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The influence of relaxation by protein protons on ligand-li-
gand intensities measured by two-dimensional exchange-frans-
ferred nuclear Overhauser spectroscopy (ET-NOESY) is ex-
amined by simulation studies using a rate-matrix analysis. Ev-
idence that effects from the protein protons can be significant
is demonstrated by experimental data from the complex
NADH - lactate dehydrogenase. Both protein and ligand protons
are explicitly considered in a rate matrix comprising chemical-
exchange and NMR relaxation rates. In the fast-exchange limit
with respect to magnetic relaxation rates, the matrix equation
simplifies to a symmetrical form, so that standard symmetric
matrix diagonalization methods can be used to solve the equa-
tion. Computer simulation studies for a three-spin system show
that, for certain geometries, protein protons have significant in-
direct effects on ligand-ligand cross-peak intensities which could
lead to inaccurate estimates for the distances between ligand
protons. The simulation studies also show that T of the free
ligand influences the observed exchange-transferred NOE.
Analysis of experimental ET-NOE data finds that protein re-
laxation effects are present; a comparison between expected ET-
NOESY intensities based on crystallographic coordinates and
those measured experimentally for NADH-lactate dehydroge-
nase indicates a significant indirect effect from Ser 137 Ha of
the protein to the ligand-ligand cross peak H1'-H4’ of the ribose
of the ribonicotinamide moiety. © 1993 Academic Press, Inc.

INTRODUCTION

Exchange-fransferred nuclear Overhauser spectroscopy
(ET-NOESY)! probes the conformation of the bound ligand
in macromolecular complexes and has been used to study a
number of important systems including enzyme-ligand
complexes (2-5), drug-protein complexes (6), peptide-an-
tibody complexes ( 7), models for protein—protein interaction
(8, 9), and peptide interactions with phospholipid bilayers
(10). Because of the potential for gaining structural infor-
mation on numerous biological complexes, we have evalu-
ated the significance of intermolecular relaxation on ET-
NOESY intensities since such effects can limit the accuracy
of defining interproton distances.

! We have chosen to abbreviate exchange-transferred NOE by ET-NOE
rather than TR-NOE since TR-NOE is also used to refer to the transient-
NOE experiment (/).
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It is well known that the estimation of accurate interproton
distances from NOE data requires the consideration of mul-
tiple-spin-pair effects (//-15). The full relaxation-matrix
treatment of NOE data has been described (12, /4-16) and
used to refine macromolecular structures (77, 18). To ac-
curately estimate interproton distances for the bound ligand
in the ET-NOE study, it is also necessary to consider mul-
tiple-spin-pair effects. However, in practice it is not always
feasible to account for the influence of all relaxation paths
by ET-NOESY; cross-peak intensities from a protein proton
are usually too broad to measure accurately. As such, the
simulation studies reported here were undertaken to deter-
mine the extent to which protein protons might influence
ligand-ligand ET-NOEs in order to assess the possible error
from ignoring the relaxation pathways of the protein.

Earlier reports have been made on the interpretation of
ET-NOESY data (/9-21), including recent studies (22, 23)
on the effect of slow chemical exchange. The work reported
here focuses on a different aspect: the interactions between
the macromolecule and the small molecule ligand. Protein
protons are explicitly included to examine their influence
on the ligand-ligand ET-NOE interactions. While a previous
simulation study ( 23) included the macromolecule with one
geometry, a detailed study is presented here in which the
dependence on spatial arrangement and free ligand 7T, is
examined. Indirect effects in exchange systems are compli-
cated in that the size of the effect differs for a protein proton
and a ligand proton in identical geometry in the complex.
It is important to determine conditions under which the pro-
tein contribution may be ignored and those under which it
is significant. Furthermore, the observed ligand-ligand ET-
NOE is shown to be strongly sensitive to the longitudinal
relaxation ( 7') of the free ligand.

We use a rate-matrix analysis, described under Theory,
which includes chemical-exchange and NMR relaxation
terms for both ligand protons and protein protons. The fast-
exchange limit is assumed and a transformation similar to
that of Landy and Rao (20) is used to obtain a symmetrical
matrix. Computer simulations of three-proton systems are
discussed under Results. We compare the case of three ligand
protons with the case of two ligand protons and one protein
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proton. The results show that indeed. for the most part, there
is no substantial effect due to the protein proton even for
three-spin geometries for which intramolecular indirect ef-
fects are substantial. However, if the protein proton is close
to both ligand protons, a significant multiproton effect is
found which is even larger than an equivalent intramolecular
effect. Thus in order to determine the bound-ligand confor-
mation precisely, the possibility of intermolecular interac-
tions should be considered. Indeed a strong intermolecular
interaction is apparent for the enzyme-ligand complex of
dogfish factate dehrydrogenase (LDH) bound with NADH.
We have analyzed experimental ET-NOESY data and found
a significant relaxation contribution from the protein. A
comparison of experimental intensities with the intensities
expected from the crystallographic model clearly indicates
relaxation effects from protein protons.

THEORY

The nuclear Overhauser experiment measures Cross-re-
laxation rates or the rate at which magnetization is transferred
between nuclei. For protons, cross relaxation occurs by
through-space dipolar interactions and is a function of the
interproton distance. A set of coupled differential equations
describes the kinetics of magnetic relaxation in a multispin
system. For a two-dimensional NOESY experiment, the
evolution of the spectral intensities as a function of the mix-
ing time 1., is described by the simultaneous Bloch equation
for relaxation, which in matrix form is

d
;[*;V(lm)— —TV(tm). [1]

The elements of the matrix V(/,,) are the peak volumes from
the NOESY spectrum, and T is the symmetrical relaxation
matrix
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The off-diagonal elements ¢, are cross-relaxation rates from
which the distances between the spins / and j are obtained,
and the diagonal elements, p; are the direct relaxation rates
for each spin (/5). The solution to differential Eq. [1] is

V(tm) = VO(ZO)eXp(_Ptm)- [2]

The elements v, of the diagonal matrix V, equal the volume
of the diagonal peaks at 7, equal to 0. Because the matrix I’
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is symmetrical, the diagonalization is guaranteed and the
solutions to Eq. [1] always exist.
Consider a protein (E)-ligand (L) exchange system,

k

E+L EL,

-1

where EL is the protein-ligand complex. Each ligand or pro-
tein proton has two states—free and bound. A complete set
of coupled differential equations describing this exchange
system is given by Clore and Gronenborn (/9), and Landy
and Rao put them in matrix form (20). The matrix equation
describing the exchange system can be written

VP(4r) VP (l)

d v | Vi

o | Vo) |~ T [ Vi | [3]
Vi(tm) Vi (lm)

where the superscripts b and f refer to bound and free species,
respectively, and the subscripts p and 1 refer to protein and
ligand, respectively. The composition of the matrix I' is de-
scribed in Scheme 1. All ligand and protein protons are as-
sociated with rates for cross relaxation. direct relaxation, and
chemical exchange. In addition to the usual intramolecular
o terms, intermolecular cross relaxation between protein and
ligand in the bound state is included. For a ligand with »
spins and a protein with m spins, Eq. [3] is a set of 2m +
2n dimension differential equations and I' is a (2n + 2m)
X (2n + 2m) matrix:

TP+ k.1 —k[E]1 T}, 0
po| kil Ti+k[EIL 0 0
ro 0 T5+k1  —k[L]
0 0 —k.1 T0+k[L}

In this matrix 1 is an 7 X n or m X m identity matrix, and
0isa# X mormX nnull matrix. T'{ and T'} are the relaxation
matrices for # ligand protons for the free or bound states.
Similarly, T} and TS are the relaxation matrices for the m
protein protons. T'{, TP, T}, and I'§ are symmetrical. T'},
and I‘E. are n X m or m X n matrices which contain cross-
relaxation rates between ligand and protein protons in the
binary complex. Here, we note that because & | and k|[E]
are not equal, T is no longer symmetrical.

Fast Exchange

In this section we show that I'", which includes both the
protein and the ligand spins, can be symmetrized by a trans-
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formation similar to that of Landy and Rao (20). In their [EL]} +[L]
work, Landy and Rao treated only the free and bound states [EL]
of ligand. The matrix I'" can be separated into two parts for ud = [—ﬁTJr—[E—] (61
exchange (E,) and relaxation (T") such that I' = E, + I':
_ [E]
k.1 ~—k[E]1 0 0 pp = T [7]
g —| k1 KIEIL 0 0 [EL] + [E]
* 0 0 k1 —k[L]1 Transformation of Eq. [3] with S gives
TP 0 T§ 0 Vilta) | _ 1] V1 (Im)
S — = -S(E,+ I')S'S 8
r-|0 T 0 o dly, | Vo(im) (E+D V(i | [
IS 0 T 0 Vi (Im) Vo (m)
f
L0 0 0T After the matrix calculation, we have
VP + Vf 0 0 0 0
d | upvf — VP |0 (k,+Kk[EDL 0O 0
d,| Vo+ V! 0 0 0 0
r bbb fpf b f
TP + ufD —TP+ T ubTd -T, VP + v/
+ uFunf(Ef - IP) TP +bu§’1‘1f uf uBLP pfTe WPV — ufvb
o T W8+ ufTf —T8+T% Vb + V! [9]
L Ty =3 B uBubf(I‘f, - I‘S) ﬂéI‘B + uBI‘§, ugV,g - u{,Vg

The matrix E, may be put into diagonal form by means of
a transformation matrix S given by

1 1 0 o0
f b
_|-u1 w1 0 0
S o o 1 1|
0 0 —ul1 Wil
where
p__ [EL]
M TELT + (L] [4]

When exchange is fast with respect to magnetic relaxation
rate (k,, k_, » p, 0),%then (k_; + k,[E]) and (k_; + k,[L])
dominate the matrix S(E, + I')S™!. In this case, the expo-
nential decay of the vectors uPV{ — ufVP and pdV! — ufV3
is shown by the solution to Eq. [9] to be rapid and their
contributions vanish quickly:

2 In practice, the fast-exchange limit generally requires k_, to be 10 times
greater than the largest p or ¢. An exchange system with k_, larger than 300
s~! can be considered a fast-exchange system in most instances.
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KV — mVP =~ 0 [10]

(1]

ubV! — ufvs ~ 0.

Equation [9] then reduces to
d [V." + v ]
dtn [ V5 + V]

_ _[#FF}’ + uf T

ST, VP + v
u}’l‘&

. [12
WIS+ ufT, v::+v£] 2]

Equation [12] is modified to a symmetric matrix:

1
—= (VP + V)
Ve
dt 1
V_E(VB+V‘£)
bTb fpf b brb ;(Vb‘kvr)
wWI? +u T V#l#prlp V“b : !
- P
VuPuldTl  ubPS + ufrf % (V5 + V)
Hp

[13]
By substituting Eqgs. [4], [5],[6], and [ 7] into Eq. [13] we

obtain

4 | VIET+ [EL](V} + V)
dtm | VL] + [EL](V5 + V)
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or

A

m[W+WhﬂﬁN+MNMW+W]

[16]
and

d
—~ Vo + Vol = [ipTp + iy To][Vp + Vi ]

ar [17]

Equation [16] is the result of Landy and Rao (20).

RESULTS
Ligand vs Protein Indirect Effects

The buildup curve of the ET-NOESY cross peaks was
calculated from the solution of Eq. [14] for a three-spin sys-
tem. Two ligand protons H1 and H2 are separated by a fixed
distance of 3 A. To compare the effect of indirect relaxation
for the case of a nearby protein proton and a nearby ligand
proton, we introduce a third spin H3 designated to be from
either the protein or the ligand. The ET-NOE between H1
and H2, assuming fast exchange relative to p and o, was
calculated with H3 positioned relative to H1 and H2 as
shown in Fig. 1. In the free ligand, the orientations of H1,
H2, and H3 are unchanged.

The simulation results for the HI-H2 ET-NOE shown in
Fig. 2 were obtained with 1 m M protein and 10 m M ligand

[EL]TP + [L]T] [EL]TS,
_ [EL]+[L] V(LE] + [ELD([L] + [EL]) || VIET+ [ELI(V? + Vi) (4]
[ELITH [EL]T; + [E]T; [L]+ [EL] (V5 + V)

V([E] + [ELD)([L] + [EL])

Equation [14] shows that in the fast-exchange limit, Eq. [3]
simplifies to a set of (n + m) differential equations involving
a symmetrical rate matrix. As such, the solution and appli-
cation are analogous to those of conventional NOESY in
the absence of chemical exchange.

Ifthe elements in T'5 are small compared with the elements
in 'S, T'P, I'f, and I'{, then Eq. [12] can be written as

d [v.b + v,f]
dte, | VS + V]

o [wmeaT 0 weew]
0 w3+ L[ Ve + Vg

(EL] + [E]

total concentrations, with a binding constant such that the
final ligand-protein concentration is 0.99 mA{. The corre-
lation time for the protein and protein-ligand complex is 60
ns, corresponding to a molecular weight of about 140 kDa,
and the correlation time for the free ligand is 0.4 ns, corre-
sponding to a molecular weight of about 1 kDa. A 500 MHz
magnetic field was assumed in all the calculations. Relaxation
rates, p and o, are calculated with standard expressions (/5),
assuming an exponential decaying correlation function. In
each panel, the dotted line is the ET-NOE buildup curve
between H1 and H2 in the presence of a ligand H3, and the
dashed line is that in the presence of a protein H3. The solid
line is the isolated two-proton ET-NOE buildup curve be-
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FIG. 1. The relative positions occupied by protons H1, H2, and H3 in
the binary complex. Spins H! and H2 are ligand protons and remain fixed
at 3.0 A separation. Spin H3 is either a ligand or protein proton and occupies
positions a-p.

tween H1 and H2 shown for reference. The label in each
panel corresponds to the different positions of the third pro-
ton H3 as shown in Fig. 1.

For H3 in position a (see Fig. 1), the distances HI-H3
and H2-H3 (2.1 A) are about two-thirds of the distance H1-
H2 (3 A), and a large multiproton effect on the ET-NOE
between H1-H2 is expected. From Fig. 2a, it is seen that
both a ligand H3 and a protein H3 result in a larger initial
slope for the buildup curve, with protein H3 having a sig-
nificantly larger effect. At longer mixing times, the dashed
curve { protein H3) remains at higher intensity than the two-
spin reference while the dotted curve (ligand H3) decays to
lower intensity.

For positions b to d, the distances H3-H2 are approxi-
mately equal to the distance H1-H2, while the distances
H1-H3 are less than HI-H2. The shortest HI-H3 distance
(1.5 A) occurs at position ¢ (see Fig. 1). In the case of the
ligand H3, the HI-H2 ET-NOE is greatly reduced for po-
sition b to d (see Fig. 2). In contrast, at these position, the
protein H3 increases the HI-H2 ET-NOE only for position
b but has little effect for ¢ and d.

For position ¢, both distances H1-H3 and H2-H3 are
equal and slightly less than 3 A. From Fig. 2e, ligand H3
and protein H3 indirect effects influence the H1-H2 intensity
but in opposite directions. For positions f through 1, where
H3 is separated from H1 and H2 by values near 3.0 A, a
ligand H3 reduces the ET-NOE intensity at a long mixing
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time, while a protein H3 has little effect. When H3 is in
position m to p, distances H1-H3 and H2-H3 (3.5 to 4.75
A) are longer than the distance H1-H2 (3 A). In these cases,
the multiproton effect is insignificant.

In summary, three regions are found for the geometries
represented in Fig. 2. The first region includes geometries a,
b, and e, where both distances H1-H3 and H2-H3 are shorter
than the distance between H1 and H2 in the binary complex.
For both a ligand H3 and a protein H3, a significant influence
on the H1-H2 ET-NOE occurs. The second region includes
the geometries ¢, d, and f through 1, where only the distance
H1-H3 is comparable to the distance H1-H2. In this region,
only the ligand H3 produces a measurable effect on the H1-
H2 ET-NOE. In the third region, including geometries m to
p, neither the ligand H3 nor the protein H3 alters the ET-
NOE between the ligand protons Hi and H2.

Given the efficient cross relaxation of the protein protons
relative to those of the ligand (the ligand experiences a long
correlation time for only ~10% of the mixing time), it is
reasonable to expect that indirect effects due to protein pro-
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FIG. 2. The time development of the H1-H2 ET-NOESY cross-peak
intensities calculated for different geometries of the three protons. In each
panel, the dotted line is the ET-NOESY buildup curve in the presence of a
ligand H3, the dashed line is that in the presence of a protein H3, and the
solid line is the isolated two-proton ET-NOESY buildup curve between H1
and H2 shown for reference. The label in each panel corresponds to the
different positions of the third proton H3 as shown in Fig. 1. A 500 MHz
magnetic field was assumed in the calculations and the concentrations for
the total ligand, total protein, and ligand-protein complex are 10, 1, and
0.99 m M, respectively. The correlation time for the protein and protein-
ligand complex is 60 ns. and the correlation time for the free ligand is 0.4
ns. The resulting values for ¢ and p are less than 35 s7'.
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tons would die away quickly compared to those from ligand
protons. Although this expectation is often met, such intu-
ition is not always correct as demonstrated in Fig. 2a; a large
multiproton effect is observed for the protein H3 which is
greater than that for the ligand H3. It is therefore of interest
to look more closely at the basis for this result. We first ex-
amine the time dependence of the other relevant intensities
(v,, and v3,) and then consider the rate processes which
determine the time development.

The time dependence of v,;, v, and v;; with a protein
H3 or ligand H3 and geometries a and e are plotted in Fig.
3. (The ET-NOE intensities are weighted by the appropriate
mole fraction u for reasons made apparent below (see Eq.
[21]).) The dashed and dotted curves in Fig. 3 are identical
to those in Figs. 2a and 2e. These three peaks correspond to
the column v;, of the ET-NOE volume matrix of Eq. [12],
i.e., the intensity change of proton Hi when the equilibrium
intensity of H1 is inverted.

These intensity changes are the result of the rate processes
in the individual time-dependent equations for v;, for the
three-spin model. From Eq. [12],

’dTm v

= —phubvi — plufvi, — ohplvd — absubes; [18]
d 4t
d—ln—, Uy

= —oSuPvl, — pBuPv3, — phafvi — ohulvd, [19]
d .
dTm U3y

=~ uPvi — o%ufv — pudvs — plufvs, [20]
where,

u?  aligand proton H3

-T

uS  a protein proton H3

The superscript + indicates the summation of the volumes
for the free and bound resonances of a proton. For purposes
of this discussion, Egs. [18]. [19], and [20] have been sim-
plified for clarification by eliminating terms which are neg-
ligible, i.e., those with ¢ and uf. (We note, however, that
the full expression, Eq. [12], is used for all ET-NOE simu-
lations.) In the case of a ligand H3, 3 is an element of
TP, vy is an element of V|, and u = uP. In the case of a
protein H3, 4,3 is an element of '}, v3, is an element of
V., and u = uf. Because the protein correlation time is
long, o® values are negative and p% ~ X,,, — ¢5%. Equation
[19] can be further simplified with this approximation to
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FIG. 3. The time development of v,,, vy, and v3, with a protein H3
or ligand H3 and geometries a and e: {a) a geometry with H3 proton on
protein; (b) a geometry with H3 proton on ligand: (c) e geometry with H3
proton on protein: (d) e geometry with H3 proton on ligand. The ET-NOESY
intensities are weighted by the mole fraction x%. The dashed and dotted
curves are identical to those in Figs. 2a and 2e. These three peaks correspond
to the column v;, of the ET-NOESY volume matrix of Eq. [12]. i.e.. the
intensity change of proton Hi when the equilibrium intensity of H1 is initially
inverted. All the parameters are same as those given in the legend to Fig. 2.

d
dr,,

+ b . b+ b
V3= — a3 (V) — #v3)

— o3(pfos — ufvy) — phuf vz [21]
In Eq.[21], the first term, — o8, (uPv3, — £Pv3,), is the direct
cross relaxation between ligand protons H1 and H2 for non-
equilibrium magnetization of H1. It is clear that the buildup
of the cross-peak intensity depends on the decay of the di-
agonal peak v},. The second term, — a5, (p2v3, — wPv3)). is
the indirect cross relaxation involving H3. The indirect effect
increases the observed intensity v3, if ubv$, > uPvi, and
decreases v 3, if plv3, < pPv3,.

The behavior observed in Fig. 2 is elucidated with Fig. 3
and Eq. [21]. In Fig. 2a, the increased H1-H2 ET-NOE in
the presence of either a protein H3 or a ligand H3 relative
to the isolated two-spin reference is due to the larger intensity
of uv3, (Figs. 3a and 3b). The initial buildup of ufv3, for
the protein H3 is faster than that for ihe ligand H3, gPv3,,
and the indirect effect is also greater. When the protein H3
1s separated by a greater distance as in geometry e, v3; also
builds up rapidly (Fig. 3d); however, o3; is smaller and the
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FIG. 4. The time development of the HI-H2 ET-NOESY cross-peak
intensities for a three-ligand proton system with geometry ¢ and varying
values for the free ligand correlation time, (a) 0 ns, (b) 0.005 ns, {c) 0.0]
ns, (d) 0.1 ns, (e) 1.0 ns, (£) 5.0 ns, {g) 10.0 ns, (h) 60.0 ns. Nonphysical
values were used in the calculation for illustration purposes. All other pa-
rameters are as given in the legend to Fig. 2.

indirect effect is less pronounced. For the ligand H3 and
geometry e, uPv3, — uPv3, is small (Fig. 3d) and the initial
slope is not significantly altered (Fig. 2e).

Longitudinal Relaxation of Free Ligand

The direct longitudinal relaxation of ligand protons in the
free state, p', also influences the behavior observed in Fig.
2 since the mole fraction of ligand in the free state is ~0.9.
Even if the cross-relaxation rate o' is negligible (wr ~ 1.12
and of =~ 0), pfis not. The comparison of indirect effects
due to protein spins and ligand spins will depend on the
extent to which p' differs from p®.

To illustrate the effect of direct relaxation of ligand protons
in the free state, simulations were carried out with varying
values for the free ligand correlation time 7, (Fig. 4). Non-
physical values (0 < 7, < 60 ns) were used in order to dem-
onstrate the full range of the effect. The time development
of the HI-H2 ET-NOE for a three-ligand proton system
with geometry c is plotted for various 7; values. All other
parameters are as described in the legend to Fig. 2. As 7,
increases from 0 to 0.1 ns, T, (=p ') in the motional nar-
rowing limit decreases as it approaches the 7, minimum at
w7t = 1, and the ET-NOE intensity falls off rapidly. As 7;
increases further to 60 ns, equal to the protein correlation
time, T, increases, and the ET-NOE time development ap-
proaches that of a protein spin system in the absence of
chemical exchange.

We note that the initial slope of the 7, = 0 ns curve is one-
tenth the initial slope of the 7, = 60 ns curve. That is, if the
magnetization of the ligand protons were “frozen” (7, = 0)
during the lifetime of the free ligand, then the time devel-
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opment of the observed ET-NOE between two ligand protons
would be equal to that of the NOE in the protein-ligand
complex with the mixing time scaled by the mole fraction
of the bound ligand. Furthermore, for finite pf (or T,), the
loss in the ET-NOE intensity at longer mixing times due to
relaxation in the free ligand state is greater as the ligand:
protein concentration ratio is increased.

NADH - Lactate Dehydrogenase Complex

Contributions from relaxation pathways involving protein
protons are evident in ET-NOESY intensities measured for
the cofactor reduced nicotinamide adenine dinucleotide,
NADH, in the presence of dogfish lactate dehydrogenase (A,
= 140 kDa). Binding of NADH to LDH is in the limit of
fast exchange with respect to cross relaxation; the binding
rate constants k, and k_, equal 6.3 X 107 M~' s~ ! and 450
s™!, respectively (24), and ¢ values are less than 35 s™! for
a correlation time of 60 ns. Thus this complex is an ideal
system for investigation by ET-NOESY methods. We have
examined the ET-NOESY cross peaks of the ribose moiety
of the nicotinamide. The observed intensities for NADH are
not consistent with the intensities predicted from the crys-
tallographic coordinates (J. Griffith and M. Rossmann,
Brookhaven Protein Data Entry 1LDM) in the absence of
intermolecular relaxation. Further inspection of the crystal-
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FIG. 5. The contour plot of the 500 MHz phase-sensitive NOESY spec-
trum of NADH in the presence of dogfish lactate dehydrogenase at 8°C.
The sample contained 0.125 m M lactate dehydrogenase (corresponding to
0.5 mM in NADH binding site) and 5 mM NADH in 50 m M potassium
phosphate buffer in D,O, pH 7.5. The spectrum was record with a 300 ms
mixing time. Nicotinamide ribose cross peaks are labeled.
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lographic structure finds that the discrepancy can be ex-
plained by a nearby protein proton.

ET-NOESY data shown in Fig. 5 were obtained with a
ligand:enzyme ratio of 10:1 in D,O and a mixing time of
300 ms. The expansion covers the ribose region of the spec-
trum. We compare the nicotinamide intraribose cross peaks
involving H1', i.e., HI'-H2', H1'-H3’, and H1'-H4'.

In the crystallographic model of the LDH complex, the
distances H1'-H4"and H1'-H2’ of the ribose are similar and
equal to 2.9 A. The relative intensities obtained from a full
matrix simulation of the ligand alone using the crystallo-
graphic coordinates are 4.5 and 4.4%. However, the observed
intensity for H1'-H4' is significantly greater than that for
H1'-H2'. The volumes of the H1'-H4’ and H1'-H2' cross
peak are 0.35 and 0.24 (arbitrary units), respectively. This
relatively large cross-peak intensity for H1'-H4" is due to
the indirect effect from the protein protons which surround
the ligand in the binding site; in particular, an Ha of Ser
137 is near both H1’ and H4' (2.3 and 2.7 A, respectively).
The simulated intensities including the protein protons for
the two cross peaks are 7.6 and 4.1%. That is, the increased
volume for H1'-H4' is predicted when the protein is included
in agreement with the observed difference, which is not true
when only the isolated ligand is considered. As a second
comparison, the distance H1'-H2' (2.9 A) is shorter than
the distance H1'-H3' (3.6 A). The matrix simulation for
the isolated ligand gives volumes of 4.4 and 2.6% for the
cross peak between the H1'-H2"and H1'-H3’, respectively.
By including the protein protons, the simulation results are
modified to 4.1 and 3.3%. These results are in better agree-
ment with the experimental data, for which the cross-peak
volume of HI'-H2' is 0.24 and H1'-H3’ is 0.20 (arbitrary
unit).

CONCLUSION

The simulation results described here show that the in-
direct effects on a ligand-ligand ET-NOE due to the presence
of nearby protein protons are weak when the protein proton
separation is greater than that of the two ligand protons ( Figs.
2g-2p). For such a spatial arrangement, the protein proton
influences the ligand-ligand ET-NOE to a lesser degree than
a spatially equivalent proton from the ligand. When the third
proton is a ligand proton, any indirect relaxation effect on
the observed ET-NOE intensity is from 7', relaxation in the
free ligand state (Fig. 4), which reduces the direct intensity.
(It should be noted that relaxation properties of the free pro-
tein are irrelevant since the concentration of free protein is
negligible.) Thus, when the direct interaction is a relatively
short distance, disregarding protein protons in an analysis
of ligand ET-NOE intensities would be valid. In contrast,
indirect relaxation pathways involving ligand protons can
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be significant and should be considered to obtain the most
accurate estimate of interproton distance.

On the other hand, when the distance separating two ligand
protons is relatively long, i.e., a weak ET-NOESY, some
caution is needed to estimate an interproton distance from
the observed ET-NOESY intensity. Indirect spin-diffusion
effects can occur from both ligand and protein spins located
nearer to the two ligand protons than they are to each other.
Such a spatial arrangement will increase the measured ET-
NOESY intensity by an amount depending the exact dis-
tances, with the indirect effect from a ligand proton being
smaller than that from a protein proton due to 7, relaxation
in the free ligand state.

Indirect effects from the protein could shed some light on
the orientation of the ligand in the binding site if one could
determine which ligand-ligand interactions did have relax-
ation contributions from the protein spins. For example, if
the protein could be fully deuterated, then the difference
between the ET-NOESY intensities in the presence of the
protonated protein and the deuterated protein would show
which ligand-ligand ET-NOEs were significantly altered by
nearby protein protons and hence identify the region of the
ligand in contact with the protein. In addition, the region of
the protein involved in binding might be elucidated by using
selective deuteration of the protein (25) and similar ET-
NOESY difference spectra.

ET-NOESY simulations using Eq. [14] have also been
carried out for the complex between NADH and lactate de-
hydrogenase. Relaxation rates were calculated from the crys-
tallographic coordinates and with an exchange rate fast with
respect to cross relaxation. We have described one occurrence
in which relaxation pathways involving protein protons are
significant. The full extent of the protein contribution for
the complete set of ligand-ligand interactions is being in-
vestigated by current studies in our laboratory. A report of
this study will be published elsewhere.
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