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Proteins and other biomacromolecules express their 
unique functions by interacting with other proteins 
or ligands such as peptides, nucleic acids, and polysac- 
charides. An understanding of the specificity of bio- 
molecular interactions, and ultimately the design of 
specific inhibitors, requires a detailed characterization 
of the dynamic structures of proteins, ligands, and 
their complexes. Many natural ligands or functional 
peptides form specific, but rapidly associating and 
dissociating complexes with large biomolecules such 
as proteins, enzymes, antibodies, and cell receptors. 
The equilibrium binding constants and the exchange 
rates can be determined through studies of the changes 
in the NMR frequencies and the relaxation times of 
the ligand or the protein nuclei during complex 
f~rmation.l-~ Information about the structures of 
protein-ligand complexes can be obtained from bind- 
ing-induced NMR relaxation enhancements including 
transferred nuclear Overhauser effects (NOES).~-~ 

Transferred NOE experiments have been used to 
determine the conformations of ligands in the protein- 
bound state by focusing on the easily detected NMR 
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signals of the free ligands.8-11 During these experi- 
ments, geometric information about the bound ligands 
is transferred to the free ligands by the ligand as- 
sociation with, and dissociation from, the binding 
protein. In combination with two-dimensional NMR 
spectroscopy, transferred NOE experiments have be- 
come particularly useful for deriving ligand conforma- 
tions bound to protein targets that are too large ('40 
kDa) to  be studied directly by NMR. Recent applica- 
tions in this area include proteolytic enzymes and 
proenzymes such as thrombin or prothrombin (40- 
75 kDa),12-15 the Fab fragments of natural antibodies 
(50 kDa),16 protein assemblies such as the Escherichia 
coli ribonucleotide reductase (171 kDa),17 the molecu- 
lar chaperone GroEL (840 kDa),18J9 and even the 
intact photon receptor rhodopsin situated on a mem- 
brane surface.20 Precise structural information about 
the bound ligands can be obtained from approximate- 
distances derived from transferred NOES between 
ligand protons distant in the sequential chemical 
structure.12,13,16,20-26 Knowledge of the structures of 
protein-bound ligands may aid in the design of small 
and novel molecules that are of therapeutic value as 
drugs. 
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Transferred NOE experiments have also been ap- 
plied to explore the interactions of peptides with 
membrane vesicles along with the study of protein- 
ligand interactions, as documented in recent re- 
v i e w ~ . ~ - ~ ~ ? ~ ~  The importance of transferred NOEs has 
prompted a detailed review and analysis of both the 
theory and the associated experimental implementa- 
tions.28 Methods have been developed and are now 
available for the quantitative analysis of transferred 
NOEs in order to enhance the information content of 
this technique. In this Account, we will focus on the 
applications of these recent developments for the 
determination of the dynamic structures of peptide 
ligands in complexes with large protein targets. 

Binding-Induced Relaxation Enhancements 
and Differential Line Broadening Effects 

In protein-ligand interactions, we usually deal with 
three species: the ligand, L, the protein, P, and the 
reversible molecular complex, LP (Figure 1). The 
binding equilibrium is characterized by a thermody- 
namic dissociation constant, Kd = k o d k o n ,  where kon  
and k , ~  are the specific rate constants for the ligands 
to associate with the free protein and to dissociate 
from the protein-ligand complex, respectively. The 
most obvious evidence for protein-ligand interactions 
is the binding-induced line broadening in the NMR 
spectra of the free ligands (Figure 2). Upon complex 
formation, a ligand nucleus often experiences a dif- 
ferent magnetic environment depending on the loca- 
tion of this nucleus in relation to  other nuclei in the 
bound ligand and in the bound protein. The environ- 
mental differences are reflected as differences in both 
the NMR transverse relaxation times and the fre- 
quency separation for different ligand nuclei, thereby 
causing the observed differential line broadening 

Ni and Scheraga 

(7) Albrand, J. P.; Birdsall, B.; Feeney, J.; Roberts, G. C. K; Burgen, 

(8) Rosevear, P. R.; Mildvan, A. S. Methods Enzymol. 1989,117,333- 
A. S. V. Int. J. Biol. Macromol. 1979,1, 37-41. 

275 -. -. 
(9) Anglister, J.; Naider, F. Methods Enzymol. 1991, 203, 228-241. 
(10) Campbell, A. P.; Sykes, B. D. Annu. Rev. Biophys. Bwmol. Struct. 

(ll)Anglister, J.; Scherf, T.; Zilber, B.; Levy, R.; Zvi, A,; Hiller, R.; 
Felgelson, D. FASEB J .  1993, 7, 1154-1162. 

(12) Ni, F.; Konishi, Y.; Scheraga, H. A. Biochemistry 1990,29,4479- 
4489. 

(13) Ni, F.; Gibson, K. D.; Scheraga, H. A. In Thrombin: Structure 
and Function; Berliner, L. J.,  Ed.; Plenum Press: New York, 1992; pp 

(14) Ni, F.; Ripoll, D. R.; Martin, P. D.; Edwards, B. F. P. Biochemistry 

(15) Ni, F.; Ning, Q.; Jackson, C. M.; Fenton, J. W., 11. J. Biol. Chem. 

(16) Scherf, T.; Hiller, R.; Naider, F.; Levitt, M.; Anglister, J .  

(17) Bushweller, J. H.; Bartlett, P. A. Biochemistry 1991,30, 8145- 

(18) Landry, S. J.; Gierasch, L. M. Biochemistry 1991,30,7359-7362. 
(19) Landry, S. J.; Jordan, R.; Gierasch, L. M. Nature 1993,355,455- 

1993,22, 99-122. 

63-85. 

1992,31, 11551-11557. 

1993,268, 16899-16902. 

Biochemistry 1992,31, 6884-6897. 

8151. 

457. .. 
(20) Dratz, E. A,; Furstenau, J .  E.; Lambert, C. G.; Thireault, D. L.; 

b r i c k ,  H.; Schepers, T.; Pakhlevaniants, S.; H a m ,  H. E. Nature 1993, 
363, 276-281. 

(21) Campbell, A. P.; Sykes, B. D. J. Mol. Biol. 1991, 222, 405-421. 
(22) Ripoll, D. R.; Ni, F. Biopolymers 1992,32, 359-365. 
( 2 3 ? C ~ p b e l l ,  A. P.; Van Eyk, J. E.; Hodges, R. S.; Sykes, B. D. 

Biochim. Bzophys. Acta 1992, 1160, 35-54. 
(24) Sukumar, M.; Higashijima, T. J .  Biol. Chem. 1992,267,21421- 

21424. 
(25) Plesniak, L. A.; Boegeman, S. C.; Segelke, B. W.; Dennis, E. A. 

Biochemistry 1993,32, 5009-5016. 
(26) Lippens, G.; Hallenga, K; Van Belle, D.; Wodak, S. J.; Nirmala, 

N. R.: Hill, P.; Russell, K C.: Smith, D. D.; Hrubv. V. J. Biochemistry 
1993,32, 9423-9434. 

(27) Sykes, B. D. Curr. Opin. Biotechnol. 1993,4, 392-396. 
(28) Ni, F. Prog. NMR Spectrosc., in press. 

Free 

A B  

b’ kolc Bound ’ 

k on 
Figure 1. Schematic illustration of a protein-ligand complex 
(LP) in dynamic exchange with a large excess of the free ligand 
(L). Protons A and B exchange magnetization in the bound 
ligand, but measurements are made in the free state with 
magnetization transfers achieved through combinations of 
chemical exchange and cross-relaxation mechanisms. The 
unbound protein molecules (P) are not shown here since the 
protein is saturated by a large excess of the ligand ([LldPIo > 
10) with a reasonable binding affinity (& = 10-3-10-6 M) for 
the protein-ligand complex.13 
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Figure 2. Line-broadening effects on ligand resonances induced 
by protein binding. The resonance frequencies of the free and 
the bound ligand nuclei are -50 and 50 Hz with line widths of 
5 and 20 Hz, respectively, in the absence of exchange ( k , ~  = 0). 
Line shapes were calculated for a singlet resonance with a 
ligand concentration of 5 mM, a protein concentration of 0.5 mM, 
and a & value of 0.01 “I. Because the ligand is present in 
large excess, the obsenred resonances are dominated by the 
sharper signal from the free ligand. The sharper resonance is 
progressively broadened with increased values of the k,ff (s-1) 
exchange rate (indicated by the numbers) until the exchange 
rate is much larger than the frequency separation dWb (eq 1). 

effects on ligand  resonance^.^^^ Differential resonance 
broadening has been used in various interacting 
systems to identify the contact sites on the ligands 
that are interacting with the protein.28 If necessary, 
contact residues can also be established through a 
study of the change of the selective longitudinal 
relaxation times (2’1) of the ligand protons in the 
absence and presence of the binding protein.29 

In general, the resonance line shapes can be very 
complicated depending on the exchange kinetics and 
the concentrations of the exchanging species.28 When 
a large excess of the free ligand is present, or if the 
fraction of free ligand (af) is -1, the resonance of each 
ligand nucleus is predominately a single signal (for 
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Figure 3. Selective peptide line broadening (relaxation en- 
hancements) induced by protein binding (see Figure 2). Shown 
here is the amide proton NMR spectrum of a linear peptide 
derived from a platelet receptor that is activated by thrombin.14 
(A) Spectrum of the free peptide at a concentration of 5 mM. 
(B) The same spectrum in the presence of 0.4 mM thrombin. 
The minor resonances (*) are the result of the cis-trans 
isomerization of Pro(40). 

an uncoupled nucleus) with a line width A given by30 

where T2,f and T2,b are the NMR transverse relaxation 
times of the nuclei in the free and bound states, 
respectively, a b  is the fraction of bound ligand, and 
dud2n is the frequency separation between the reso- 
nances of the free and bound nuclei. Figure 2 and eq 
1 indicate that exchange line broadening is mediated 
by the value of K,R, by the difference between the 
frequency shift between the free and bound ligands, 
and by the increased NMR relaxation (smaller T2,b) 
for the bound ligand in the usually large protein- 
ligand complex. In particular, eq 1 implies that more 
pronounced line broadening would be introduced by 
a larger difference between the resonance frequencies 
of the free and bound ligands regardless of the 
exchange kinetics. 

Figure 3 shows the NH region of the proton NMR 
spectrum of a platelet-receptor peptide in the absence 
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(Figure 3A) and in the presence (Figure 3B) of bovine 
a4hr0mbin.l~ It is seen that some peaks are more 
affected by thrombin binding than others. The NH 
peaks of Leu(38) and Arg(41) are significantly broad- 
ened while the broadening of the NH peak of Thr(37) 
is less severe (Figure 3B). On the other hand, 
thrombin has minimal effects on the the NH peaks of 
Glu(30) [and/or Lys(3211, Ser(311, Ala(33), Thr(34), and 
Asn(35). In correlation with NH line broadening, 
there is also broadening of the side-chain proton 
resonances of Leu(38), Asp(39), Pro(40), and Arg(41).14 
Therefore, residues Glu(30) to  Thr(37) of the peptide 
may be more mobile than residues Leu(38) to  Arg(41) 
in the thrombin-peptide complex. The differential 
mobilities of the residues in the bound peptide were 
confirmed by following the buildup of the resolved 
transferred NOEs between adjacent residues.14 While 
the magnitudes of the sequential NOEs for residues 
Glu(30) to Thr(37) continued to increase up to an NOE 
mixing time of 500 ms, there were already significant 
decays at 350 ms for the corresponding NOEs between 
residues Leu(38) and Asp(39) and between Pro(40) and 
Arg(41). This kind of NOE decay indicates an in- 
creased extent of spin diffusion as a result of restricted 
mobilities of residues Leu-Asp-Pro-hg upon binding 
to thrombin. 

Similar NMR binding studies were carried out for 
the interaction of thrombin with peptides derived from 
the Aa  chain of human fibrinogen and from a leech- 
derived anticoagulant protein, hirudin.12s31 For hu- 
man fibrinopeptide A (FpA), in particular, it was found 
that up to  10 residues (7-16 of the fibrinogen Aa 
chain) are required for thrombin binding in contrast 
to only four residues from the platelet-receptor pep- 
tide. Within these 10 residues, there is a mutation of 
Gly(12) to  Val(12) associated with a bleeding disorder 
in human fibrinogen R ~ u e n . ~ ~  We designed analogs 
of normal FpA and FpA Rouen that included a Pro- 
(15) residue to replace the natural Val(15) at this 
position to resolve resonance overlaps between Gly- 
(13) and Gly(14) in natural FpA  peptide^.^^-^^ Inter- 
estingly, there is essentially no broadening of the 
proton resonances of P15-FpA compared to significant 
broadening effects on the resonances of P15-FpA 
Rouen induced by thrombin binding.34 Either peptide 
P15-FpA does not show significant binding to throm- 
bin or the bound peptide does not dissociate from the 
complex fast enough to effect line broadening of the 
resonances of the free peptide. However, line-broad- 
ening effects start to appear with increasing sample 
temperatures from 25 to  35 "C (corresponding to 
increased k,~), suggesting that the thrombin-peptide 
complex exhibits a slow binding behavior on the time 
scale of the chemical shift separation (Figure 2). The 
peptide P15-FpA Rouen, on the other hand, must have 
a larger k , ~  compared to P15-FpA based on the 
increased line-broadening effect with similar concen- 
trations of thrombin and peptides.34 
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Transferred NOEs 

Transferred NOEs were first reported during early 
biochemical applications of NMR spectroscopy in 
systems involving the interaction of peptide hormones 
with neurophysin II.5,6 The transferred NOE experi- 
ment, in particular intraligand transferred NOES,~ has 
since found wide applications for the determination 
of substrate and inhibitor conformations bound to 
p r o t e i n ~ . ~ - l l , ~ ~  In some cases, this technique is the 
only applicable method since the protein-ligand com- 
plexes are too large to  be studied directly by NMR 
s p e c t r o s ~ o p y . ~ ~ - ~ ~ , ~ ~ - ~ ~  If the proton resonances on the 
ligand are well-resolved, selective irradiation methods 
can be employed in 1D NMR experiments to  observe 
NOEs between selected proton pairs.8,35-37 For larger 
ligands such as peptides, there are often increased 
degrees of spectral overlap where selective NOE 
experiments become difficult. In such cases, two- 
dimensional phase-sensitive NOE (2D NOESY) tech- 
niques are the optimal methods so that transferred 
NOEs between all the protons in the ligands can be 
obtained in a single e ~ p e r i m e n t . ~ l - ~ ~ B ~ - ~ ~  

Transferred NOEs are usually observed between 
protons on small ligands in the presence of less than 
stoichiometric amounts of a large binding protein. In 
the bound state, the range of conformations accessible 
to the ligand is restricted by the geometry of the 
binding site on the protein. Information about the 
spatial proximity between the ligand protons in the 
bound state is transferred to the free ligands whose 
proton resonance signals are monitored and studied 
(Figure 1 and 2). The observable NOEs involving the 
free ligand include (1) the exchange connectivities 
between the free (Af or Bf) and the bound resonances 
(Ab or Bb),  (2) the exchange-relayed NOE (to Ad 
between a bound ligand proton Ab and another bound 
ligand proton B b  or some nearby protein proton(s) 
(intermolecular transferred NOEs), (3) the exchange- 
transferred NOE (to Af and Bf) between the bound 
ligand protons Ab and B b  (intraligand transferred 
NOEs), and (4) the exchange-transferred NOE be- 
tween Ab and Bb relayed by some protein proton(s) 
(protein spin diffusion). Intermolecular NOEs carry 
information about the contact sites between the 
protein and the ligand upon complex formation5j6 
whereas the intraligand transferred NOEs can be used 
to derive the bound conformations of ligands interact- 
ing with the p r ~ t e i n . ~  ' Finally, the exchange cross 
peaks can be used to  determine the exchange kinetics 
(ken and k 0 ~ ) 4 3  of the protein-ligand complexes. 

Intensities Q for a given mixing time tm in a 2D 
NOE spectrum of protein-ligand complexes are de- 

(35) Clore, G. M.; Gronenborn, A. M. J. Magn. Reson. 1982,48,402- 

(36) Clore, G. M.; Gronenborn, A. M. J. M u m .  Reson. 1983,53,423- 
417. 

Ni and Scheraga 

termined by the following equations: 

- 
442. 

1985, 63, 365-375. 

Biol. 1986, 190, 259-267. 

1987,25, 1025-1034. 

Acad. Sci. U S A .  1988,85,6721-6725. 

3365. 

(37) Andersen, N. H.; Nguyen, K. T.; Eaton, H. L. J .  Mugn. Reson. 

(38) Clore, G. M.; Gronenbom, A. M.; Carlson, G.; Meyer, E. F. J. Mol. 

(39) Andersen, N. H.; Eaton, H. L.; Nguyen, K. T. Magn. Reson. Chem. 

(40) Behling, R. W.; Yamane, T.; Navon, G.; Jelinski, L. W. Proc. Nutl. 

(41) Anglister, J.; Levy, R.; Scherf, T. Biochemistry 1989,28, 3360- 

(42) Scherf, T.; Anglister, J. Biophys. J. 1993, 64, 754-761. 
(43) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem. 

Phys. 1979, 71,4546-4553. 

rR,fO 0 0 1 
0 R,b RL2 0 
0 RE,b R,b 0 

10 0 0 R,'] 

1 

0 -koffl qEkoffl 1 

where R L ~ ,  R L ~ ,  RE', and  RE^ describe the proton- 
proton relaxation pathways in the ligand and the 
protein molecules in the free and bound states and 
R E L ~  and R L E ~  are the cross-relaxation matrices be- 
tween the ligand and protein protons in the protein- 
ligand complex.44 The exchange matrix K represents 
the microscopic kinetics of the two-component, three- 
species equilibrium system (Figure l), with q L  being 
the ratio of the equilibrium concentrations of the 
ligand in the bound and the free states and q E  that 
for the protein. The diagonal matrix Mo is the 
population of equivalent protons for each component 
of magnetization. The free protein has been combined 
with the protein-ligand complex since the protein is 
saturated by the large excess of ligands used in most 
practical applications. "he submatrix QR in eq 2c 
contains NOEs (including transferred NOES) between 
the resonances of the free ligands while Qbf  ( Q d  and 
Q E ~  (Qm) represent exchange-relayed NOEs from the 
free ligand to the protein-ligand complex. The NOEs 
QEE, QbE (QEb), and Q b b  are usually not resolvable due 
to the very low concentration and the high complexity 
of the large protein-ligand complex. 

Figure 4 illustrates the relative magnitudes of 
various types of NOEs in protein-ligand complexes 
with a large excess of the ligand molecules. The direct 
NOEs between the bound ligand protons (bb) are 
effectively 0 throughout the mixing period after an 
initial buildup of very weak NOE intensities. In 
contrast, NOEs between the free ligand protons (ff, 
should be more easily observable because of their large 
magnitude (Figure 4) and also because of the relatively 
sharp resonance lines of the free ligands (Figures 2 
and 3). Figure 4 also shows that intermolecular 
transferred NOEs (fE) have magnitudes only slightly 
smaller than the largest intraligand transferred NOEs 
(m. However, experimental observations of these 
intermolecular transferred NOEs are usually more 
difficult because of the low concentrations of the 
protein and the faster decays of the NMR resonances 
of large protein-ligand complexes. Thus, intermo- 
lecular transferred NOEs between the ligand and the 
binding protein can be observed only with a higher 
concentration (1-3 mM) of the binding protein and 

(44) Ni, F.; Zhu, Y. J. Mugn. Reson. 1994, B102, 180-184. 
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Figure 4. Magnitudes of transferred NOES in comparison with 
direct NOES in the rotein-ligand complex for a pair of protons 
separated by 2.7 H. NOES were calculated with a ligand 
concentration of 5 mM, a protein concentration of 0.5 mM, and 
a Kd value of 0.01 mM. The protein-ligand complex was 
assumed to tumble slowly in solution with a correlation time of 
20 ns. The tumbling correlation time of the peptide was set to 
0.356 ns, which coincides with null NOES with a spectrometer 
frequency of 500 MHz. The k , ~  rate of chemical exchange was 
set to 100 s-1. The NOE calculation was carried out with a 
relaxation matrix analysis of transferred NOES incorporating 
the rates of chemical exchange and the geometry of the ligand 
binding site in the protein-ligand E intraligand 
transferred NOE. fE: intermolecular transferred NOE. fb: 
exchange-relayed NOE. bb: direct NOE between the bound pair 
of ligand protons. 

with a larger fraction of bound l i g a n d ~ . ~ J l t ~ ~  Thus, the 
easily observable intraligand transferred NOEs (ff? 
have been used widely to study the conformations of 
ligands bound to proteins, as documented in recent 

In favorable cases, intermolecular 
transferred NOEs have been used to dock bound 
ligands to  combining sites that are constructed by 
model building based on homologous protein struc- 
t ~ r e s . ~ J ~ J ~ , ~ ~  More recently, intermolecular trans- 
ferred NOEs are being used to study protein hydration 
and to locate specifically bound water molecules in 
protein  structure^.^^^^^ 

In practice, the ligand molecules must dissociate 
from the protein-ligand complexes fast enough to  
effect the efficient transfer of NOE information from 
the bound to the free state. Consequently, in a 1D 
transferred NOE experiment employing selective satu- 
ration, the ligand KO, or k0ff rates should be larger than 
the cross-relaxation rates of the ligand protons in both 
the free and bound  state^.^^,^^ In two-dimensional 
NOESY experiments, sizable transferred NOEs can 
be observed as long as the ligand molecules can 
associate with the binding protein and dissociate from 
the complex at least a few times during the NOE 
mixing time.48,49 When the ligand off rate is small 
relative to the inverse of the NOE mixing time (5-10 
s-l or tm = 100-200 ms), it becomes necessary to 
increase the exchange rates through changes of the 
pH, salt concentration, or the sample t e m p e r a t ~ r e ~ ? ~ ~  
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at which the transferred NOE experiments are carried 
out. Minor modifications of the ligand may also 
decrease its binding affinity and enhance its off rate. 
For example, conversion of the C-terminal carboxyl 
group of a peptide ligand into an amide decreased the 
association constant of the peptide to  an antibody by 
2 orders of magnitude while increasing its off rate 
similarly and allowing transferred NOE spectra to  be 
obtained with excellent signal-to-noise Con- 
versely, amino acid substitutions in peptide ligands 
may also increase the binding affinities of weak- 
binding ligands, thus allowing the observation of 
transferred NOEs relevant to  specific interactions in 
protein-ligand complexes.34 These strategies may be 
used to extend the applicability of transferred NOES 
to  the study of protein-ligand complexes involving 
slow ligand off rates. 

The detection of transferred NOES can be compli- 
cated if the free ligands themselves show some kind 
of NOE cross peaks especially with a large excess of 
the free ligands.40,51*52 With the normal NOESY 
technique, positive NOEs are expected for small ligand 
molecules while negative NOEs can be seen for larger 
peptide ligands.28 Thus, NOE contributions from the 
free ligands can be minimized through a choice of the 
appropriate sizes of the ligand molecules so that the 
corresponding tumbling correlation times approach 
the NOE null with a particular spectrometer fre- 
quency. An increase in the sample temperature can 
also speed up the tumbling motion of larger ligands, 
thus decreasing the contribution of free-ligand NOEs 
to the observed NOE intensities. the analysis of 
transferred NOEs may therefore be simplified consid- 
erably since the cross peaks in NOESY spectra are 
now dominated by NOEs arising from the bound 
ligand. Otherwise, control experiments may be neces- 
sary to assess the effects of both viscosity changes and 
nonspecific binding, and to obtain and incorporate the 
relaxation properties of both the free and bound 
ligands in the quantitative interpretation of trans- 
ferred NOEs.13?21,31,34,40 These experiments may in- 
volve NOE and binding measurements with denatured 
proteins53 or with proteins modified by a tight- or 
covalent-binding ligand.13,25,40 Effects of weak non- 
specific binding can be reduced by decreasing the 
concentrations of both the ligand and the protein while 
keeping a fixed ratio of the protein and ligand con- 
cent ra t ion~.~~ 

Bound Structures of Ligands by Transferred 
NOEs 

The applications of transferred NOEs for structure 
determination usually rely on the assumption of the 
fast exchange conditions.1° In such cases, the observed 
intraligand NOEs may be interpreted by the isolated 
spin-pairhnitial-slope approximation to yield distances 
between bound ligand protons.35,36,51,55 However, slower 
exchange and spin-diffusion effects often result in a 
compression of the apparent distances derived from 
transferred-NOE experiments (Figure 5) .  In particu- 

(51) Campbell, A. P.; Sykes, B. D. J. Mugn. Reson. 1991,93, 77-92. 
(52) London, R. E.; Perlman, M. E.; Davis, D. G. J. Magn. Reson. 1992, 

(53) Glasel, J .  A. J. Mol. Biol. 1989, 209, 747-761. 
(54) Murali, N.; Jarori, G. K.; Landy, S. B.; b o ,  B. D. N. Biochemistry 

(55) Landy, S.  B.; Rao, B. D. N. J. Mugn. Reson. 1989,81,371-377. 

97, 79-98. 

1993,32, 12941-12948. 
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Figure 6. Effeds of the exchange off rates on the determination 
of interproton distances in bound ligands for a complex between 
thrombin and fibrinopeptide A. The apparent distances were 
estimated from normalized NOE intensities with a reference 
distance of 1.79 A for a geminal proton air as in Gly. The 
actual distances were (a) 2.29 A, (b) 2.73 1, (c) 2.79 A, (d) 3.09 
A, (e) 3.19 A, and (0 3.87 A. (A) NOE intensities were computed 
in the absence of thrombin protons. (B) NOE intensities were 
computed with the thrombin protons included. An NOE mixing 
time of 0.2 s was used in all simulations. Small off rates and 
protein spin diffusion would lead to overly compact ligand 
structures as a result of shortened apparent distances.@ 

Off Rote (koff) (l/s) 

lar, relatively distant ligand protons may appear to 
be close to  each other (Figure 5B) because there can 
be transferred NOEs of sizable intensities if spin 
diffusion occurs through some unknown protein pro- 
tons.& In these situations, transferred NOES can be 
interpreted only conservatively, with, for example, an 
upper bound of <4 A assigned for all the ligand 
protons exhibiting transferred NOEs (FIgure 5) ,  lead- 
ing to a severe loss of information obtainable from 
transferred NOE experiments. 

Relaxation matrix analysis of transferred NOEs can 
be used to recover the loss of information by incorpo- 
rating the kon and koff exchange rates, and the selective 
longitudinal relaxation times for resolved ligand 
resonances.14~34~54~56-59 The goal is to find, iteratively, 
refined distances and structure models such that the 
computed transferred NOEs match experimental data 
to within the noise level. The exchange rates and the 
relaxation times can be determined as part of the 

(56) Bevilacqua, V. L.; Thomson, D. S.; Prestegard, J. H. Biochemistry 

(57) Bevilacqua, V. L.; Kim, Y.; Prestegard, J. H. Biochemistry 1992, 
1990,29, 5529-5537. 

31, 9339-9349.- 
- 

(58) Landy, S. B.; Ray B. D.; Plateau, P.; Lipkowitz, K. B.; Nageswara 

(59! Ning, Q.; Ripoll, D. R.; Szewczuk, Z.; Konishi, Y.; Ni, F. Biopoly- 
Rao, B. D. Eur. J. Bwchem. 1992,205, 59-69. 

mers, 1n press. 
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Figure 6. Comparison of the experimental and the predicted 
transferred NOES involving the backbone NH and the side-chain 
protons of the peptide P15-FpA Rouen. (A) Experimental 
transferred NOES with an NOE mixing time of 0.2 s. (B) 
Computed transferred NOES using a structure model of P15- 
FpA Rouen constructed from a model of FpA R0uen.~2 No 
thrombin residues were included in the NOE calculations at this 
stage since the initial model of the peptide could not be docked 
into the active site of thrombin without refinement. (C) 
Computed transferred NOEs based on a refined (Figure 7B) or 
a docked (not shown) model of P15-FpA Rouen including some 
thrombin residues. Asterisks (*) in spectrum A label those NOE 
cross peaks whose intensities come partially from the free 
peptide. These NOE intensities from the free peptide were 
subtracted from spectrum A during spectral comparison. The 
arrows in A indicate the NOEs missing in the computed 
spectrum B. The boxed peaks in B, on the other hand, represent 
the NOES predicted by the starting model, but not observed 
experimentally A.34 

fitting process or obtained independently by magne- 
tization transfer or from quantitative measurements 
of binding-induced relaxation exhancements.28 The 
NOE distances are processed by distance geometry 
and then subjected to energy minimizationl3vZ2 or 
restrained molecular  dynamic^^^,^^ for structural re- 
finement. Additional NOES identified on the basis of 
the resulting model are then included in the iterative 
procedure until agreement is achieved between the 
predicted and observed transferred NOEs.14*34154*56-59 

The structures of thrombin-FpA complexes in solu- 
tion have been investigated by use of NMR relaxation 
enhancements and transferred NOE spectro~copy.~~-~~ 
The identification of a few side-chain to side-chain 
NOEs was enough to  establish the existence of a 
hydrophobic cluster formed by the nonpolar side 
chains of the highly conserved residues Phe(8), Leu- 
(9), and Val(15) that interact with t h r ~ m b i n . l ~ , ~ l  
Distance estimates were derived from transferred 
NOES using the initial slope or isolated spin pair 
appr~ximat ion .~~,~~ Conservative distance ranges were 
chosen to  ensure that distance assignments were not 
affected by differences in local correlation times, by 
residual NOEs from the free ligand, and/or by protein- 
mediated indirect effects. Furthermore, the proton 
resonances of natural FpA analogs were found to be 
partially overlapped especially for residues Gly(13) 
and Gly(141, resulting in degeneracies even among the 
small number of distance  constraint^.^^*^^ Despite 
this, the available transferred NOE distances allowed 
the structure of the helical portion of FpA to be 
determined with an accuracy approaching those in the 
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Figure 7. Representative distance geometry structures of the fibrinopeptide analogs P15-FpA (A) and P15-FpA Rouen (B). The 
superposition between each converged structure was carried out using all the backbone atoms of the peptides. No prochiral 
assignments were assumed during the distance geometry calculations. All the converged structures predicted the experimentally 
observed (or absent) transferred NOEs (Figure 6). No thrombin residues were considered at  this stage of structure refinement. The 
orientation of the Arg(16) side chain could be defined further by an explicit consideration of the geometry of the thrombin active site 
in distance geometry  calculation^.^^^^^ 

crystal structures of thrombin-FpA complexes avail- 
able after NMR studies.13 

In our recent work, designed FpA analogs with a 
Pro( 15) replacing Val( 15) in natural FpAs allowed the 
identification of more resolved NOEs, resulting in 
better defined distance constraints involving residues 
Gly(13), Gly(14), and Pro(l5). The bound structures 
of P15-FpA and P15-FpA Rouen were determined 
iteratively incorporating transferred NOE information 
identified with the analog peptides. Initial models of 
the peptides were constructed by replacing residue 
Val(15) with Pro(l5), starting from the bound struc- 
tures of FpA analogs proposed p r e v i o u ~ l y . ~ ~ ~ ~ ~  For 
example, the initial structure of P15-FpA Rouen 
showed reasonable agreement with experimental data, 
but the side chain of Arg(l6) had a wrong orientation 
since there were predicted NOEs between the cNH 
proton and the PCHz protons of Arg(l6) (Figure 6B) 
that were not observed in the experimental spectra 
(Figure 6A). The distance constraints and the initial 

structures were subsequently refined so that the 
recomputed transferred NOE spectra were free from 
the aforementioned artifacts while the valid NOE 
cross peaks were preserved. After a few refinement 
cycles, the transferred NOE distances constrained 
residues Asp(7) to Pro(l5) of P15-FpA Rouen to almost 
unique conformations with root mean square devia- 
tions of less than 0.4 A for the Ca atoms among the 
various converged structures. Residue Arg(l6), on the 
other hand, demonstrated greater flexibility (Figure 
7) because of the absence of NOE contacts between 
its side-chain protons and the rest of the p e ~ t i d e . ~ ~ . ~ ~  
The conformation of Arg(l6) may be defined further 
by incorporation of the available structural informa- 
tion for the active site of thrombin during distance 
geometry calculations. For example, with some ad- 
justments of the Arg(l6) side chain, P15-FpA Rouen 
docked successfully with the structures of the peptide 
in the complex reproducing the observed transferred 
NOEs (Figure 6 0 .  
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To define the bound ligand structures, the usual 
focus is to  achieve a good fitting of the observed 
transferred NOE intensities through relaxation matrix 

However, it is not clear to what extent 
the fitted structures reproduce the entire experimental 
data, including the absence of transferred NOEs 
between specific proton pairs. “Absent NOE” distance 
constraints can limit the conformational freedom of 
protein or ligand molecules, especially when used in 
combination with distance constraints derived from 
NOE i n t e n ~ i t i e s . ~ ~ , ~ O - ~ ~  However, absent NOEs may 
also be a result of local mobility, bleaching of ligand 
resonances from solvent saturation transfer, or spec- 
tral artifacts such as base-plane distortions. If the 
NOE spectra are acquired free from experimental 
artifacts, absent NOEs and associated lower bounds 
can be identified by a comparison of experimental and 
simulated transferred NOE intensities (Figure 6). The 
issue of local mobility can be circumvented by focusing 
on those protons that participate in many other NOE 
interactions in a series of experimental NOE spectra 
with different mixing times. A limited number of 
conservative distance lower bounds (now = 3-4 A) 
were included in the initial stages of structure calcula- 
tions for fibrinopeptides to eliminate many false NOEs 
predicted by the model structures (Figure 6B). The 
validity of some essential “absent NOE” distance 
constraints can be confirmed by independent data, e.g., 
through a comparison of transferred NOEs acquired 
with both the NOESY and ROESY techniques.26 

(60)De Vlieg, J.; Boelens, R.; Scheek, R. M.; Kaptein, R.; van 

(61) Fesik, S. W.; Bolis, G.; Sham, H. L.; Olejniczak, E. T. Biochemistry 

(62) Briischweiler, R.; Blackledge, M.; Emst, R. R. J. Biomol. NMR 

Gunsteren, W. F. Isr. J. Chem. 1986,21, 181-188. 

1987,26, 1851-1859. 

1991, 1, 3-11. 
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Concluding Remarks 

The successful applications of transferred NOE 
experiments clearly indicate that this method has 
become one of the tools for investigating the structure 
of bound ligands in large protein-ligand complexes. 
Future research calls for more accurate determina- 
tions of the structures of protein-ligand complexes 
based on distance constraints that can be deduced 
from transferred NOE studies. For iterative structure 
refinement, it is important to incorporate the motional 
properties of the bound ligand either from experimen- 
tal NMR measurements or from molecular dynamics 
simulations of the model complex. A fruitful field for 
application of the transferred NOE technique concerns 
the studies of peptide hormones or other ligands when 
complexed with membrane-bound protein receptors.20 
Since, in most current applications, the protein recep- 
tors are not available in pure form, it would be 
worthwhile to attempt to extend the transferred NOE 
technique to  the study of whole cell membranes. 
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