complexi ty (length of the polypeptide chain) 
of the protein increases, the resolution of the 
spectra diminishes . To increase resolution it 
is necessary to use two dimensional N M R in 
o rde r to h a v e a c o m p l e t e a s s i g n m e n t of 
the spec t rum. W u t h r i c h et al (1986) have 
d e v e l o p e d a s t a n d a r d m e t h o d for t h e 
systematic ass ignment of a N M R spectrum 

for proteins. For pept ides (5 to 30 residues) 
t he a p p l i c a t i o n of th i s m e t h o d is e a s i e r 
than for proteins (80 to 130 residues). The 
assignment method has two steps. The first 
correspond to the identification of the spin 
sys tems for each amino acid. The charac
teristic spin systems are shown in figure 2. 
The ident i f ica t ion is based on the sca la r 
coupling obtained from the two dimensional 
e x p e r i m e n t s C O S Y ( J -co r re l a t ed spec t ro 
scopy) , R E L A Y - C O S Y (relayed coherence 
t ransfer spec t roscopy) and T O C S Y (total 
correlation spectroscopy) which are the most 
common methods . The simplest exper iment 
is C O S Y in which the off-diagonal cross-
peaks arise only between protons connected 
through J-coupl ing ne tworks (fig 4 ) . This 
al lows identification of the signals N H - H a , 
H a - H 6 , etc. from the same residue, because 
the scalar coup l i ng is in te r rup ted by the 

(A) 
Aromatic rings 

side chain NH of N,0 ,K ,R 
H/3/3'and H y y ' C H * , 

H y y ' V , H S S L 
H S . H y l 

0.0 

10.0 9.0 8.0 7.0 4 .0 3.0 2.0 0.0 

ppm 
Fig 1. 'H-NMR spectra, at 600 (A) and 300 (B) MHz of the 6-tubulin fusion peptide, RL33B6 (- 5 
mM), in H 2 0 with 10% D 2 0 containing 50 mM NH 4 HC0 3 at pH 6.2 at 25 °C. This peptide 
correspond to the carboxy-terminal region of isoform cB2, with the following amino acid sequence: 

400 410 420 430 440 

A«/a4PFLHWYTGEGMDEMEFT£NESNMNDLVSEYQQYQDATADEQGEFEEEGEEDEA 
In italics, the non-tubulin sequence segment that was inserted by the vector construction is 
indicated. 
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Fig 2 . Examples of COSY, RELAYED-COSY and 
DOUBLE-RELAYED-COSY connectivity diagrams for the 
spin systems of nonlabile protons in six common amino 
acid residues. The diagrams show the position of the 
diagonal peaks (filled circles) and the connectivities of 2D-
experiments, COSY (open circles), RELAYED-COSY 
(crosses and broken lines) and DOUBLE-RELAYED-COSY 
(stars and dotted lines). Values of the chemical shifts are 
arbitrary. 

ca rbony l g r o u p of the pep t ide bond . The 
2 D ' H - N M R spectra of a hexadecapep t ide 
of C h e Y , a 129-residue protein involved in 
bacterial chemotaxis are shown in figure 3. 
F igure 3 A shows the C O S Y patterns of the 
c ross p e a k s found in the spec t ra l reg ion 
be tween 3.6 to 4.8 p p m and 8.0 to 9.2 p p m 
( k n o w n as the " C O S Y f ingerpr in t " ) , that 
c o n t a i n s t h e s c a l a r c o r r e l a t i o n N H - H a . 
T O C S Y gives the correlated signals among 
all t he f r e q u e n c i e s tha t b e l o n g to s a m e 
ne twork of coupl ings (the same system of 
spins) , because the magnet izat ion is spread 
through the coupl ing network. The pattern 
of s i gna l s for the sca la r c o u p l i n g of the 
d i f fe ren t a m i n o ac id s in the C O S Y and 
T O C S Y (figure 3B) a l lows the identifica
tion of all the protons that belong to a same 
res idue . In this s tep it is not poss ib le to 

d i s t ingu i sh a m i n o acid r e s idues wi th the 
same system of spin or amino acids that are 
repeated in the sequence. These ambigui t ies 
are di lucidated with N O E S Y and R O E S Y 
e x p e r i m e n t s w h i c h g i v e d i s t a n c e in fo r 
mation. 

T h e s econd c l a s s of t w o d i m e n s i o n a l 
N M R exper iments (2D N O E ) c ros s -peaks 
c o n n e c t p r o t o n s t ha t a re s p a t i a l l y at a 
d i s t ance shor te r than 5 Â, i ndependen t l y 
whether they present or not scalar coupling. 
The information from N O E S Y and R O E S Y 
is similar. In contrast to all other parameters , 
p r o t o n - p r o t o n d i s t a n c e m e a s u r e m e n t s by 
N O E experiments can be directly related to 
the pep t ide or prote in confo rma t ion . T h e 
analysis usually starts with a search of the 
c ross -peak pat terns be long ing to the spin 
systems of types of amino acids. These are 
then connected through cross-peak in a two 
d i m e n s i o n a l N O E s p e c t r u m b e t w e e n 
neighboring amino acids in the polypept ide 
c h a i n . U s e f u l s h o r t d i s t a n c e s for t h e 
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Fig 3. 2D 'H-NMR spectra of the hexadecapeptide CheY-C 
(1 mM) in H 2 0 with 10% D 2 0 (pH 5.0, 5°C). A. Phase-
sensitive COSY 'finger print region'. B. TOCSY region. 
The correlation between the NH proton with the rest of the 
protons of the spin system for several residues are connected 
by a solid line. C. NOESY region showing the sequential as
signments through the correlations d N N ( i s + 1 (. 

The amino acid sequence of CheY-C is: 

1 5 10 15 
MDGLELLKTIRADSAY 
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ass ignment are those observed be tween H a 

of residue i and the N H proton of the next 
residue ( d a N i ; + j), be tween the N H protons of 
ad jacen t r e s idues ( d N N i i + j ) , and the H 6 

proton of res idue i and the N H proton of 
the next residue ( d B N i i + l ) , see figure 4 . F rom 
t h e s e c o r r e l a t i o n s , t h e s e q u e n t i a l o r d e r 
of the spin systems can be established. The 
i n t e n s i t y of t h e s i g n a l d e p e n d s on t h e 
s t ruc tu re of the po lypep t ide cha in . Often 
t h e s e q u e n t i a l a s s i g n m e n t p r o c e d u r e is 
r edundan t , thus m a n y internal checks are 
poss ible . This makes the ass ignment unam
biguous . 

2 . Distance and dihedral angle constrains 

W h e n all the resonances of the N M R spectra 
a re a s s i g n e d , the da t a f rom J c o u p l i n g s 
and N O E distances are used to infer the con
formation of the polypept ide chain. The prin
cipal advantage of N O E s is that while all the 
other spectral parameters are a linear average 
of the different conformations in equil ibrium, 
N O E has a non l inea r d e p e n d e n c e on the 
interprotonic distance, r; the N O E intensity 
is directly related to r 6 , therefore the short 
d is tances are emphas ized . This a l lows the 
detec t ion and identif ication of preferential 
po lypept ide conformat ions , notwithstanding 
if the preferred conformation is a small frac
tion. Secondary structure is usually apparent 
from the strong N O E s used to make the as
s ignments . Stretches of residues in an a-hel ix 
have strong N O E s between NHj - N H ; + j and 
C B H i - N H i + 1 but not between H a l - N H i + 1 . In 
8 - s t r a n d s , a d j a c e n t r e s i d u e s g ive s t rong 
N O E s be tween H 

NH. - NHj j . The relat ionship be tween the 
intensities of the N O E s (NH; - N H i + 1 ) / ( H a l -
N H i + 1 ) is much higher in the a -he l ix than in 
the G-strands, because the difference between 
the sequential distances N H - N H and H a -
N H is amplified by the six power dependence 
of the N O E with respect to the interprotonic 
d i s t a n c e . T h e t r ue i d e n t i f i c a t i o n of t h e 
p r e f e r r e d p o l y p e p t i d e s t r u c t u r e is on ly 
possible with the observation in its structure 
of specific N O E s be tween pro tons of res
idues non adjacent in the sequence. Thus , the 
geometry of a -he l ix gives N O E s of the type 
(i,i + 3) and (i,i + 4) consider ing that the 
h e l i c e s f o u n d in p r o t e i n s a re a - h e l i c e s 
and 3 1 0 helices. The 3 1 0 helix is important 

" a l N H i + 1 but not between 

because it usually forms the last turn of the 
C-terminal end of numerous a -he l ices . In fa
vorable cases, dihedral angle constrains can 
be obtained from three-bond J coupl ings ( 3 J ) . 
The value of 3 J is related to the d ihedra l 
angle 9 of the bond between the a toms to 
which the protons are bonded. The relation
ship, based on the Karplus equation, is of the 
form: 

3 J = A c o s 2 9 + B cos 6 + C 

For example , the value of 3 J N H - H a be tween 
the N H and the H a protons gives information 
about the torsion angle (j): 

3 j N H - H a = 6 - 4 c o s 2 9 - 1-4 cos 6 + 1.9 

For helical regions 3 J N H _ H a is small (ca. 4 
Hz) , while for extended chain conformat ions 
such as in 6-sheets the values are larger (9-10 
Hz) . Usually the large J coupl ings (8-10 Hz) 

CHIN 

- c F 
1 1 

/ N 
1' \ l -

H 

V 
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N O E 
N N 

N O E 
N N 

Fig 4. Connectivities within and between residues that are used in sequential assignments of individual 
protons in peptides and proteins. The solid arrows indicate the sequential NOEs (connectivities through 
space) and the broken lines the scalar coupling (connectivities through bond). 
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are the most useful source of information, 
because J coup l ings smaller than the line 
wid th (5 Hz or la rger canno t be rel iably 
measured) . The interpretation of the larger J 
constants in terms of dihedral angles is less 
ambiguous . 

The parameters for the identification of 
secondary structures, shown in Table III, are 
summar ized below: 

Orhelix 

1. T h e p r e s e n c e of m e d i u m range N O E s , 

^NN(i,i+2)' ^aN(i,i+3)' ^cxB(i,i+3^ a n C * ^aN(i,i+4) 
along consecut ive residues of a pept ide 
s e g m e n t . L i k e w i s e , t h e p r e s e n c e of 
m e d i u m range N O E s i , i+3 or i , i+4 in
volving protons of lateral chains. 

2. The presence of a series of intense N O E s 
d N N ( i p lus less intense or weak N O E s 
along a pept ide chain segment. 

3 . D i f f e r e n t c h e m i c a l sh i f t s (8) for the 
p r o t o n s H a w i t h r e s p e c t t o i t s 8 in 
reference pept ides; negat ive A 8 H o t for a se
ries of consecut ive residues. 

4. Smal l coup l ing cons tan t s 3 J H N . H a for a 
segment of the polypeptide chain. 

ft-sheet 

1. The presence of a N O E s network d N N ( j -y 
^aN(ij) a n £ * ^aa(i j ) D e t w e e n the strands of 
the parallel or aritiparallel 6-sheets. 

2. The presence of weak d N N ( i and intense 
d a N a . i + 1 ) N O E s -

3. Different chemical shift (8) for the protons 
H a wi th r e spec t to i ts d in r e f e r e n c e 
pep t ides ; pos i t ive A 8 H a for a ser ies of 
consecutive residues. 

4. Large coupl ing cons tan t s 3 J H N _ H a for a 
segment of the polypept ide chain. 

fi-Turns 

1. The presence of N O E d a N ( i i + 2 ) be tween 
the residues 2-4. 

2. The presence of intense N O E s d N N , i i + 1 ) 

between residues 2-3 and 3-4 for 6-Turn 
type I and 2-3 for type II. 

3 . Different chemical shift (8) for the protons 
H a w i th r e spec t to i ts 8 in r e f e r e n c e 

TABLE III 

NMR parameters for the identification of peptide secondary structure 

NMR Parameter Structure 

helix sheet B-turn 

a -< 

sheet 

I II 

negative positive negative 
(-0.39 ppm) (+0.37 ppm) 

X»-»a №> 4 4 9 2,4 2,4 
3,9 3,5 

NOE type (Â) 
medium medium strong 2,3 medium 2,3 strong 
(3.5) (3.4) (2.2) (3.4) (2.2) 

^ N N U + l strong strong weak 2,3 strong 2,3 weak ^ N N U + l 
(2.8) (2.6) (4.3) (2.6) (4.5) 

3,4 strong 3,4 strong 
(2.4) (2.4) 

^NN¡.¡+2 weak weak no 2,4 medium 2,4 weak ^NN¡.¡+2 
(4.2) (4.1) (3.8) (4.3) 

C 'aNi. i+2 weak medium no 2,4 medium 2,4 medium C 'aNi. i+2 
(4,4) (3.8) (3.6) (3.3) 
medium medium no 1,4 yes 1,4 yes 
(3.4) (3.3) (3.1 -4.2) (3.8 - 4.7) 
weak no no no no 
(4 .2 ) 

daßi.i+3 yes yes no no no 

^lat. chaini,i+3 yes yes no - -^lal. chaini,i+4 yes - no - -
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pept ides ; negat ive A S H a for consecut ive 
residues of the turn. 

4 . N o r m a l coup l ing cons tants 3 J H N H ( X (see 
Table III) . 

In s u m m a r y , t h e p r e s e n c e of N O E s 
b e t w e e n p r o t o n s t h a t a r e c l o s e in t h e 
covalent structure can define the secondary 
structure and those N O E s between protons 
that are distant in the primary structure but 
close in the space define the tertiary struc
tu re . Of ten p r e l i m i n a r y repor t s on N M R 
s t u d i e s of a p r o t e i n t h a t d e s c r i b e t h e 
r e sonance a s s ignmen t s and the secondary 
s t ruc ture a re found in the l i te ra ture . T h e 
seconda ry s t ruc tures so ident if ied can be 
used as a starting point for interactive model 
bui ld ing of the tertiary structure; however 
this strategy has been little used as compared 
to computa t ional structure determination. 

3 . Structure calculations 

O n c e re sonance ass ignments are avai lable 
for all protons , the N O E S Y data are again 
a n a l y z e d , n o w in t e r m s of s t ruc tura l in
f o r m a t i o n . E a c h off d i a g o n a l c ross peak 
indicates that two protons in known loca
t ions in the protein sequence are separated 
by a dis tance of less than about 5 A. The 
measurement of a large number of such cross 
peaks must thus impose stringent constrains 
on the prote in tertiary fold. By measur ing 
the intensity of the cross peak, a qualitative 
es t imate can be m a d e of the distance between 
the two protons . These structural constrains 
are put into computer programs to search for 
those protein conformations that are compa
tible with all of the experimental measure
m e n t s . T h e m o s t c o m m o n p r o g r a m s for 
generat ion of structures use either a metric 
m a t r i x d i s t a n c e g e o m e t r y a l g o r i t h m or 
r e s t r a i n e d l ea s t s q u a r e m i n i m i z a t i o n in 
torsion angle space. By repeating the calcula
t ions, severa l s t ructures will be generated 
t h a t a g r e e w i t h t h e e x p e r i m e n t a l d a t a . 
Provided a sufficient number of constrains 
are used, a family of structures which closely 
agree will be obtained from many passes. 

T h e s t ruc tures gene ra t ed by such p ro 
c e d u r e s a re g e n e r a l l y of r e l a t i ve ly h igh 
energy, and merely serve as initial est imates 
of the protein fold. It is then necessary to 

subject these s tructures to res t ra ined mo l 
ecular dynamics calculat ions. This involves 
the s imul taneous solut ion of the c lass ical 
equa t ions of mot ion for all a toms in the 
s y s t e m for s eve ra l h u n d r e d p i c o s e c o n d s 
w i t h t h e N M R d i s t a n c e c o n s t r a i n s in 
c o r p o r a t e d as e f f ec t ive p o t e n t i a l s in the 
tota l e n e r g y func t ion . T h e p o w e r of the 
method lies in its ability to overcome local 
energy barriers and reliably locate the global 
m in imum region. In general , the procedure 
s ignif icant ly i m p r o v e s the a g r e e m e n t be
tween the structural model and the experi
mental data. An informative picture of the 
result ing family of molecules can now be 
d i sp l ayed u s i n g m o l e c u l a r g r aph i c s soft
ware . An important feature of NMR-der ived 
structures is that some regions of the protein 
will be less defined than others. This is a 
consequence of the non-uniform distribution 
of N M R constrains within the molecule and 
reflects the molecular mot ions taking place 
in solution. 

4. Refinement of NMR structures 

There are two crucial ques t ions regard ing 
s t ruc tu re s d e t e r m i n e d by N M R , n a m e l y , 
how u n i q u e are they and h o w accura te ly 
h a v e t h e y b e e n d e t e r m i n e d ? It is t h u s 
essential to analyze the der ived structures 
and examine the degree of convergence . If 
the set converges well and all exper imental 
restrains are satisfied, then they can be said 
to represent a realistic and accurate picture of 
the solution structure. 

A m o r e r igorous a s s e s s m e n t of N M R -
derived structures can be made from the ap
plication of back calculat ion methods . Back-
calculation involves simulating the N O E S Y 
s p e c t r u m f rom the c a l c u l a t e d m o l e c u l a r 
s tructure and us ing the resul t to c o m p a r e 
wi th the e x p e r i m e n t a l N O E S Y spec t rum. 
This process serves to check the quality of 
the structure and it is also an integral part of 
the ref inement s trategy. In the c o m m o n l y 
used p r o c e d u r e N O E s are conve r t ed into 
rough upper distance limits in order to allow 
for t h e e f f ec t s of i n t e r n a l m o t i o n a n d 
diffusion of magnet izat ion signals, as well 
as experimental uncertainty. The final struc
tures thus fit the upper dis tance limits rather 
the true experimental values. 
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B a c k - c a l c u l a t i o n i n v o l v e s u s i n g t h e 
ca lcu la ted s t ructure in conjunct ion with a 
s i m p l e m o d e l for the d y n a m i c b e h a v i o r 
of the a t o m s in the mo lecu le in order to 
s imulate its N O E S Y spectrum. However , the 
method is currently rather imprecise. Despite 
this, back-calcula t ion a l lows an evaluat ion 
of h o w wel l different parts of the protein 
s t r u c t u r e a g r e e w i th the i npu t da t a . By 
providing a quality measure of the fit of the 
derived structure, it is analogous to the R-
factor used for assessing structures derived 
us ing c rys ta l lography . The compar i son of 
s i m u l a t e d and m e a s u r e d N O E S Y spec t ra 
a l l ows an es t ima te of the magn i tude and 
direction of changes to be made to the mol
e c u l e tha t m i g h t i m p r o v e the a g r e e m e n t 
b e t w e e n the spect ra . In order to ach ieve 
the full benef i ts of back-ca lcu la t ion , it is 
necessary to make it an integral part of the 
strategy for protein structure determination. 
This would involve a readjustment of the 
d i s t a n c e r e s t r a i n s u s e d in t h e s t r u c t u r e 
c a l c u l a t i o n s t e p s a f t e r a n a l y z i n g t h e 
calculated N O E S Y spectrum. A new struc
ture wou ld be ca lcula ted and the process 
r e p e a t e d u n t i l s i m u l a t e d a n d m e a s u r e d 
spectra match . For structure determinat ion 
on the basis of distance constrains such as 
dis tance geometry and restrained molecular 
d y n a m i c s , a m o n g o t h e r s , t h e s o f t w a r e 
N M R c h i t e c t and D i scove ry from B i o s y m 
Technologies can be used. 

T h e val id i ty of the N M R me thod was 
establ ished conclusively by determining the 
t ree d i m e n s i o n a l s t ruc ture of the prote in 
" tendamis t" independently using N M R and 
normal X-ray diffraction analysis (Billiter et 
al, 1989). 

T h r e e - a n d f o u r - d i m e n s i o n a l h e t e r o -
nuclear N M R spectroscopy offer a way to 
improve spectral resolution and circumvent 
problems due to larger line widths that are 
associated with increasing molecular weight. 
With these methodology the determination of 
a high resolution N M R structure of a protein 
greater than 150 amino acids residues have 
been possible (for a review see Clore and 
Gronenborn, 1991). 

TRANSFERRED NOE 

As we discussed before, N M R spectroscopy 
is a useful tool to study one of the most 

impor tan t i ssues in b io logy wh ich is the 
interaction of l igands with macromolecules . 
When part of the macromolecule is in close 
proximity to a bound ligand, a N O E can be 
obse rved in the l igand if the m a c r o m o l 
e c u l e ' s p ro tons are i r radia ted ( James and 
Cohn, 1974). Concomitant with the develop
m e n t s in t w o - d i m e n s i o n a l N M R and the 
use of N M R to de te rmine the structure of 
pept ides and proteins in solut ion, interest 
in t r ans fe r N O E ( T R N O E ) h a s e m e r g e d 
(Campbell and Sykes, 1993) The T R N O E is 
the extension of two dimensional N O E to 
exchanging systems such as l igand-protein 
c o m p l e x e s . T R N O E m e a s u r e m e n t s g i v e 
i n f o r m a t i o n on the c o n f o r m a t i o n of the 
bound ligand. This methodology has been 
used to study the conformations of nucleo
tides bound to peptides and proteins (Leanz 
and H a m m e s , 1986; K o id e et al, 1989) , 
binding of peptides to phospholipid bilayers 
(Milon et al, 1990), the codon to anticodon 
interaction (Clore et al, 1984), b inding of 
peptides to enzymes (Meyer et al, 1988) and 
binding of hormones to proteins (Live et al, 
1987). 
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