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A theoretical framework has been developed for the evaluation
of inter-ligand Overhauser effects (ILOE), predicted when pairs of
ligands are observed in the presence of a macromolecular receptor
which can form a ternary complex such that some of the protons
on the two ligands are in close proximity with each other (gener-
ally less than ~ 5 A). Simulations for a pair of ligands with three
spins each have been performed for a variety of geometric and rate
parameters. Analogous to previously described calculations of
TRNOE behavior, theoretical behavior of each of the nine cross
peaks, A;, in a NOESY experiment involving ligands which can
exist in the free, binary, or ternary complex states can be calcu-
lated. However, for exchange which is sufficiently rapid on the
relaxation and chemical shift time scales, use of a collapsed ma-
trix, C, corresponding to sums of sets of nine elements, will often
be appropriate and generally simplifies the analysis. In order to
generate inter-ligand Overhauser effects, it is optimal for the
fraction of receptor involved in the ternary complex to be reason-
ably large; i.e., concentrations of both ligands should be near
saturation. Based on a model assuming random binding order of
the ligands, the dependence of ILOE resonance intensities on
kinetic rate constants roughly parallels the dependence of trans-
ferred NOE (TRNOE) intensities. For diffusion controlled bind-
ing, i.e., kg, ~ 10° M~ s7*, the method is best suited for equilib-
rium dissociation constants in the micromolar-millimolar range
(Kot ~ 10%-10° s71). Toward the slower dissociation rate constant
end of this range, TRNOE and ILOE effects are still predicted, but
the initial build-up curves become markedly nonlinear. For a
kinetic binding scheme which assumes ordered binding of the
ligands, the inherent asymmetry of the ligand binding process
leads to more complex kinetics and alters the dependence of the
ILOE on the kinetic parameters. In this case, the binding of the
second ligand effectively reduces the exchange rate of the first
ligand, reducing the transfer of NOE and ILOE information. The
reduction in TRNOE and ILOE information which is prediced for
the ordered ligand binding model is overcome at larger dissocia-
tion rate constants for either ligand 1 or ligand 2. In addition to the
structural information available from ILOE data, the strong de-
pendence of TRNOE and ILOE curves on ordered ligand binding
suggests that such measurements could be useful for the charac-
terization of ligand binding kinetics.

INTRODUCTION

Enzymes catalyze bimolecular reactions by bringing pairs ¢
reactants together and creating an environment which faci
tates the reaction. When pairs of substrates or substate— cof
tor combinations are complexed in the active site of an er
zyme, some of the nuclei on the two ligands may b
sufficiently close to interact magnetically, leading to a pertur
bation of the NMR relaxation parameters and to an inter-ligan
nuclear Overhauser effect. In order to evaluate the transfer
this interaction to the pair of free ligands, we have extended tf
formalism previously developed to describe the transferre
NOE (1) to include two reversibly bound ligands. These cal
culations support the existence of such an effect, and provi
insight into the dependence on kinetic and geometric param
ters. Thus, there can be a transfer of the inter-ligand Ove
hauser effect (ILOE) present in the complex to the pair o
uncomplexed ligands, which are able to store the NOE infol
mation due to the slower spin—lattice relaxation in the mor
highly mobile, uncomplexed state. This type of effect has mar
potential applications including determination of the structur:
of active site complexes involved in enzyme catalysis. Addi
tionally, one may envision extension to the analysis of ligand
not directly related to substrates, and hence to the developm
of enzyme inhibitors. We have recently been able to verif
these predictions experimentallg)(

THEORY

The time development of the cross peak intensities in
NOESY experiment can be described by a differential equatic
according to the relatior3¢6)

dA_ RA 1
E__ ’ []

whereA represents the matrix of cross peak intensities Rnd
is the relaxation matrix with diagonal elements
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Pi = "10r¢ [Jo(w) + 3Jy(w) + 6J5(w)] [3] (7]
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whereR(L,74) is the relaxation matrix calculated as describec
above by Egs. [2]-[5] for ligand 1 in the free state, whose
motion corresponds to a rotational correlation timg.
y?yfﬁz R(L,7,) is the corresponding relaxation matrix for ligand 2 in
Rj = oy = Trﬁ [632(w) = Jo(w)] 4] the uncomplexed stat&(L ,7s) corresponds to ligand 1 in the
binary complex with the receptor, with rotational correlation
time 15. R(L,7s) is the corresponding relaxation matrix fog L
with the spectral densities defined by in the binary complex. FinallyR(L,L,75) is the relaxation
matrix for the ternary complex. The dimensions of the subme
trices, indicated above, correspond to thepins in ligand 1
and m spins in ligand 2. Thus, the first and third relaxation
submatrices above have dimensians< n, the second and
fourth have dimensionsn X m, and the ternary complex

In the abovey; is the (isotropic) rotational correlation time formatrix has dimensions + m X n + m. Of course, as
the internuclear vector between nucieandj and w, is the discussed previouslyl, relaxation matrices of the bound
Larmor frequency. Cross-correlation terms between intersiates can be expanded to include protons on the receptor
tions leading to relaxation are neglected in the above treatmé#€ll as the ligand nuclei. Variations in the conformations of the
The leakage terrp* is generally set equal to 15 and arises ligands between free, binary and ternary complexes are d
due to mobile portions of the protein which more effectivelgcribed by the appropriate;Dnatrix, with dimensions 3( +
couple the magnetization to the lattic@).(In practice, it is M) X 3(n + m). In the above, we have changed the structur
convenient to calculate the relaxation matrix using a similarBf this matrix relative to our previous treatmedj py putting
sized interproton distance matrix, as described by Kéizal. the terms for the uncomplexed ligands in the upper left har
(8), with elementsD; = r;. Equation [1] may be formally corner, which simplifies the numbering of the matrix element:
solved for a given mixing time,, to yield The kinetic matrix can be calculated based on a particul:
model for the formation of the ternary complex. A genera
description allowing either binary complex to form initially
A(rn) = x - exp(—Aty) - x - A(0), [6] and to be converted into a ternary complex involves eigt
kinetic rate constants:

and off diagonal elements

Tij

In(w) = 1+ (nwory) " [5]

wherey is the matrix of eigenvectors for the relaxation matrix
R, A is the diagonal matrix of eigenvalue8)(andA(0) is the L,
initial value matrix, discussed below.
In order to evaluate the conditions under which inter-ligand \
Overhauser effects (ILOEs) can be observed, we have gener- Ky
alized our previous relaxation matrix treatment describing a
single, reversibly bound ligand.) to cover the case of a pair K, K ko || e
of ligands which can form either a binary or ternary complex ) L, L L, [8]
with a receptor. For the ILOE calculation, the relaxation matrix !
is expanded to describe the free ligandsdnd L,, the two EL
binary complexes, ELand EL, and finally the ternary com- 2 K ELL,
plex, ELL,, where we have used the symbol “E” for the
receptor to avoid confusion with the symbol for the relaxation
matrix. We thus obtain an expanded relaxation matrix of th@onsideration of the ligand equilibria reduces the number
form: independent rate constants to 7, e.g.,
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k, ko k_g where L and Ly are the free ligand concentrations, E, EL
Kog= k4<k1 kj ke,) [9] EL,, and ELL, are the concentrations of the free receptor, th
two binary complexes and the ternary complex. In the abov
A more specialized model requiring ordered binding of the twlesr = L1 = ELi — ELiL, and Le = L, — EL, — ELiL, (see
ligands is considered later. The analysis given below requird§C Appendix A). Alternatively, it is convenient to introduce
determination of the fractions of enzyme which are uncord Normalized matrixA™(0) which separately normalizes the
plexed, involved in a binary complex with,lor L,, or in the contributions for the two ligands:
ternary complex: pE, pEL pEL,, and pELL,, respectively.

These can be calculated at equilibrium using a King Altman "LiE | ! ! ! ; T
analysis 9) and are given in the Appendix. Ly i | i l
The kinetic matrix is then derived from the above kinetic LR T e P T
scheme (e.g10). The diagonal terms correspond to the rates of SIS SN N S— -
disappearance of each species, IL,, EL,, EL,, and ELL,, i EL—IIE i i
with negative coefficients. The binary complexes, Bhd EL, A" 0= Tt “."'1".*151‘2‘1‘.” “““ . [13]
will disappear either due to dissociation, or to association of ____j _____ j _____ :LE__L ______ j _______
the second ligand. We then obtain a kinetic matrix of the form: i P i ELL1L21 E
1 | | 1 1 ]
n m n m n m —i -i E- iﬁ -IE EILIZLZI
[(-KE | | | ; : |
i 0 ok, 0 kI 0
—K—Z’—E—L—Z—)!—i—(_k——g———i—-—"—--—E ________ Lo R Use of the above normalized matrix)'(0) leads to diagonah
0 i_k ZEL )IE 0 i kI : 0 i kI matrix terms which decay from 1 to 0, and is also consistelr
-------- J:---‘i—-l—-:L(;1;:1—--J:--—-—--—E—------i—----- with linearization of the NOESY build-up curves discusssel
R E 27 t I e below.
K=|-———---—- e __ Lo 42y Lo Lo __ . .
o | kB | o E(-kz L0k Solution of Eq. [11] according to Eq. [6] leads to an NOE
________ B R e, 21 210 & N matrix of dimensions 3( + m) X 3(n + m), which describes
k,EL,I é 0 E kLI i 0 ;E‘kk3)1§ 0 all NOE interactions for a system which is in slow exchange
________ I E e ' As dlscqssed previousht), transferred NOE interactions can
0 | kEL,I i 0 i kL I i 0 i—kg)IJ in principle be observed under conditions of slow or fas

exchange on the chemical shift time scale. Considering a sinc
[10] pair of spins—one on each ligand—there are in general :

resonances in the 2D ILOE experiment described here,

i.e., a system of block diagonal matricésg the identity matrix illustrated in Fig. 1. In practice, resonances arising from th
with dimensions X norm X m, as indicated) which interconvertreceptor complexes will be significantly broadened, makin:
individual spins between uncomplexed, binary complexed, afifect observation difficult. More generally, exchange on th
ternary complexed states, but lead to no other spin interconveemical shift time scale will be sufficiently fast so that eact

sions. Equation [1] is then generalized to the form: group of nine resonances indicated by the squares in Fig. 1 w
be exchange averaged. Under these conditions, it becorn

useful to reduce the dimensionality of the NOE&Ynatrix by

dA
at - TROTKA, [11] defining a reducedC” matrix (1) according to

dt
whereR’ is the expanded relaxation matrix defined by Eq. [7], _
andK the kinetic matrix given above. Ci=Airirt Arjs T Arir + A jr + Ais js
The initial state of theA matrix, A(0), is given by the + Agjr+ At et Ar s+ Arn [14]
diagonal matrix:

1 m  n m n+m where indice$ andj denote the nuclei and subscripts F, B, anc
T refer to the free ligand, or to the binary or ternary complex

L,I! ! ! ! n In terms of indices,
e e F—— e ———
B o R N m
I I I I
A0) = ————'r—-——T'—E—L—‘—I—'r—————: ————————— i [12] Ci=A T Avnim T A jenem T Avamem), |
S N SO L. 8 W m
ELL,I n+m + Ai,j+2(n+m) + Ai+n+m,j+n+m + Ai+2(n+m),j+n+m

+ Ai+n+m,j+2(n+m) + Ai+2(n+m),j+2(n+m)' [15]
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| linear range of the initial NOE build-up curves, facilitating the
determination of the initial slope. Of course, more comple:

cot A, .o , intermediate situations can exist in which the £ EL, ex-

1 ™ change is slow, the L= EL, exchange intermediate, the k&
e O [ Jal 25 e . . .
oe Py EL, = EL,L, exchange slow, etc. Since the experiment i

T typically performed with a large excess of ligands over recey
tor, the first term in Eq. [14] will often be dominant, and the

" oe

C21 ) degree to which each of the component NOE contribution
contributes will generally not be critical for the evaluation of
the data.

Cll C12
l NUMERICAL SIMULATIONS
o0 — A11 ee( Alz 4 e As an illustration of the above approach, we consider
e e L JON lsn  System of two ligands, each containing three spins in a line:
LA e e I, arrangement separated by 2.5 A. In the ternary complex, tl

- ligands form a linear array of six spins, each with the same 2
A separation (Fig. 2). Simulations have been performed b
modifying the previously described TRNOE program writter
in Mathematica(1l) as outlined by the theoretical treatment
given above. For the simulations shown in Fig. 3, we hav
assumed that there is neither positive nor negative cooperat
ity of binding, so that k = k; and k; = k_; and similarly,
FIG. 1. Schematic representation of a 2D NOESY experiment for k, = k, and k , = k_,. Thus, ligand 1 associates and dissoci:
system containing a pair of ligands, land L., which can form binary or ates with the same rate constant regardless of whether ligan

emary compleres wih o ecepor & The esanarces siang o 91 @present, and vice versa. We have set the associaion ¢
) -1 o1 _ 5 -1 o1

to correspond to ligand 2. The observation of separate resonances for e%%HStalms equal to oM s 3_ iI.O mM s, and the
nucleus corresponding to the free, binary and ternary complexes would onlydigSociation rate constants to 18 *, which corresponds to

possible under conditions of slow chemical exchange. However, solution fguilibrium dissociation constants of M. In our experi-
all of the elements of the NOESYA" matrix yields the time dependent NOE ence, this value for the association rate constant reasonal

curves for each of these species. The dark cross peaks connecting reson Eﬁoximates diffusion controlled Iigand binding for a variety
for a given spin are exchange peaks. The off diagonal open peaks are intgr-

nuclear NOEs. Although shown in this diagram, there would in general be [ systems 1, 11-13. For these values, the receptor will exist

cross peaks connecting the nuclei of different ligands in the uncomplxed stedmarily in the ternary complex form at millimolar ligand
or in the binary complexes in the absence of exchange. The remaining peak$1centrations typically used for such studies. The NOES
are exchange-mediated NOE interactions. Under conditions of fast exchangeyss peak intensities corresponding to the free ligand onl
each group of nine matrix elements indicated by the squares can be summed to

obtain the collapsedC” matrix elements.

1Ter 1Bin ll-ree 2Ter 2Bin 2Free

L
L, 5 P 2
The C matrix has the same dimensionality as a relaxation 05 25
matrix consisting of only the two ligands, i.ea,+ m X n + 1 g
m. As in the case of the transferred NOE experiment treated
previously, the dependence of the compon@ninatrix ele-
ments corresponding to a give@ matrix element on the
mixing time can vary significantly. However, as the exchange
rates become sufficiently high, each of thematrix compo- 25 25 2.5 25 25
. . . - (3 L g @ O O O
nents corresponding to a giv€hmatrix element exhibits the ) 3 4 5 p
same limiting time dependence, with only differences in scal-
ing factors among these elements. Thamatrix cross peaks Ternary Complex
can also be normalized according to

6

FIG. 2. Schematic representation of an exchanging system of two ligand
L,, and L, each having three spins in a linear arrangement separated by 2.5
Ci’}‘ = Cij/(cii + ij) [16] each. In the ternary complex, the two ligands form a linear array of six spin:
with all distances equal to 2.5 A, i.e., the distance between spins 3 and 4
equal to each of the intra-ligand spin separations. For simplicity, the two binal

using AM(0) in the calculation. This procedure extends themplexes are not shown.
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A) C12N a given nucleus between free, binary, and ternary complex
are shown in Fig. 3. Other parameters used for the simulatic
Ciz are:v = 500 MHz, [L,] = [L,] =5 mM, [E] = 0.4 mM, ;¢ =
0.2 7= 10" s andry = 10’ s, wherer,- and,- correspond to
free ligands 1 and 2, ang to the binary or ternary complexes.
0.15 A Also shown in Fig. 3 is the linearized initial slop@, ", defined
above, which at short mixing times approximates a straight lin
0.1 tangential to the initial slope of;.

As in the case of the time-dependent TRNOE curves, tt
presence of the free species acts to extend the time scale of
NOE curve, so that development of the ILOE peaks for th
0 0.2 0.4 0.6 0.8 1 exchanging ligands is more gradual than for the bound specie
B) For the parameters given above, the exchange is sufficien
0.25 rapid so that the results obtained using tBematrix are
C34N qualitatively almost identical to those obtained using the don
0.2 inant A matrix term for the free ligand, and only slightly
C34 greater in magnitude, e.g., compake, and C,,. Thus, the
NOE information of the complex is effectively transferred to,
and stored by, the uncomplexed ligand. Of primary signifi

Intensity

Intensity

ot Azs cance is the fact that the calculated NOE between nuclei 3 al
0.05 4 on different ligands(;,) builds up with essentially the same

initial rate as the calculated NOE between nuclei 1 an@2)(
Thus, to the extent that the above set of assumptions holc
0 0.2 0.4 0.6 0.8 1 . . . _
internuclear distances between ligands can be calculated on
C) basis of known internuclear distances within either ligand
0.25 However, as discussed below, a number of the assumptio
E)ﬂ o2 used here may not generally apply, so that care must |
o ’ Ciz exercised in the quantitative intepretation of ILOE data. Alter
Uq) 0.15 natively, the conditions which must be met in order to deter
o Csq4 mine relative inter-ligand distances are less demanding. TI
b 0.1 most significant issue from this standpoint is the need t
,5 correctly account for indirect relaxation effects, e.g., by mod
0.05 eling the dependence of the various ILOE and TRNOE cros

peaks on mixing time.

0 0 0.2 3 0.8 1 In view of the similarity between the inter and intraligand

NOE build-up curves, it can be anticipated that ILOE curve
will show similar indirect relaxation effects. Th,; andC,;

FIG. 3. Intensities of NOE resonances for the system shown in Fig. 2. (&,rves are compared with ttée, andC.,, curves in Fig. 4. Al

Time dependence of the usual, intra-ligand TRNOE cross peaks connecting s[ﬁinsrameters are identical with those used for the calculation
1 and 2:A,, andC,, where, as discussed in the text, the former corresponds to g

free species only, and the latter to the all of the nine elements connecting spin%'g-_ 3_- Thus, the inter-ligand NOE curve for no_nadjacent spin
and 2. Also shown is the normalized matrix elemén", calculated as described €xhibits the same apparent lag as the intra-ligand curve. /
by Eq. [16], which is approxim%tely linear for short times. (B) The correspondingxpected, a comparison with the simulations in Fig. 3 indicate
calculations forAz, C,,, andCs,". (C) A comparison of the intraligand TRNOE that the magnitudes of th&,; and C,, interactions are sub-

curveC,, and the interligand ILOE cun/€,,. For these parameters, the similari . .
; 2 ¢ "9 S °S€ param tystantlally reduced relative to the curves G, or C;,. The
in the initial slopes mirrors the similar, andrs, distances in the bound state.

Other parameters are:= 500 MHz, 7, = 7 = 10°s,7, = 107 s, [L] = [L,] Simulations in Fig. 4 show the typical lag in the build-up curve:
=5mM;[Eo] =04 mM; k, =k, =k; =k, =10°M s =1°mM s which is predicted for TRNOE cross peaks corresponding 't
ki =k, = ks = ks = 10° s™. Based on these concentrations and ratndirectly dipolar-coupled nuclei, as long as the exchange rat
constantsj we obtain_ pE 4 X 10’_6; pEL, = pEL, = 2 X .10’3; and pELllji = are sufficiently high :O

0.996 As in our previous calculation$)(a leakage relaxation ratet = 1s -, is
included in the relaxation matrix for each of the bound nuclei.

Time (sec)

Effects of slower exchange rates were modeled by keepir
the association rate constants and other parameters as in Fig
while reducing the dissociation rate constants by two orders
i.e., assuming that chemical exchange among all speciesniagnitude. Under such conditions the exchange process |
slow on the NMR time scale, and the cross peak intensitieames too slow to effectively transfer the NOE information tc
derived from the C” matrix, i.e., assuming fast exchange fothe uncomplexed ligands. This leads to markedly nonline:
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A) neighboring spins 2.5 A away, leading to a more rapid decay
Ay, or Cy, as compared witl, or Cg,.
0.14 Alternatively, an increase in the dissociation rate constan
B' 0.12 Ci3 for ligand 2 by two orders of magnitude relative to the value:
- used for the simulation shown in Fig. 3 has only a minor effec
9] 0.1 on the ILOEC,, andCs, elements (Fig. 6). A further increase
g‘) 0.08 Ajs in k_, = k_, to 10° s* significantly reduces the fraction of
EB] 0.06 enzyme in the ternary complex, giving pEl= 0.665 and
a pEL,L, = 0.333. This is associated with a significant decreas
H 0.04 in bothCs; andC,, relative toC,,. Increasing the dissociation
0.02 rate constants to 10s™* corresponds to pEL= 0.95 and
pEL,L, = 0.048, and eliminates most of the interligand NOE
0 -2 0.4 0.6 0.8 An interesting effect in this case is thag, is somewhat greater
B) than Csg, the intra-ligand NOE for ligand 2. As discussed in
greater detail below, this appears to arise from a negative NC
> 0.14 contribution from the uncomplexed ligand under some cond
§S] 0.12 C13 tions, which can occur for transferred NOE peaks but not fc
- ILOE peaks. The simulation shown in Fig. 6C illustrates tha
g 0.1 distances derived from ILOE resonances can be compared
o 0.08 intra-ligand distances derived from TRNOE resonances even
s Co
o 0.06
H 0.04 A)
0.02
0.08
0 .2 0.4 0.6 0.8 Sy
Time (sec) hol Ci2
FIG. 4. Time-dependence of NOESY cross peaks corresponding to (A 0.04

the nuclei 1 and 3 on ligand 1, and (B) a comparison ofChgandC,, curves
connecting nuclei on different ligands. All curves are characterized by th
apparent lag which characterizes contributions due to the indirect relaxatio(ﬂ 0.02
pathways: 1< 2 < 3 for Cy3, and 2<> 3 < 4 for C,,. We also note the
difference in magnitudes of the effect relative to the calculations for adjacent
nuclei (Fig. 3). All simulation parameters are identical with those used in

Fig. 3.
B)

behavior of the initial portion of the NOE curves, as illustrated 0.08
in Fig. 5 calculated with all dissociation rate constants setto 1

s ' (Fig. 5), and to a general reduction in magnitude of th 0.06
effect. TheA; andC; curves no longer exhibit a similar time -~
dependence, although they tend to be nearly parallel for mo%
of the simulation period. The initial negative values #y, @
arise due to the contribution from the free ligand. In fact, fod2
the correlation timer. = 107*° s used in the simulations, the o
entire A;, curve is negative in the absence of exchange. In

contrastAs, does not go negative for any exchange rates, since T3 o G 08 1
there is no contribution to this element from the uncomplexed

ligands. (We note again that the convention used here is that
negative corresponds to anti-diagonal, but to positive NOE

values.) Unexpectedly, there is a cross over of the NOE curve§!G. 5. Effects of slower exchange on the time-dependent TRNOE (A

and ILOE (B) cross peak intensities. The geometry is as described in Fig.

so thatCs4 > C,, toward the end of the simulation period. Thlsand the parameters as listed in Fig. 3, with the exception thatkk , =

behavior appears to arise because the two terminal nuclei 3 @nd-  , = 10 s*. For these parameters, nearly all of the receptor remain
4 relax somewhat more slowly than nucleus 2 which has tvirothe complexed state, pEL, = 0.99996.

Time (sec)
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A) k_2 = k_4 = 103 S‘l C) k_2 = k_4 = 106 S_1

0.25 C12=C56 0.25
D 2 Ci2

.2 0

-0 Cse
)}
c 0.15 0.15
o C
g 0.1 34 0.1 C34
H

0.05 0.05

) 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
B) k_2 = k_4 = 105 g-1 D) k_2 = k 4 = 107 s-1
0.25 0.25
Cr2

3‘ 0.2 ~Csg 0.2 Ci2
-
8 0.15 0.15
() C
4 0.1 34 0.1
5

0.05 0.05 Ci4

_Cse
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (sec) Time (sec)

FIG. 6. Effects of greater dissociation rates for ligand @an TRNOE and ILOE cross peaks. This figure shows €he Cs, and C;, NOE curves
corresponding tok = k_, = (A) 10°s™, (B) 10° s %, (C) 10 s™*, and (D) 10 s . All other parameters as in Fig. 3. For these parameters, most of the recep
exists either as the binary complex with &r as the ternary complex; the corresponding fractional populations are: (A): -pEL0008, pELL, = 0.996, (B):
pEL, = .166, pELL, = 0.832, (C): pEL = .665, pELL, = 0.333, (D): pEL, = 0.95, pELL, = 0.048.

the receptor is not saturated, by comparing the build-up ratbe geometry used for the calculation shown in Fig. 7B i
for inter-ligand cross peaks with those in ligand 2, due to thprobably more typical of experimental systems likely to be
similar fractions of receptor complex involved. In generakncountered. One interesting aspect of the ILOE curves illu:
however, intensity comparisons between ILOE and TRNO#ated by a comparison of Figs. 7A and 3B is that the reductic
peaks require independently determined kinetic information Esthe intra-ligand relaxation which results from the greate
well as a considerable amount of caution. internuclear distances results in a substantially greater ma:
One of the major differences between TRNOE and ILOEum for the ILOE peak. Hence, all other factors being equa
studies apparent from recent experimental wo2k i6 the ligands with less favorable intra-ligand relaxation interaction
magnitude of the inter-ligand inter-nuclear distances relative &aoe more likely to exhibit ILOE peaks. Nevertheless, recer
typical intraligand distances. Thus, a typical ligand may hawexperimental studies involving NADPH indicate that signifi-
many internuclear distances 6f1.8 A for methylene protons, cant ILOE peaks can be observed even for the pyriding CF
or 2.5 A for vicinal aromatic protons, while internuclear disprotons ).
tances arising from even the closest pair of protons on distinctSince many enzymes enforce ordered ligand binding, simi
ligands are generally not less th& A and of course, can belations were also performed using the kinetic model show
much greater. Then, due to the 1lependence of the build-upbelow:
rate, it becomes necessary to use significantly longer mixing

periods. The basic geometry of Fig. 2 has been modified so that L

the intra-ligand distances are 3.5 A and the inter-ligand dis- 2

tances 2.5 A (Fig. 7A) or vice versa (Fig. 7B). For the first k; k“\\‘

geometry, the ILOE peaks develop more rapidly than the E + 1 - EL, =< e ELL,  [17]

TRNOE peaks, while the reverse is obtained for the geometry
used for the simulations shown in Fig. 7B. The geometry used
for the Fig. 7A calculation is expected to be less typical, whilwhere we have used/k _, and k/k _, to facilitate comparison
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3.5 3.5 2.5 35 35 ing to the NOE for the binary and ternary complexes, plus
A) ® g o ~ O slower negative contribution from the free species. Increasir
5 6 K,to10's* (Fig. 8B) leads to more effective NOE transfer,
0.4 although the initial portion of th€,, curve remains markedly
nonlinear. Interestingly, a set of nearly identical curves i
0.3 Cas obtained using k, = 10° s and k, = 10' s™'. Further
increase of both k and k, to 10" s* leads to much more
effective transfer of the intra- and interligand NOEs (Fig. 8C)
Ci2 Increasing k; = k_, to 10° s * reverses the trend. For these
0.1 parameters, the fractional occupation of the receptor by ligar
1 is greater than that by ligand 2, pE pEL,L,. Since for
these dissociation rate constants, binding is too weak to pr
duce strong transferred NOE or ILOE values, the effect of th
ordered binding constraint in slowing down the apparent e>
2.5 2.5 3.5 2.5 2.5 change rate for ligand 1 leads to more effective transfer c

»~ 0

Intensity

B) g g ot O % O nuclear polarization for this ligand.
1 2 3 4 3 6 For several of the simulations of Fig. 8, as well as Fig. 6D
the ILOE cross peak intensity is greater than some of th
>N s TRNOE intensities for pairs of nuclei at the same internuclee
*;,’ distance. This phenomenon appears to occur in situations
w %2 C2 which a negative contribution arising from the intra-ligand
8 0.15 NOE of the uncomplexed species reduces the transferred N(
E’ o1 due to slow exchange conditions and/or to poor binding of th
H ’ Csq ligand to the receptor. The NOE is thus reduced by contribt
0.05 tions from the uncomplexed ligand. This effect is not preser
— — o — - when the ligand binds well and the exchange is sufficientl

, rapid to lead to a strong transfer of the bound NOE. N
Time (sec) corresponding effect can occur for the inter-ligand Overhaus:
FIG. 7. Effects of geometric variations on TRNOE and ILOE curves€ffect, since there is no interaction between the nuclei in th

Relative to above simulations based on the geometry shown in Fig. 2, thacomplexed pair of ligands.
intra-ligand distances have been increased to 3.5 A for the caluation shown in
(A), and the inter-ligand distances increased to 3.5 A for the calculation shown

in (B). Other parameters are as in Fig. 3. DISCUSSION

Transferred nuclear Overhauser effect studies have prov
with the model of Eq. [8]. According to the kinetic scheméo be a useful approach for the analysis of the conformation «
shown above, Lcan bind only after L, and L, can dissociate flexible ligands complexed with receptork, (4—-20. In gen-
only from the binary (EL) complex. Although the equationseral, inter-ligand Overhauser effects as described here app:
involved in determining the ratio of the different species amgot to have been observed previously. This most probab
considerably simpler than those corresponding to the kinet&sults from the fact that most, although not 2125 trans-
scheme shown in Eqg. [8], (Appendix A), the calculateterred NOE studies utilize only a single receptor ligand, or d
TRNOE and ILOE curves are more complex. This arise®t use sufficiently long mixing times which are generally
because the ordered binding model introduces a fundamemé&gjuired to observe ILOE cross peaks. Two related observ
asymmetry into the problem which is absent from the randotions have appeared in the literature involving the NAD-glu
order binding model of Eq. [8]. This is illustrated by thaéamate dehydrogenase compl@d)(and albumin-lactate-water
simulation shown in Fig. 8A, which corresponds to the san{gb), but in both cases, the interpretation of the data as arisir
geometry shown in Fig. 2 and to the same parameter valdesm inter-ligand Overhauser effects is equivocal. In the glu
used for the simulations of Fig. 3. In this case, the predicté@mate dehydrogenase-NAD complex, proximity of NAD mol-
TRNOE curve forCsg (0r Asg) is very similar to that shown in ecules bound at the active and regulatory sites was inferre
Fig. 3A for C,, (or A;,), while the TRNOE curves for ligand from long range transferred NOE interactions, for exampl
1 and the ILOE curves differ dramatically. The appearance bétween nicotinamide ribose protons N1’ and N3’; howevel
Aj, or Cy, is indicative of much slower exchange kinetics fospin diffusion in the large complex (glutamate dehydrogenas
ligand 1. Thus, thé\,, andC,, curves do not exhibit the sameis a hexamer with MW= 332,000) 26) could also explain
qualitative time dependence, with,, appearing as approxi- these observations. Consistent with this interpretation, rece
mately a superposition of an initial positive region correspondrystallographic studies of this enzyme show an alloster
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A) k; = kg4 = 10° s C) k; = kg = 10* 57!
0.25 0.25 C

C %6 C
4:31 0.2 56 0.2 12
g 0.15 0. 15 S

34
8 0.1 C34 o1 A
C: 0.05
H Ci2 /A12 0.05
04 —66——08 1
0.2 0.4 0.6 0.8 1
B) k;= 10*s! ky, = 10°s? D) k; = kg = 10!
0.25 0.25
> 0.2 Cse
S
(';)' 0.15 C34
5
D 0.1
o 12
= 0.05
Ci2
0.2 0.4 0.6 0.8 1
Time (sec) Time (sec)

FIG. 8. Simulations of an ordered binding kinetic model (Eq. [17], Appendix) for the geometric model shown in Fig. 2. For all simulatiers, ¥ 10°
mM~* s, and other parameters are as in Fig. 3. (A) k k_, = 10° s™* (calculated pE= 4.72 X 10°% pEL, = 2.17 X 10°%, pEL,L, = 0.998); (B) k, =
10's ™% k., = 10° s™* (calculated pE= 4.72 X 10°%; pEL, = 2.17X 10°%, pEL,L, = 0.998); (C) k, = k_, = 10* s™* (calculated pE= 4.62 X 10 * pEL, =
2.13X 107% pEL,L, = 0.978); (D) k, = k_, = 10° s™* (calculated pE= 0.598; pEL, = 0.275; pELL, = 0.127), and pEL = 0 in all cases. Interestingly,
using parameters: k = 10° s'%; k_, = 10* s * resulted in curves which were nearly identical to those of simulation (B) above, but correspond to diffe
calculated fractional species concentrations: (calculateg-pE63 X 10°%; pEL, = 2.13 X 10°% pEL,L, = 0.979).

NADH binding site which is~20 A from the active siteX7). parameters. In general, the cross peak intensities in a NOE!
For the case of NOEs observed between water and lactateexperiment can be viewed as falling into two regimes: th
the presence of 20% (w/w) cross-linked bovine serum albuminijtial NOE build-up regime and a subsequent relaxation re
several possible interpretations were conside&), @nd the gime during which the effect dies away. It can be anticipate
effect of the viscosity of the concentrated protein solution dhat in practice, optimal mixing times for ILOE observations
the water/lactate relaxation may also be significant. will often fall into the first category, at which many of the
Recent experimental studies involving several dehydrogeERNOE peaks will be well into the relaxation phase. Althougt
nases %) provide unequivocal confirmation of the existence ajuantitation of inter-ligand distances will generally be difficult
such effects, and suggest that for initial evaluation of ILOEs,dind subject to a number of constraints, information on relativ
is optimal to use relatively long mixing times;700 ms. This internuclear distances is more readily derived from these me
condition arises since typically the distances between nuclei smrements and can provide useful information on relative |
different ligands will be larger than many of the intra-ligandjand orientationZ2).
distances, and the dipolar interaction is a sensitive function ofln view of the general similarities predicted for the behaviol
this distance. A more complete study involving the use of a seft ILOE and TRNOE resonances, effects of protein spin
of mixing times is then valuable for separating indirect angreviously considered in the context of TRNOE studigf (
direct relaxation pathways. These data can be modeled usamgl currently under evaluation in terms of ILOE studies, ar
the formalism developed here. However, comparison bkely to be qualitatively similar. Calculations performed by
TRNOE and ILOE peak intensities to derive relative distancesaking the leakage terpf; much larger than 17s show that
is difficult, and requires independent evaluation of the kinetthe NOE effects are drained off by the protein so that th
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maximum in the TRNOE and ILOE curves is reduced, aAltman analysis §) according to the diagrams illustrated be-
though the basic shapes of the curves remain similar. Asv. Each term must be divided by the denominafy.equal
another limiting case, we have considered a geometry in whiththe sum of all 16 terms for normalization.

the binary complex with ligand 2 is characterized by very short
internuclear distances. The effects in this case depend on the ~— -

fractions of pEL and pELL, which are present. As pEL Ll T‘—T
increases, the TRNOE effects foy show more rapid build-up

and decay, while the ILOE effects are reduced. Protein-medi- . g _ kskok; + kakokly]l + kylljlkgky + kokjky

i —— —_—

ated spin diffusion can in general be minimized through the us® 7 E D
of NOESY experiments which suppress spin-diffusion — —
(28, 29, or eliminated via protein deuteratio8(). Analogous l I ’ I

inter-ligand ROE experiments may also prove useful for deal-
ing with spin diffusion 81). Deuteration not only minimizes pgy, =EL1 - kakakillal + kallolks[Lylk + KoTJkaky Ba] + Kk Ly Jhg

potentially misleading protein-mediated interactions, but also E D

lengthens the bound ligaid values, enhancing the “magnetic

memory” of the ligand for interactions in the receptor complex. B L__l ) ﬂ
Thus, Shibatat al. (30) report observation of weak TRNOE (e -

cross peaks between ligand protons greatem thd apart in

TRNOE studies using perdeuterated phosphoglycerate kinage,=-Elz - Stellals *llltalllalks +lalafalks + ki ilolla]

In addition to deuteration of the protein, deuteration strate- E b
gies that increase the ligant, values, e.g., deuteration of ~— ™ W
alternate sites, can also produce significant improvements in . u ) T l
the observation of both TRNOBY) and ILOE resonances. L
12 _

The effect of ligandT, is illustrated by a comparison of the pEL,L,=
simulations forC,, between Fig. 3B and Fig. 7A, as noted °

above. The calculated curves g(Jzorrespond tg the same kinetic Kakall T ) + gl ll P+ kokall i L+ Kol ol
and NMR parameters, but to different geometries, having the D

same 3-4 inter-ligand distance in the ternary complex, but ) o )

greater intra-ligand distances for the simulation of Fig. 7A. Tfﬁzor the gase of order'ed ligand pmdmg described by Eq. [17
resulting reduction of the intra-residue relaxation rates for tifa€ fractional populations are given by

latter geometry results in an increased length of the period

during which the ILOE is increasing, and to an increased pE:E= Koik_4

maximum effect, from~ 0.19 (att,, = 0.38 s) to 0.36 (at,, = By koik 4+ ky[Lqlk 4 + KqJLJk4[L ]

0.75 s). Hence, strategies which lengthen the relaxation rates EL, KL K .

for the ligand protons, e.g., specific deuterati@i)( can EL,=—=

facilitate observation of inter-ligand Overhauser effects. P B Koakog + kallalkg + K[l aJko[L o]
The observation of ILOE interactions between spins on EL,

different ligands should prove to be a valuable tool for under- PEL, = E, =0

standing active site geometry, hence providing insight into
active site chemistry. It also seems reasonable to anticipate that
ILOE’s can be used in a complementary fashion with other
inhibitor-discovery approaches such as the SAR by NMR
technique 22, 32 in order to design enzyme inhibitors fromThe above equations are dependent on the free ligand conc
component ligands. In this type of application, contributiongations: [L,] = L, and [L,] = L, which in the limit L, L,
from indirect, protein-mediated relaxation pathways may prowe E, can be replaced by the total ligand concentrations/4
useful for the identification of ligands which are bound too fdr, and L,r = L,. Since under conditions that allow observatior
away from one another to exhibit significant direct ILOEs. of ILOE peaks the enzyme is often effectively saturated witl
both ligands, a more accurate result is obtained by settir
APPENDIX A L,=1L, — E;and L = L, — E,. One manifestation of the
error resulting from these approximations is the calculate
asymmetry, f\; — A;)/A; or (C; — C;)/C;. For the param-
eters given in Fig. 3, the calculated asymmetry can be sevel
For the kinetic model of Eq. [8], the equilibrium fractions ofpercent in some cases, but is reduced-td0° or less using
E, EL,, EL,, and ELL, can be determined from a King—the above approximation.

EL,L Kq[L kL
LBt AL kL]

Eo  Koakos Kyl ok s + Kq[L o]K[L 2]

Calculation of Equilibrium Receptor-Ligand
Fractional Populations
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