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NMR spectroscopy in structural proteomics. NMR-based protein 
structure determination

S u m m a r y  —  The pros and cons o f N M R  spectroscopy as a tool for the protein  
structure determ ination  are d iscu ssed . Recently, the advan ce in the N M R  
eq u ip m en t, spectral techniques and isotope labelling resulted in an en orm ou s  
grow th  o f N M R -d eterm in ed  protein structures. M o d e rn  approaches to the 
N M R -b a se d  protein structure determ inations are based on several types o f  
experim en tally  derived constraints. Short-range, distance and dihedral angle  
constraints are valu ab le , bu t cu m ulative errors can appear w h en  successive  
constraints are u sed  to determ ine spatial relationship o f rem ote parts o f a 
protein. Therefore, lon g-ran ge constraints derived from  residual dipolar cou 
p lin gs and nuclear relaxation data o f anisotropically tu m b lin g  m olecu les are 
h ig h ly  com p lem en tary  to the short-range constraints.
K e y  w o r d s : N M R  spectroscopy, protein structure in solu tion , N M R  structural 
constraints.

Proteins p lay  crucial roles in virtually  all b iological 
processes. T h ey  transm it the m essages, repair a d am age, 
p ro vid e  the b u ild in g  blocks for tissues and carry out 
reactions essential for a life. N o w a d a y s  it is w ell d o cu 
m en ted  that th ree-d im en sional structure o f proteins d e 
term ines their function and interactions w ith other pro
teins, nuclei acids, sm a ll ligan d s and ions. Structural 
proteom ics refers to the inform ation  about th ree-d im en 
sional structures o f a significant fraction o f the proteins 
en cod ed  b y  a g iven  g en om e. N o w a d a y s  it is expected  
that the h u m a n  g e n o m e  alone en codes about 300 000  
proteins. Together w ith proteins prod u ced  in pathogenic  
organ ism s or agriculturally  im portant plants it m akes an 
e n o rm o u s n u m b er o f structures to be d eterm in ed  in 
structural proteom ics program s. Since the n u m ber o f  
peptid e and  protein  structures currently deposited  in 
Protein D ata Bank (PD B) approaches 16 000 a lot o f effort 
sh o u ld  be p laced  in the field o f structural proteom ics [1 ].

N M R  S P E C T R O S C O P Y  A N D  S T R U C T U R E  
D E T E R M I N A T I O N  O F  B IO P O L Y M E R S

N u clear m agnetic resonance spectroscopy (N M R ) is 
w ell su ited  to play  an im portant role in proteom ics pro
gram s. This m eth o d  provid es structural inform ation at 
the atom ic resolution . Isotopes o f b iologically  im portant 
elem ents (*H , 13C , 15N , and 3 1P) d isp lay  narrow  reso
nance lines despite the uselessness o f the m o st abundant
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nitrogen (14N ) and carbon (12C ) isotopes in the N M R  
stu d ies o f m a cro m o lecu les . Internuclear interactions, 
m od u lated  b y  even  sm all structural and  conform ational 
changes, influence line sh ape and intensity o f signals in 
N M R  spectra. Last bu t not least, N M R  p rovides high  
resolution structures in solu tion  a llo w in g  to stu d y  those  
proteins that fail to crystallize or to com p are differences 
betw een their crystal and solu tion  structures. Potential 
o f N M R  m eth o d , h ow ever, has not been  reflected b y  the 
present n u m ber o f d eposited  structures; on ly  1 4 %  o f the 
PDB structures h ave been determ ined b y  N M R  spectro
scopy.

The fo llow in g  factors h ave h am p ered  a broad use o f  
N M R  in the determ ination  of th ree-d im en sional struc
tures o f b iop olym ers:

—  L o w  sensitivity o f N M R  spectroscopy. A  typical 
a m ou n t o f protein u sed  in N M R  stu dies is ca. 0.5 p M , 
several orders o f m a g n itu d e  m ore than in m ass spec
trom etry or optical spectroscopy.

—  Signals in spectra o f in d ivid u al isotopes o f b iop o 
lym ers are u su ally  stron gly  su p erp osed . For instance, in 
a protein built u p  o f 2 0 0  am in o acid residues one can  
expect ca. 1200 sign als, 1000 13C  sign als, and m ore  
than 200 15N  signals.

—  In large proteins fast transverse nuclear relaxation  
brings about line b roaden in g that aggravates su p erp osi
tion o f signals and  elim inates their fine structure.

—  Strong so lv en t sign al generates d y n a m ic  range  
problem s in ‘ H  spectra (Swaur/Spmtcin ~ Ю э) and  obscures  
an im portant spectral region  o f Ha signals.
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—  N M R  d erived  data determ ine am b igu o u s struc
tural constraints leavin g  a n u m ber o f possible solutions.

—  Since N M R  m easu rem ents are lon g  lasting, the 
protein stability in solu tion  at roo m  tem perature is re
quired for an exten ded period .

Recently, all these obstacles h ave been m ostly  over
co m e  d u e  to the progress in spectrom eter d esign in g  
(h ig h e r  p e r m a n e n t  m a g n e t ic  f ie ld s  g e n e r a te d  in  
c r y o m a g n e ts , p u ls e  fie ld  g ra d ie n t e q u ip m e n t, cry o -  
probes), isotope labelling (u n iform , selective or seg m en 
tal), and  n e w  spectral techniques (m u ltid im en sion al and  
m u lt in u c le a r  s p e c tr a , T R O S Y  a n d  C R IN E P T  te ch 
niques) \

The key  aim s o f isotope labelling are to increase sen 
s itiv ity , to  e lim in a te  s ig n a l o v e r la p  a n d  to n a rro w  
lin ew idth s [2, 3]. 15N  and 13C  labelling sim plifies the 
spectral assign m en ts and p rovides n ew  types o f struc
tural constraints. O n  the other h an d , deuteration allow s  
to reduce lin ew id th s, to elim inate partially or totally ^  
signals and  to redu ce parasitical spin  diffu sion  effect. 
U n iform  15N / 13C  d o u b le  labelling has been  successfully  
u sed in the identification of signals in the spectra o f ]H , 
13C  a n d  15N  iso to p e s . S elective  la b e llin g  o f
m eth yl g ro u p s, in otherw ise deuterated proteins, facili
tates identification o f sid e chain —  side chain dipolar  
interactions crucial in the determ ination  o f the h yd ro - 
ph obic core con form ation . Segm en tal isotope labelling  
a llow s to decrease the n u m ber o f signals in N M R  spectra 
thus red u cin g  sign al overla p . Such proteins are pro 
d u ced  th rou gh  the ligation o f labelled and unlabelled  
p o ly p e p tid e  chains in a self-catalytic protein  sp licin g  
process [4].

Introduction  o f m u ltid im e n sion a l spectroscopy ex
erted a strong im pact on the biom olecu lar N M R  [ 5 ,6 ]. In 
the traditional o n e -d im en sion al spectra on ly  sm all m o le 
cules w ith  v ery  lim ited  n u m ber o f n on equ ivalen t nuclei 
d o  not sh o w  sign al overlap. In b iop olym ers containing  
n u m erou s repeating su bu nits, extensive su perposition  
o f spectral lines preclu des their u n equ ivocal identifica
tion an d  stru ctu ral a ssig n m en t. In m u ltid im e n sio n a l  
spectroscopy each nu cleu s is identified not on ly  b y  its 
o w n  resonance frequency bu t also  b y  frequency or fre
quencies o f nuclei interacting w ith  it. Since u su ally  reso
nance frequencies o f interacting nuclei are w e ak ly  corre
lated, a probability o f occurrence o f identical sets o f reso
nance frequencies characterizing a g iven  nucleus is vir
tually elim in ated . This feature is particularly w ell notice
able in the heteronuclear m u ltid im en sion al spectra. For 
instance, the sign al overlap  in on e-d im en sion al ^  and  
15N  spectra is u su ally  rem oved  in the tw o -d im en sio n al 
H / IbN  correlation as sh o w n  in Fig. 1.

W ith  increasing m olecu lar size, rotational diffusion  
slow s d o w n  resulting in faster and faster transverse n u -

F2, ppm

Fig. 1. Two-dimensional NMR spectrum of S100A1 protein 
correlating 1H (horizontal axis) and 15N  (vertical axis) nuclei 
in amide groups shows very good spectral dispersion. Each of 
93 cross peaks corresponds to the individual amide group. On 
the other hand, signals in both one-dimensional spectra (traces 
above and to the left of the spectrum) are strongly overlapped

clear relaxation and , thus, line broad en in g, w h ich  causes 
loss o f sensitivity and  spectral resolution . T R O S Y  tech
nique largely su ppress these u n d esired  effects selecting  
on ly  the narrow est, m o st s lo w ly  relaxing com p on en t o f  
scalar cou p led  m u ltip let [7].

In heteronuclear N M R  techniques, m agn etization  is 
transferred betw een  nuclei o f isotopes via scalar cou 
plin gs a p p lyin g  p u lse  sequ en ce called IN E P T  [8 ]. M in i
m al duration  o f IN E P T  sequence is d eterm in ed  by scalar 
cou plin g  valu es and  fast transverse relaxation inherent 
in large m o le c u le s  sig n ific a n tly  d eteriora tes its effi
ciency. The C R IN E P T  technique [9] overcom es this lim i
tation b y  com b in in g IN E P T  w ith  C R IP T sequence. The  
latter a llow s to com p ensate increasing transverse relaxa
tion w ith  shorter du ration  o f transfer sequence.

STRUCTURE OF PROTEINS

A m in o  acids are the basic structural units o f proteins. 
Tw enty different am in o acids are c o m m o n ly  fo u n d  in 
p rotein s. T h ey  are lin k ed  b y  p e p tid e  b o n d s  to form  
p oly p ep tid e  chains (Fig. 2). T h e  sequ en ce o f am in o acids

H„ ,R

ш
CN ^ttm n niis

1 TROSY = transverse relaxation-optimized spectroscopy; CRINEPT = 
CRIPT + INEPT; CRIPT = cross relaxation-induced polarization trans
fer, INEPT = insensitive nuclei enhanced by polarization transfer.

f-th amino acid residue

Fig. 2. Repeating unit of the polypeptide chain; amino acids 
differ in the structure of the side chain R (cp, vy, go —  see text)
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determines primary protein structure. Secondary struc
ture refers to the conform ational arrangement o f the 
backbone segments of a polypeptide chain without re
gard to the conform ation of the side chains or relation
ship to other segments. It is defined by triads of back
bone dihedral angles (cp, \|/, со). A m ong secondary struc
ture elements one can distinguish periodic structures 
stabilized by hydrogen bonds, as a-helices or (3-strands. 
Tertiary structure describes the spatial organization of 
an entire protein m olecule consisting of a single chain. 
Proteins that contain more than one polypeptide chain, 
so-called multimeric proteins, additionally display qua
ternary structure. It describes the spatial organization of 
two or more chains with tertiary structure held together 
by hydrogen bonds, van der Waals, and electrostatic 
forces. All these levels o f protein structure are shown in 
Fig. 3.

GSELETAMETLINVFIIAHSGKEGDKYK.LSKK.ELKELLQ
TELSGFLDAQKDADAVDKVMKELDEDGDGEVDFQEY
VVLVAALTVACNNFFWENS

Fig. 3. Different levels of the protein structure are shown for 
the homodimeric S100A1 protein. Its polypeptide chain is built 
up of 93 amino acid residues listed in the upper part (primary 
structure). Basic secondary structure elements, four long 
a-helices, without regard to their relative orientation are 
shown in the central part (secondary structure). In the lower 
part relative orientation of secondary structure elements 
within subunit (tertiary structure) as well as relative orienta
tion of two subunits (quaternary structure) are shown

STRATEGIES TO THE NMR-BASED PROTEIN 
STRUCTURE DETERMINATION

NM R-based procedure o f structure determination 
comprises three stages: assignment o f as many signals as 
possible in the spectra of NMR-active isotopes, identifi
cation of structural constraints, and calculation o f a fa
mily o f three-dimensional structures fulfilling experi
mental constraints. Approaches used at first two stages 
depend on the size of protein studied whereas approach 
applied at the third stage depends on the type and 
number of identified constraints.

Small proteins with molecular weight M W  < 10 kDa 
are usually studied using tw o-d im ensional (2D) ^  
N M R spectra solely [10,11]. In the first step spin systems 
o f similar topology are identified from the correlations 
utilizing H- H scalar couplings. Sequential assignment 
o f spin systems is based on the short range dipolar inter
actions identified  in 2D nuclear O verhauser effect 
(NOESY) spectra . Next, constraints characterizing se
condary structure elements are elucidated from medium 
range NOEs and vicinal scalar couplings, 3/(H nH u). Fi
nally, long range NOEs and hydrogen bonds are used 
for the tertiary structure determination.

For proteins with M W  > 10 kDa two simultaneous 
limitations occur; progressive overlap o f signals and 
their broadening ow ing to fast transverse nuclear relaxa
tion [5,11]. Usually proteins with M W  < 30 kDa are uni
formly 15N / 13C double labelled in order to take advan
tage o f heteronuclear, m ultidim ensional techniques. 
They allow to replace NOE based sequential assignment 
with correlations transmitted through heteronuclear sca
lar couplings, which are more sensitive and display bet
ter signal dispersion. Moreover, correlations in NOESY 
spectra can be spread out due to 15N a n d /o r  l3C editing 
[11, 12]. Additionally, com bined information on 1H, 13C 
and 15N resonance frequencies of individual backbone 
nuclei can be used in such statistical methods o f secon
dary structure determination as chemical shift index [13] 
or TALOS software [14]. These methods becom e insuffi
cient for proteins with M W  > 30 kDa. In very large pro
teins and protein assemblies, signal overlap can be fur
ther diminished by selective or segmental isotope label
ling. On the other hand, relaxation based line broaden
ing and loss o f sensitivity can be limited by deuteration 
and by application o f TROSY and CRINEPT techniques
[15].

NMR DERIVED STRUCTURAL CONSTRAINTS

Three dimensional structure o f any m olecule built up 
o f n atoms is unequivocally determined by 3n-6 internal 
coordinates, interatomic distances, valence angles, and 
dihedral angles. It is usually assumed that distances be-

* NOESY = nuclear Overhauser effect spectroscopy.
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tween directly bound atoms are well represented by 
bond lengths and the valence angles by their standard 
values. On the other hand, experimentally derived struc
tural constraints are required for the determination of 
dihedral angles. Experimental constraints are also im
portant for the verification o f other internal coordinates. 
NM R spectroscopy can be a source of several types of 
structural constraints.

1. Interproton distances can be determined quantita
tively or sem iquantitatively from  the nuclear Over- 
hauser effect (NOE).

2. H ydrogen bond donor-acceptor distances between 
amino acid residues remote in the sequence can be quali
tatively evaluated when scalar couplings via hydrogen 
bonds are detected.

3. Dihedral angles can be evaluated from vicinal sca
lar couplings.

4. Relative orientations of internuclear vectors can be 
calculated from the interference of nuclear relaxation 
mechanisms.

5. Orientations o f a given type of internuclear vectors 
in the molecular reference frame can be derived from 
residual dipolar couplings or nuclear relaxation data of 
anisotropically tumbling macromolecules.

The constraints 1— 4 are local, short-range ones and 
cum ulative errors can appear w hen successive con 
straints are used to determine spatial relationship of re
mote parts o f a macromolecule. On the other hand, type 
5 constraints p rov ide  long-range orientation that is 
highly complementary to short-range constraints. A ccu
racy of structure determination strongly depends on the 
available number o f constraints and, therefore, the most 
important objective in any NMR-based structure deter
mination is to obtain the maximum number of NMR 
constraints [16].

A d  1. The NOE arises due to cross relaxation taking 
place during appropriately designed and performed ex
periment, which results in the transfer of magnetization 
between protons close together in space [17]. In order to 
disperse superposed signals in the crow ded NMR spec
tra o f large proteins, multidimensional NOE spectro
scopy is routinely used. NOESY spectra of medium and 
large proteins usually show strong signal overlap. This 
aspect can be visualized when corresponding parts of 
NOESY spectra (two-dimensional NOE) of proteins dif
fering in size are com pared (Fig. 4). To overcom e this 
problem l5N a n d /o r  1 C edited 3D /4D  NOESY spectra 
of respectively labelled proteins should be measured [6]. 
The most important dependence o f the cross relaxation 
rate Gij between two protons i and j from a structural 
standpoint is that on the inverse sixth pow er of the inter
nuclear distance, a,y ~ r,y'6. Therefore, the relative intensi
ties of NOE cross peaks in NOE spectra can be used to 
quantify internuclear distances provid in g  the cross 
peak(s) betw een protons o f know n separation were 
identified and used for the distance calibration purpose. 
In more conservative approach NOE cross peaks are di

al
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Fig. 4. Cross peaks reflecting dipolar interactions among H n 
protons (horizontal axis) and H a and aliphatic side cham pro
tons (vertical axis) in NOESY spectra are shown for two pro
teins. In the upper part (a) a fragment of NOESY spectrum of 
small, 29 amino acid residue protein CMTI-I (M8L), shows no 
cross peak overlap. The lower part (b) displaying correspond
ing fragment of NOESY spectrum of larger, 93 amino acid 
residue protein S100A1, shows extensive cross peak overlap 
precluding full identification of interacting protons

vided according to intensity into three groups, namely 
strong (0.18 nm <  r <  0.25 nm), medium  (0.18 nm < r <
0.35 nm), and weak (0.18 nm < r < 0.50 nm). In practice, 
the maximum distance so available is ca. 0.5 nm [16]. 
Larger distances are usually influenced by spin diffu
sion, a multistep magnetization transfer [18], which can 
lead to incorrect internuclear distances and hence to im
position of tighter interproton distance constraints than 
is justified. These problems can be circumvented when 
com plete relaxation matrix methods allow ing for the 
spin diffusion are used [16]. One should add that a sin
gle internuclear distance determines a sphere and as 
many as four distances are required to rem ove the spa
tial ambiguity.

A d 2. H ydrogen bonds are o f key importance for pro
tein structures stabilizing. The presence o f hydrogen 
bonds indicates the spatial proximity and relative ar
rangement of the atoms involved. Direct evidence for the 
existence of hydrogen bonds can be established in pro
teins by the observation of scalar couplings between an 
am ide 15N and carbonyl 13C nuclei o f tw o residues,
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15N -H  " 0 = 13C across a hydrogen bond [19, 20]. Thus, 
the detection of scalar coupling through hydrogen bond 
unam biguously imposes a valuable distance constraint 
at the stage o f the backbone assignment in a protein: 
0.18 nm < d(H[M - 0 )  < 0.20 nm and 0.27 nm < d(N---O) < 
0.30 nm. This method requires the use of 15N / 13C double 
labelled proteins.

A d 3. In conformational studies, the Karplus relation 
between vicinal (through three bonds) scalar couplings,
3] , and dihedral angles, ф, is of great importance [2 1 ]. 
This relation can be represented by the general formula:

3J  = A -  cos2ф + B- cos9  + C (1)

Coefficients A, B, and C depend on the variety of m o
lecular parameters. A m ong them, the type o f elements 
form ing the central bond as well as electronegativity and 
relative position o f their substituents are most important
[22]. Therefore, for a given class of molecules, empirical 
calibration o f the coefficients derived from measure
ments of m odel com pounds has so far used. In structural 
studies of proteins, scalar couplings determining the ф 
backbone angle have been the most w idely used [23]. Six 
hom o- and heteronuclear scalar couplings are related to 
this dihedral angle and corresponding experimental 
ф-dependent Karplus curves are show n in Fig. 5. Owing

Fig. 5. Experimental Karplus dependencies for all six vicinal 
scalar couplings across backbone N— Ca bond determining 
dihedral backbone ф angle

to the periodicity of Karplus equation a single value of 
vicinal coupling constant can correspond to as many as 
four different dihedral angles introducing an ambiguity 
to the scalar coupling based constraints. However, an

Fig. 6. PPJ-HMQC spectrum [24] measured for the 35N la
belled CMTI-KM8L) protein (PPJ-HMQC = pure phase ho- 
monuclear J-modulated heteronuclear multiple quantum co
herence). Homonuclear 3](HNHa) scalar couplings result in 
the splitting of correlation signals along vertical axis. Sequen
tial assignments and scalar coupling values are given in spec
trum

appropriate dihedral angle can be derived from a com bi
nation o f several scalar couplings. Isotopic labelling, 
which is required when heteronuclear scalar couplings 
are measured, facilitates the determination o f hom onu
clear scalar couplings as well (Fig. 6 ) [24].

A d  4. Two mechanisms dominating the relaxation of 
heteronuclei in proteins, namely dipol-d ipol mechanism 
(DD) and chemical shift anisotropy mechanism (CSA), 
can interfere one another [25]. Arising cross correlation 
terms together with auto-correlation terms contribute to 
the total nuclear magnetic relaxation. Recently interfe
rence effects o f different DD mechanisms or DD and CSA 
mechanisms or different CSA mechanisms in N /  C 
double labelled proteins have been used to determine 
angles between vectors characterizing cross correlated 
mechanisms [26, 27]. In turn, these angles can be related 
to the backbone dihedral angles. For instance, determi
nation o f the backbone dihedral angle ф, was obtained 
from the interference o f D D(CaiH „) and DD(N,+iH) or
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Val69 RDC = -11.4 Hz

Leu77 RDC = 4.2 Hz

15N/13C double labelled S100A1 protein. The
_____7 . г r S / 2 .

Fig. 7. Examples of the determination of residual dipolar couplings (RDC) in the
1H/15N correlations for the backbone amide groups of Val69 ]b( H)= 9.15 ppm; 8(LDN)= 116.2 ppm] and Leu77 ]5(lH)= 7.42 
ppm; 8 (15N)= 122.8 ppm] were chosen. Left-side figures display fragments o f3H/15N  correlation spectrum measured in isotropic 
solution: vertical splittings in the 15N dimension correspond to 1J(NH) scalar couplings. Right-side figures display the same 
fragments of spectrum obtained in the anisotropic bicelle solution. RDCs are obtained from the difference of two splittings

DD(Ca;Ha) and CSA(C';) mechanisms. In general, as 
many as four dihedral angle values can correspond to a 
single interference relaxation rate. When more than one 
interference rate related to a given dihedral angle is 
available, the ambiguity can be reduced or rem oved [28].

A d  5. Orientational information relative to a com 
m on m olecular reference frame can be obtained from 
residual dipolar couplings (RDC) ow ing to partial m o
lecular alignm ent [29— 31] or from heteronuclear re
laxation in anisotropically tumbling molecules [32, 33]. 
The partial alignment of proteins can be induced by 
solvation  in dilute anisotropic m edia such as phos
p h o lip id  b ice lles  [34], filam en tou s ph age  [35] or 
strained gels [36]. It prevents com plete averaging of 
dipolar interactions as in isotropic solution. The direct 
measurement of the RDCs provides long range orienta
tional information for internuclear vectors positioned 
throughout the studied m acromolecule. Similar infor

mation is provided by heteronuclear relaxation parame
ters in anisotropically tumbling m olecules. Geometric 
dependence o f RDC values on the orientation o f inter
nuclear vectors determining dipolar interaction relative 
to the order matrix is similar to the dependence o f re
laxation parameters on the orientation o f specific re
laxation vectors relative to the diffusion tensor. Identi
cal experimental values are distributed on two elliptic 
cone surfaces. Measurements o f RDCs as well as relaxa
tion parameters require labelled proteins.

An example o f the determination o f RDC values is 
shown in Fig. 7. It is noteworthy that multitude of diffe
rent vectors in proteins w hose orientations are available 
from RDCs allows to im prove greatly both the precision 
and accuracy of solution structures of proteins and their 
complexes. Recently the determination o f protein back
bone conform ation using only RDCs constraints has 
been reported [37].
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CONCLUSIONS

Recent advance in the NM R equipment and novel 
multidimensional NM R techniques com bined with new 
isotope labelling strategies o f proteins greatly facilitate 
the study o f a w ide range of proteins and protein com 
plexes. Three-dim ensional structures, their dynamics, 
characterization o f conformational changes as well as 
supram olecular interactions becom e accessible from 
N M R studies [38]. One can expect that high quality 
NMR spectra o f proteins well beyond the present size 
limit o f ca. 100 kDa will becom e a reality soon.
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