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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 ligane-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 Recovery experiments may be carried out by either one-

. dimensional or two-dimensional spectroscopy, with the most
Exchange-transferred nuclear Overhauser (ET-NOE) experi- common being the two-dimensional, nonselective inversion

ments prqbe the three-dimensional conformation of small- recovery experiment (ET-NOESY).
molecule ligands bound to macromolectlasd have been used ’ ) - T
to study ligand structural features in a number of ligaptbtein Of primary interest in proteinligand ET-NOE structural
complexes (see reviews of refs-8). The averaging of NMR  Studies is the estimation of the distance between two ligand
quantities by rapid association/dissociation of the ligand allows Protons. Estimates are determined with varying degrees of
structural studies related to macromolecules of molecular weight @ccuracy. Under some circumstances, which include the limit
too large to be observed directly by NMRIn an ET-NOE of fast exchange, the distance can be determined from the initial
experiment, the ligand and macromolecule are present in solutionslope of the time dependence of the ET-NOE: However, it
with the ligand in molar excess. Information on interproton is common that more qualitative estimates are obtained at longer
distances between ligand nuclei is obtained from the NOE times of the NOE buildup. Several factors, such as indirect
magnetization measured from the relatively narrow NMR €ffects from multiple-spin relaxation, the exchange rate, and
resonances of the ligand. The line widths of these resonancegnternal motions, affect the measured ET-NOE intensity at these
are narrowed due to exchange averaging that is dominated bylonger mixing times and can lead to errors in distance estimates.
the free state. However, the averaged NOE magnetization isA recent and thorough review describing these factors has
dominated by cross relaxation in the bound state. appeared! The study presented here expands upon current
As with conventional NOE interactions in the absence of understanding of the influence of indirect relaxation pathways
exchange, ET-NOE magnetization is measured by perturbationsfrom protons on the macromolecufe!?4 by examining how
from equilibrium by either a continuous saturation method or a the size of the macromolecular indirect effects varies in driven
transient recovery methde. In the former case, the approach compared to transient recovery ET-NOE experiments due to
to a new steady-state level of magnetization of the system, driventhe combined factors of exchange and alternative perturbations
by selective saturation of a single spin, is followed using one- of the equilibrium magnetization. Recent experimental results
dimensional spectroscopy. Thus, this experiment reflects thehave shown the importance of considering such indirect
response to continuous irradiation, and sometimes is describedpathways involving the protein in a proteitigand complex516
as “truncated-driven” NOE. In the case of the transient  \we compare the multiproton indirect effects, or spin diffusion,
recovery, either one or all spin magnetization levels are inverted encountered in a one-dimensional selective saturation ET-NOE
and the rate at which equilibrium is recovered is followed. experiment with that in a two-dimensional inversion recovery
ET-NOESY experiment. Indirect effects are changes in the

» Corresponding author (E-mail: cbp@cc.purdue.edu). NOE intensity that arise from relaxation pathways other than

T Current address: Laboratories of the Rockefeller University, New York, h  di | ion b h defini
NY 10021 (E-mail: zhengj@mriris.rockefeller.edu). those of direct cross relaxation eMeent etwq proton; efining

€ Abstract published ilAdvance ACS Abstractdanuary 15, 1996. the NOE (Scheme 1A). A matrix approach is described for

0022-3654/96/20100-2675$12.00/0 © 1996 American Chemical Society



2676 J. Phys. Chem., Vol. 100, No. 7, 1996

SCHEME 1
A.

Zheng and Post

the cross-relaxation rates;, between spif and all other 1§ —
1) spins. The relaxation rate matriR excludes spin by

Direct Ligand
Pathway

Hpen - HObS

Direct Ligand
Pathway

Hpert ~——»Hops

deleting thejth column andjth row from the full relaxation

— matrix I' of the n-spin system defined as
h

Indirect
_Pathways Q1 Oy 013 °

031 Q2 O3 °
T |03 032 03 °°°

Indirect
Pathways

Protein-Ligand Complex

Free Ligand . . . .
(efficient cross-relaxation) (cross-relaxation rate ~ 0) . . . .
B. H H ,° NHy The diagonal elementgi, are the self-relaxation rates for each
] C\NH? N oW spini. Bothgj andpi, are functions of the inverse sixth power
“_<\ | )\ of the distance between a proton pair.
H" ™y H o o N N H . : 0
] I A solution to the inhomogeneous eq 2%s
CHy~ O ;I:—‘o—r—o-}-lzc o.
H2' H3) (o} o H3' H2} t (g
HY' Ha' Hat—{H1’ 1]l = foe [0] ds ©))
OH OH OH OH

] . ] ) . Integration of this equation and substitution with the eigenvalues
analysis of one-dimensional, selective-saturation-transferredgng eigenvector of' gives

NOE experiments that takes into account these multiple pairwise
interactions, including intermolecular pathways between the
ligand and macromolecule. To facilitate matrix diagonalization, .. 0
we use a symmetrization procedure that depends on exchange
being fast relative to cross-relaxation, first described by Landy 7] =K x
and Rad’ Others have subsequently employed a matrix
analysis of two-dimensional experiments on exchange systems 0 T,
(refs 4,6 and references therein). This report is the extension
of our previous work? 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
dehydrogenaseicotinamide adenine dinucleotide (LEWADH),
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 The full rate matrix for this systenT}ex, includes the exchange
with both saturating and recovery conditions. The results terms as well as magnetic relaxation terms. In particdlar,
suggest that variations between one-dimensional saturation ancdcomprises cross-relaxation rates for P, L, and the complex PL
two-dimensional recovery experiments may be used to indicate where both inter- and intramolecular pairwise terms are present.
regions of close contact between the ligand and macromolecule.The cross-relaxation rates are large for P and PL, whereas these

rates are near zero for free L since its rotational correlation time

e k<@ @

Matrix K contains the eigenvectors Bf, andl; in the diagonal
elements are the eigenvalues Bf The evaluation of the
Overhauser enhancements is therefore reduced to the eigenvalue
problem of determining< andl;.

In an exchange-transferred system, the ligand, L, and protein,
P, have two states: bound and free.

ky
P+L=—=PL
k-1

Theory is near the magnetic Larmor frequency. As sUth,is written
Selective Saturation 1D ET-NOE. For a system of two as

dipolar coupled sping, andj, irradiation ofj causes a change
in the resonance intensity af The nuclear Overhauser effect rlb +k ;1 —k[P]1 l“ﬁ, 0
on the intensity of spirn is defined as

Intensily ot spin 1s det oot I +kJ[P]1 0 0

i) = iz — lio ) |y 0 o+ k1 —kfL]1
' lio 0 0 —k1 T4kl

where |j; is the z magnetization of spin, and ljp is the
equilibrium value ofi,. In ann-spin system, the time-dependent The superscripts b and f refer to bound and free species,
magnetization response to selective saturation of span be respectively, the subscripts p and | refer to an intramolecular
described by a set ofi(— 1) equations. Using matrix notation, rate in protein and ligand, respectively, and the subscripts pl
these equations are written'&a¥ and Ip refer to an intermolecular rate in the compleixis an
d identity matrix, and is a null matrix of appropriate dimensions.
ﬂ: —T'[n] + [0] 2) [P] and [L] are the concentration of protein and ligand in
dt solution. At the fast exchange limi, k-1 > p, o, and by
where ] is a column array of f — 1) NOE intensities assuming the exchange is fast relative to chemical shift
excludingj, t is the mixing time, andd] is a column array of differences so that free and bound states of a proton appear at
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a single resonance, the rate matrix can be simplified as methods can be used to calculate the eigenvallgs &nd

follows:12-14 eigenvectors gy.
r — 2D ET-NOESY. A complete description, including inter-
2 [ molecular cross relaxation, of the 2D ET-NOESY in the fast
[PLITY + [L]T] [PL]Fﬁ, exchange limit with respect to cross-relaxation rates has been
=T T reported.%12-14 Under the conditiork;[P] + k-1 > p, o, the
[PL] +[L] ‘/([P] + [PLD(IL] + [PL]) time-dependence of the peak volumes for rapidly averaged free
[PL]I‘,t;I [PL]FE + [p]r:) and bound proton resonances is given by
VPI+PL)(L] +[PL)  [PLI+[P] | d|VIPIHPLV V) |
(5) Gt /[L] + [PLI(VE+ V)
For selective saturation of ligand resonafpcthe NOE of the o7 T o b f
observed spins builds to a steady-state level at long mixing _ [P]+[PLI(V/ + V)
times, and the matrif"e differs from the full matrixTex (€q “IVILT + [PLI(VE + V)

5) by deleting the appropriate column and row for the saturated . .
- : . The elements of matriceg are the peak volumes in the ET-
roton, as described above. Equation 2 in the presence of fas . - .
P I v quat ! P tNOESY spectrum. The solution to eq 9 is straightforward

exchange becomes - . S ; :
g and requires diagonalization of the symmetrical maktix
b f
et

d _ Simulation Method
Y CEAGEPN b | - .
[P] + [PL] Mo T M. We examine by computer simulations the time-dependent ET-

b f NOE intensities of NADH (Scheme 1B) in the presence of
mtm s dogfish LDH M, = 140 000) produced by the alternative
Tyl U+PU . +l :X] (6) perturbation conditions of selective saturation or inversion
m(r]p—knp) Ol recovery. The LDHNADH system is similar in molecular
[P]+[PL] weight and correlation time to protein complexes on which many
where the averaged cross-relaxation rate between the irradiatedET-NOE experiments are performed. Moreover, this system
ligand spinj and a second ligand spin demonstrates a range of indirect magnetization effects that vary

b ¢ in size due to different spatial arrangements of protein protons
_ [PL]oj + [L] g near a liganetligand NOE pair. In the LDHNADH complex,

ex
(1) = [PL] +[L] (7a) nicotinamide is buried within the protein, while adenine is bound
is and that between spjrand a protein spii is on the sqrface of the protg?ﬁ.Therefqre, f[herelare more protein
protons in close proximity to the nicotinamide-ribose moiety
[PL]()'itj) than the adenine-ribose moiety. Hydrogen atom coordinates
(0o = (7b) were determined by geometry from the heavy atoms in a
V(P] + [PL(IL] + [PL]) crystallographic structure of LDHIADH using the program
As in eq 2, CHARMM. Coordinates were obtained from the X-ray crystal-
b ‘ lographic structure for the ternary complex (J. Griffith and M.
m Rossmann, Brookhaven Protein Data entry 1LDM) with the
0 + [PL] substrate analogue, oxamate, deleted. The energy of the LDH
\ /—(;73—1— 77;) NADH structure was minimized and the optimized structure
[Pl +[PL] was used in the NMR simulation studies. The correlation time

is a column array of ET-NOEs that excludes the intensity for for LDH and the LDHNADH complex was 60 ns, and for free
the irridiated spirj, and NADH, 0.4 ns. The total concentrations of NADH and
tetrameric LDH were 5 and 0.125 mM, respectively, and the
binding equilibrium constantKy, equals 3.6uM,?! giving
o approximately 0.125 mM for the final LDHNADH complex
) P ) concentration and 0.5 mM bound NADH. A 500 MHz magnetic
is a column array of cross-relaxation rates between the saturatedig|q and fast exchange with respect to cross relaxation are
protonj and all other protons of ligand or protein. assumed for all calculations.

The solution to eq 6 for selective saturation in the presence
of chemical exchange is expressed in terms of the eigenvectorsgagits
and eigenvalues df'ey, similar to eq 4

ex
0y

Four ligand-ligand ET-NOE interactions were examined:

77|b + 77|f H1'—H4" and H2—H3' in the ribose of the adenine or nicotine
0 + [PL] = base. The ring puckering is nearly identical for the two ribose
—(;7‘; + ;7‘;) rings, so that the interproton distances for similar proton pairs
[P] +[PL] are nearly equal. The distances forHH4' and H2—H3' are

2.87 and 2.42 A in the adenine moiety and 2.76 and 2.46 A in
the nicotinamide moiety, respectively. Figure 1 shows the time-

.. 0
K 1 1- ef(IeX)it) KT o 8 development of the ET-NOE intensity for the four ligand pairs.
ex X (i X Bex X o (8) The ET-NOE for proton pairs with similar distances appear in
.. P columns a and b for nicotinamide Ht-H4'y and adenine

0 H1'A—H4'A and in columns ¢ and d for Hi¢—H3'y and H2,—
Becausd ¢ is @ symmetrical matrix, standard diagonalization H3'a, respectively. The time-dependence of the ET-NOE is
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' ‘ ' ' ' Tz the solid curves in columns a and b are dissimilar, showing the
30t + 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.

20 -

1D ET-NOE

Discussion

2D ET-NOE
=)
‘
|
f

The deviation between the ET-NOE intensities calculated for
a protiated protein (solid curves) and a deuterated one (dashed
a3 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. Thatis, at mixing
times greater than 100 ms, the attenuation from protein indirect
02 o4 02 o4 02 04 02 04 relaxation pathways is more significant in a 2D recovery
t (5) experiment than in a continuous saturation experiment. Indeed,
Figure 1. Simulated time-dependence of ET-NOE intensities for in the case Qf selec_tlvg saturatlo'n (E|gure 1, b, cl, anq d.l)’
alternative perturbation conditions of the ligand proton pairs: (4H1  the attenuation by indirect contributions from the protein is
H4'n; (b) HIA—H4'A; (€) H2N—H3n; and (d) H2.a—H3'a Top negligible. It is known from previous wotk that 2D ET-
panels: selective saturation, 1D ET-NOE time-development curves (eq NOESY ligand cross peaks can be attenuated by relaxation with
8). Middle panels: time-development of inversion recovery 2D ET- the protein. However, what has not been previously recognized
NOESY cross-peak intensities (solution to eq 9). Two sets of simula- js thatin the case of select saturation the intensity loss by
tions are shown: (solid curves) NADH and LDH protons within 10 A 0 yolecular indirect effects is smatlyen when a substantial
of the binding site are included in the rate matrix to best approximate . . . L
observed intensities; (dashed curves) only the protons on NADH are loss occurs _'n az2b recoyery expe!'lment. ,Th's variation between
included in the rate matrix, as if LDH were fully deuterated. Bottom the alternative perturbation experiments is more pronounced for
panels: the relative difference in the ET-NOE intensity with and without H2'N—H3'y (Figure 1, cl vs ¢2) than Mg—H3'a (Figure 1, d
protein protons in the relaxation matrix divided by that with the protein vs d2) or H1n,—H4's (Figure 1, b1l vs b2) because of a larger
protons ((solid—dashed)/;olid) to show'the intermolecular indirect effe_ct number of LDH protons in close proximity to both K2and
in the selective saturation 1D experiment (circles) and the transient H3'n. The number of LDH protons within 5 R of both protons

ET-NOESY (triangles). No contribution to relaxation from the protein . . ,
would give a zero vertical value. The simulations used the coordinates of the direct NOE pair is seven, three, and four forjr2H3'n

from the X-ray crystallographic structure of NADEDH; a correlation (panels c), HA—H3'a (panels d), and H1—H4's (panels b),
time equal to 60 ns for LDHNADH and 0.4 ns for free NADH, 500 respectively.
MHz field strength, 5 mM [NADH], 0.125 mM [LDH], and 3.6M Unlike the NOE attenuation in Figure 1, panels b, ¢, and d,
Kb, giving approximately 0.5 mM LDHNADH subunits. the NOE intensity at shot for H1'y—H4'y, shown in panel
a, is enhanced by indirect interactions. These indirect effects

shown in the top row for selective saturation calculated from gre significant given either perturbation condition. The distance
eq 8 and in the middle row for the inversion recovery in a 2D from either H1y or H4\y to the LDH proton, Serl37 & is
ET-NOESY experiment calculated from the solution to eq 9. ghorter than the separation betweeri\Hind H4y. Thus, the

Two sets of simulations were performed: the first set of NOE magnetization developed by 13%Hrom perturbations
calculations (solid lines) includes protons of LDH and NADH of either H1y or H4y is greater than the direct NOE
in the rate matrix and best approximates observed intensities,magnetization so that indirect interactions increase the observed
whereas the second set (dashed curves) includes NADH protondNOE.
only, as if the protein were fully deuterated. Thus, we use as The variation in the protein-modulated indirect effects
a reference the isolated ligand undergoing exchange andbetween the 1D selective saturation experiment and the 2D
therefore subject to the population-weighted average of relax- inversion recovery experiment (circles vs triangles in Figure 1,
ation rates, such that the dashed curves would be the resultgow 3) arises from both the exchange averaging of magnetic
calculated by a multiple-spin approach without information on relaxation and that the indirect pathways are from the protein,
the macromolecule. Referring to Scheme 1A, this reference is and not the ligand. That is, there is no significant variation in
the exchange system without the pool of indirect spins. The indirect contributions using these alternative perturbation meth-
contribution to the ligandligand ET-NOE intensity from ods either in the absence of exchange or when spin diffusion
indirect effects caused by relaxation with protons from the originates within the ligand in an exchange system.
protein is the difference between the NOE intensity calculated  To demonstrate that the variation occurs for intermolecular
with and without the protein protons in the relaxation matrix. but not intramolecular spin diffusion, we invoke a hypothetical
This indirect contribution is plotted as a percentage of the full | DH-NADH exchange system in which the protein protons near
intensity (solid curves) in the bottom row of Figure 1 for the one of the ligand protons for a direct NOE interaction are treated
selective saturation experiment (circles) and the recovery 2D as ligand protons. Thus, LDH protons within 5 A of l§2Zrom
ET-NOESY experiment (triangles). In a case where the NADH were labeled as ligand spins in the hypothetical system,
intermolecular relaxation pathways have negligible effect, the instead of protein spins as in the actual system. These indirect
solid and dashed curves in the top and middle rows would be spins have the same spatial arrangement, but populations of free
similar, and the relative difference shown in the bottom row and bound states corresponding to NADH, as if part of the pool
would be near to zero. of indirect spins in Scheme 1A, also appear on the right-hand

The well-known effect from indirect relaxatiéh??24 is side.
evident in Figure 1. The dashed curves of columns a and b are The time-development of the H2-H3'y transferred NOE
similar, as expected for similar interproton distances. However, is shown in Figure 2A for the 1D selective saturation experiment
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T The variation between alternative perturbation experiments
F A P 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
ol // —————— - arrows in Scheme 1A), then the indirect interactions and the
----------------- 7 direct Her—Hobsinteraction are governed by the same popula-
"""""""" tion-weighted averaging, in which the free ligand is the major
0 0.2 0.4 0.6 fraction. However, if the pool is part of the protein, the indirect
t (s) spins are governed by the rates of only the complex (since the
protein is saturated with ligand), while the direglelt-HobsSpins
S experience free and bound states. When the indirect interactions
come from the protein spins, the cross-relaxation rates are
4 averaged as the off-diagonal elements in eq 5, while the
/ equilibrium average for the direct ligandigand interaction is
| // ______ the expression shown on the diagonal in eq 5. For the conditions
ok 2 R of large molar excess in ligand, the indirect, off-diagonal rates
are larger by approximately [L.
Y A R The basis for the smaller attenuation in 1D saturation
0.00 0.02 0.04 0.06 experiments from intermolecular indirect effects, but not in-
t . (s) tramolecular ones, comes from a more effective cross relaxation
Figure 2. Time-development curves of the transferred NOE with Of. the Cont.inUOUS|y i.rradiawddé‘wnh pmte"? Spif‘s .compared
alternative perturbations for H@-H3'y. The upper curves are the result  With the ligand spins. The continuous irradiation Ofefd
of selective saturation 1D ET-NOE, and the lower curves are from Produces a larger indirect NOE magnetization for protein spins
inversion recovery observed with 2D ET-NOESY. Parameters are as because the protein spins do not experience the free-state
in Figure 1. (A) Disparate behavior of intermolecular and intramolecular relaxation conditions where cross-relaxation rates are near zero.
indirect relaxation in an exchange system. The dotted curves (intramo- (The difference due to exchange averaging for cross relaxation
lecular spin diffusion) are the buildup curves in a hypothetical LDH of HpertWith the protein spins compared to that with the ligand

NADH complex in which 10 spins of LDH near H2are treated as . b . 7b and 7 d is th
ligand spins. See text for detail. The solid (intermolecular spin diffusion) SPINS 1S Seen by comparing €qs and 7a and Is the same as

and dashed (reference) curves are as in Figure 1, c1 and c2. Thethat discussed above.) Because the NOE intensity of the pool
deviation between dotted and dashed curves, the intramolecular indirectof protein indirect spins is relatively enhanced, the attenuation
effects, is similar with alternative perturbations, while that between of the direct NOE intensity is smaller.

the solid and dashed curves, the intermolecular indirect effect, is not.  This basis for less attenuation by indirect effects in a
(B) Effect of indirect relaxation in the absence of exchange, i.e., the ¢q¢,ration experiment is also the basis for larger enhancements

time-development for the LDHIADH complex without a molar excess S . . . -
of NADH. The solid curves calculated for protiated LDH include PY indirect effects with this type of perturbation, as shown in

indirect effects. The dashed curves for deuterated LDH serve as theFigure 1, panel a. The continuous irrad?atio.n combingd \{Vith
reference without protein indirect effects. The scalégfreflects the exchange averaging promotes the contribution of the indirect
ratio of the free ligand to bound ligand concentrations. protein spin, 137 Id, to increase the direct NOE intensity since

. the magnetization of 137 ddby Hyer is efficient.
(upper curves) and 2D recovery experiment (lower curves). The

dotted curves in Figure 2A are the time-development of the ~qnclusions
hypothetical system in which 10 spins of LDH near'ki®ere
treated as ligand spins. The solid and dashed curves are as in In summary, we have shown using a theoretical matrix
Figure 1, c1 and c2, and correspond to the actual systems ofanalysis of NMR relaxation that the effect on a ligarigand
LDH-NADH and the NADH reference, respectively. Deviations ET-NOE intensity from indirect relaxation with protein protons
from the dashed curve (NADH reference) occurs by indirect varies between a saturation 1D experiment and a recovery 2D
relaxation, with the 10 protons in question corresponding to experiment. In the case where indirect relaxation attenuates
either intramolecular interactions within the hypothetical ligand the direct NOE intensity, the effect is smaller (Figure 1, b2-d1
(dashed vs dotted) or the analogous intermolecular interactionsvs b2-d2) in a 1D saturation experiment. The continuous
of the actual LDHNADH complex (dashed vs solid). For irradiation of the ligand proton K. leads to a relatively large
intramolecular spin diffusion, the attenuation shown in Figure NOE magnetization of protein indirect spins and therefore less
2A is nearly the same with the alternative perturbation methods, “drain” on the direct NOE magnetization by protein indirect
in contrast to the disparate attenuation for intermolecular spin pathways. The smaller indirect effect does not occur either from
diffusion. intramolecular pathways (Figure 2) or in the absence of
That the indirect contributions attenuate the direct NOE exchange. This relative enhancement by cross relaxation
intensity equally with saturation and recovery experiments in between Herand protein spins is due to the particular averaging
the absence of exchange is also readily demonstrated. Figuredf NMR relaxation rates when the ligand is in molar excess
2B shows the time-development of the two experiments for the and undergoes fast exchange and the protein is saturated with
conventional NOE between H2-H3'y in the complex, without ligand. For the case where a liganligand ET-NOE intensity
exchange. As above, the solid curves were calculated includingis increased as a result of the indirect protein pathways, the
protons from the full NADHLDH complex, and the dashed relatively large indirect NOE intensity produced from exchange
curves were calculated with NADH protons only, as if LDH averaging and continuous irradiation leads to a greater increase
were fully deuterated. The effect from spin diffusion is similar (Figure 1, al vs a2).
in the saturation experiment and the recovery experiment. The variation in protein-modulated indirect effects between
(Whether the indirect interactions are intermolecular or intramo- alternative perturbation experiments reported here is significant
lecular is irrelevant in the absence of exchange.) at mixing times greater than 100 ms for a 140 kDa protein and
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ligand/binding-site molar ratio o£10. There is no discernible  vary with the protein correlation time. Furthermore, we note

variation between 1D saturation ET-NOE experiments and 2D that a small ratio would not rule out the possibility of close

recovery experiments at mixing times less than 30 ms. (The contact since compensating factors (enhancement by an inter-

initial slopes, albeit for extremely short mixing times, are equal vening protein spin plus attenuation) could occur, depending

to the equilibrium-averaged direct cross-relaxation rate in all on the exact structure.

instances, as expected for the limiting conditterr 0 and fast
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