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For the last 30 years, nuclear magnetic resonance (NMR) 
has been an important tool in drug research. Its major role 
has been as an analytical method for the structural elu
cidation of molecules that have been chemically synthes
ized or isolated from natural sources. In principle, NMR 
could also be used to aid in the design of improved 
pharmaceutical agents. Early attempts have involved the 
use of NMR to probe the conformations of drug molecules 
in solution to understand the conformational requirements 
for biological activity.1"7 However, most molecules, in the 
absence of their receptors, are flexible and exist in several 
rapidly interconverting conformations, making it extremely 
difficult to correlate conformation and biological activity. 
A more promising approach involves the determination of 
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the three-dimensional structure of a drug when bound to 
its biological site of action. In these studies the "bioactive" 
conformation of a drug molecule is not inferred from the 
solution conformation but is obtained directly from the 
NMR studies of the complex. Knowledge of its bound 
conformation may aid in the design of an analogue with 
the functional groups necessary for binding held in their 
experimentally determined spatial orientation by a dif
ferent molecular framework. The new analogue may be 
designed to have different physical properties (leading to 
improved oral activity), to be more metabolically stable, 
or to be easier to synthesize.8 

Another important piece of information that could be 
obtained from NMR studies of drug/receptor complexes 
is the identification of those portions of the ligand that 
interact with the target site. This information may help 
identify the functional groups of the ligand important for 
binding and determine those portions of the ligand that 
could be modified without affecting the binding affinity 
but which may drastically alter the physical properties 
(e.g., water solubility) of the analogue.8,9 

The complete three-dimensional structure of drug/re
ceptor complexes could also be obtained by NMR. From 
these studies the functional groups of the receptor re
sponsible for ligand binding may be determined. In ad
dition, new areas of the target molecule could be identified 
to aid in the design of analogues that contain additional 
functional groups to interact with these sites. 

Until recently, obtaining detailed structural information 
on large molecular complexes by NMR was impossible due 
to the lack of suitable NMR techniques to study large 
molecular complexes and the inability to obtain large 
quantities of the biomacromolecules which function as drug 
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Figure 1. Reaction catalyzed by CMP-KDO synthetase. 

target sites. In the last few years, however, through rapid 
advances in molecular biology, gram quantities of phar
macologically relevant drug "receptors" have become 
available for structural studies. Furthermore, several new 
multidimensional NMR techniques have been recently 
developed which facilitate the spectral interpretation of 
large molecular complexes containing many overlapping 
signals. 

In this Perspective, some of the recently developed ap
proaches for studying large molecular complexes by NMR 
are described. The advantages and limitations of the in
dividual approaches for providing structural information 
useful in drug design are discussed. Finally, the advances 
in NMR that may be expected in the future are presented. 
These developments should have a major impact on the 
manner in which new drugs are designed. 

Transferred NOE 
For weakly bound ligands, experimental approaches 

have been developed to circumvent the problems associ
ated with selectively detecting the resonances of the ligand 
in the presence of the many signals of the macromolecule 
to which it is bound. These techniques involve the mea
surement of transferred nuclear Overhauser effects (NOEs) 
for ligands that exchange rapidly from the bound to the 
free state.10"13 Negative NOEs due to the bound state are 
observed on the free or averaged resonances of the ligand 
which are narrower than the signals of the macromolecule 
and easily identified. From an analysis of these NOEs, the 
conformation of a ligand bound to a macromolecule can 
be determined. Indeed, from the measurement of trans
ferred nuclear Overhauser effects, the conformation of 
ligands bound to proteins,14"19 phospholipids,20 and nucleic 
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Figure 2. Contour plot of a two-dimensional transferred NOE 
experiment of CMP-KDO synthetase and an inhibitor (inset) in 
a 1:10 mole ratio dissolved in a 2H2O solution (50 mM PO4, pD 
= 7.8). NMR data were acquired on a GN 500 NMR spectrometer 
at 7 0C. Proton NMR signals of the inhibitor were assigned by 
a COSY experiment of the free inhibitor. 

acids21 have been reported. 
We have applied the transferred NOE experiment in a 

study of a series of inhibitors bound to cytidine-5'-mono-
phosphate-3-deoxy-D-manno-octulosonate (CMP-KDO) 
synthetase22 (EC 2.7.7.38). This bacterial enzyme (27.5 
kDa, 248 amino acids) catalyzes the reaction shown in 
Figure 1. CMP-KDO (II) that is formed in this reaction 
is required for the incorporation of the eight-carbon sugar, 
KDO (I), into lipopolysaccharides, an important compo
nent of Gram-negative bacteria. From 31P and 13C NMR 
studies of this enzymatic reaction,23 it was found that 
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Figure 3. Structure of cyclosporin A. 

CMP-KDO formation occurs with retention of configura
tion at the anomeric center, suggesting a mechanism in
volving the nucleophilic displacement of the pyro-
phosphoryl group of CTP by the anomeric hydroxyl of 
KDO (Figure 1). In addition, 13C NMR studies revealed 
that the 0-pyranose form of KDO, the least abundant 
tautomeric form in solution, is the actual substrate in the 
reaction.24 On the basis of these results, KDO analogues 
were synthesized that were locked in the /3-pyranose con
figuration to mimic the active tautomeric form of KDO 
and which lacked the anomeric hydroxyl group to eliminate 
its ability to act as a substrate.26 Although these com
pounds were shown to inhibit CMP-KDO synthetase, more 
potent inhibitors with better transport properties were 
sought. Conformational studies of these lead inhibitors 
when bound to CMP-KDO synthetase were undertaken 
to provide structural information to aid in the design of 
improved inhibitors of CMP-KDO synthetase which could 
be of clinical utility as antibiotics against Gram-negative 
bacteria. 

Figure 2 depicts a contour plot of a two-dimensional 
transferred NOE experiment of an inhibitor (inset) bound 
to CMP-KDO synthetase obtained in the absence of CTP. 
NOEs of equal intensity were observed between proton 
pairs 2/3a and 2/3e. These NOEs in conjunction with the 
NOE observed between 4 and 3e suggest that this inhibitor 
adopts a 8C2 ring conformation when bound to CMP-KDO 
synthetase. The side-chain conformation of the inhibitor 
was defined by NOEs between the protons 8/6 and 9t/7 
and the relative low intensity or absence of NOEs between 
7/6, 7/5, 8/7, and 9c/7. On the basis of additional 2D 
transferred NOE experiments, the bound conformations 
of several inhibitors of CMP-KDO synthetase were de
termined. For all of the inhibitors, the bound conforma
tion of the sugar ring was found to be the same; however, 
the side-chain conformation differed for the inhibitors, 
depending on the hydrophobicity of the side chain. 

Unfortunately, the 2D transferred NOE studies of the 
CMP-KDO inhibitors could only be performed in the ab
sence of CTP. When CTP is present, the inhibitors bind 
more tightly to the enzyme, eliminating the applicability 
of the transferred NOE experiment which can only be 
applied to the study of weakly bound ligands that rapidly 
exchange on and off the enzyme. This is a severe limitation 
of the transferred NOE experiment, since most ligands of 
interest bind tightly (Ka >107) to their receptors. 

(24) Kohlbrenner, W. E.; Fesik, S. W. Determination of the anoiA 
eric specificity of the Escherichia coli CTP:CMP-3-deoxy-D-
manno-octulosonate cytidyl-transferase by 13C NMR spec
troscopy. J. Biol. Chem. 1985, 260,14695-14700. 

(25) Goldman, R.; Kohlbrenner, W.; Lartey, P.; Pernet, A. Anti
bacterial agents specifically inhibiting lipopolysaccharide syn
thesis. Nature 1987, 329,162-164. 
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Figure 4. (A) Conventional and (B) isotope-edited ID NMR 
spectrum of a 1.3 mM solution of a [U-13C]CsA/cyclophilin 
complex in which only the proton NMR signals of 13C-labeled 
(>95%) CsA are observed. The asterisk indicates two overlapping 
(MeLeu4, MeLeu10) NCH3 signals of cyclosporin A bound to 
cyclophilin. 
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Figure 5. Contour plot of an isotope-edited 2D NOE spectrum 
of cyclophilin and CsA in which the MeLeu residues in the 9 and 
10 positions were uniformly labeled (>95%) with 13C. The NMR 
spectrum was acquired at 20 0C on a Bruker AM 500 NMR 
spectrometer as previously described38 (reprinted with permission 
from ref 38. Copyright 1990 American Association for the Ad
vancement of Science). 

Isotope-Edited Proton NMR 
One method for simplifying complicated proton NMR 

spectra that does not depend on the rapid exchange of 
ligands involves the selective detection of protons attached 
to isotopically labeled nuclei.26-34 Using these isotope-

(26) Freeman, R.; Mareci, T. H.; Morris, G. A. Weak satellite sig
nals in high resolution NMR spectra: Separating the wheat 
from the chaff. J. Magn. Reson. 1981, 42, 341-345. 

(27) Bendall, M. R.; Pegg, D. T.; DoddreU, D. M.; Field, J. NMR 
of protons coupled to 13C nuclei only. J. Am. Chem. Soc. 1981, 
103, 934-936. 

(28) Griffey, R. H.; Redfield, A. G. Identification of isotope-labeled 
resonances in two-dimensional proton-proton correlation and 
exchange spectroscopy with gated heteronuclear decoupling. 
J. Magn. Reson. 1985, 65, 344-347. 
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editing techniques, the proton signals of an isotopically 
labeled Iigand can be selectively observed in the presence 
of the many signals of its target site.9,36-38 The spectral 
simplification that can be obtained is illustrated in our 
NMR studies38 of cyclosporin A (CsA) (Figure 3) bound 
to its putative target protein, cyclophilin (17.7 kDa, 165 
amino acids). The individual proton NMR signals of 
cyclosporin A cannot be identified in the conventional 
proton NMR spectrum (Figure 4A) of the CsA/cyclophilin 
complex; however, the CsA signals are readily identified 
in a 13C-edited proton NMR spectrum of [U-13C]CsA 
bound to cyclophilin (Figure 4B). 

A 13C-edited two-dimensional NOE spectrum of [U-
13C-MeLeu9,10]CsA bound to recombinant human cyclo
philin is shown in Figure 5. In the wx dimension, only 
those protons attached to the 13C-labeled nuclei of CsA are 
detected. In the w2 dimension, NOE crosspeaks between 
these "labeled" protons and other nearby protons of CsA 
and cyclophilin are observed. The intense NOE observed 
between MeLeu10 NCH3 and MeLeu9 H" of CsA (Figure 
5) and the lack of an NOE between the a protons of the 
adjacent amino acids indicated an extended conformation 
of the peptide backbone with a trans 9,10 amide bond.38 

The observation of a trans 9,10 peptide bond suggested 
that the conformation of CsA when bound to cyclophilin 
is markedly different from the reported crystalline and 
solution conformation of CsA that contains a cis 9,10 amide 
bond. 

Isotope-edited 2D NOE experiments can also provide 
structural information about the enzyme binding site by 
means of the NOEs between "labeled" protons of the Iig
and and receptor. For example, as shown in Figure 5, 
NOEs were observed38 between several protons of the 
MeLeu9 residue of CsA and aromatic protons of cyclophilin 
that were assigned to Trp and Phe residues. These results 

(29) Griffey, R. H.; Jarema, M. A.; Kunz, S.; Rosevear, P. R.; Red-
field, A. G. Isotopic-label-directed observation of the nuclear 
Overhauser effect in poorly resolved proton NMR spectra. J. 
Am. Chem. Soc. 1985,107, 711-712. 

(30) Wilde, J. A.; Bolton, P. H.; Stolowich, N. J.; Gerlt, J. A. A 
method for the observation of selected proton NMR reso
nances of proteins. J. Magn. Reson. 1986, 68, 168-171. 

(31) Otting, G.; Senn, H.; Wagner, G.; Wuthrich, K. Editing of 2D 
1H NMR spectra using X half-filters. Combined use with 
residue-selective 16N labeling of proteins. J. Magn. Reson. 
1986, 70, 500-505. 

(32) Ranee, M.; Wright, P. E.; Messerle, B. A.; Field, L. D. Site-
selective observation of nuclear Overhauser effects in proteins 
via isotopic labeling. J. Am. Chem. Soc. 1987,109,1591-1593. 

(33) Bax, A.; Weiss, M. A. Simplification of two-dimensional NOE 
spectra of proteins by 18C labeling. J. Magn. Reson. 1987, 71, 
571-575. 

(34) Fesik, S. W.; Gampe, R. T., Jr.; Rockway, T. W. Application 
of isotope-filtered 2D NOE experiments in the conformational 
analysis of atrial natriuretic factor (7-23). J. Magn. Reson. 
1987, 74, 366-371. 

(35) Fesik, S. W.; LuIy, J. R.; Erickson, J. W.; Abad-Zapatero, C. 
Isotope-edited proton NMR study on the structure of a pep
sin/inhibitor complex. Biochemistry 1988, 27, 8297-8301. 

(36) Wider, G.; Weber, C; Traber, R.; Widmer, H.; Wuthrich, K. 
Use of a double-half-filter in two-dimensional 1H nuclear 
magnetic resonance studies of receptor-bound cyclosporin. J. 
Am. Chem. Soc. 1990,112, 9015-9016. 

(37) Weber, C; Wider, G.; von Freyberg, B.; Traber, R.; Braun, W.; 
Widmer, H.; Wuthrich, K. The NMR structure of cyclosporin 
A bound to cyclophilin in aqueous solution. Biochemistry 
1991, 30, 6563-6574. 

(38) Fesik, S. W.; Gampe, R. T., Jr.; Holzman, T. F.; Egan, D. A.; 
Edalji, R.; LuIy, J. R.; Simmer, R.; Helfrich, R.; Kishore, V.; 
Rich, D. H. Isotope-edited NMR of cyclosporin A bound to 
cyclophilin: Evidence for a trans 9,10 amide bond. Science 
1990, 250, 1406-1409. 

Figure 6. Two-dimensional NOE difference spectra calculated 
from a 2D NOB spectrum of a protonated inhibitor (Figure 7) 
complexed to pepsin minus a 2D NOE spectrum of a pepsin 
inhibitor bound to an inhibitor perdeuterated (>98% at A) P3 
or (B) P2. NOEs between Iigand protons are connected by solid 
lines. Inhibitor/pepsin NOEs (Ha-Hg) are indicated by boxes 
and were found to be similar to the NOEs observed in isotope-
edited 2D NOE spectra36 (reprinted with permission from ref 40. 
Copyright 1989 American Chemical Society). 
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Figure 7. Structure of the pepsin inhibitor used in the 2D NOE 
difference experiments. 

indicate that the MeLeu9 residue of CsA is in close prox
imity to cyclophilin and contradict earlier conclusions 
jjased on structure/activity relationships which suggested39 

(39) Quesniaux, V. F. J.; Schreier, M. H.; Wenger, R. M.; Hiestand, 
P. C; Harding, M. W.; VanRegenmortel, M. H. V. Cyclophilin 
binds to the region of cyclosporine involved in its immuno
suppressive activity. Eur. J. Immunol. 1987,17, 1359-1365. 
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Figure 8. Contour plot of a conventional 2D NOE spectrum of 
CTP and perdeuterated (>98%) CMP-KDO synthetase (1.1 mM) 
in a mode ratio of 4:1. NMR data were acquired at 10 0C in 15 
h on a Bruker AM 500 NMR spectrometer using a mixing time 
of 35 ms. Assignments of free (f) and bound (b) CTP are given 
at the top of the spectrum. 

that this CsA residue was not involved in binding to cy-
clophilin. 

2D NOE Difference Using Deuterated Ligands 
Another approach for simplifying the 2D NOE spectra 

of drug/receptor complexes involves the subtraction of 2D 
NOE spectra of two drug/receptor complexes: one pre
pared with a protonated ligand and the other with a 
deuterated ligand.40 In Figure 6, 2D NOE difference 
spectra are shown that were obtained by subtracting a 2D 
NOE spectrum of a pepsin/inhibitor complex prepared 
with an inhibitor (Figure 7) perdeuterated at P3 (Figure 
6A) or P2 (Figure 6B) from a 2D NOE spectrum of a 
pepsin/inhibitor complex prepared with protonated in
hibitor. From the spectral simplification that is achieved, 
NOEs between inhibitor protons which define the con
formation of the inhibitor can be identified as well as 
NOEs between the inhibitor and pepsin which provide 
structural information on the active site. Thus, the ap
proach using 2D NOE difference spectroscopy and deu
terated ligands can provide similar structural information 
as isotope-edited NMR experiments that utilize 13C- or 
16N-labeled ligands. However, the 2D NOE difference 
method is more limited, since clean subtraction of NOE 
data sets acquired on two different samples is difficult to 
achieve.40 

Perdeuterated Receptors 
Another approach to facilitate the NMR study of re

ceptor-bound ligands is to use deuterated receptors.41'42 

6 0 CO3 (PPM) z 0 

Figure 9. Cross sections (u2,oiS) from a 3D HMQC-NOESY data 
set of a 1.3 mM [U-13C]CsA/cyclophilin complex acquired with 
a mixing time of 70 ms. The individual 1H,1!! planes were ex
tracted at the 13C chemical shifts (a>i): (A) 29.3, (B) 32.2, (C) 19.1, 
(D) 23.5 ppm. 

By deuterating the receptor and eliminating many proton 
NMR signals in the spectra, the proton NMR resonances 
of substrates or inhibitors can be selectively observed using 
conventional 1H NMR techniques. 

This approach is illustrated in our studies of CMP-KDO 
synthetase. In Figure 8 a 2D NOE spectrum is shown of 
the substrate CTP bound to perdeuterated CMP-KDO 
synthetase isolated from bacteria grown on deuterated 
succinate (>99%) and 2H2O (>99%). The free and bound 
CTP signals, which are in slow exchange on the NMR time 
scale, can easily be observed in the presence of the residual 
proton NMR signals of the deuterated enzyme. The NOEs 
observed in the spectrum between the 6 and 2' protons are 
consistent with a C(2')-endo-anti conformation for CTP 
when bound to CMP-KDO synthetase. 

This method has the advantage that isotopically labeled 
ligands are not required. Thus, providing that the receptor 
can be perdeuterated, the bound conformations of a large 
number of unlabeled compounds can be rapidly investi
gated using conventional proton NMR techniques. These 
studies may allow a better understanding of structure/ 
activity relationships. Unfortunately, a severe limitation 
of this approach using perdeuterated proteins is that NOEs 
between the ligand and enzyme are not observed, elimi
nating the possibility of obtaining structural information 
on the active site.42 

Heteronuclear 3D NMR 
The approaches that have been described above involve 

the simplification of proton NMR spectra of large lig
and / receptor complexes either by taking advantage of 
rapid ligand exchange rates in 2D transferred NOE ex
periments, by detecting only those protons attached to 
isotopically labeled nuclei, or by eliminating proton NMR 
signals by deuterating the ligand or receptor. However, 
even when the proton NMR signals of the ligand can be 
selectively observed, analysis of the spectra may still be 
difficult due to the overlap of the remaining proton NMR 
signals of the ligand. One approach for further simplifying 
the spectra is by editing the proton resonances of the 
ligand in a third dimension by the 13C or 15N frequencies 
of the ligand in a heteronuclear three-dimensional NMR 
experiment.43 The utility of heteronuclear 3D NMR 
spectroscopy for resolving spectral overlap is illustrated 
in our studies44 of uniformly 13C-labeled cyclosporin A 

(40) Fesik, S. W.; Zuiderweg, E. R. P. An approach for studying the 
active site of enzyme/inhibitor complexes using deuterated 
ligands and 2D NOE spectroscopy. J. Am. Chem. Soc. 1989, 
111, 5013-5015. 

(41) Seeholzer, S. H.; Cohn, M.; Putkey, J. A.; Means, A. R.; Crespi, 
H. L. NMR studies of a complex of deuterated calmodulin 
with melittin. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 
3634-3638. 

(42) Fesik, S. W.; Zuiderweg, E. R. P.; Olejniczak, E. T.; Gampe, R. 
T., Jr. NMR methods for determining the structures of en
zyme/inhibitor complexes as an aid in drug design. Biochem. 
Pharmacol. 1990, 40, 161-167. 

(43) Fesik, S. W.; Zuiderweg, E. R. P. Heteronuclear three dimen
sional NMR spectroscopy. A strategy for the simplification of 
homonuclear two dimensional NMR spectra. J. Magn. Reson. 
1988, 78, 588-593. 



2942 Journal of Medicinal Chemistry, 1991, Vol. 34, No. 10 Perspective 

M-

3.0-

I 

9.0-

1 « 

a 

i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I i 1 1 ' i 1 1 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 i ' 1 1 i i i 1 1 i 1 1 1 i i i i i i i i 

9.0 8.0 9.0 8.0 9.0 8.0 

Figure 10. Cross sections (W11(O3) extracted from a 3D NOESY-HMQC data set of a 1.3 mM CsA/[U-15N] cyclophilin complex in H2O 
at three different 16N chemical shifts (a>2). The 3D NMR data (128 complex ^1 by 39 complex t2 FIDs) were acquired on a Bruker 
AM 500 NMR spectrometer in 6 days using a mixing time of 100 ms. 

bound to cyclophilin. Despite the fact that the MeLeu4 

and MeLeu10 NMe protons of CsA resonate at the same 
frequency (Figure 4B, asterisk), NOEs involving these 
protons can be resolved in a heteronuclear 3D NOE ex
periment. As shown in Figure 9A,B» NOEs from MeLeu4 

and MeLeu10 NMe protons of CsA can be distinguished 
from one another since they are observed in different 
planes corresponding to different 13C frequencies of the 
NMe groups in the 3D NOE spectrum. Analogously, 
NOEs involving the MeLeu10 methyl groups of CsA that 
resonate at exactly the same proton frequencies appear on 
different planes in the 3D NOE spectrum corresponding 
to the different 13C chemical shifts of their attached car
bons (Figure 9C,D). Thus, the NOEs observed (Figure 9C) 
along W3 between 5-methyl protons of MeLeu10 and an 
a-proton (6.00 ppm) of CsA and a cyclophilin proton at 
6.99 ppm arise from the 8-methyl with a 13C chemical shift 
of 19.1 ppm which was assigned44 to the pro-S (S2) methyl 
group of MeLeu10. The MeLeu10 Hs2/Ha NOE was im
portant for determining the side-chain conformation of this 
CsA residue when bound to cyclophilin, and the NOE 
between the MeLeu10 pro-S methyl group of CsA and 
cyclophilin identified this methyl group as being close to 
the protein.44 From a quantitative analysis of the 3D NOE 
data, three-dimensional structures of CsA were calculated 
using a distance geometry/ dynamical simulated annealing 
protocol.48,46 The conformation of CsA when bound to 
cyclophilin was found to be very different from the con
formation of uncomplexed CsA determined by X-ray 
crystallography47 and NMR spectroscopy.47 In addition 

(44) Fesik, S. W.; Gampe, R. T., Jr.; Eaton, H. L.; Gemmecker, G.; 
Olejniczak, E. T.; Neri, P.; Holzman, T. F.; Egan, D. A.; Edalji, 
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to the three-dimensional structure of CsA when bound to 
cyclophilin, those portions of CsA that interact with cy
clophilin were identified in the NMR studies44 and in
terpreted in terms of structure/activity relationships.39,48"62 

Heteronuclear 3D NMR experiments have also been 
applied to the study of isotopically labeled proteins53"62 
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and, in principle, could be used to determine the complete 
three-dimensional structure of a drug/receptor complex. 
These studies are important for determining the 3D 
structure of the receptor and identifying the interactions 
that stabilize the binding to the ligand. 

An illustration of how 3D NMR can be used to simplify 
the analysis of the NMR spectra of a drug/receptor com
plex is shown in Figure 10. Three slices from a 15N-re-
solved 3D NOE spectrum of CsA bound to uniformly 
15N-labeled cyclophilin are shown. NOEs between the 
amide protons of cyclophilin appearing on the diagonal 
(solid line) and other protons of cyclophilin and cyclosporin 
(vertical axis) are cleanly resolved in different planes of 
the 3D NOE spectrum by editing with respect to the 15N 
chemical shifts of the amides. From the spectral simpli
fication that is achieved, the assignment of the NMR 
signals is facilitated, and the interpretation of the NOE 
data becomes feasible. 

It is clear that heteronuclear 3D NMR methods offer 
advantages over their 2D analogues, but are these exper
iments practical? The sensitivity of 3D NMR experiments 
is determined by a number of factors, including the re
laxation behavior of the resonances and the efficiency of 
coherence (polarization) transfer between the different 
time domains. Compared to 2D NMR, some loss in sen
sitivity occurs depending on the additional delays in the 
3D experiment; however, most 3D experiments can be 
performed on modern 500- or 600-MHz NMR spectrom
eters in 2-4 days using a sample concentration of >1 mM 
in a volume of 0.5 mL. Therefore, for a protein with a 
molecular weight of 20 kDa, 10 mg of protein is required. 

The hardware and software necessary for acquiring the 
3D NMR data sets are similar to that required for het
eronuclear 2D NMR experiments and are available on 
modern NMR spectrometers. However, an important 
difference between 2D and 3D NMR experiments is the 
amount of disk space necessary for the storage of the 3D 
data. For example, in a typical 3D HMQC-NOESY ex
periment, 64 complex 2D data sets of 128 X 1024 complex 
points are acquired which require 268 Mbytes of mass 
storage. 

Large amounts of disk space is also needed for pro
cessing 3D NMR data. Typically, 3D data sets are com
posed of 128 X 256 X 1024 points (134 Mbytes). In ad
dition fast computers are useful to efficiently process the 
3D NMR data. Fortunately, the computers of today can 
easily meet these demands. For example, on a Silicon 
Graphics 4D 320 VGX (with 16 Mbytes of memory), a 3D 
data set of 40 X 192 X 1024 complex points can be pro
cessed to a final data set size of 128 X 512 X 1024 real 
points in 40 min of computer time. 

4DNMR 
As illustrated in Figures 9 and 10, many NOEs can be 
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Figure 11. Schematic illustration of 2D, 3D, and 4D NOE spectra 
of protons with NOEs Ha/Hc, Hb/Hd, and Hc/Hd. The 2D 
1H/1H NOE data are edited in Z1 by the 13C frequencies (/3) in 
a 3D NOE spectrum and further edited in /2 by the 13C frequencies 
(/4) in a 4D NMR experiment. 

resolved by editing with respect to the chemical shift of 
a heteronucleus attached to one of the protons in a 3D 
NOE experiment. However, for an unambiguous inter
pretation of the NOEs, it would be advantageous to dis
tinguish both protons by the frequencies of the hetero-
nuclei to which they are attached in a 4D NMR experi
ment.63"66 In Figure 11 the utility of a 4D NOE experi
ment is schematically illustrated. In a 2D NOESY ex
periment, NOEs between overlapping protons Ha/Hb and 
Hc/Hd cannot be identified, since the Zi and /2 frequencies 
of the NOE crosspeaks are identical. By editing with 
respect to Z1 by the 13C frequencies of the attached carbons 
in a 3D NOE experiment, NOEs involving Ha and Hb can 
be resolved in different planes (Ca and Cb). However, in 
Z2 the NOE crosspeak is only defined by its proton fre
quency and cannot be uniquely defined. By further editing 
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Pseudo-four-dimensional NMR by off-resonance decoupling. 
An approach for distinguishing coupled proton pairs by the 
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1990, 112, 5370-5371. 
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T. Four-dimensional [13C1H1
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NMR spectroscopy: Resolving tertiary NOE distance con
straints in the spectra of larger proteins. J. Am. Chem. Soc. 
1991, 113, 370-372. 

(66) Clore, G. M.; Kay, L. E.; Bax, A.; Gronenborn, A. M. Four-
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Figure 12. Contour plots from a 4D [13C1

1H1
13C1H] HMQC-

NOE-HMQC experiment of uniformly 13C-labeled (>95%) T4 
lysozyme (3.8 mM). The data was acquired as previously de
scribed68 on a Bruker AM-500 NMR spectrometer in a total time 
of 216 h and processed with in-house written software. (A) 1H1

1H 
(/21/4) projection of all the /3 planes at the same Z1 correspondint 
to 13C frequencies of 58.1 and 24.8 ppm (folded). (B) Individual 
1H1

1H (/2/4) cross sections at the same f\ plane but different /3 
frequencies. The cross hairs were placed in the same location in 
each of the panels and indicate the different NOE cross-peaks 
(Adapted from Zuiderweg et al. J. Am. Chem. Soc. 1991, 113, 
371).66 

of the proton signals in /2 by the 13C chemical shifts of then-
attached carbons in a 4D NOE experiment, the NOEs 
Ha/Hc and Hb/Hd can be unambiguously identified. In 
addition, as illustrated in Figure 11, NOEs between protons 
that resonate at exactly the same frequency (e.g., Hc and 
Hd) can be identified in the 4D experiment as long as their 
attached carbons resonate at different frequencies.65,66 

Figure 12B-D depicts different 1H-1H NOESY planes 
from a four-dimensional [13C1

1Hj13C1H] NOE experiment 
of T4 lysozyme (18.7 kDa, 164 amino acids) extracted at 
the same 13C Z1 frequency but different 13C f3 frequencies.65 

Compared to the projection of the 4D spectrum (Figure 
12A) which is equivalent to a [13C1

1H1
1H] 3D NOE spec

trum, a marked simplification is achieved by further ed
iting the proton signals observed in /4 by the frequencies 
of their attached carbons (J3). The additional resolution 
achievable in the 4D experiment allows more NOEs to be 
unambiguously identified. For example, as shown in 
Figure 12, the NOEs indicated by the cross hairs which 
could not be resolved in the 3D NOE experiment (Figure 
12A) are clearly distinguished in the 4D NOE spectra 
(Figure 12B-D). 

The additional resolution gained in 4D compared to 3D 
NMR experiments is clearly important, especially in NOE 
experiments involving medium-size (10-30 kDa) proteins. 
Although more disk space is required for the 4D NMR 
experiments and more time is needed to collect and process 
the data, the additional spectral information that is ob
tained outweighs the higher demands of 4D NMR. 

Conclusions and Future Perspectives 
A variety of approaches have emerged for studying large 

molecular complexes by NMR. These recently developed 
methods rely on the use of isotopically labeled ligands or 
receptors for simplifying complicated proton NMR spectra 

which facilitates the data analysis and allows detailed 
structural information to be obtained. A practical limit 
on the size of the molecules that will be amenable to study 
by NMR is about 40 kDa. This limitation is mainly due 
to the broad NMR signals of this size molecules and the 
corresponding loss of signal intensity observed in multi
dimensional NMR experiments. Another limitation is the 
requirement for isotopically labeled receptors or ligands. 
However, as a result of recent advances in molecular bi
ology, receptor proteins can be produced in large quantities 
and readily labeled by growing the organism that produces 
the protein on an isotopically labeled medium. Isotopically 
labeled ligands may be biosynthetically produced in a 
similar manner or chemically synthesized. In the best case, 
both labeled ligands and receptors would be available for 
NMR studies. The ideal protocol would involve an initial 
study of labeled ligands bound to their receptors to de
termine the bound conformation of the ligand and to 
identify those portions of the ligand that interact with the 
receptor. This information could be rapidly obtained (1-2 
weeks) using isotope-edited 2D or heteronuclear 3D NMR 
methods and could quickly provide a start for the design 
of new analogues. The next phase would involve the 
complete three-dimensional structure determination of the 
drug/receptor complex using isotopically labeled receptor 
proteins and multidimensional NMR methods. Although 
these studies would require more time to complete (6-12 
months), these studies are necessary for determining the 
manner in which the ligand is binding to the active site 
and identifying those functional groups of the ligand im
portant for binding to the target site. Once an initial 
structure is determined, additional three-dimensional 
structures of the same receptor with different inhibitors 
could be rapidly obtained, facilitating the design of new 
analogues in an interactive manner. 

The key to whether or not the structural information 
determined by NMR will be of value in drug design greatly 
depends on the speed and accuracy in which the infor
mation can be obtained. The accuracy of the structures, 
important for designing analogues with precisely the cor
rect geometry for tight binding to the receptor, could be 
improved by obtaining more constraints, including addi
tional distance constraints from 4D NOE experiments6*"66 

and dihedral angle constraints from three-bond 1H-1H, 
1H-15N, and 1H-13C J couplings measured from E.COSY-
type spectra.67""72 Further improvements could be achieved 
by obtaining more accurate distance constraints by using 
an approach involving a full relaxation-rate matrix treat-
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ment73"77 of the NOE data or by taking into account mo
lecular motion in the data analysis. 

Three-dimensional structures could be obtained more 
rapidly by reducing the time required for assigning the 
NMR signals through new heteronuclear multidimensional 
NMR experiments62 and by the development of software 
tools for the automated assignment of the NMR data.78,79 
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Further decreases in the time required for determining 3D 
structures from NMR could be achieved using computer 
programs which (1) automatically pick and integrate NOE 
crosspeaks from multidimensional NOE spectra, (2) con
vert the NOE data into 1H-1H distance constraints (if not 
using the NOE data directly), (3) extract J couplings and 
analyze them in terms of dihedral angles, and (4) rapidly 
refine structures on the basis of the experimentally derived 
constraints. These new developments in NMR should play 
an important role in improving the utility of NMR as a 
tool in drug research. 
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