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Two-Dimensional Nuclear Magnetic 
- 

Resonance Spectroscopy 

Great spectral simplification can be obtained by spreading 
the conventional one-dimensional nuclear magnetic reso- 
nance (NMR) spectrum in two independent frequency 
dimensions. This so-called two-dimensional NMR spec- 
troscopy removes spectral overlap, facilitates spectral as- 
signment, and provides a wealth of additional informa- 
tion. For example, conformational information related to 
interproton distances is available from resonance intensi- 
ties in certain types of two-dimensional experiments. 
Another method generates 'H NMR spectra of a prese- 
lected fragment of the molecule, suppressing resonances 
from other regions and greatly simplifying spectral ap- 
pearance. Two-dimensional NMR spectroscopy can also 
be applied to the study of 13C and 15N, not only providing 
valuable connectivity information but also improving 
sensitivity of 13C and 1 5 ~  detection by up to two orders of 
magnitude. 

S INCE ITS DISCOVERY 40 YEARS AGO, NUCLEAR MAGNETIC 

resonance (NMR) spectroscopy has evolved continuously, 
becoming a powerful technique for studying molecular struc- 

tures and interactions. In this article we describe a major develop- 
ment, two-dimensional Fourier transform pulse NMR (2-D FT 
NMR), which has extended the range of applications of NMR 
spectroscopy, particularly with respect to large, complex molecules 
such as DNA and proteins. 

Teener (1) first introduced the conceDt of 2-D FT NMR in 1971. 
\ ,  

This original experiment was analyzed in detail by Aue et al. (2) in a 
paper that provided the basis for the development of a tremendous 
number of new pulse sequences. One import& application of the 2- 
D FT approach in NMR, suggested by Ernst and co-workers (3), is 
in magnetic resonance imaging (a new tool in diagnostic medicine), 
where-it now has largely replaced the earlier pro~ection-reconstruc- 
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Fig. 1. Vector picture of NMR. (a) 
At equilibrium, the magnetization 
vector, Ma, is aligned along the stat- 
ic magnetic field, Ha. (b) The appli- 
cation of an RF pulse rotates this 
magnetization away from the z axis, 
after which it precesses with its reso- 
nance frequency about the z axis. 

Y 

tion NMR method (4). Early chemical applications of 2-D methods 
focused on the separation of chemical shift and scalar coupling 
effects along the two frequency axes of a 2-D spectrum, in order to 
simpliQ analysis of overlapping spectral lines (5). 

Although several hundred different 2-D pulse sequences have 
been published, most of these are variations on a common theme: 
observation of the transfer of magnetization from one nucleus to 
another. No comprehensive and critical review covering the field has 
appeared to date, but some introductory literature is available (6). 

Principles of 2-D FT NMR 
To begin to explain 2-D FT NMR, we review the essential 

features of the one-dimensional (1-D) pulse NMR experiment. 
Although NMR is a quantum mechanical phenomenon, much 
insight can be gained by using a vector picture based on the classic 
Bloch eauations in. In this vector oicture. the macroscooic nuclear 

\ 8 

mapetiiation (Mo) at thermal equl!libri* is aligned pa;allel to the 
static magnetic field, which is chosen parallel to the z axis of our 
coordinate system (Fig. la) .  A radio-frequency (RF) pulse is applied 
to rotate the magnetization awav from the z axis; after the pulse is " 
turned off, the magnetization will precess at the resonaQce (Larmor) 
frequency about the z axis (Fig. l b ) .  Typical resonance frequencies 
range from 10 to 500 MHz, depending bn the static magnetic field 
strength used and on the gyromagnetic ratio, y, of the nucleus. For 
example, at the highest field strength commercially available, 11.75 
tesla, 'H precesses at 500 MHz, 31P at 202 MHz, I3C at 125 MHz, 
and 1 5 ~  at 50 MHz. In practice, it is convenient to monitor the 
magnetization in a reference frame that rotates with the frequency of 
the RF pulse transmirter about the z axis. This carrier freauencv is 

4 J 

chosen to be within several kilohertz from the resonance frequencies 
of interest. By the application of a pulse, the magnetization can be 
rotated through arbitrary angles about the x or y axis of the rotating 
reference frame. After the RF pulse is turned off, the magnetization 
precesses about the z axis of the rotating frame at the offset 
t'requency of the RF pulse, which equals thedifference between the 
resonance and the carrier frequencies. The spectrometer observes the 
signal that is induced in the detection coil by this precessing xy 
magnetization. This signal does not persist indefinitely, but decays 
with time as a result of relaxation processes and thus is called the free 

induction decay or FID. The observed FID is digitized and stored in 
computer memory. A Fourier transformation of this signal results in " 
a spectrum with resonance lines at the offset frequencies correspond- 
ing to each nucleus observed. Only magnetization of nuclei whose 
frequencies fall within a narrow band (usually about i 2 5  kHz) 
around the carrier frequency of the RF pulse can be rotated and 
observed by the application of a single pulse, and hence, only one 
tvoe of nucleus is detected at a time. 
i l 

At a constant field strength, the resonance frequency of a particu- 
lar nucleus depends on its chemical environment. This relatively 
small chemical shift effect (usually expressed in parts per million or 
ppm) is the main reason why an NMR spectrum contains such an 
abundance of detail about chemical structure. This detail can be used 
if each resonance line can be assigned to its corresponding nucleus. 
The power of 2-D NMR lies in its ability to resolve overlapping 
spectral lines, to enhance sensitivity, and to provide information not 
available by 1-D methods. In addition, 2-D NMR has made it 
feasible to measure internuclear distances and scalar coupling con- 
stants in molecules that are too complex for a 1-D approach. 

A typical 2-D pulse sequence is shown schematically in Fig. 2a. 
The two frequency dimensions of 2-D NMR originate from the two 
time intervals, t l  and t2, during which the nucleican be subjected to 
two different sets of conditions. The amplitude of the signals 
detected during time t2 is a function of what happened to the nuclei 
during the evolution period, tl. If the experiment is repeated for a 
large number of incremented t l  durations, varying from 0 to several 
hundred milliseconds, a set of spectra is obtained with the amplitude 
of the resonances modulated- with the frequencies that kxisted 
during. the evolution period, tl. A Fourier transformation with 
respect to tl defines the modulation frequencies and results in a 2-D 
spectrum. 

The procedure described above will be illustrated in some detail 
for the pulse sequence of Fig. 2a that is applied to the three methyl 
resonances in N,N-dimethylacetamide (Fig. 3). The two methyl 
groups, labeled A and B in Fig. 3a, directly attached to the nitrogen 
are nonequivalent and in slow exchange. We will concentrate on 
what happens to the magnetization of A during the experiment to 
demonstrate how a 2-D oulse seauence can be used to observe this 
exchange. The first 90" pulse applied along the x axis of the rotating 
frame (designated a 90°, pulse) rotates the A magnetization from 
the z to the y axis (Fig. 2b). After this pulse, the transverse A 
magnetization will precess freely with its offset frequency, CIA, about 
the static magnetic field (the z axis). At time tl, this magnetization 
vector has covered an angle 0 = CIAtl (Fig. 2c). The second 90°, 
pulse then rotates the magnetization vector into the zz: plane. Just 
after this pulse, the x and z components of this magnetization are 
proportional to sin(CIAtl) and -cos(CIAtl), respectively. The x 
component can be eliminated by temporarily applying a small 
gradient on the static magnetic field, so that only magnetization 
parallel to the z axis remains. If after a mixing time, A, the amount of 
z magnetization is observed by means of another 90" pulse, then the 
intensity of resonance A will be proportional to cos(nAt1) (Fig. 3a). 
However, if some of the A and B methyl groups have interchanged 
their oosition (and their chemical shift). a fraction of the B , , 
resonance will also be modulated in amplitude by cos(CIAtl). For the 
same reason, a similar fraction of the A resonance will be modulated 
by cos(CIBtl). Fourier transformation of sections parallel to the tl 
axis of the data matrix of Fig. 3a measures these modulation 
frequencies and results in the 2-D spectrum of Fig. 3b. For practical 
reasons, this spectrum is usually displayed as a contour plot (Fig. 
3c). The so-called cross peaks, at coordinates (wl,wz) = (CiB,CiA) 
and (CIA,CIB), represent magnetization that has changed its preces- 
sion frequency between the evolution and detection periods. By 
measuring the intensity of the cross peak relative to the diagonal 
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Preparation I Evolution I Mixing I Detection TWO-Dimensional NOE Spectroscopy 
I I I 
I I I The 2-D technique for measuring homonuclear ('H-'H) NOE 

a 90; 90; 9ofx effects, proposed by Jeener, Ernst, and co-workers (8), is a powerful 
'1 n A n tool for obtaining conformational information for molecules with 

lFGl molecular weights up to 15,000. 
The NOE effect causes the intensity of the resonance of nucleus A 

to change if the z component of the magnetization of a nearby 
nucleus X is perturbed. This is caused by an interaction between the 
magnetic dipole moments of the two nuclei (10). For protons, a 
good approximation of the initial rate of intensity change observed 
for nucleus A on perturbation of the z magnetization of X is given 
by: 

Fig. 2. (a) Example of a 2-D NMR pulse sequence. The experiment is 
repeated for a large number of incremental t, durations, yielding a 2-D time 
domain signal, ~ ( t ~ , t ~ ) .  Magnetization vector picture, (b) just after the first 
90", pulse, (c) just before the second 90", pulse, (d) just after the second 90", 
pulse, and (e) just after the final 90" pulse, applied along the - x  axis. The xy 
magnetization present after the second 9OoX pulse is removed by the 
application of a magnetic field gradient (FG). More commonly, a procedure 
referred to as phase cycling is used to eliminate xy magnetization. FID, free 
induction decay. 

peak (on a diagonal line from flA,flA through flc,flc) one can 
calculate the exchange rate (8, 8a). 

In the example discussed above, magnetization was transferred 
from one resonance to the other by chemical exchange. It is also 
possible to transfer magnetization from nucleus A to nucleus B by 
the nuclear Overhauser effect (NOE) or through the scalar-coupling 
u coupling) mechanism. Practical applications of these experiments 
are discussed below. Most commonly, nuclei A and B are both 
protons, or 'H and 13C nuclei, although a large number of other 
combinations have b,een explored successfully. In other experiments 
the physical environment of the spin system is different for the 
evolution and detection periods. For example, irradiation (decou- 
pling) of nonobserved nuclei coupled to observed nuclei is switched 
on or off between evolution and detection periods (5) or, in solids, 
the orientation of the sample may be changed (9). A large number of 
other variations are also possible. Some of the standard and more 
advanced experiments that demonstrate the power of the 2-D 
approach are discussed below. 

where r is the distance between protons A and X (in angstroms), w is 
the angular proton resonance frequency, and 7, is the correlation 
time of the molecule (approximately the time it takes the molecule to 
tumble, on average, through an angle of 1 radian). This expression 
shows that the NOE buildup rate, k, is proportional to Y - ~ ,  and that 
measurement of k directly determines the interproton distance, r, if 
7, is known. If 7, is not known, one uses two protons at a known 
distance ro (for example, vicinal aromatic protons or two geminal 
protons) as an internal reference. If NOE's build up at rates ko for 
the reference protons and k for the AX pair of interest, then the 
distance between A and X equals (kdk) lt6ro. 

The NOE effect has been known for a long time and has been 
used extensively in 1-D homonuclear NOE measurements. In these 
experiments the magnetization of one nucleus is perturbed selective- 
ly by irradiation with a weak RF field, and the changes in the 
intensities of other resonances in the spectrum are then monitored. 
If one measures distances among a large number of different 
protons, an equally large number of such 1-D experiments are 
needed. Moreover, in complex proton spectra, a truly selective 
perturbation is often impossible because of spectral overlap. As will 
be shown below, the 2-D NOE experiment overcomes these two 
problems by measuring all interproton distances simultaneously and 
by spreading the overlapping spectrum in two frequency dimen- 
sions. 

The pulse sequence of this so-called NOESY (NOE Spectrosco- 
py) experiment is the same as for the 2-D exchange experiment 
discussed earlier (Fig. 2a) and the analysis is almost identical. Using 

Fig. 3. The generation of a 2-D exchange spectrum of N,N-dimethylaceta- frequencies in this dimension. This is the final 2-D spectrum (b). For clarity, 
mide, from data obtained with the pulse sequence of Fig. 2a (the mixing time this spectrum is often displayed as a contour plot (c). The cross peak at 
was 500 msec). M e r  Fourier transformation with respect to t2, a set of (CIA,CIB) represents methyl protons that have changed their position (and 
spectra modulated in amplitude as a h c t i o n  of tl is obtained (a). A Fourier hence resonance frequency) from A to B. Peaks on the diagonal represent 
transformation, with respect to t,, of the columns of the data matrix protons that have not changed their resonance frequency during the mixing 
corresponding to this set of spectra yields resonances at the modulation period. 
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the same vector description, we see that at the beginning of the 
mixing time A, the z component of the magnetization of nucleus A 
is proportional to - cos (nAtl) .  The deviation from thermal equilib- 
rium of the z magnetization of proton A is transferred by the NOE 
effect to nuclei that have a significant dipolar interaction with A. 
Hence, if X is close in space to A ( r  < 5 A), the z magnetization of X 
will depend on, among other factors, cos(OAtl). The X magnetiza- 
tion monitored after the final 90", pulse will thus show a modula- 
tion by cos(OAtl), and a 2-D Fourier transformation will show a 
corresponding resonance at coordinates (w1,u2) = (OA,OX), indi- 
cating that dipolar cross relaxation (the NOE effect) has occurred 
during time A. The intensity of such an off-diagonal resonance in the 
2-D spectrum depends on k (Eq. 1); that is, on on T,, and on 
time A. For small molecules, rapid tumbling corresponds to small T, 

values (<10-'~second) and correspondingly small k values. Hence, 
a relatively long mixing time A on the order of the longitudinal 
relaxation time T I  is necessary to obtain cross peaks of substantial 
intensity. For macromolecules (7, > 5 x lo-' second) the NOE 
effect builds up rapidly and short A values (25 to 300 msec) can be 
used. 

As an example, Fig. 4 shows the 2-D NOE spectrum of a DNA 
oligomer of 1 7  base pairs (11). For comparison, the conventional 
1-D spectrum of this macromolecule is also presented. Although 
only a few of the approximately 300 proton resonances in the 1-D 

T A T C A C C C C A A C O C A T I  
n r n c r c c c c r r c c c r ~ r  CJ'n5"H 

C2H 11 11 I 

Fig. 4. Absorption mode 2-D NOE spectnun of the OR3 operator DNA 
fragment, a DNA oligomer of 17 base pairs, recorded at 500 MHz. A mixing 
time of 200 msec was used; total measuring time was approximately 17 
hours. The conventional 'H spectrum is shown along the top. Each of the 
several hundred resolvable off-diagonal peaks corresponds to a pair of 
neighboring protons. The coordinates of the peak are the chemical shifts of 
the two protons, and its intensity is a function of the distance between them. 
Details of the interpretation are given by Wernmer et al. (11). The spectrum 
was provided by B. Reid and G. Drobny. 

spectrum are properly resolved, in the 2-D spectrum most of this 
overlap is removed. Moreover, the intensity of each of the approxi- 
mately 300 resolvable off-diagonal resonances in the 2-D spectrum 
corresponds to an interproton distance. Assuming that the molecule 
is in a right-handed B-DNA-type helix conformation, resonance 
assignments follow from the 2-D NOE spectrum in a straightfor- 
ward manner (12), despite the complexity of the contour plot. 
Refinements to the structure can then be made by quantifying the 
NOE cross-peak intensities. If the molecule had been in a quite 
different conformation (for example, A-DNA or Z-DNA), it would 
have yielded a distinctly different pattern of cross peaks (13). 
Observation of the solution structure of DNA fragments by 2-D 
NOESY is becoming routine (14). Since spectra can be obtained on 
samples in solution under physiologically relevant conditions, NMR 
may offer advantages over x-ray crystallography, which requires 
relatively dehydrated crystals or fibers as samples. 

The use of 2-D NOESY for structure determination is, of course, 
not limited to nucleic acids. Pioneering efforts by Wiithrich, Wag- 
ner, and co-workers (15) to apply the method to proteins have been 
successful, and a number of impressive applications have now been 
reported (16). It appears possible to determine the entire 3-D 
structure of small proteins without reference to x-ray crystallograph- 
ic data. In addition, the NMR experiment can provide valuable data 
on the chemical environment, dynamics, and interaction with other 
molecules in solution. The application of 2-D NOESY to the 
determination of protein structure is generally far more complex 
than for DNA, mainly because the irregular structure of proteins 
does not allow resonance assignments to be made on the basis of a 
NOESY spectrum alone. For example, if a cross peak between an 
amide (in the 8-ppm region) and a C, proton (in the 4-ppm region) 
is observed, it is impossible to predict whether it arises from two 

Fig. 5. Double-quantum filtered absorption mode (270 MHz) 2-D COSY 
spectrum of the ribose region of the trinucleotide A2'-P-S'A2'-P-S'A, with 
the conventional 'H spectrum shown along the top axis. The solid lines 
indicate connectivity within the sugar ring of nucleotide 1, the broken line is 
for the sugar ring of 2. The total measuring time for this spectrum was 3 
hours. A, adenine. 
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protons that are on the same amino acid residue or on different 
residues. Therefore, for a molecule whose approximate conforma- 
tion is not known in advance, additional experiments are required to 
obtain the crucial resonance assignment &formation. several re- " 
views describe the commonly used strategies for structure determi- 
nation of proteins by NMR (1 7). 

Accuracy of distance information f i m  2 - 0  NOEST. The accuracy of 
distances obtained from 2-D NOE spectra is a highly controversial 
issue. Practical problems are the exact measurement of cross-peak 
intensities and the fact that Eq. 1 is valid only for short mixing times 
A, which yield low-intensity cross peaks. Another problem occurs if 
the molecule deviates significantly from the spherical model, in 
which case a single correlation time 7, does not suffice to describe its 
tumbling. A Gdamental  problem occurs when there is internal 
mobility within the molecule that is slow compared to 7, but fast on 
the NMR time scale. Because of its dependence on v - ~ ,  the NOE 
intensity can yield an apparent interproton distance that is weighted 
toward small values of r and differs significantly from the actual time 
average of r. Although for rigid molecules interproton distances may 
be reliably determined to r 0 . 2  A, for flexible molecules a more 
conservative estimate may be appropriate. Finally, since the NMR 
method can measure only relatively short interproton distances, the 
errors in these measurements can accumulate if one attempts to 
reconstruct the entire skeleton of a molecule. Formnatelv. even if , , 
only a limited number of NOE contacts can be found between 
regions of known secondary structure (for example, between two a- 

Fig. 6 .  Spectra of the ribose region of A2'-!?-5'A2'-P-5'A (270 MHz). 
Conventional spectrum (a) and experimental subspectra (b through d) 
generated with the homonuclear Harunann-Hahn method, after selective 
inversion of each anomeric 'H resonance (31). The measuring time for each 
subspectrum was 10 minutes. 

helices), the relative orientations of these fragments can be deter- 
mined quite accurately. The use of molecular dynamics calculations 
in combination with the NMR data has been proposed to further 
refine the NMR structure (1 8). 

Correlation by Homonuclear Scalar Coupling 
As mentioned above, the 2-D NOE method alone is not sufficient 

for obtaining a complete spectral assignment unless the approximate 
3-D conformation of the molecule is known. Also, for relatively 
small molecules (molecular weight <3000) the NOE effect in 2-D 
NOE spectra is small, so the sensitivity of the method is low. In 
these cases, a simpler and more sensitive method is to transfer 
magnetization from one nucleus to another through the scalar 
coupling mechanism. Jeener's original 2-D experiment (with a 
sequence of a 90" pulse, then a period tl,  then a 90" pulse, then an 
acquisition period t2) was devised for this purpose. If this sequence 
is applied to a system of homonuclear coupled nuclei (coupled ' H  or 
coupled 3 1 ~  nuclei), the second 90" pulse in this sequence transfers 
part of the magnetization from nucleus A to its coupling partner X. 
In the 2-D spectrum, cross multiplets will be present at frequency 
coordinates (aA,nx)  and at (nx,QA) if and only if nuclei A and X 
are scalar coupled. Explanation of this magnetization transfer mech- 
anism requires either a density matrix description ( 2 ) ,  a pulse- 
cascade description (19), or, most conveniently, an operator-formal- 
ism description (20), all of which fall beyond the scope of this 
article. The mechanism is most efficient for scalar couplings that are 
large relative to the line widths of the coupled nuclei. The experi- 
ment can also be optimized for detecting the presence of small 
couplings through four or more bonds, but only at a significant cost 
in sensitivity (19). However, for small organic molecules (molecular 
weight <500) and adequate sample quantities (>1  mg) this usually 
does not present a serious limitation, and couplings as small as 0.1 
Hz can be observed. The main use, however, of this so-called COSY 
(Correlation SpectroscopY) experiment is to determine which pairs 
of protons are scalar coupled by a two- or three-bond coupling. An 
example is shown in Fig. 5 for the sugar protons in the trinucleotide 
A2'-P-5'A2'-P-5'A, a potent inhibitor of protein synthesis. The 
ribose protons of the three unequivalent sugar rings show severe 
overlap in the conventional ' H  spectrum, recorded at 270 MHz 
(Fig. 5). The anomeric (Cl ' )  protons resonate the hrthest down- 
field and each has only one coupling partner, the 2' proton. In the 
COSY spectrum the position of the 2' resonance is then found 
readily because of the cross peak with its corresponding anomeric 
proton. The connectivity between the 2 '  and 3' protons is also 
clearly seen, but unfortunately, the ' H  multiplets of the 3' protons 
of nucleotides 1 and 2 appear at the same frequency. Therefore, it is 
not possible to determine from this spectrum alone which 4' 
resonance corresponds to which nucleotide. The correct connec- 
tivity patterns for the ribose rings 1 and 2, confirmed by an 
experiment to be discussed later, are indicated by solid and broken 
lines in Fig. 5. This example points to how one would complete the 
assignment of a set of scalar coupled protons from such a 2-D 
spectrum. The problem, however, is also clear: if two multiplets 
exactly overlap in the 1-D spectrum, then a definite assignment 
cannot be made. For example, because resonances of the 3' protons 
of sugars 1 and 2 overlap, assignment of the 4' and 5' resonances is 
ambiguous. A second problem is which set of protons corresponds 
to which nucleotide. 

Partial overlap of spin multiplets is common in 'H NMR spectra, 
and the highest possible resolution in the 2-D spectrum is needed to 
resolve such ambiguities. Consequently, the spectra need to be 
recorded with high digital resolution, which requires large data 
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matrices and relatively long measuring times. For convenience, 2-D 
NMR spectra have been commonly presented in the absolute value 
mode (19, 21), which contains contributions from both the narrow 
absorptive and the broad dispersive components of the line shape. 
However, it has been demonstrated that in all types of 2-D 
spectroscopy where resolution is critical, it is important to present 
the spectra in the absorptive mode (22). This approach requires 
more operator skill to obtain the final 2-D spectrum, but the higher 
resolution and sensitivity obtained are well worth the effort. In the 
COSY experiment it was fundamentally impossible to record a pure 
absorptive 2-D spectrum until a so-called multiple quantum filter 
was added to the conventional scheme (23). The phase characteris- 
tics of multiple quantum transitions (those in which more than one 
nucleus participates simultaneously) are used in this modification to 
permit the recording of absorptive COSY spectra. In addition, this 
modification suppresses signals from protons that are not scalar 
coupled to other protons. Further developments of this multiple 
quantum filtration procedure allow the selection of particular spin 
systems and the suppression of all other resonances from the 2-D 
spectrum. Levitt and Ernst (24) have demonstrated that one can 
record, for example, a COSY spectrum containing only resonances 
from the alanine residues in a small protein, with resonances from all 
other amino acids suppressed by the multiple quantum filtration 
procedure, thus providing dramatic spectral simplification. 

Generation of Subspectra 
For the case of the trinucleotide, shown in Fig. 5 ,  the three ribose 

rings form spin systems of identical type, and none of the sophisti- 
cated methods mentioned above can provide the complete assign- 
ment of this relatively simple molecule. A new technique has been 
proposed that generates experimental subspectra for each individual 
sugar ring, providing an unequivocal answer to such assignment 
problems. The concept of this new technique relies on the principle 
of isotropic mixing (25), and provides the basis of the Hartmann- 
Hahn experiment (26), which is widely used for sensitivity enhance- 
ment in solid-state NMR (21). The idea of isotropic mixing is to 
remove the Zeeman terms from the Hamiltonian (28) temporarily, 
either by removal of the sample from the magnetic field -(29), or 
more conveniently, by the application of suitable pulse sequences 
(30). Without the presence of the Zeeman interaction between the 
nuclei and the magnetic field, magnetization difises from one 
proton to the next-at rates determined by the size of the scalar 
couplings (or dipolar couplings, in solids). If, before this isotropic 
mixing, the magnetization of one particular proton has been 
inverted by means of a selective 180" pulse, the inverted magnetiza- 
tion will then be redistributed over all protons in the spin system 
during the subsequent mixing. For example, if the furthest down- 
field anomeric proton of the trinucleotide is inverted, isotropic 
mixing will result in attenuated intensities for all protons of that 
sugar residue. A difference spectrum, obtained by subtracting a 
spectrum without the selective spin inversion, shows only the 
attenuated resonances; that is, only the protons of one of the ribose 
rings (Fig. 6b) (31 ). 

The experiment can also be performed in a 2-D fashion (30, 32), 
without selective spin inversion. For complicated spin systems, the 
2-D approach is generally preferable for the reasons mentioned 
earlier for the 2-D NOESY experiment. Again, it is important to 
record homonuclear 14artmann-~ahn spectra in the absorption 
mode. Even if the scalar coupling is significantly smaller than the 
natural line width, this experiment can effectively transfer magneti- 
zation between nuclei (32). This property makes the method 
especially useful for the study of co&eciivit$ in macromolecules. 

Relayed Connectivity Through 3 1 ~  

Many 2-D NMR experiments are less general in applicability than 
the methods mentioned above and have been designed specifically 
for certain types of molecules. For example, in the case of the 
trinucleotide, it is not obvious which subspectrum in Fig. 6 
corresponds to which nucleotide. If magnetization of the 2' proton 
of nucleotide 1 could be transferred to the 5' ,5" protons of 
nucleotide 2, then the subspectra could be assigned with certainty. 
The long-range scalar coupling between these two protons is much 
too small to permit the observation of a COSY cross peak, so a 
different approach is needed. One solution to this problem is to 

Fig. 7. Pulse sequence of the 1H-31P-1H relay experiment. For each tl value, 
the experiment is repeated 32 times with different phases 6 ,  J r ,  and I; of the 
90" and 180" pulses, to suppress signals that have not been relayed via 31P. 
Both + and IJJ are cycled along the x, y, -x, and -y axes, whereas I; is cycled 
along thex and -x axes only. This process of phase cycling simplifies the 2 - D  
spectrum. The fixed duration of r is chosen to be about 1/3JHP 

Fig. 8. Absorption mode (500 MHz) 1H-31P-1H relay spectrum of A2'-P- 
5'A2'-P-5'A. The total measuring time was 6 hours. Connectivities between 
the 2' proton of 1 and the 4', 5', and 5" protons of 2 (solid line) and the 2' 
proton of 2 and the 4', 5', and 5" protons of 3 (broken line) identify each of 
the nucleotides. 
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PHPc Fig. 9. Energy level dagram of a 
'H-l3C spin system. The solid lines >3cq- indicate 13C transitions. directly observable The broken 'H lines and 

/ indicate zero and double quantum 
/ transitions that can only be obsenred 

'H by means of a 2-D experiment. 
\ I I 

transfer magnetization first from the 2' proton to the 31P and then 
to relay this magnetization to the 5,5" protons of the next 
nucleotide (33). The pulse sequence needed for this 2-D experiment 
is illustrated in Fig. 7. To maximize the transfer of magnetization 
from the 2' to the 5',5" protons, one must set the time 7 between the 
evolution period ( t l )  and detection period (t2) to about 1/3JHP, 
whereJHp is the estimated 'H-~ 'P  scalar coupling. This experiment 
is repeated several times for the same duration of the evolution 
period but with different RF phases (for example, 0 = x, y, -x, and 
-y axes) of the 90" and 180" pulses. When this process of phase- 
cycling is properly executed, signals that are not transferred via the 
3 1 ~  nucleus can be eliminated, simplifying the 2-D spectrum. Figure 
8 shows the 2-D 'H-~'P- 'H relay spectrum of the trinucleotide, 
demonstrating connectivity from proton 2' of nucleotide 1 to 
protons 5', 5", and 4' of nucleotide 2. Similarly, proton 2' of 
nucleotide 2 shows connectivity to the 5',  5", and 4' protons of 
nucleotide 3, completing the assignment of the spectra without 
ambimitv. " i 

The phase-cycling procedure mentioned above is a critical element 
of all 2-D experiments. A change in the phase cycling in a particular 
experiment, with all other parameters unchanged, can completely 
change the outcome of the experiment. For example, with different 
phase cycling, the relay experiment of Fig. 7 can be converted into a 
2-D NOESY experiment. Many of the current developments in 2-D 
NMR are related to the construction of better phase cycles (34). 

Sensitivity-Enhanced Detection of 
Nuclei with a Low y 

It is a common misconception that 2-D NMR is much less 
sensitive than 1-D experiments. This idea results partly from 
negative experiences with nonoptimized 2-D experiments. It is, for 
example, more critical for sensitivity to optimize the setting of all 
variables in a 2-D experiment than in its 1-D equivalent. Further- 
more, it is not fair to compare, for example, a single 1-D NOESY 
experiment with a complete 2-D NOESY experiment because one 
may have to do hundreds of 1-D experiments (if at all feasible) to 
obtain all the information present in the 2-D experiment. The 2-D 
experiment is generally more sensitive per unit measuring time if 
more than about three selective 1-D experiments are required to 
answer the same question. A more detailed discussion of the 
sensitivity of 2-D NMR can be found elsewhere (35). 

For the detection of low-y nuclei such as "N and 13C, a suitable 
2-D experiment may be an order of magnitude more sensitive than a 
1-D experiment. In addition, the 2-D experiment will provide a 
wealth of extra information not present in the 1-D experiment. Here 
we focus on the case of a proton, directly coupled to a 13C nucleus. 
The energy level diagrain (Fig. 9) in this case consists of four levels, 
corresponding to the aa, a@, Pa, and P P  spin states for each 

coupled 'H- '~c  pair, where a and P indicate whether the nucleus is 
parallel or antiparallel to the static magnetic field. The I3C transi- 
tions occur around a frequency that is approximately one-fourth that 
of protons, and sensitivity is therefore lower by about a factor of 60 
(for the same number of nuclei). A common 2-D experiment is an 
indirect observation of the effect of the proton transitions on the 13C 
intensities. This results in a so-called heteronuclear shift correlation 
spectrum with the 0 2  coordinate equal to the 13C chemical shift, and 
the 0 1  coordinate equal to the chemical shift of the proton or 
protons directly attached to this 13C nucleus (36). 

A more sensitive approach is to observe the effect of the 13C nuclei 
on the protons. Indirect observation of an insensitive nucleus (that 
is, with a low y) by its effect on a sensitive nucleus (or electron) has a 
long history in NMR and electron spin resonance (ESR). However, 
a major obstacle to this approach is the low natural abundance of 
13C (1.1 percent); consequently, most protons will not be modulat- 
ed by the 13c signal. Although the signals from protons not coupled 
to 13C could be eliminated by suitable phase cycling, complete 
suppression of these intense, unwanted signals remained too diffi- 
cult a practical problem to use this method routinely. This situation 
changed when the experiment was modified to measure the multiple 
quantum transitions between the levels aa-PP and a@-Pa (Fig. 9), 
instead of the I3c frequency indirectly. The double quantum 
frequency for the aa-PP transition occurs at the sum of 'H and 13c 

chemical shift frequencies, and it is not directly observable in 1-D 
NMR. However, the transition can be created easily and its effect 
monitored indirectly in a 2-D experiment ( 3 7 .  The computer can 

Fig. 10. Absorption mode 'H-l3C shifc correlation spectrum of the methyl 
region of a 25-mg sample of hen egg white lysozyme, dissolved in 0.25 ml of 
D20,  at 40°C. The spectrum was obtained by a multiple quantum method, 
and the total measuring time was 3.3  hours. The w2 coordinate of a peak is 
the ' H  frequency of a particular methyl group and the wl coordinate is the 
corresponding ''c frequency. 
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modifjr such a multiple quantum spectrum to display it in the 
conventional mode, with the 'H shift along the 0 2  axis and the shift 
of its directly coupled 13C nucleus along the wl  axis. Figure 10 
shows an example of such a spectrum for the methyl region of 
lysozyme, a relatively small enzyme with a molecular weight of 
14,600. The measuring time for this spectrum was only 3 hours. 
Methyl groups are particularly sensitive to detection this way, not 
only because of their favorable relaxation properties but also because 
three protons are used to detect the resonance of a single 13C 
nucleus, which enhances the sensitivity of the method by an extra 
factor of 3. Recording of such a 'H-I3C connectivity map removes 
overlap in both the 'H and 13C spectra, and thus provides a 
p o w e h l  approach to study the effect of amino acid substitutions 
and ligand binding on both 'H and 13c chemical shifts, a potentially 
useful and versatile method to study protein structure and fhction 
(38). 

Indirect detection of the low-r nucleus is even more beneficial for 
I5N spectroscopy, where sensitivity enhancement factors of up to 
100 can be obtained experimentally (39). The equipment needed for 
such experiments has more requirements than that for direct obser- 
vation: spectrometer stability requirements are very high, at least for 
samples at natural abundance, and the dynamic range problem (40) 
is much more severe than for direct detection of the low-y nucleus. 
Improvements in spectrometer hardware are expected to alleviate 
these problems significantly, and the potential gain in sensitivity will 
certainly be worth the effort. With this method, 2-D 'H- '~c shift 
correlation spectra of organic molecules of molecular weight M can 
be recorded on as little as M micrograms of material in an overnight 
experiment. The multiple quantum-shift correlation method has also 
proven successful for the study of other heteronuclei, and interesting 
applications to l13Cd NMR have been reported recently (41). 

Conclusions 

6. R. Freeman and G. A. Morris, BuII. Magn. Reson. 1, 5 (1979); R. Freeman, Proc. 
R .  Soc. London Ser. A 373, 149 (1980); A. Bax, Two-DimenswnalNuclearMqnetu 
Resonance in Liyuids (Reidel, Boston, 1982); R. Benn and H. Giinther, A n p .  
Chem. Int. Ed. Engl. 22, 350 (1983); P. H. Bolton, in Biological Magnetic 
Resonance, L. Berliner and J. Reuben, Eds. (Plenum, New York, 1984), vol. 6, 
cha 1; A. Bax, Bull. Magn. Reson. 7, 167 (1985). 

7. T. 8: Farrar and E. D. Becker, Pulse Fourier T r a n g m  NuclearMagnetic Resonance 
(Academic Press, New York, 1971), chap. 1. 

8. J. Jeener, B. H. Meier, P. Bachmann, R. R. Ernst, J. Chem. Phys. 71,4546 (1979); 
S. Macura and R. R. Ernst, Mol. Pbys. 41, 95 (1980). 

8a.R. S. Balaban and J.  A. Ferretti, Proc. Natl. Acad. Sci. U.S.A. 80, 1241 (1983). 
9. A. Bax, N. M. Szeverenvi, G. E. Maciel, J. M q n .  Reson. 52, 147 (1983); A. Bax, 

N. M. Szeverenyi, G. E: Maciel, ibid. 55, 494 (1983). 
10. J. H. No gle and R. E. Schirmer, The Nuclear OverhauserEffect (Academic Press, 

New Yorf, 1971) 
11. D. E. Werner ,  s.-H. Chou, B. R. Reid, J. Mol. Bhl. 180, 41 (1984). 
12. R. M. Scheek, N. Russo, R. Boelens, R. Ka tein, J Am. Chem. Soc. 105, 2914 

(1983); D. R. Hare, D. E. Werner ,  S.-H. ~ E o u ,  ~ ; ~ r o b n y ,  B. R. Reid, J. Mol. 
Bwl. 171, 319 (1983). 

13. P. A. Mirau and D. R. Kearns, Bwchemzitry 23, 5439 (1984); J. Cohen, B. Borah, 
A. Bax, Biqpolymers 24, 747 (1985). 

14. D. E. Werner ,  S.-H. Chou, D. R. Hare, B. R. Reid, Bwchemisty 23, 2262 
(1984); J. Feigon, W. Leu@ W: A. Denny, D. R. Kearns, ibid. 22,5943 (1983); 
C. A. G. Haasnoot, H. P. ester~nk, G. A, van der Marel, J. H ,  van Boom, J. Mol. 
Bwl. 171, 319 (1983); M. A. Weiss, D. J. Patel, R. T. Sauer, M. Karplus, Proc. 
Natl.Acad. Sci. U.S.A. 81, 130 (1984); G. M. Clore, H .  Lauble,T. A. Frenkiel, A. 
M. Gronenborn, Eur, J. Bwchem. 145, 629 (1984). 

15. A. Kumar, G. Wagner, R. R. Ernst, K. Wiithrich, Bwchem. Biophys. Res. Commun. 
96, 1156 (1980); G. Wagner, A. Kumar, K. Wiithrich, Eur. J. Bwchem. 114, 375 
(1981); M. B&ter, W. Braun, K. Wiithrich, J. Mol. Biol. 155, 321 (1982). 

16. E. R. P. Zuidenve , R. Kaptein, K. Wiirhrich, Proc. Natl. A d .  Sci. U.S.A. 80, 
5837 (1983); F. J. a. van de Ven, S. H .  de Bruin, C. W. Hilbers, FEBSLett. 169, 
107 (1984); P. L. Weber, D. E. Werner ,  B. R. Reid, Bwchemistfy 24, 4553 
(1985); T.  F. Havel and K. Wiithrich, J. Mol. Bwl. 182, 281 (1985); M. P. 
Williamson, T. F. Havel, K. Wuthrich, ibid., p. 295; A. D. KIine and K. Wuthrich, 
ibid. 183, 503 (1985). 

17. D. E. Wemmer and B. R. Reid, Annu. Rev. Phys. Chem. 36, 105 (1985); K. 
Wuthrich, G. Wider, G. Wagner, W. Braun, J. Mol. Bwl. 155,311 (1982); F. J. M. 
van de Ven, thesis, Katholieke Universiteit Nijmegen, The Netherlands, 1985. 

18. R. Ka~tejn: E. R. P. Zuidenveg, R. M. Scheek, R. Boelens, W. F. van Gunsteren, 
7. Mo.  Bwl 182. 179 (1985). 

19. 'A, Bax and R. ~ i e e m i ,  J. ~ a g n .  Reson. 44, 542 (1981). 
20. 0. W. Ssrensen, G. W. Eich, M. H. Levin, G. Bodenhausen, R. R. Ernst, Progr. 

Magn. Reson. 16, 163 (1983); K. J. Packer and K. M. Wright, Mol. Phyr. 50, 797 
(1983); F. J. M. van de Ven and C. W. Hilbers, J. Magn. Reson. 54, 512 (1983). 

21. K. Nagayama, A. Kumar, K. Wuthrich, R. R. Ernst, J. Magn. Reson. 40, 321 
(1980); A. Bax, R. Freeman, G. A. Morris, ibid. 42, 164 (1981). 

22. D. J. States, R. A. Haberkorn, D. J. Reuben, ibid. 48, 286 (1982). 
23. U. Piantini. 0 .  W. Ssrensen. R. R. Ernst. 7.Am. Chem. Soc. 104.6800 119821: M. 

Rance et al:, Biochem. Biop&s. Res. ~om&n. 117, 479 (1983).' 
24. M. H. Levitt and R. R. Ernst. 1. Chem. Phs. 83, 3297 11985). 

~h~ 2 - ~  approach enormously broadens the applicability of 25. D. P. Weitekamp, J. R.   arb ow, A. Pines, ;bid. 77,2870'(1982); P. Caravatti, L. 
Braunschweiler, R. R. Ernst, Chem. Phys. Lett. 100, 305 (1983). 

NMR to the study of complex chemical problems. In addition to 26. s .  R. Harttnann and E. L. Hahn, ~ h y ~ .  RO. 128, 2042 (1962). 

their application to the proteins and nucleic acids cited in this article, 27. A. Pines, M. G. Gibby, J. S. Waugh,J. Chem. Phys. 59,569 (1973); G. E. Maciel, 
Science 226, 282 (1984). 

2-D NMR techniaues are beinn a ~ ~ l i e d  to auestions of structure 28. D. p. Weitekamo et al.. phs. RW. Lett, 50. 1807 (1983). 
D ' I  

and function for ever-;ncreas;ng numb:r of other types of 29. C. P. Slichter, krinclpies of~agnetic  ~esoxance (springer-Vedag, Berlin, ed. 2, 
1980). 

molecules, such as peptides (42), natural products (43), oligosaccha- 30. D. G. Davis and A. Bax,J. Am. Chem. SOC. 107,2821 (1985); A. Bax and D. G. 
Davis, J. Magn. Reson. 65, 355 (1985); L. Braunschweiler and R. R. Ernst, ibid. rides (&), and synthetic polymers (45). Two-dimensional NMR 
53, 521 (1983), 

simplifies spectral analysis by spreading out information in two 31, D. G. Davis and A. B=, J. Am. Chem. SOC. 107, 7197 (1985). 
frequency dimensions and by revealing interactions between nuclei. 3 2  A. Bax and D. G. Davis, in Advanced Magnetic Resonance Techniques in Systems of 

HighMolecular Complexity, N. Niccolai and G. Valensin, Eds. (Birkhauser, Basel, in 
Only a few typical experiments of the large collection available have ~ressi.  
been discussed here; and the development of new experimental 
techniques continues. Particularly rapid growth is occurring in the 
area of multiple quantum 2-D NMR, improving spectral simplifica- 
tion and sensitivity even more. Although the mechanisms on which 
the various pulse sequences rely may be intricate, the interpretation 
of 2-D NMR spectra is usually straightfonvard and should therefore 
not deter the interested chemist. The most important limitation now 
appears to be the amount of expensive NMR instrument time that is 
required for the study of complex problems by 2-D NMR. Despite 
this expense, modern high-resolution multipulse NMR is one of the 
fastest growing branches of spectroscopy used in chemistry and 
biochemistry today. 
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