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F O R  S T R U C T U R A L  N M R

A .  S h e k h t m a n *

1 . I n t r o d u c t i o n

Structural analysis o f  proteins and their com plexes com es to the forefront o f  the 
efforts to gain com prehensive know ledge o f  biological processes within the cell [1 -3]. 
Protein N M R  spectroscopy becom es the technique o f  choice for structural characteri­
zation o f  proteins and their com plexes when the molecular w eight does not exceed  
approximately 30 kDa [4, 5]. Though X-ray crystallography remains the gold standard 
for high-resolution determination o f  protein structures, the availability o f  N M R  analy­
sis expands the repertoire o f  structural b iology to include flexible and otherwise non- 
crystallizable structural targets, such as multi-domain system s where separate domains 
are connected by flexible linkers [6 -8 ]. The ability o f  N M R  spectroscopy to character­
ize the dynamics o f  these system s on multiple tim escales at atom ic resolution is 
unique among spectroscopic methods and can provide necessary insights into the b io­
logical function o f  the corresponding m olecules [4, 9].

The barrier for the application o f  N M R  spectroscopy to characterize larger pro­
tein targets is the increased spectral com plexity o f  these large proteins and to the sig­
nificant line-width broadening associated with unfavorable relaxation properties. At 
the same time, there is a strong need to have a technique which adequately describes 
the molecular interactions o f  modular proteins consisting o f  multi-domain structures. 
Structural analysis o f  separate domains from these system s m ay not be adequate due 
to the inter-domain and intra-molecular regulatory interactions. Multi-domain proteins 
created through genetic shuttling are very com mon, especially, in eukaryotic system s 
[10]. Usually, the molecular w eight o f  a single protein domain is about 10 kDa [7]. 
Thus, multi-domain proteins are difficult N M R  targets due to their increasingly large m o­
lecular weight. N ew ly developed N M R  techniques based on transverse relaxation opti­
mized (TROSY) methodology significantly alleviates problems related to the increased 
line-width o f  the N M R  signals and makes it possible to work with proteins and protein 
com plexes o f  molecular w eights beyond 100 kDa [11].

Although observable, N M R  signals from the large proteins exhibit extreme spec­
tral overlap, which cannot be resolved even in three- or four-dimensional N M R  spec­
tra [12]. The w ay to decrease structural com plexity is to use samples where only few  
amino acids are labeled with N M R  active nuclei, thus, editing out signals from the rest 
o f  the m olecule [13]. Though powerful, this approach is limited because o f  the sem i­
uniform distribution o f  specific amino acids within the primary structure o f  proteins, 
which leads to the inability to obtain sequence specific information without highly non­
trivial resonance assignments.

Expressed protein ligation presents a very valuable addition to the existing reper­
toire o f  protein over-expression technologies for N M R  sample preparation [14-16].
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It allows one to isotopically label part o f the full-length protein leaving the rest o f the 
protein cryptic. This approach dramatically decreases the spectral complexity o f the 
NM R data since isotope edited NM R experiments leave only resonances originating 
from the isotopically labeled segment o f the protein. Segmental labeling can be used 
both to expand structural NM R characterization o f the proteins to much larger sizes 
and to obtain highly specific information about protein structure using the labeled 
segment as a chemical probe. Segmental labeling has successfully been used to study 
by NM R diverse modular systems such as the SH3-SH2 domains from abl kinase [17], 
the bacterial a A factor [18] and the Gyrase intein system [19].

Fig. 1. G e n e r a l  m e c h a n i s m  o f  p r o t e i n  c h e m i c a l  l i g a t i o n

2 .  M e t h o d

The general methodology of expressed protein ligation is based on the reaction 
between the C-terminal thioester o f the N-terminal segment o f the protein and the N- 
terminal cysteine residue of the C-terminal segment [20, 21] (Fig. 1). The critical issue 
for the sample construction is the position o f the ligation site, which is usually chosen 
in a loop region not involved in the biological activity o f the protein. This minimizes 
the introduction o f any possible structural change at the ligation site and, more impor­
tantly, reduces the possibility to affect the biological function o f the protein. The reac­
tion is mild enough to be performed under native conditions when one or both precur­
sor fragments are folded [15]. The C-terminal a-thioester can be produced using either 
solid phase peptide synthesis or bacterially over-expressed protein-intein fusion pre­
cursor with subsequent intein cleavage [16].
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T h e  t o t a l  s y n t h e s i s  o f  p e p t i d e s  i s  w e l l  d e v e l o p e d  a n d  p r o v i d e s  e s s e n t i a l l y  c o m ­
p l e t e  c o n t r o l  o v e r  t h e  r e g i o -  a n d  s t e r e o s p e c i f i c  p l a c e m e n t  o f  i s o t o p i c  l a b e l s  w i t h i n  t h e  
p e p t i d i c s t r u c t u r e .  I t  i s  e s s e n t i a l  t o  u s e  t h i s  m e t h o d  i f  i n f o r m a t i o n  a b o u t  s e l e c t e d  b o n d s  
i n  a  f u l l - l e n g t h  p r o t e i n  i s  n e e d e d .  I t  w o r k s  w e l l  w h e n  t h e  s y n t h e t i c  p r o d u c t  d o e s  n o t  
e x c e e d  a b o u t  3  k D a .  T h e  e c o n o m i e s  a n d  t i m e - s c a l e s  o f  s u c h  s y n t h e s i s  e s s e n t i a l l y  p r e ­
c l u d e  r o u t i n e  u s e  o f  t h i s  t e c h n i q u e  f o r  s y n t h e s i s  o f  l a r g e r  p e p t i d i c  f r a g m e n t s .

Fig. 2. G e n e r a l  m e c h a n i s m  o f  e x p r e s s e d  p r o t e i n  l i g a t i o n  
u s i n g  i n t e i n  f u s i o n  c o n s t r u c t

T h e  i n t e i n - b a s e d  t e c h n i q u e  t o  g e n e r a t e  p o l y p e p t i d e  C - t e r m i n a l  a - t h i o e s t e r s  w a s  
p r o p o s e d  a n d  s h o w n  t o  w o r k  o n  v a r i o u s  s y s t e m s  [ 1 6 ] .  I t  i s  b a s e d  o n  g e n e t i c a l l y  e n g i ­
n e e r e d  i n t e i n s  t o  r e l e a s e  t h e  N - t e r m i n a l  e x t e i n  o f  t h e  N - e x t e i n - i n t e i n  f u s i o n  w i t h  a  C -  
t e r m i n a l  a - t h i o e s t e r  g r o u p .  T h e  i n t e i n  c l e a v a g e  r e a c t i o n  i s  v e r y  r o b u s t  a n d  i s  a c c o m p l i s h e d  
u s i n g  t h i o l  c o n t a i n i n g  c o m p o u n d s ,  s u c h  a s  e t h a n e t h i o l  a n d  2 - m e r c a p t o e t h a n e s u l f o n i c  
a c i d  ( M E S N A ) .

T h e  N - t e r m i n a l  c y s t e i n e - c o n t a i n i n g  f r a g m e n t  o f  t h e  l i g a t i o n  r e a c t i o n  ( F i g .  2 )  c a n  
b e  c r e a t e d  u s i n g  e i t h e r  f a c t o r  X a  p r o t e a s e  t o  r e l e a s e  t h e  f i n a l  p r o d u c t  f r o m  a  s p e c i f i c  
f u s i o n  s y s t e m  o r  m u t a t e d  i n t e i n s  w h i c h  r e l e a s e  t h e  N - t e r m i n a l  c y s t e i n e  s e g m e n t .  B o t h  
m e t h o d s  a r e  p r o v e n  t o  b e  e f f e c t i v e  a n d  c a n  b e  i n t e r c h a n g e a b l y  u s e d  t o  g e n e r a t e  t h e  d e s i r e d  
p r o d u c t  [ 1 5 ] .
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Either one or tw o domains o f  the full-length proteins can be separately labeled  
with an N M R  active nuclei using EPL. The general issues o f  isotopic labeling for 
N M R  are w ell known. M olecular size consideration dictates extensive use o f  deutera­
tion to alleviate line broadening associated with proton-proton relaxation in large m o­
lecular system s. The reduced proton (REDPRO) approach [22] o f  isotopic labeling 
provides a useful trade-off between the need for proton density to obtain structural 
information using N M R  and requirement o f  isolated protons to eliminate proton­
proton relaxation. The REDPRO procedure has the potential for applications which  
include structural determination, mapping o f  chem ical shift changes, and for the study 
o f  higher molecular w eight cases.

3 .  A p p l i c a t i o n s

Expressed protein ligation has been successfully used to characterize diverse 
multi-domain system s such as the abl SH32 dual domain system  [17] and bacterial 
sigm a factor [18] u sing N M R  spectroscopy. A  sem i-synth etic  approach to EPL  
w as also used  to characterize an unusual sc issile  bond betw een  the N -extein  and 
intein [19].

Fig. 3. E f f e c t  o f  t h e  m o l e c u l a r  c o n t e x t  o n  t h e  s o l u t i o n  s t r u c t u r e  o f  b a c t e r i a l  s i g m a  f a c t o r  r e g i o n  4 . 2 .  ( A - C )  1H { 15N } H S Q C - T R O S Y  s p e c t r a  o f  i s o l a t e d  r e g i o n  4 . 2  ( A ) ,  r e g i o n  4 . 2  i n  
t h e  c o n t e x t  o f  f u l l - l e n g t h  b a c t e r i a l  s i g m a  f a c t o r  ( B ) ,  r e g i o n  4 . 2  i n  t h e  c o n t e x t  o f  b a c t e r i a l  s i g m a  f a c t o r  w i t h o u t  r e g i o n  1 .1  ( C ) ;  ( E - G )  1H { 13C }  H S Q C  s p e c t r a  o f  i s o l a t e d  r e g i o n  4 . 2  ( E ) ,  r e g i o n  4 . 2  i n  t h e  c o n t e x t  o f  f u l l - l e n g t h  b a c t e r i a l  s i g m a  f a c t o r  ( F ) ,  r e g i o n  4 . 2  i n  t h e  

c o n t e x t  o f  b a c t e r i a l  s i g m a  f a c t o r  w i t h o u t  r e g i o n  1 .1  ( G ) ;  ( D  a n d  H )  C o m p a r i s o n  o f  t h e  
r e c o n s t r u c t e d  ' H { 15N } H S Q C - T R O S Y  a n d  ' H { 13C }  H S Q C  s p e c t r a  o f  t h e  t r u n c a t e d  b a c t e ­
r i a l  s i g m a  f a c t o r  ( c i r c l e s )  a n d  f u l l - l e n g t h  b a c t e r i a l  s i g m a  f a c t o r  ( c r o s s e s ) ,  u s i n g  c h e m i c a l  

s h i f t s  e x t r a c t e d  f r o m  i n d i v i d u a l  s p e c t r a  ( B ,  C  a n d  F , G )
Bacterial sigma-factor binds to the R N A  polym erase to form a holoenzym e com ­

petent for D N A  transcription [23]. R N A  polym erase itse lf does not bind to the pro­
moter D N A  region and com pletely relies on sigma-factor for D N A  recognition. Para-
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d o x ic a l ly ,  s ig m a - f a c t o r  a lo n e  d o e s  n o t  b in d  t o  D N A  d u e  to  a u to in h ib it io n  [2 4 ] .  It w a s  
s h o w n  th a t  th e  s m a ll  a c id ic  N - te r m in a l  d o m a in  R e g io n  1 .1  r e g u la te s  b in d in g  o f  th e  C -  

te r m in a l R e g io n  4 .2  o f  s ig m a  fa c to r  t o  th e  D N A  p r o m o te r  r e g io n . I t  w a s  h y p o t h e s iz e d  
th a t  R e g io n  1 .1  o b s tr u c ts  th e  D N A  b in d in g  su r fa c e  o f  r e g io n  4 .2 ,  th u s  p r e v e n t in g  its  

in te r a c t io n  w it h  D N A  [2 5 ] .  U s in g  E P L  s e g m e n ta l  la b e l in g ,  t w o  c o n s tr u c ts  w e r e  c r e ­
a te d  [1 8 ] .  O n e  c o n s tr u c t  w a s  a  f u l l - le n g t h  s ig m a  f a c to r  w it h  R E D P R O  la b e le d  d o m a in
4 .2  a n d  d o m a in s  1 th r o u g h  4 .1  u n la b e le d . T h e  s e c o n d  c o n s tr u c t  w a s  tr u n c a te d  fo r m  o f  

s ig m a  fa c to r  c o n s i s t in g  o f  u n la b e le d  d o m a in s  1 .2  th r o u g h  4 .1  a n d  R E D P R O  la b e le d  

4 .2 .  N M R  sp e c tr a  o f  th e  b a c k b o n e  a m id e  p r o to n s  a n d  s id e - c h a in s  s h o w e d  n o  s ig n i f i ­
c a n t  c h a n g e  in  c h e m ic a l  s h if t s  b e t w e e n  th e  t w o  c o n s tr u c ts  (F ig .  3 ) . D u e  t o  th e  e x q u i ­
s ite  s e n s it iv i t y  o f  th e  N M R  c h e m ic a l  s h if t  t o  th e  c h a n g e s  in  th e  c h e m ic a l  e n v ir o n m e n t ,  
i t  w a s  c o n c lu d e d  th a t  th e r e  is  n o  d ir e c t  in te r a c t io n  b e t w e e n  d o m a in s  1.1 a n d  4 .2 . A  n e w  

m o d e l  o f  in d irec t, e le c tr o sta t ic  in te ra c tio n  b e tw e e n  d o m a in s  1.1 a n d  4 .2  w a s  p r o p o sed .  
E ss e n t ia l ly , th is  s tu d y  u s e d  se g m e n ta l la b e lin g  to  crea te  a  s e q u e n c e  s p e c if ic  p r o b e  o f  th e  

tertia ry  structure o f  th e  p r o te in  w ith o u t  a b so lu te  n e e d  fo r  la b o r io u s  N M R  r e so n a n c e  a s ­
s ig n m e n ts . S e m i-s y n th e s is  o f  a  se g m e n ta l i s o to p ic a lly  la b e le d  p r o te in  a n d  N M R  w a s  u s e d  
t o  d e c ip h e r  th e  m e c h a n is m  o f  in te in  s p l ic in g  a u t o c a t a ly s is  [1 9 ] .

T h e  c r it ic a l  i s s u e  o f  th e  in te in  s p l ic in g  r e a c t io n  is  th e  c o n fo r m a t io n  o f  th e  s c i s s i l e  

p r o te in  b o n d  b e t w e e n  th e  N - e x t e in  a n d  th e  in te in . C r y s ta l lo g r a p h ic  s tu d ie s  fo u n d  s i g ­

n i f ic a n t  c o n fo r m a t io n a l  h e t e r o g e n e it y  in  th e  s c i s s i l e  ( - 1 )  p e p t id e  b o n d  r a n g in g  fr o m  

n o r m a l tr a n s  [ 2 6 ,  2 7 ] ,  d is to r te d  tr a n s [2 8 ]  a n d  c is  [2 9 ]  c o n fo r m a t io n . N M R  c h e m ic a l  

s h if t s  a n d  th e  sc a la r  c o u p l in g  c o n s ta n t  1JNC are e x q u is i t e ly  s e n s it iv e  t o  p e p t id e  b o n d  

c o n fo r m a t io n  [3 0 ]  a n d  h a v e  b e e n  u s e d  t o  p r o b e  th e  c o n fo r m a t io n  o f  th e  s c i s s i l e  ( -1 )  

p e p t id e  b o n d  in  th e  s m a ll  in te in  M x e  G y r A . A  N - e x t e in  c o n ta in in g  a  13C  la b e le d  C -  

te r m in a l c a r b o n y l  w a s  s y n t h e s iz e d  u s in g  B o c - S P P S  [3 1 ] .  It w a s  c h e m ic a l ly  l ig a t e d  to  

th e  [ U -  15N ]  w i ld  t y p e  in te in , M x e  G y r A  a s  w e l l  a s  th e  [ U -  15N ]  in a c t iv e  m u ta n t  

G y r A ( H 7 5 A ) ,  th u s ,  c r e a t in g  a n  u n iq u e  13C - 15N  b o n d  b e t w e e n  th e  e x t e in  a n d  in te in .  

U s in g  i s o t o p e  e d it e d  N M R  e x p e r im e n ts  [3 2 ] ,  th e  s c a la r  c o u p l in g  c o n s ta n t  1Jn c - o f  th e  

la b e le d  s c i s s i l e  b o n d  w a s  e x tr a c te d  fr o m  w i ld  t y p e  a n d  m u ta n t  G y r A . T h e  s ig n i f ic a n t  

d if f e r e n c e  in  th e  c o u p l in g  c o n s ta n t  b e t w e e n  th e  w i ld  t y p e  N - e x t e in - G y r A  a n d  in a c t iv e  

m u ta n t  N - e x t e in - G y r A ( H 7 5 A )  s u g g e s t s  a  d is to r te d  tr a n s  b o n d  a t th e  e x t e in - in t e in  

j u n c t io n  e x is t in g  in  s o lu t io n .  S in c e  t w is t e d  a m id e  b o n d s  are  k n o w n  to  b e  s ig n i f ic a n t ly  

m o r e  s u s c e p t ib le  t o  a lk a l in e  h y d r o ly s is ,  th is  s tu d y  su p p o r ts  th e  “g r o u n d -s ta te  d e s ta b i­

l iz a t io n ” m o d e l  a s  a  p a rt o f  th e  m e c h a n is m  o f  a u t o c a t a ly s is  [1 9 ] .

4 .  C o n c l u s i o n s

E x p r e s s e d  p r o te in  l ig a t io n  p r o v id e s  a  u n iq u e  o p p o r tu n ity  to  o b ta in  stru c tu ra l 
h ig h -r e s o lu t io n  in fo r m a t io n  a b o u t  c h e m ic a l ly  d e f in e d  s e g m e n t s  o f  la r g e  p r o te in s  a n d  

p r o te in  c o m p le x e s  u s in g  N M R  s p e c t r o s c o p y .  It c o m p le m e n t s  r e c e n t ly  d e v e lo p e d  
tr a n sv e r s e  r e la x a t io n  o p t im iz e d  ( T R O S Y )  b a s e d  N M R  t e c h n iq u e s  t o  p r o v id e  N M R  

w in d o w s  in to  m o le c u la r  m a s s e s  o f  1 0 0  k D a  a n d  m o r e . C o m b in a t io n  o f  s e m is y n t h e s is  

a n d  e x p r e s s e d  p r o te in  l ig a t io n  c r e a te s  n e w  p o s s ib i l i t i e s  o f  a n a ly z in g  u n u s u a l e le c tr o n  

c o n f ig u r a t io n s  w i t h in  f u l l - le n g t h  p r o te in s  u s in g  N M R  o b s e r v a b le s .
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Б Е Л К О В О Е  Х И М И Ч Е С К О Е  Л Е Г И Р О В А Н И Е  К А К  Э Ф Ф Е К Т И В Н Ы Й  
И Н С Т Р У М Е Н Т  Д Л Я  С Т Р У К Т У Р Н О Г О  Я М Р

А .  Ш е х т м а н

В работе сделан обзор последних приложений метода белкового легирования для 
ЯМР исследований структуры протеинов и протеиновых комплексов. Эта уникальная 
методология позволяет создавать химерные белки, которые имеют определенные хими­
ческие сегменты, помеченные ЯМР активными ядрами (15N и 13C), оставляющие без из­
менений белковые свойства. Этот метод приводит к существенному сокращению спек­
тральной сложности ЯМР и открывает новые возможности для анализа структур и 
структурных взаимодействий очень больших ( >100 к а. е. м.) биологических молекул и 
биологических механизмов.
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