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A theoretical framework has been developed for the evaluation
f inter-ligand Overhauser effects (ILOE), predicted when pairs of
igands are observed in the presence of a macromolecular receptor
hich can form a ternary complex such that some of the protons
n the two ligands are in close proximity with each other (gener-
lly less than ; 5 Å). Simulations for a pair of ligands with three
pins each have been performed for a variety of geometric and rate
arameters. Analogous to previously described calculations of
RNOE behavior, theoretical behavior of each of the nine cross
eaks, Aij, in a NOESY experiment involving ligands which can
xist in the free, binary, or ternary complex states can be calcu-
ated. However, for exchange which is sufficiently rapid on the
elaxation and chemical shift time scales, use of a collapsed ma-
rix, C, corresponding to sums of sets of nine elements, will often
e appropriate and generally simplifies the analysis. In order to
enerate inter-ligand Overhauser effects, it is optimal for the
raction of receptor involved in the ternary complex to be reason-
bly large; i.e., concentrations of both ligands should be near
aturation. Based on a model assuming random binding order of
he ligands, the dependence of ILOE resonance intensities on
inetic rate constants roughly parallels the dependence of trans-
erred NOE (TRNOE) intensities. For diffusion controlled bind-
ng, i.e., kon ; 108 M21 s21, the method is best suited for equilib-
ium dissociation constants in the micromolar–millimolar range
koff ; 102–105 s21). Toward the slower dissociation rate constant
nd of this range, TRNOE and ILOE effects are still predicted, but
he initial build-up curves become markedly nonlinear. For a
inetic binding scheme which assumes ordered binding of the

igands, the inherent asymmetry of the ligand binding process
eads to more complex kinetics and alters the dependence of the
LOE on the kinetic parameters. In this case, the binding of the
econd ligand effectively reduces the exchange rate of the first
igand, reducing the transfer of NOE and ILOE information. The
eduction in TRNOE and ILOE information which is prediced for
he ordered ligand binding model is overcome at larger dissocia-
ion rate constants for either ligand 1 or ligand 2. In addition to the
tructural information available from ILOE data, the strong de-
endence of TRNOE and ILOE curves on ordered ligand binding
uggests that such measurements could be useful for the charac-
erization of ligand binding kinetics.
301
INTRODUCTION

Enzymes catalyze bimolecular reactions by bringing pai
eactants together and creating an environment which f
ates the reaction. When pairs of substrates or substate–
or combinations are complexed in the active site of an
yme, some of the nuclei on the two ligands may
ufficiently close to interact magnetically, leading to a per
ation of the NMR relaxation parameters and to an inter-lig
uclear Overhauser effect. In order to evaluate the trans

his interaction to the pair of free ligands, we have extende
ormalism previously developed to describe the transfe
OE (1) to include two reversibly bound ligands. These
ulations support the existence of such an effect, and pr
nsight into the dependence on kinetic and geometric par
ers. Thus, there can be a transfer of the inter-ligand O
auser effect (ILOE) present in the complex to the pai
ncomplexed ligands, which are able to store the NOE in
ation due to the slower spin–lattice relaxation in the m
ighly mobile, uncomplexed state. This type of effect has m
otential applications including determination of the struc
f active site complexes involved in enzyme catalysis. A

ionally, one may envision extension to the analysis of liga
ot directly related to substrates, and hence to the develop
f enzyme inhibitors. We have recently been able to ve

hese predictions experimentally (2).

THEORY

The time development of the cross peak intensities
OESY experiment can be described by a differential equ
ccording to the relation (3–6)

dA
dt

5 2RA, [1]

hereA represents the matrix of cross peak intensities anR
s the relaxation matrix with diagonal elements
1090-7807/99
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302 ROBERT E. LONDON
Rii 5 O
j

r ij 1 r*i [2]

ith the dipolar contributions to the spin–lattice relaxation
ij given by

r ij 5
g i

2g j
2\ 2

10r ij
6 @ J0~v! 1 3J1~v! 1 6J2~v!# [3]

nd off diagonal elements

Rij 5 s ij 5
g i

2g j
2\ 2

10r ij
6 @6J2~v! 2 J0~v!# [4]

ith the spectral densities defined by

Jn~v! 5
t ij

1 1 ~nv0t ij!
2 . [5]

n the above,t ij is the (isotropic) rotational correlation time f
he internuclear vector between nucleii and j and v0 is the
armor frequency. Cross-correlation terms between inte

ions leading to relaxation are neglected in the above treat
he leakage termr* is generally set equal to 1 s21, and arise
ue to mobile portions of the protein which more effectiv
ouple the magnetization to the lattice (7). In practice, it is
onvenient to calculate the relaxation matrix using a simi
ized interproton distance matrix, as described by Khanet al.
8), with elementsDij 5 r ij . Equation [1] may be formall
olved for a given mixing timetm to yield

A (tm) 5 x z exp~2ltm! z x 21 z A ~0!, [6]

herex is the matrix of eigenvectors for the relaxation ma
, l is the diagonal matrix of eigenvalues (6), andA(0) is the

nitial value matrix, discussed below.
In order to evaluate the conditions under which inter-lig
verhauser effects (ILOEs) can be observed, we have g
lized our previous relaxation matrix treatment describin
ingle, reversibly bound ligand (1) to cover the case of a pa
f ligands which can form either a binary or ternary comp
ith a receptor. For the ILOE calculation, the relaxation ma

s expanded to describe the free ligands L1 and L2, the two
inary complexes, EL1 and EL2, and finally the ternary com
lex, EL1L2, where we have used the symbol “E” for t
eceptor to avoid confusion with the symbol for the relaxa
atrix. We thus obtain an expanded relaxation matrix of

orm:
e

c-
nt.

y

d
er-
a

x
x

n
e

[7]

hereR(L1t1F) is the relaxation matrix calculated as descri
bove by Eqs. [2]–[5] for ligand 1 in the free state, wh
otion corresponds to a rotational correlation timet1F.
(L2t2F) is the corresponding relaxation matrix for ligand 2

he uncomplexed state;R(L1tB) corresponds to ligand 1 in th
inary complex with the receptor, with rotational correlat

ime tB. R(L2tB) is the corresponding relaxation matrix for2
n the binary complex. Finally,R(L1L2t2B) is the relaxation

atrix for the ternary complex. The dimensions of the sub
rices, indicated above, correspond to then spins in ligand 1
nd m spins in ligand 2. Thus, the first and third relaxat
ubmatrices above have dimensionsn 3 n, the second an
ourth have dimensionsm 3 m, and the ternary comple
atrix has dimensionsn 1 m 3 n 1 m. Of course, a
iscussed previously (1), relaxation matrices of the bou
tates can be expanded to include protons on the recep
ell as the ligand nuclei. Variations in the conformations of

igands between free, binary and ternary complexes are
cribed by the appropriate Dij matrix, with dimensions 3(n 1
) 3 3(n 1 m). In the above, we have changed the struc
f this matrix relative to our previous treatment (1) by putting

he terms for the uncomplexed ligands in the upper left h
orner, which simplifies the numbering of the matrix eleme
The kinetic matrix can be calculated based on a partic
odel for the formation of the ternary complex. A gene
escription allowing either binary complex to form initia
nd to be converted into a ternary complex involves e
inetic rate constants:

[8]

onsideration of the ligand equilibria reduces the numbe
ndependent rate constants to 7, e.g.,
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303ANALYSIS OF THE INTER-LIGAND OVERHAUSER EFFECT
k24 5 k4S k1

k21

k22

k2

k23

k3
D. [9]

more specialized model requiring ordered binding of the
igands is considered later. The analysis given below req
etermination of the fractions of enzyme which are unc
lexed, involved in a binary complex with L1 or L2, or in the

ernary complex: pE, pEL1, pEL2, and pEL1L2, respectively
hese can be calculated at equilibrium using a King Altm
nalysis (9) and are given in the Appendix.
The kinetic matrix is then derived from the above kin

cheme (e.g.,10). The diagonal terms correspond to the rate
isappearance of each species, L1, L2, EL1, EL2, and EL1L2,
ith negative coefficients. The binary complexes EL1 and EL2

ill disappear either due to dissociation, or to associatio
he second ligand. We then obtain a kinetic matrix of the fo

[10]

.e., a system of block diagonal matrices (I is the identity matrix
ith dimensionsn3 norm3 m, as indicated) which interconve

ndividual spins between uncomplexed, binary complexed,
ernary complexed states, but lead to no other spin interco
ions. Equation [1] is then generalized to the form:

dA
dt

5 2(R9 1 K)A , [11]

hereR* is the expanded relaxation matrix defined by Eq.
ndK the kinetic matrix given above.
The initial state of theA matrix, A(0), is given by the

iagonal matrix:

[12]
o
es
-

n

f

f
:

d
er-

,

here L1F and L2F are the free ligand concentrations, E, E1,
L2, and EL1L2 are the concentrations of the free receptor,

wo binary complexes and the ternary complex. In the ab
1F 5 L1 2 EL1 2 EL1L2 and L2F 5 L2 2 EL2 2 EL1L2 (see
lso Appendix A). Alternatively, it is convenient to introdu
normalized matrixAN(0) which separately normalizes t

ontributions for the two ligands:

[13]

se of the above normalized matrix,AN(0) leads to diagonalA
atrix terms which decay from 1 to 0, and is also consis
ith linearization of the NOESY build-up curves discuss
elow.
Solution of Eq. [11] according to Eq. [6] leads to an N
atrix of dimensions 3(n 1 m) 3 3(n 1 m), which describe
ll NOE interactions for a system which is in slow exchan
s discussed previously (1), transferred NOE interactions c

n principle be observed under conditions of slow or
xchange on the chemical shift time scale. Considering a s
air of spins—one on each ligand—there are in genera
esonances in the 2D ILOE experiment described her
llustrated in Fig. 1. In practice, resonances arising from
eceptor complexes will be significantly broadened, ma
irect observation difficult. More generally, exchange on
hemical shift time scale will be sufficiently fast so that e
roup of nine resonances indicated by the squares in Fig.
e exchange averaged. Under these conditions, it bec
seful to reduce the dimensionality of the NOESYA matrix by
efining a reduced “C” matrix (1) according to

Cij 5 AiF, jF 1 AiF, jB 1 AiF, jT 1 AiB, jF 1 AiB, jB

1 AiB, jT 1 AiT, jF 1 AiT, jB 1 AiT, jT, [14]

here indicesi andj denote the nuclei and subscripts F, B,
refer to the free ligand, or to the binary or ternary comp

n terms of indices,

Cij 5 Ai , j 1 Ai1n1m, j 1 Ai , j1n1m 1 Ai12~n1m!, j

1 Ai , j12~n1m! 1 Ai1n1m, j1n1m 1 Ai12~n1m!, j1n1m

1 A 1 A . [15]
i1n1m, j12~n1m! i12~n1m!, j12~n1m!
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304 ROBERT E. LONDON
he C matrix has the same dimensionality as a relaxa
atrix consisting of only the two ligands, i.e.,n 1 m 3 n 1
. As in the case of the transferred NOE experiment tre
reviously, the dependence of the componentA matrix ele-
ents corresponding to a givenC matrix element on th
ixing time can vary significantly. However, as the excha

ates become sufficiently high, each of theA matrix compo
ents corresponding to a givenC matrix element exhibits th
ame limiting time dependence, with only differences in s
ng factors among these elements. TheC matrix cross peak
an also be normalized according to

Cij
N 5 Ci j /~Cii 1 Cjj! [16]

sing AN(0) in the calculation. This procedure extends

FIG. 1. Schematic representation of a 2D NOESY experiment f
ystem containing a pair of ligands, L1 and L2, which can form binary o
ernary complexes with a receptor E. The resonances arising from spin
ssumed to correspond to ligand 1, while those arising from spin 2 are as

o correspond to ligand 2. The observation of separate resonances fo
ucleus corresponding to the free, binary and ternary complexes would o
ossible under conditions of slow chemical exchange. However, solutio
ll of the elements of the NOESY “A” matrix yields the time dependent NO
urves for each of these species. The dark cross peaks connecting res
or a given spin are exchange peaks. The off diagonal open peaks are
uclear NOEs. Although shown in this diagram, there would in general b
ross peaks connecting the nuclei of different ligands in the uncomplxed
r in the binary complexes in the absence of exchange. The remaining
re exchange-mediated NOE interactions. Under conditions of fast exc
ach group of nine matrix elements indicated by the squares can be sum
btain the collapsed “C” matrix elements.
th
n

d

e

l-

e

inear range of the initial NOE build-up curves, facilitating
etermination of the initial slope. Of course, more comp

ntermediate situations can exist in which the L1 º EL1 ex-
hange is slow, the L2º EL2 exchange intermediate, the L1 1
L2 º EL1L2 exchange slow, etc. Since the experimen

ypically performed with a large excess of ligands over re
or, the first term in Eq. [14] will often be dominant, and
egree to which each of the component NOE contribut
ontributes will generally not be critical for the evaluation
he data.

NUMERICAL SIMULATIONS

As an illustration of the above approach, we consid
ystem of two ligands, each containing three spins in a li
rrangement separated by 2.5 Å. In the ternary complex

igands form a linear array of six spins, each with the same
separation (Fig. 2). Simulations have been performe

odifying the previously described TRNOE program writ
n Mathematica(1) as outlined by the theoretical treatm
iven above. For the simulations shown in Fig. 3, we h
ssumed that there is neither positive nor negative coope

ty of binding, so that k1 5 k3 and k21 5 k23 and similarly,
2 5 k4 and k22 5 k24. Thus, ligand 1 associates and diss
tes with the same rate constant regardless of whether lig

s present, and vice versa. We have set the associatio
onstants equal to 108 M21 s21 5 105 mM21 s21, and the
issociation rate constants to 103 s21, which corresponds t
quilibrium dissociation constants of 10mM. In our experi-
nce, this value for the association rate constant reaso
pproximates diffusion controlled ligand binding for a var
f systems (1, 11–13). For these values, the receptor will ex
rimarily in the ternary complex form at millimolar ligan
oncentrations typically used for such studies. The NO
ross peak intensities corresponding to the free ligand

FIG. 2. Schematic representation of an exchanging system of two lig

1, and L2, each having three spins in a linear arrangement separated by
ach. In the ternary complex, the two ligands form a linear array of six s
ith all distances equal to 2.5 Å, i.e., the distance between spins 3 an
qual to each of the intra-ligand spin separations. For simplicity, the two b
omplexes are not shown.

a

are
ed

ach
be
or

nces
ter-
o
te

aks
ge,
d to



i ies
s itie
d

a lexes
a ation
a
t o
f s.
A
a t line
t

, the
p of the
N the
e cies.
F iently
r
q om-
i tly
g
N to,
a nifi-
c and
4 e
i
T olds,
i on the
b nd.
H tions
u t be
e lter-
n ter-
m The
m d to
c od-
e ross
p

nd
N ves
w
c l
p on in
F pins
e . As
e ates
t -
s
s ves
w g to
i rates
a

ping
t Fig. 3,
w rs of
m s be-
c n to
t near

. (A
T g sp
1 to t
f pin
a ed
b din
c E
c rity
i te.
O
5
k rate
c
0
i

305ANALYSIS OF THE INTER-LIGAND OVERHAUSER EFFECT
.e., assuming that chemical exchange among all spec
low on the NMR time scale, and the cross peak intens
erived from the “C” matrix, i.e., assuming fast exchange

FIG. 3. Intensities of NOE resonances for the system shown in Fig. 2
ime dependence of the usual, intra-ligand TRNOE cross peaks connectin
and 2:A12 andC12 where, as discussed in the text, the former corresponds

ree species only, and the latter to the all of the nine elements connecting s
nd 2. Also shown is the normalized matrix element,C12

N, calculated as describ
y Eq. [16], which is approximately linear for short times. (B) The correspon
alculations forA34, C34, andC34

N. (C) A comparison of the intraligand TRNO
urveC12 and the interligand ILOE curveC34. For these parameters, the simila

n the initial slopes mirrors the similarr12 and r34 distances in the bound sta
ther parameters are:v 5 500 MHz,t1F 5 t2F 5 10210 s,tB 5 1027 s, [L1] 5 [L 2]
5 mM; [Eo] 5 0.4 mM; k1 5 k2 5 k3 5 k4 5 108 M21 s21 5 105 mM21 s21;

21 5 k22 5 k23 5 k24 5 103 s21. Based on these concentrations and
onstants, we obtain pE5 4 3 1026; pEL1 5 pEL2 5 2 3 1023; and pEL1L2 5
.996 As in our previous calculations (1), a leakage relaxation rate,r* 5 1 s21, is

ncluded in the relaxation matrix for each of the bound nuclei.
for
is
s

given nucleus between free, binary, and ternary comp
re shown in Fig. 3. Other parameters used for the simul
re:v 5 500 MHz, [L1] 5 [L 2] 5 5 mM, [E] 5 0.4 mM,t1F 5

2F 5 10210 s andtB 5 1027 s, wheret1F andt2F correspond t
ree ligands 1 and 2, andtB to the binary or ternary complexe
lso shown in Fig. 3 is the linearized initial slope,Cij

N, defined
bove, which at short mixing times approximates a straigh

angential to the initial slope ofCij .
As in the case of the time-dependent TRNOE curves

resence of the free species acts to extend the time scale
OE curve, so that development of the ILOE peaks for
xchanging ligands is more gradual than for the bound spe
or the parameters given above, the exchange is suffic
apid so that the results obtained using theC matrix are
ualitatively almost identical to those obtained using the d

nant A matrix term for the free ligand, and only sligh
reater in magnitude, e.g., compareA12 and C12. Thus, the
OE information of the complex is effectively transferred
nd stored by, the uncomplexed ligand. Of primary sig
ance is the fact that the calculated NOE between nuclei 3
on different ligands (C34) builds up with essentially the sam

nitial rate as the calculated NOE between nuclei 1 and 2 (C12).
hus, to the extent that the above set of assumptions h

nternuclear distances between ligands can be calculated
asis of known internuclear distances within either liga
owever, as discussed below, a number of the assump
sed here may not generally apply, so that care mus
xercised in the quantitative intepretation of ILOE data. A
atively, the conditions which must be met in order to de
ine relative inter-ligand distances are less demanding.
ost significant issue from this standpoint is the nee

orrectly account for indirect relaxation effects, e.g., by m
ling the dependence of the various ILOE and TRNOE c
eaks on mixing time.
In view of the similarity between the inter and intraliga
OE build-up curves, it can be anticipated that ILOE cur
ill show similar indirect relaxation effects. TheA13 andC13

urves are compared with theA24 andC24 curves in Fig. 4. Al
arameters are identical with those used for the calculati
ig. 3. Thus, the inter-ligand NOE curve for nonadjacent s
xhibits the same apparent lag as the intra-ligand curve
xpected, a comparison with the simulations in Fig. 3 indic

hat the magnitudes of theC13 and C24 interactions are sub
tantially reduced relative to the curves forC12 or C34. The
imulations in Fig. 4 show the typical lag in the build-up cur
hich is predicted for TRNOE cross peaks correspondin

ndirectly dipolar-coupled nuclei, as long as the exchange
re sufficiently high (1).
Effects of slower exchange rates were modeled by kee

he association rate constants and other parameters as in
hile reducing the dissociation rate constants by two orde
agnitude. Under such conditions the exchange proces

omes too slow to effectively transfer the NOE informatio
he uncomplexed ligands. This leads to markedly nonli
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306 ROBERT E. LONDON
ehavior of the initial portion of the NOE curves, as illustra
n Fig. 5 calculated with all dissociation rate constants set t
21 (Fig. 5), and to a general reduction in magnitude of
ffect. TheAij andCij curves no longer exhibit a similar tim
ependence, although they tend to be nearly parallel for
f the simulation period. The initial negative values forA12

rise due to the contribution from the free ligand. In fact,
he correlation timetF 5 10210 s used in the simulations, t
ntire A12 curve is negative in the absence of exchange
ontrast,A34 does not go negative for any exchange rates, s
here is no contribution to this element from the uncomple
igands. (We note again that the convention used here is
egative corresponds to anti-diagonal, but to positive N
alues.) Unexpectedly, there is a cross over of the NOE cu
o thatC34 . C12 toward the end of the simulation period. T
ehavior appears to arise because the two terminal nuclei
relax somewhat more slowly than nucleus 2 which has

FIG. 4. Time-dependence of NOESY cross peaks corresponding t
he nuclei 1 and 3 on ligand 1, and (B) a comparison of theC13 andC24 curves
onnecting nuclei on different ligands. All curves are characterized b
pparent lag which characterizes contributions due to the indirect rela
athways: 17 2 7 3 for C13, and 27 3 7 4 for C24. We also note th
ifference in magnitudes of the effect relative to the calculations for adj
uclei (Fig. 3). All simulation parameters are identical with those use
ig. 3.
0
e

st

r

n
ce
d
at
E
es

nd
o

eighboring spins 2.5 Å away, leading to a more rapid dec
12 or C12 as compared withA34 or C34.
Alternatively, an increase in the dissociation rate cons

or ligand 2 by two orders of magnitude relative to the va
sed for the simulation shown in Fig. 3 has only a minor ef
n the ILOEC34 andC56 elements (Fig. 6). A further increa

n k22 5 k24 to 106 s21 significantly reduces the fraction
nzyme in the ternary complex, giving pEL1 5 0.665 and
EL1L2 5 0.333. This is associated with a significant decre

n bothC56 andC34 relative toC12. Increasing the dissociatio
ate constants to 107 s21 corresponds to pEL1 5 0.95 and
EL1L2 5 0.048, and eliminates most of the interligand NO
n interesting effect in this case is thatC34 is somewhat great

han C56, the intra-ligand NOE for ligand 2. As discussed
reater detail below, this appears to arise from a negative
ontribution from the uncomplexed ligand under some co
ions, which can occur for transferred NOE peaks but no
LOE peaks. The simulation shown in Fig. 6C illustrates
istances derived from ILOE resonances can be compar

ntra-ligand distances derived from TRNOE resonances ev

FIG. 5. Effects of slower exchange on the time-dependent TRNOE
nd ILOE (B) cross peak intensities. The geometry is as described in F
nd the parameters as listed in Fig. 3, with the exception that k21 5 k22 5

23 5 k24 5 10 s21. For these parameters, nearly all of the receptor rem
n the complexed state, pEL

)

e
on

nt
n

1L2 5 0.99996.
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307ANALYSIS OF THE INTER-LIGAND OVERHAUSER EFFECT
he receptor is not saturated, by comparing the build-up
or inter-ligand cross peaks with those in ligand 2, due to
imilar fractions of receptor complex involved. In gene
owever, intensity comparisons between ILOE and TRN
eaks require independently determined kinetic informatio
ell as a considerable amount of caution.
One of the major differences between TRNOE and IL

tudies apparent from recent experimental work (2) is the
agnitude of the inter-ligand inter-nuclear distances relati

ypical intraligand distances. Thus, a typical ligand may h
any internuclear distances of; 1.8 Å for methylene proton
r 2.5 Å for vicinal aromatic protons, while internuclear d

ances arising from even the closest pair of protons on dis
igands are generally not less than 3 Å and of course, can b

uch greater. Then, due to the 1/r 6 dependence of the build-u
ate, it becomes necessary to use significantly longer m
eriods. The basic geometry of Fig. 2 has been modified s

he intra-ligand distances are 3.5 Å and the inter-ligand
ances 2.5 Å (Fig. 7A) or vice versa (Fig. 7B). For the fi
eometry, the ILOE peaks develop more rapidly than
RNOE peaks, while the reverse is obtained for the geom
sed for the simulations shown in Fig. 7B. The geometry

or the Fig. 7A calculation is expected to be less typical, w

FIG. 6. Effects of greater dissociation rates for ligand L2 on TRNOE
orresponding to k22 5 k24 5 (A) 103 s21, (B) 105 s21, (C) 106 s21, and (D) 10
xists either as the binary complex with L1 or as the ternary complex; the c
EL1 5 .166, pEL1L2 5 0.832, (C): pEL1 5 .665, pEL1L2 5 0.333, (D): pE
es
e
,
E
s

to
e

ct

g
at

s-
t
e
ry
d

e

he geometry used for the calculation shown in Fig. 7B
robably more typical of experimental systems likely to
ncountered. One interesting aspect of the ILOE curves

rated by a comparison of Figs. 7A and 3B is that the reduc
n the intra-ligand relaxation which results from the gre
nternuclear distances results in a substantially greater m

um for the ILOE peak. Hence, all other factors being eq
igands with less favorable intra-ligand relaxation interact
re more likely to exhibit ILOE peaks. Nevertheless, re
xperimental studies involving NADPH indicate that sign
ant ILOE peaks can be observed even for the pyridine2
rotons (2).
Since many enzymes enforce ordered ligand binding, s

ations were also performed using the kinetic model sh
elow:

[17]

here we have used k/k and k /k to facilitate compariso

d ILOE cross peaks. This figure shows theC12, C56, and C34 NOE curves
1. All other parameters as in Fig. 3. For these parameters, most of the re
sponding fractional populations are: (A): pEL1 5 0.0008, pEL1L2 5 0.996, (B):

0.95, pEL1L2 5 0.048.
an
7 s2

orre
1 21 4 24
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ith the model of Eq. [8]. According to the kinetic sche
hown above, L2 can bind only after L1, and L1 can dissociat
nly from the binary (EL1) complex. Although the equatio

nvolved in determining the ratio of the different species
onsiderably simpler than those corresponding to the ki
cheme shown in Eq. [8], (Appendix A), the calcula
RNOE and ILOE curves are more complex. This ar
ecause the ordered binding model introduces a fundam
symmetry into the problem which is absent from the ran
rder binding model of Eq. [8]. This is illustrated by t
imulation shown in Fig. 8A, which corresponds to the s
eometry shown in Fig. 2 and to the same parameter v
sed for the simulations of Fig. 3. In this case, the predi
RNOE curve forC56 (or A56) is very similar to that shown i
ig. 3A for C12 (or A12), while the TRNOE curves for ligan
and the ILOE curves differ dramatically. The appearanc
12 or C12 is indicative of much slower exchange kinetics

igand 1. Thus, theA12 andC12 curves do not exhibit the sam
ualitative time dependence, withC12 appearing as approx

FIG. 7. Effects of geometric variations on TRNOE and ILOE curv
elative to above simulations based on the geometry shown in Fig.

ntra-ligand distances have been increased to 3.5 Å for the caluation sho
A), and the inter-ligand distances increased to 3.5 Å for the calculation s
n (B). Other parameters are as in Fig. 3.
ately a superposition of an initial positive region correspondc
e
ic

s
tal

m

e
es
d

of

ng to the NOE for the binary and ternary complexes, pl
lower negative contribution from the free species. Increa
21 to 104 s21 (Fig. 8B) leads to more effective NOE transf
lthough the initial portion of theC12 curve remains marked
onlinear. Interestingly, a set of nearly identical curve
btained using k21 5 103 s21 and k24 5 104 s21. Further

ncrease of both k21 and k24 to 104 s21 leads to much mor
ffective transfer of the intra- and interligand NOEs (Fig. 8

ncreasing k21 5 k24 to 106 s21 reverses the trend. For the
arameters, the fractional occupation of the receptor by li
is greater than that by ligand 2, pEL1 . pEL1L2. Since for

hese dissociation rate constants, binding is too weak to
uce strong transferred NOE or ILOE values, the effect o
rdered binding constraint in slowing down the apparent
hange rate for ligand 1 leads to more effective transfe
uclear polarization for this ligand.
For several of the simulations of Fig. 8, as well as Fig.

he ILOE cross peak intensity is greater than some of
RNOE intensities for pairs of nuclei at the same internuc
istance. This phenomenon appears to occur in situatio
hich a negative contribution arising from the intra-liga
OE of the uncomplexed species reduces the transferred
ue to slow exchange conditions and/or to poor binding o

igand to the receptor. The NOE is thus reduced by cont
ions from the uncomplexed ligand. This effect is not pre
hen the ligand binds well and the exchange is sufficie

apid to lead to a strong transfer of the bound NOE.
orresponding effect can occur for the inter-ligand Overha
ffect, since there is no interaction between the nuclei in
ncomplexed pair of ligands.

DISCUSSION

Transferred nuclear Overhauser effect studies have p
o be a useful approach for the analysis of the conformatio
exible ligands complexed with receptors (1, 14–20). In gen-
ral, inter-ligand Overhauser effects as described here a
ot to have been observed previously. This most prob
esults from the fact that most, although not all (21–25) trans-
erred NOE studies utilize only a single receptor ligand, o
ot use sufficiently long mixing times which are gener
equired to observe ILOE cross peaks. Two related obs
ions have appeared in the literature involving the NAD-
amate dehydrogenase complex (24) and albumin-lactate-wat
25), but in both cases, the interpretation of the data as ar
rom inter-ligand Overhauser effects is equivocal. In the
amate dehydrogenase-NAD complex, proximity of NAD m
cules bound at the active and regulatory sites was inf

rom long range transferred NOE interactions, for exam
etween nicotinamide ribose protons N1’ and N3’; howe
pin diffusion in the large complex (glutamate dehydroge
s a hexamer with MW5 332,000) (26) could also explai
hese observations. Consistent with this interpretation, re
rystallographic studies of this enzyme show an allos

he
in
n

- teric
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ADH binding site which is;20 Å from the active site (27).
or the case of NOEs observed between water and lact

he presence of 20% (w/w) cross-linked bovine serum albu
everal possible interpretations were considered (25), and the
ffect of the viscosity of the concentrated protein solution

he water/lactate relaxation may also be significant.
Recent experimental studies involving several dehydr

ases (2) provide unequivocal confirmation of the existence
uch effects, and suggest that for initial evaluation of ILOE
s optimal to use relatively long mixing times,;700 ms. This
ondition arises since typically the distances between nuc
ifferent ligands will be larger than many of the intra-liga
istances, and the dipolar interaction is a sensitive functio

his distance. A more complete study involving the use of
f mixing times is then valuable for separating indirect
irect relaxation pathways. These data can be modeled

he formalism developed here. However, comparison
RNOE and ILOE peak intensities to derive relative distan

s difficult, and requires independent evaluation of the kin

FIG. 8. Simulations of an ordered binding kinetic model (Eq. [17], Ap
M21 s21, and other parameters are as in Fig. 3. (A) k21 5 k24 5 103 s21 (ca
04 s21; k24 5 103 s21 (calculated pE5 4.723 1025; pEL1 5 2.173 1023; pE
.133 1022; pEL1L2 5 0.978); (D) k21 5 k24 5 106 s21 (calculated pE5 0
sing parameters: k21 5 103 s21; k24 5 104 s21 resulted in curves which w
alculated fractional species concentrations: (calculated pE5 4.633 1025; p
etit
in
n,

n

e-
f
it

on

of
et
d
ing
f
s
c

arameters. In general, the cross peak intensities in a NO
xperiment can be viewed as falling into two regimes:

nitial NOE build-up regime and a subsequent relaxation
ime during which the effect dies away. It can be anticip

hat in practice, optimal mixing times for ILOE observatio
ill often fall into the first category, at which many of t
RNOE peaks will be well into the relaxation phase. Altho
uantitation of inter-ligand distances will generally be diffic
nd subject to a number of constraints, information on rela

nternuclear distances is more readily derived from these
urements and can provide useful information on relativ
and orientation (2).
In view of the general similarities predicted for the beha

f ILOE and TRNOE resonances, effects of protein s
reviously considered in the context of TRNOE studies1),
nd currently under evaluation in terms of ILOE studies,

ikely to be qualitatively similar. Calculations performed
aking the leakage termr*B much larger than 1 s21 show tha

he NOE effects are drained off by the protein so that

dix) for the geometric model shown in Fig. 2. For all simulations, k1 5 k4 5 105

lated pE5 4.723 1026; pEL1 5 2.173 1023; pEL1L2 5 0.998); (B) k21 5

2 5 0.998); (C) k21 5 k24 5 104 s21 (calculated pE5 4.623 1024; pEL1 5
; pEL1 5 0.275; pEL1L2 5 0.127), and pEL2 [ 0 in all cases. Interestingl
nearly identical to those of simulation (B) above, but correspond to d
5 2.133 1022; pEL1L2 5 0.979).
pen
lcu
L1L
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aximum in the TRNOE and ILOE curves is reduced,
hough the basic shapes of the curves remain similar
nother limiting case, we have considered a geometry in w

he binary complex with ligand 2 is characterized by very s
nternuclear distances. The effects in this case depend o
ractions of pEL2 and pEL1L2 which are present. As pEL2

ncreases, the TRNOE effects for L2 show more rapid build-u
nd decay, while the ILOE effects are reduced. Protein-m
ted spin diffusion can in general be minimized through the
f NOESY experiments which suppress spin-diffus
28, 29), or eliminated via protein deuteration (30). Analogous
nter-ligand ROE experiments may also prove useful for d
ng with spin diffusion (31). Deuteration not only minimize
otentially misleading protein-mediated interactions, but

engthens the bound ligandT1 values, enhancing the “magne
emory” of the ligand for interactions in the receptor comp
hus, Shibataet al. (30) report observation of weak TRNO
ross peaks between ligand protons greater than 4 Å apart in
RNOE studies using perdeuterated phosphoglycerate k
In addition to deuteration of the protein, deuteration str

ies that increase the ligandT1 values, e.g., deuteration
lternate sites, can also produce significant improvemen

he observation of both TRNOE (31) and ILOE resonance
he effect of ligandT1 is illustrated by a comparison of t
imulations forC34 between Fig. 3B and Fig. 7A, as not
bove. The calculated curves correspond to the same k
nd NMR parameters, but to different geometries, having
ame 3–4 inter-ligand distance in the ternary complex,
reater intra-ligand distances for the simulation of Fig. 7A.
esulting reduction of the intra-residue relaxation rates fo
atter geometry results in an increased length of the pe
uring which the ILOE is increasing, and to an increa
aximum effect, from; 0.19 (attm 5 0.38 s) to 0.36 (attm 5
.75 s). Hence, strategies which lengthen the relaxation

or the ligand protons, e.g., specific deuteration (31), can
acilitate observation of inter-ligand Overhauser effects.

The observation of ILOE interactions between spins
ifferent ligands should prove to be a valuable tool for un
tanding active site geometry, hence providing insight
ctive site chemistry. It also seems reasonable to anticipat

LOE’s can be used in a complementary fashion with o
nhibitor-discovery approaches such as the SAR by N
echnique (22, 32) in order to design enzyme inhibitors fro
omponent ligands. In this type of application, contributi
rom indirect, protein-mediated relaxation pathways may p
seful for the identification of ligands which are bound too
way from one another to exhibit significant direct ILOEs

APPENDIX A

Calculation of Equilibrium Receptor–Ligand
Fractional Populations

For the kinetic model of Eq. [8], the equilibrium fractions
, EL
1, EL2, and EL1L2 can be determined from a King–
-
s

ch
rt
the
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se.
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e
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e
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tes

n
r-
o
hat
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ltman analysis (9) according to the diagrams illustrated
ow. Each term must be divided by the denominator,D, equa
o the sum of all 16 terms for normalization.

or the case of ordered ligand binding described by Eq.
he fractional populations are given by

pE5
E

E0
5

k21k24

k21k24 1 k1[L1]k24 1 k1[L1]k4[L2]

pEL1 5
EL1

E0
5

k1[L1]k24

k21k24 1 k1[L1]k24 1 k1[L1]k4[L2]

pEL2 5
EL2

E0
[ 0

pEL1L2 5
EL1L2

E0
5

k1[L1]k4[L2]

k21k24 1 k1[L1]k24 1 k1[L1]k4[L2]

he above equations are dependent on the free ligand co
rations: [L1] 5 L1F and [L2] 5 L2F, which in the limit L1, L2

E0 can be replaced by the total ligand concentrations, L1F 5

1 and L2F 5 L2. Since under conditions that allow observat
f ILOE peaks the enzyme is often effectively saturated
oth ligands, a more accurate result is obtained by se
1F 5 L1 2 E0 and L2F 5 L2 2 E0. One manifestation of th
rror resulting from these approximations is the calcul
symmetry, (Aij 2 Aji )/Aij or (Cij 2 Cji )/Cij . For the param
ters given in Fig. 3, the calculated asymmetry can be se
ercent in some cases, but is reduced to; 1029 or less using

he above approximation.
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