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Exchange-transferred nuclear Overhauser experiments (NOE) probe the three-dimensional conformation of
small-molecule ligands bound to macromolecules and have been used to study ligand structural features in a
number of ligand-protein complexes. A complete rate matrix analysis, including interactions between the
ligand and macromolecule, of a selective saturation, one-dimensional transferred experiment is reported here
to supplement previous matrix descriptions for inversion recovery, two-dimensional experiments. Simulation
studies allowed a comparison of the magnitude of indirect relaxation effects from pathways involving the
protein between these alternative perturbation experiments. The results show that the effect on a ligand-
ligand transferred-NOE intensity from protein indirect relaxation pathways varies between a saturation 1D
experiment and a recovery 2D experiment. Attenuation by intermolecular indirect relaxation is diminished
in the saturation experiment, while intermolecular relaxation effects that increase the direct NOE intensity
are somewhat larger in the saturation experiment. These variations between alternative perturbations result
from the relatively large NOE magnetization of the protein spins produced by the continuous saturation of a
ligand spin and the particular averaging of NMR relaxation rates when the ligand is in molar excess and
undergoes fast exchange. The variation observed in the indirect effect from intermolecular pathways in an
exchange system does not occur either with intramolecular pathways or in the absence of exchange. The
theoretical results suggest that a ratio of NOE intensities from 1D saturation and 2D recovery experiments
may be used to indicate regions of close contact between ligand and protein.

Introduction

Exchange-transferred nuclear Overhauser (ET-NOE) experi-
ments probe the three-dimensional conformation of small-
molecule ligands bound to macromolecules1 and have been used
to study ligand structural features in a number of ligand-protein
complexes (see reviews of refs 2-6). The averaging of NMR
quantities by rapid association/dissociation of the ligand allows
structural studies related to macromolecules of molecular weight
too large to be observed directly by NMR.7 In an ET-NOE
experiment, the ligand and macromolecule are present in solution
with the ligand in molar excess. Information on interproton
distances between ligand nuclei is obtained from the NOE
magnetization measured from the relatively narrow NMR
resonances of the ligand. The line widths of these resonances
are narrowed due to exchange averaging that is dominated by
the free state. However, the averaged NOE magnetization is
dominated by cross relaxation in the bound state.
As with conventional NOE interactions in the absence of

exchange, ET-NOE magnetization is measured by perturbations
from equilibrium by either a continuous saturation method or a
transient recovery method.8,9 In the former case, the approach
to a new steady-state level of magnetization of the system, driven
by selective saturation of a single spin, is followed using one-
dimensional spectroscopy. Thus, this experiment reflects the
response to continuous irradiation, and sometimes is described
as “truncated-driven” NOE. In the case of the transient
recovery, either one or all spin magnetization levels are inverted
and the rate at which equilibrium is recovered is followed.

Recovery experiments may be carried out by either one-
dimensional or two-dimensional spectroscopy, with the most
common being the two-dimensional, nonselective inversion
recovery experiment (ET-NOESY).
Of primary interest in protein-ligand ET-NOE structural

studies is the estimation of the distance between two ligand
protons. Estimates are determined with varying degrees of
accuracy. Under some circumstances, which include the limit
of fast exchange, the distance can be determined from the initial
slope of the time dependence of the ET-NOE.10,11 However, it
is common that more qualitative estimates are obtained at longer
times of the NOE buildup. Several factors, such as indirect
effects from multiple-spin relaxation, the exchange rate, and
internal motions, affect the measured ET-NOE intensity at these
longer mixing times and can lead to errors in distance estimates.
A recent and thorough review describing these factors has
appeared.11 The study presented here expands upon current
understanding of the influence of indirect relaxation pathways
from protons on the macromolecule,10,12-14 by examining how
the size of the macromolecular indirect effects varies in driven
compared to transient recovery ET-NOE experiments due to
the combined factors of exchange and alternative perturbations
of the equilibrium magnetization. Recent experimental results
have shown the importance of considering such indirect
pathways involving the protein in a protein-ligand complex.15,16

We compare the multiproton indirect effects, or spin diffusion,
encountered in a one-dimensional selective saturation ET-NOE
experiment with that in a two-dimensional inversion recovery
ET-NOESY experiment. Indirect effects are changes in the
NOE intensity that arise from relaxation pathways other than
those of direct cross relaxation between the two protons defining
the NOE (Scheme 1A). A matrix approach is described for
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analysis of one-dimensional, selective-saturation-transferred
NOE experiments that takes into account these multiple pairwise
interactions, including intermolecular pathways between the
ligand and macromolecule. To facilitate matrix diagonalization,
we use a symmetrization procedure that depends on exchange
being fast relative to cross-relaxation, first described by Landy
and Rao.17 Others have subsequently employed a matrix
analysis of two-dimensional experiments on exchange systems
(refs 4,6 and references therein). This report is the extension
of our previous work12 to such a matrix analysis of selective
saturation ET-NOE and a comparison of protein indirect effects
with the alternative perturbation conditions.
By using simulations of the protein complex lactate

dehydrogenase‚nicotinamide adenine dinucleotide (LDH‚NADH),
we show that the combination of alternative perturbation and
ligand exchange produces different amounts of protein-
modulated indirect effects. For certain NOE interactions, where
the direct NOE intensity is attenuated by relaxation with the
protein, these effects are less pronounced with saturating
conditions. However, for other interactions, where the intensity
is enhanced by the protein spins, indirect effects are significant
with both saturating and recovery conditions. The results
suggest that variations between one-dimensional saturation and
two-dimensional recovery experiments may be used to indicate
regions of close contact between the ligand and macromolecule.

Theory

Selective Saturation 1D ET-NOE. For a system of two
dipolar coupled spins,i and j, irradiation of j causes a change
in the resonance intensity ofi. The nuclear Overhauser effect
on the intensity of spini is defined as

ηi(t) )
Iiz - Ii0
Ii0

(1)

where Iiz is the z magnetization of spini, and Ii0 is the
equilibrium value ofIiz. In ann-spin system, the time-dependent
magnetization response to selective saturation of spinj can be
described by a set of (n- 1) equations. Using matrix notation,
these equations are written as18,19

d[η]
dt

) -Γ′[η] + [σ] (2)

where [η] is a column array of (n - 1) NOE intensities
excludingj, t is the mixing time, and [σ] is a column array of

the cross-relaxation rates,σij , between spinj and all other (n -
1) spins. The relaxation rate matrixΓ′ excludes spinj by
deleting thejth column andjth row from the full relaxation
matrix Γ of then-spin system defined as

Γ ) [ρ1 σ12 σ13 · · ·
σ21 ρ2 σ23 · · ·
σ31 σ32 ρ3 · · ·

·
·
·

·
·
·

·
·
·

·
·
·

]
The diagonal elements,Fi, are the self-relaxation rates for each
spin i. Bothσij andFi, are functions of the inverse sixth power
of the distance between a proton pair.
A solution to the inhomogeneous eq 2 is20

[η] )∫0te-Γ′(t-s)[σ] ds (3)

Integration of this equation and substitution with the eigenvalues
and eigenvector ofΓ′ gives

[η] ) K × [· · · 0
1
l i
(1- e-lit)

0 · · ·
] × KT × [σ] (4)

Matrix K contains the eigenvectors ofΓ′, andli in the diagonal
elements are the eigenvalues ofΓ′. The evaluation of the
Overhauser enhancements is therefore reduced to the eigenvalue
problem of determiningK and li.
In an exchange-transferred system, the ligand, L, and protein,

P, have two states: bound and free.

P+ L y\z
k1

k-1
PL

The full rate matrix for this system,Γex, includes the exchange
terms as well as magnetic relaxation terms. In particular,Γex

comprises cross-relaxation rates for P, L, and the complex PL
where both inter- and intramolecular pairwise terms are present.
The cross-relaxation rates are large for P and PL, whereas these
rates are near zero for free L since its rotational correlation time
is near the magnetic Larmor frequency. As such,Γex is written
as

Γex ) [Γl
b + k-11 -k1[P]1 Γlp

b 0
-k-11 Γl

f + k1[P]1 0 0

Γpl
b 0 Γp

b + k-11 -k1[L]1

0 0 -k-11 Γp
f + k1[L]1

]
The superscripts b and f refer to bound and free species,
respectively, the subscripts p and l refer to an intramolecular
rate in protein and ligand, respectively, and the subscripts pl
and lp refer to an intermolecular rate in the complex.1 is an
identity matrix, and0 is a null matrix of appropriate dimensions.
[P] and [L] are the concentration of protein and ligand in
solution. At the fast exchange limitk1, k-1 . F, σ, and by
assuming the exchange is fast relative to chemical shift
differences so that free and bound states of a proton appear at

SCHEME 1
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a single resonance, the rate matrix can be simplified as
follows:12-14

Γex )

[[PL]Γl
b + [L]Γl

f

[PL] + [L]

[PL]Γlp
b

x([P] + [PL])([L] + [PL])

[PL]Γpl
b

x([P] + [PL])([L] + [PL])

[PL]Γp
b + [P]Γp

f

[PL] + [P]
]
(5)

For selective saturation of ligand resonancej, the NOE of the
observed spins builds to a steady-state level at long mixing
times, and the matrixΓ′ex differs from the full matrixΓex (eq
5) by deleting the appropriate column and row for the saturated
proton, as described above. Equation 2 in the presence of fast
exchange becomes

d
dt[ηl

b + ηl
f

x[L] + [PL]

[P] + [PL]
(ηp

b + ηp
f ) ] )

-Γ′ex[ηl
b + ηl

f

x[L] + [PL]

[P] + [PL]
(ηp

b + ηp
f ) ] + [σll

ex

σpl
ex] (6)

where the averaged cross-relaxation rate between the irradiated
ligand spinj and a second ligand spini

(σll
ex)ij )

[PL]σij
b + [L]σij

f

[PL] + [L]
(7a)

is and that between spinj and a protein spini is

(σpl
ex)ij )

[PL]σij
b

x([P] + [PL])([L] + [PL])
(7b)

As in eq 2,

[ηl
b + ηl

f

x[L] + [PL]

[P] + [PL]
(ηp

b + ηp
f ) ]

is a column array of ET-NOEs that excludes the intensity for
the irridiated spinj, and

[σll
ex

σpl
ex]

is a column array of cross-relaxation rates between the saturated
proton j and all other protonsi of ligand or protein.
The solution to eq 6 for selective saturation in the presence

of chemical exchange is expressed in terms of the eigenvectors
and eigenvalues ofΓ′ex, similar to eq 4

[ηl
b + ηl

f

x[L] + [PL]

[P] + [PL]
(ηp

b + ηp
f ) ] )

Kex× [· · · 0
1

(lex)i
(1- e-(lex)it)

0 · · ·
] × Kex

T × [σll
ex

σpl
ex] (8)

BecauseΓ′ex is a symmetrical matrix, standard diagonalization

methods can be used to calculate the eigenvalues (lex)i and
eigenvectorsKex.
2D ET-NOESY. A complete description, including inter-

molecular cross relaxation, of the 2D ET-NOESY in the fast
exchange limit with respect to cross-relaxation rates has been
reported.10,12-14 Under the conditionk1[P] + k-1 . F, σ, the
time-dependence of the peak volumes for rapidly averaged free
and bound proton resonances is given by

d
dtm[x[P] + [PL](V l

b + V l
f)

x[L] + [PL](Vp
b + Vp

f ) ] )

-Γex[x[P] + [PL](V l
b + V l

f)

x[L] + [PL](Vp
b + Vp

f ) ] (9)

The elements of matricesV are the peak volumes in the ET-
NOESY spectrum. The solution to eq 9 is straightforward12

and requires diagonalization of the symmetrical matrixΓex.

Simulation Method

We examine by computer simulations the time-dependent ET-
NOE intensities of NADH (Scheme 1B) in the presence of
dogfish LDH (Mr ) 140 000) produced by the alternative
perturbation conditions of selective saturation or inversion
recovery. The LDH‚NADH system is similar in molecular
weight and correlation time to protein complexes on which many
ET-NOE experiments are performed. Moreover, this system
demonstrates a range of indirect magnetization effects that vary
in size due to different spatial arrangements of protein protons
near a ligand-ligand NOE pair. In the LDH‚NADH complex,
nicotinamide is buried within the protein, while adenine is bound
on the surface of the protein.21 Therefore, there are more protein
protons in close proximity to the nicotinamide-ribose moiety
than the adenine-ribose moiety. Hydrogen atom coordinates
were determined by geometry from the heavy atoms in a
crystallographic structure of LDH‚NADH using the program
CHARMM. Coordinates were obtained from the X-ray crystal-
lographic structure for the ternary complex (J. Griffith and M.
Rossmann, Brookhaven Protein Data entry 1LDM) with the
substrate analogue, oxamate, deleted. The energy of the LDH‚
NADH structure was minimized and the optimized structure
was used in the NMR simulation studies. The correlation time
for LDH and the LDH‚NADH complex was 60 ns, and for free
NADH, 0.4 ns. The total concentrations of NADH and
tetrameric LDH were 5 and 0.125 mM, respectively, and the
binding equilibrium constant,Kd, equals 3.6µM,21 giving
approximately 0.125 mM for the final LDH‚NADH complex
concentration and 0.5 mM bound NADH. A 500 MHz magnetic
field and fast exchange with respect to cross relaxation are
assumed for all calculations.

Results

Four ligand-ligand ET-NOE interactions were examined:
H1′-H4′ and H2′-H3′ in the ribose of the adenine or nicotine
base. The ring puckering is nearly identical for the two ribose
rings, so that the interproton distances for similar proton pairs
are nearly equal. The distances for H1′-H4′ and H2′-H3′ are
2.87 and 2.42 Å in the adenine moiety and 2.76 and 2.46 Å in
the nicotinamide moiety, respectively. Figure 1 shows the time-
development of the ET-NOE intensity for the four ligand pairs.
The ET-NOE for proton pairs with similar distances appear in
columns a and b for nicotinamide H1′N-H4′N and adenine
H1′A-H4′A and in columns c and d for H2′N-H3′N and H2′A-
H3′A, respectively. The time-dependence of the ET-NOE is
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shown in the top row for selective saturation calculated from
eq 8 and in the middle row for the inversion recovery in a 2D
ET-NOESY experiment calculated from the solution to eq 9.
Two sets of simulations were performed: the first set of

calculations (solid lines) includes protons of LDH and NADH
in the rate matrix and best approximates observed intensities,
whereas the second set (dashed curves) includes NADH protons
only, as if the protein were fully deuterated. Thus, we use as
a reference the isolated ligand undergoing exchange and
therefore subject to the population-weighted average of relax-
ation rates, such that the dashed curves would be the results
calculated by a multiple-spin approach without information on
the macromolecule. Referring to Scheme 1A, this reference is
the exchange system without the pool of indirect spins. The
contribution to the ligand-ligand ET-NOE intensity from
indirect effects caused by relaxation with protons from the
protein is the difference between the NOE intensity calculated
with and without the protein protons in the relaxation matrix.
This indirect contribution is plotted as a percentage of the full
intensity (solid curves) in the bottom row of Figure 1 for the
selective saturation experiment (circles) and the recovery 2D
ET-NOESY experiment (triangles). In a case where the
intermolecular relaxation pathways have negligible effect, the
solid and dashed curves in the top and middle rows would be
similar, and the relative difference shown in the bottom row
would be near to zero.
The well-known effect from indirect relaxation19,22-24 is

evident in Figure 1. The dashed curves of columns a and b are
similar, as expected for similar interproton distances. However,

the solid curves in columns a and b are dissimilar, showing the
presence of intermolecular indirect effects. Comparing the
recovery NOE time courses shown in c2 and d2, both solid and
dashed curves differ, even though these two spin pairs are nearly
the same distance apart. Thus, both inter- and intramolecular
indirect effects are present.

Discussion

The deviation between the ET-NOE intensities calculated for
a protiated protein (solid curves) and a deuterated one (dashed
curves) indicates the indirect effect from protein-modulated
relaxation. A notable feature of Figure 1 is the larger discrep-
ancy between the solid and dashed curves in panels b2, c2, and
d2 compared to that in panels b1, c1, and d1. That is, at mixing
times greater than 100 ms, the attenuation from protein indirect
relaxation pathways is more significant in a 2D recovery
experiment than in a continuous saturation experiment. Indeed,
in the case of selective saturation (Figure 1, b1, c1, and d1),
the attenuation by indirect contributions from the protein is
negligible. It is known from previous work12 that 2D ET-
NOESY ligand cross peaks can be attenuated by relaxation with
the protein. However, what has not been previously recognized
is that in the case of selectiVe saturation the intensity loss by
intermolecular indirect effects is small,even when a substantial
loss occurs in a 2D recovery experiment. This variation between
the alternative perturbation experiments is more pronounced for
H2′N-H3′N (Figure 1, c1 vs c2) than H2′A-H3′A (Figure 1, d
vs d2) or H1′A-H4′A (Figure 1, b1 vs b2) because of a larger
number of LDH protons in close proximity to both H2′N and
H3′N. The number of LDH protons within 5 Å of both protons
of the direct NOE pair is seven, three, and four for H2′N-H3′N
(panels c), H2′A-H3′A (panels d), and H1′A-H4′A (panels b),
respectively.
Unlike the NOE attenuation in Figure 1, panels b, c, and d,

the NOE intensity at shorttmix for H1′N-H4′N, shown in panel
a, is enhanced by indirect interactions. These indirect effects
are significant given either perturbation condition. The distance
from either H1′N or H4′N to the LDH proton, Ser137 HR, is
shorter than the separation between H1′N and H4′N. Thus, the
NOE magnetization developed by 137 HR from perturbations
of either H1′N or H4′N is greater than the direct NOE
magnetization so that indirect interactions increase the observed
NOE.
The variation in the protein-modulated indirect effects

between the 1D selective saturation experiment and the 2D
inversion recovery experiment (circles vs triangles in Figure 1,
row 3) arises from both the exchange averaging of magnetic
relaxation and that the indirect pathways are from the protein,
and not the ligand. That is, there is no significant variation in
indirect contributions using these alternative perturbation meth-
ods either in the absence of exchange or when spin diffusion
originates within the ligand in an exchange system.
To demonstrate that the variation occurs for intermolecular

but not intramolecular spin diffusion, we invoke a hypothetical
LDH‚NADH exchange system in which the protein protons near
one of the ligand protons for a direct NOE interaction are treated
as ligand protons. Thus, LDH protons within 5 Å of H2′N from
NADH were labeled as ligand spins in the hypothetical system,
instead of protein spins as in the actual system. These indirect
spins have the same spatial arrangement, but populations of free
and bound states corresponding to NADH, as if part of the pool
of indirect spins in Scheme 1A, also appear on the right-hand
side.
The time-development of the H2′N-H3′N transferred NOE

is shown in Figure 2A for the 1D selective saturation experiment

Figure 1. Simulated time-dependence of ET-NOE intensities for
alternative perturbation conditions of the ligand proton pairs: (a) H1′N-
H4′N; (b) H1′A-H4′A; (c) H2′N-H3′N; and (d) H2′A-H3′A. Top
panels: selective saturation, 1D ET-NOE time-development curves (eq
8). Middle panels: time-development of inversion recovery 2D ET-
NOESY cross-peak intensities (solution to eq 9). Two sets of simula-
tions are shown: (solid curves) NADH and LDH protons within 10 Å
of the binding site are included in the rate matrix to best approximate
observed intensities; (dashed curves) only the protons on NADH are
included in the rate matrix, as if LDH were fully deuterated. Bottom
panels: the relative difference in the ET-NOE intensity with and without
protein protons in the relaxation matrix divided by that with the protein
protons ((solid-dashed)/solid) to show the intermolecular indirect effect
in the selective saturation 1D experiment (circles) and the transient
ET-NOESY (triangles). No contribution to relaxation from the protein
would give a zero vertical value. The simulations used the coordinates
from the X-ray crystallographic structure of NADH‚LDH; a correlation
time equal to 60 ns for LDH‚NADH and 0.4 ns for free NADH, 500
MHz field strength, 5 mM [NADH], 0.125 mM [LDH], and 3.6µM
KD, giving approximately 0.5 mM LDH‚NADH subunits.
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(upper curves) and 2D recovery experiment (lower curves). The
dotted curves in Figure 2A are the time-development of the
hypothetical system in which 10 spins of LDH near H2′N were
treated as ligand spins. The solid and dashed curves are as in
Figure 1, c1 and c2, and correspond to the actual systems of
LDH‚NADH and the NADH reference, respectively. Deviations
from the dashed curve (NADH reference) occurs by indirect
relaxation, with the 10 protons in question corresponding to
either intramolecular interactions within the hypothetical ligand
(dashed vs dotted) or the analogous intermolecular interactions
of the actual LDH‚NADH complex (dashed vs solid). For
intramolecular spin diffusion, the attenuation shown in Figure
2A is nearly the same with the alternative perturbation methods,
in contrast to the disparate attenuation for intermolecular spin
diffusion.
That the indirect contributions attenuate the direct NOE

intensity equally with saturation and recovery experiments in
the absence of exchange is also readily demonstrated. Figure
2B shows the time-development of the two experiments for the
conventional NOE between H2′N-H3′N in the complex, without
exchange. As above, the solid curves were calculated including
protons from the full NADH‚LDH complex, and the dashed
curves were calculated with NADH protons only, as if LDH
were fully deuterated. The effect from spin diffusion is similar
in the saturation experiment and the recovery experiment.
(Whether the indirect interactions are intermolecular or intramo-
lecular is irrelevant in the absence of exchange.)

The variation between alternative perturbation experiments
in the effect from spin diffusion is a result of the exchange
process averaging differently the NMR relaxation rates for the
indirect and direct interactions. If the pool of indirect spins is
part of the ligand (such that it appears on both sides of the
arrows in Scheme 1A), then the indirect interactions and the
direct Hpert-Hobs interaction are governed by the same popula-
tion-weighted averaging, in which the free ligand is the major
fraction. However, if the pool is part of the protein, the indirect
spins are governed by the rates of only the complex (since the
protein is saturated with ligand), while the direct Hpert-Hobsspins
experience free and bound states. When the indirect interactions
come from the protein spins, the cross-relaxation rates are
averaged as the off-diagonal elements in eq 5, while the
equilibrium average for the direct ligand-ligand interaction is
the expression shown on the diagonal in eq 5. For the conditions
of large molar excess in ligand, the indirect, off-diagonal rates
are larger by approximately [L]1/2.
The basis for the smaller attenuation in 1D saturation

experiments from intermolecular indirect effects, but not in-
tramolecular ones, comes from a more effective cross relaxation
of the continuously irradiated Hpertwith protein spins compared
with the ligand spins. The continuous irradiation of Hpert

produces a larger indirect NOE magnetization for protein spins
because the protein spins do not experience the free-state
relaxation conditions where cross-relaxation rates are near zero.
(The difference due to exchange averaging for cross relaxation
of Hpert with the protein spins compared to that with the ligand
spins is seen by comparing eqs 7b and 7a and is the same as
that discussed above.) Because the NOE intensity of the pool
of protein indirect spins is relatively enhanced, the attenuation
of the direct NOE intensity is smaller.
This basis for less attenuation by indirect effects in a

saturation experiment is also the basis for larger enhancements
by indirect effects with this type of perturbation, as shown in
Figure 1, panel a. The continuous irradiation combined with
exchange averaging promotes the contribution of the indirect
protein spin, 137 HR, to increase the direct NOE intensity since
the magnetization of 137 HR by Hpert is efficient.

Conclusions

In summary, we have shown using a theoretical matrix
analysis of NMR relaxation that the effect on a ligand-ligand
ET-NOE intensity from indirect relaxation with protein protons
varies between a saturation 1D experiment and a recovery 2D
experiment. In the case where indirect relaxation attenuates
the direct NOE intensity, the effect is smaller (Figure 1, b2-d1
vs b2-d2) in a 1D saturation experiment. The continuous
irradiation of the ligand proton Hpert leads to a relatively large
NOE magnetization of protein indirect spins and therefore less
“drain” on the direct NOE magnetization by protein indirect
pathways. The smaller indirect effect does not occur either from
intramolecular pathways (Figure 2) or in the absence of
exchange. This relative enhancement by cross relaxation
between Hpertand protein spins is due to the particular averaging
of NMR relaxation rates when the ligand is in molar excess
and undergoes fast exchange and the protein is saturated with
ligand. For the case where a ligand-ligand ET-NOE intensity
is increased as a result of the indirect protein pathways, the
relatively large indirect NOE intensity produced from exchange
averaging and continuous irradiation leads to a greater increase
(Figure 1, a1 vs a2).
The variation in protein-modulated indirect effects between

alternative perturbation experiments reported here is significant
at mixing times greater than 100 ms for a 140 kDa protein and

Figure 2. Time-development curves of the transferred NOE with
alternative perturbations for H2′N-H3′N. The upper curves are the result
of selective saturation 1D ET-NOE, and the lower curves are from
inversion recovery observed with 2D ET-NOESY. Parameters are as
in Figure 1. (A) Disparate behavior of intermolecular and intramolecular
indirect relaxation in an exchange system. The dotted curves (intramo-
lecular spin diffusion) are the buildup curves in a hypothetical LDH‚
NADH complex in which 10 spins of LDH near H2′N are treated as
ligand spins. See text for detail. The solid (intermolecular spin diffusion)
and dashed (reference) curves are as in Figure 1, c1 and c2. The
deviation between dotted and dashed curves, the intramolecular indirect
effects, is similar with alternative perturbations, while that between
the solid and dashed curves, the intermolecular indirect effect, is not.
(B) Effect of indirect relaxation in the absence of exchange, i.e., the
time-development for the LDH‚NADH complex without a molar excess
of NADH. The solid curves calculated for protiated LDH include
indirect effects. The dashed curves for deuterated LDH serve as the
reference without protein indirect effects. The scale oftmix reflects the
ratio of the free ligand to bound ligand concentrations.
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ligand/binding-site molar ratio of∼10. There is no discernible
variation between 1D saturation ET-NOE experiments and 2D
recovery experiments at mixing times less than 30 ms. (The
initial slopes, albeit for extremely short mixing times, are equal
to the equilibrium-averaged direct cross-relaxation rate in all
instances, as expected for the limiting conditiont f 0 and fast
exchange.9,25) However, it should be noted that current
structural studies on exchange complexes, in order to obtain
reasonable signal/noise, use ET-NOESY intensities measured
at mixing times greater than that which satisfies initial
conditions.26-32 Qualitative estimates of interproton distances
are obtained from intensities measured at 150-250 ms, where
protein-mediated effects can be significant and the discrepancies
noted here between 2D recovery and selective saturation would
exist. For example, the NOE values at 200 ms of the solid
curve in Figure 1, c2 and d2, differ substantially, yet the NOE
pairs have nearly equal distances of 2.42 and 2.46 Å, respec-
tively. In contrast, the 1D saturation experiments in Figure 1,
c1 and d1, have very similar intensities, more consistent with
the interproton distances. Furthermore, in cases where the three-
dimensional structure of a ligand molecule determined from ET-
NOE intensities is to be verified by a rate matrix analysis that
includes only the ligand and not the protein interactions,
verification would be most useful for selective saturation time-
dependence. Thus, such an analysis would produce the dashed
lines in Figure 1, and except for panel a, where the protein-
modulated effect enhances the intensity, these curves are more
similar to the observed solid curves in the top row than the
middle row. Experimental results to demonstrate the behavior
described here based on theoretical considerations are of interest
and would complement other means for detecting indirect
relaxation.15,16 But, we note that obtaining selectivity in 1D
saturation experiments can present a practical problem with large
systems such as proteins,19 as well as the existence of other
technical difficulties.33 Even though the ability to selectively
perturb spins can prevent the study of a large number of ligand-
ligand NOE interactions by selective 1D experiments, it is
nevertheless worthy of consideration for cases where such
measurements are feasible.
The variation in the magnitude of the protein indirect effects

with alternative perturbation conditions could be exploited to
detect regions of the ligand that are in close contact with the
protein. Contact regions create buried protein surface in the
complex and are likely to have relatively more protein protons
in proximity to ligand protons and therefore significant variation
in indirect cross relaxation between selective saturation and 2D
recovery experiments. The selective saturation intensity at 200
ms (Figure 1, top row) may be compared with the 2D recovery
intensity for the same interaction (middle row). The ratio of
these intensities is larger for panels a, b, and c (ratiog 2.0)
than for panel d (ratio∼ 1.5). The three NOE pairs for panels
a, b, and c have 22-27 LDH protons within 5.0 Å of either
Hpert or Hobs, while H2′A-H3′A in panel d has only six such
LDH protons. The larger ratio reflects more effective inter-
molecular relaxation in the 2D recovery experiment due to a
larger number of protein protons near the ligand protons. In
the LDH‚NADH complex, the nicotinamide moiety is buried
and inaccessible to solvent, while the adenine moiety is partially
solvent-exposed, with H2′ and H3′ accessible to solvent
molecules. On the basis of the current study on the LDH‚
NADH complex, a ratio of appropriately scaled ET-NOE
intensities from a selective saturation and a recovery experiment
greater than 2 would indicate a region of the ligand that is well
surrounded by protein atoms. The exact value of the ratio would

vary with the protein correlation time. Furthermore, we note
that a small ratio would not rule out the possibility of close
contact since compensating factors (enhancement by an inter-
vening protein spin plus attenuation) could occur, depending
on the exact structure.
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