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Abstract

A new version of one-dimensional 'H experiment has been developed to probe ligand binding to macromolecular targets. The exper-
iment, called transient NOE-exchange relay, is similar to the ‘reverse NOE pumping’ technique [A. Chen, M.J. Shapiro, J. Am. Chem.
Soc. 122 (2000) 414-415]. The T, filter is used to erase protein magnetization, and the saturation then spreads from protein to bound
ligand (via NOE) and further to a free ligand (via on—off exchange). The ligand signals, monitored as a function of mixing time, present
a familiar ‘dip’ pattern characteristic of transient NOE or transient exchange experiments. In addition to the T, filter, we have also imple-
mented a T filter which makes use of the fact that the selective Tl’1 rates in macromolecules are much higher than those in small ligands.
To model the experiment, complete relaxation and exchange matrix analysis has been invoked. This formalism was further used as a
starting point to develop a simplified treatment where the relaxation and exchange components are represented by 2 X 2 matrix and,
in addition, there is a special term responsible for coupling of ligand magnetization to the protein spin bath. The proposed experimental
scheme has been tested on a system of peanut agglutinin complexed with Me-B-p-galactopyranoside, which is known to be in a slow
exchange regime. The results suggest that the NOE-exchange-relay experiment can be used at the advanced stages of the drug develop-

ment process to confirm high-affinity ligand binding.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

NMR spectroscopy proved to be a useful screening tool
for identification of small molecules that bind to macromo-
lecular targets [1-4]. In the process of drug development,
NMR-based screen initially identifies a small number of
compounds with modest binding affinity. Based on the
obtained results, working compound libraries are con-
structed in a more focused manner to search for ligands
with higher binding affinities. During this iterative proce-
dure, NMR serves as one of the important binding assays.
A number of homo- and heteronuclear pulse sequences
have been developed with this purpose in mind.
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Transient NOE [5] and transient exchange [6] experi-
ments are part of a standard NMR toolkit. In these exper-
iments one component of a spin system is selectively
excited; the perturbation then propagates through the sys-
tem, carried by Overhauser effect or by chemical exchange.
Here we describe a simple variant of this experiment where
the perturbation is transmitted in a relayed fashion: from a
large protein to its bound ligand via NOE and farther on to
the pool of free ligand molecules via chemical exchange.
Conceptually, the experiment bears strong similarity to
the saturation transfer difference experiment [7] and espe-
cially to the reverse NOE pumping experiment [8]. Of note,
closely related methods have been also developed in the
field of magnetic resonance imaging [9,10]. Our specific
experimental scheme, however, is distinct from the com-
monly used differential spectroscopy approaches.
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To analyze the proposed experimental scheme we con-
ducted complete relaxation and exchange matrix analysis
[11-13]. We further found a way to simplify this treatment,
reducing it to a system of two differential equations. Using
the simplified approach, we explored the range of applica-
bility of NOE-exchange-relay experiments. So far practical
applications of this class of experiments have been limited
to the case of weak binding/fast exchange. We found that
such measurements can be also carried out under slow
exchange conditions. This has been confirmed experimen-
tally for the model system of peanut agglutinin complexed
with Me-B-p-galactopyranoside. The slow exchange in this
case plays a role of a limiting step in the NOE-exchange
relay. It is envisioned that the described measurement
scheme can be helpful at the advanced stages of the screen-
ing process where it can be used to identify compounds
with relatively tight binding, K4 <1 uM, and exclude false
positives [14,15].

2. Pulse sequence

The sequence shown in Fig. 1a is designed for mixture of
small ligand and large macromolecular target. The first T,
filter nullifies the magnetization associated with the pro-
tein, while preserving the magnetization of the free ligand
(in effect, the filter achieves saturation of the protein mag-
netization). During the mixing time, 7., saturation is
transferred from the protein onto a bound ligand and fur-
ther to the free ligand, causing a decrease in the amount of
magnetization associated with the free ligand. As 1«
becomes longer, T; relaxation takes over, and the free
ligand magnetization is restored to its equilibrium value.
The observed signal, taken as a function of 7., displays
therefore a ‘dip’ pattern characteristic of transient NOE
and transient exchange measurements [5,6].

Prior to the detection, the system is subjected to the sec-
ond T, filter. The purpose of this filter is to eliminate the
broad protein background which builds up during the time
Tmix- Finally, the 3-9-19 element [16] is inserted in the
sequence to suppress the residual HDO signal (the mea-
surements are conducted in D,O solvent).

Fig. 1b shows a variant of this sequence where the
starting T, filter is replaced with a T, filter. The new
filter takes advantage of large selective T;' relaxation
rates in a big protein. In the presented application, the
ligand is a simple monosaccharide with proton reso-
nances lying downfield of 3.4 ppm. The starting selective
180° pulse, of i-SNOB variety [17], inverts the entire
spectrum of the ligand as well as portion of the protein
spectrum, but not the protein methyl or methylene
resonances. Subsequently, during the time 7;, inverted
protein magnetization rapidly recovers (the selective
character of protein relaxation is ensured by the presence
of unperturbed methyl/methylene magnetization [18]). On
the other hand, the magnetization of the free ligand does
not change substantially over the same time period. At
this point, the application of a hard 180° pulse creates
the state where ligand magnetization is close to equilib-
rium, whereas protein magnetization is, in a good
approximation, inverted. The advantage of this prepara-
tion scheme is that a uniform (even if incomplete)
inversion is achieved for all protons in the protein. The
remaining part of the sequence, beginning with 7., is
identical to Fig. la.

3. Theory
For the two-component system at hand, spin evolution

during the mixing time 7., is described by the following
system of equations:
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Fig. 1. Transient NOE-exchange-relay experiments. The CPMG T, filters are applied with 4 =1 ms, m = 10, n = 44. The water suppression element,
which serves to eliminate the residual HDO signal, employs (37/26)—(91/26)—~(191/26)—(191/26)~(91/26)—(37/26) pulse train [16] with interpulse
separation 6 = 0.37 ms. Arrows denote the application of sine-bell shaped gradients with duration of 1 ms and amplitude of 10 G/cm. The (excessive)
phase cycling is ¢; = —¢3 =x, ¢ =32y)32—y), ¢s=8(x)8(»)8(—x)8(—y), Ps=4(y)A—y)A—x)AHX)A=y)A(»)AX)4(—x), p6=—P7=16(x,p,—x,—y),
Prec = 4(x, —x)4(—y,y)4(—x,x)4(y, —y). The variant of the sequence shown in (b) begins with i-SNOB-2 pulse [17] applied at the center of the ligand
spectrum, 3.68 ppm, with the duration of 3.3 ms and the power of 0.73 kHz. The subsequent delay 7, at the core of the selective T filter, is 50 ms. The
phase cycle is identical to the sequence (a), with the exception of ¢} = 32(x)32(»)32(—x)32(—y).
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Here m!' and m!” denote magnetization associated with the
ith proton from the ligand (i=1,...,N)) in the free and
bound states, respectively. Likewise, mf]’f and mgb denote
magnetization associated with the gth proton from the
protein (¢ =1,...,N,) in the free and bound states. All
magnetizations are defined so that their equilibrium value
is 1. The exchange rates are ko5 Kk =kon[P], and
k = kon[L], with [P] and [L] representing the concentrations
of the free protein and free ligand in solution. Finally, R is
the Redfield relaxation matrix, including both auto- and
cross-relaxation. Of particular importance are the elements
RPP representing intermolecular NOE coupling in the
ligand-protein complex. Egs. (1.1)-(1.4) are formulated
within the framework of complete relaxation and exchange
matrix analysis [11-13] where the spin density matrix is
represented by single spin operators only. Indeed, it can
be demonstrated that three-spin orders arising due to di-
pole—dipolar cross-correlated cross-relaxation are relatively
unimportant in this context [19].

It is worth noting that complete relaxation matrix anal-
yses has had limited success in quantifying 'H relaxation
rates. This is due to uncertainty in interproton distances,
which is significant even in high-resolution protein struc-
tures, and to the lack of information on internal dynamics,
especially with regard to methyl groups that play the role
of “relaxation sinks” [20]. Hence, Eqgs. (1.1)—(1.4) provide,
at best, a semi-quantitative description for the problem at
hand. In this situation it is logical to search for a simplified
treatment that would be more revealing than Egs. (1.1)-
(1.4), yet retain a semi-quantitative accuracy.

In deriving a trimmed-down version of Egs. (1.1)-(1.4)
we made several simplifying assumptions. First, due to
the very large size of the 'H spin reservoir, protein relaxa-
tion is insensitive to the presence of small ligand. Further-
more, due to spin diffusion, protons tend to relax with
similar effective rates [21]. Hence, we postulated that pro-
tein 'H relaxation can be modeled as generic exponential
decay, and the following substitution can be made in
Eq. (1.2)

(m® — 1) = (m(0) — 1) exp(—I"1) (2)

Here n”(0) and I'” are, respectively, the initial state and the
relaxation rate constant of generalized 'H spin that models
the protein spin bath. In calculating I'”, Eq. (3), the inner
summation obtains non-selective relaxation rates for an
individual proton ¢ (expression in curly brackets) [22]. This
result can be gleaned from Eq. (1.3) if one assumes that all
mP" are equal and can be replaced with mfl’f. The outer sum-
mation obtains the average over all protons.

Second, we assume that m! (j=1...,N) appearing on
the r.h.s. of Eq. (1 1) are all equal and can be replaced with

I (likewise, m in Eq. (1.2) can be replaced with m!).

Once again, thls approach leads to non-selective relaxatlon
rates for like spins [23]. Indeed, for the considered class of
experiments the relaxation within the free ligand, as well as
the bound ligand, has non-selective character.

The result is the system of differential equations for
ligand magnetization:

d
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Egs. (4.1) and (4.2) can be written for each individual pro-
ton of the ligand, resulting in the system of two equations
per proton. The last term in Eq. (4.2), which stands for
NOE coupling to the protein bath, makes the equation
inhomogeneous. The analytical solution for this system of
equations is readily available, but unwieldy. Alternatively,
the equations can be integrated numerically. The physical
meaning of Egs. (4.1) and (4.2) is transparent: they describe
a trivial case of spin relaxation in the presence of two-site
exchange (cf. Bloch-McConnell equation [24]), plus cou-
pling of ligand magnetization to protein spin bath via the
intermolecular NOE in the ligand—protein complex. Anal-
ogous equations can be set up for transverse magnetiza-
tion; in this case, the coupling term I'™" is normally
assumed to be zero due to the difference in precession fre-
quencies of individual protons.

For the sake of completeness we consider the limiting
case of fast exchange, k + k.5 > I'. First, a standard basis
transformation can be applied to Egs. (4.1) and (4.2):
m* = c'ml + PP and m? =ml" — ml.b, where f=[L)/
[LO] off/(k—i-koﬂv) and clb =1— (M are the fractions of
free and bound ligand, respectively. Second, it is noted that
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m? is rapidly destroyed by exchange and, therefore, can be
set to zero in the analyses. The result for the observable m*
is

d _
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For a protein-ligand complex where the intermolecular
NOE is negative (I'®P° <0) Eq. (8) defines a minimum
of the characteristic ‘dipping’ curve. This result is relevant

for most of the weakly binding ligands, including a number
of model systems investigated in the past [7,8].

4. Experimental results

The proposed experimental scheme has been tested
using the sample of peanut agglutinin complexed with
Me-f-p-galactopyranoside (MBG). This system has been
quantitatively studied before and the kinetic constants at
25°C were determined to be koy=40s"' and ko, =
4x10*M~'s7!' [25]. To demonstrate the NOE-exchange-
relay experiment, the sample with equimolar concentration
(0.17 mM) of agglutinin and MBG has been prepared.
Under these conditions, the expected association rate is
k=6s""! and the exchange rate, ko, = k + ko, is reason-
ably slow.

A series of one-dimensional proton spectra have been
recorded using the pulse sequences shown in Fig. 1a and b
for fourteen t,,,;x delays in the range from 0 to 3 s. In addition,
the reference experiment was recorded with 7,;, = 10 s. The
signals from individual MBG protons were integrated and
normalized according to Ij(tmix)/I{oc), where I{oc0)=
I{tmix = 10 s). The results are presented in Fig. 2.

For better visualization, the continuous curves have
been added to the plots in Fig. 2. To generate these curves,
the experimental points for each proton were fitted using
Egs. (4.1) and (4.2) with the maximum number of adjust-
able parameters (two exchange rate constants, four relaxa-
tion terms, and three magnetization amplitudes
representing the initial conditions). While this procedure
is evidently prone to overfitting, it demonstrates that the
simplified model, Egs. (4.1) and (4.2), can readily accom-
modate the experimental data.

5. Simulations

To validate our interpretation of the experiment Fig. 1, we
carried out a series of numeric simulations. First, the com-
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Fig. 2. Intensities of ligand signals, I{Tmiy)/I{c0), measured with pulse
sequences (a) Fig. la and (b) Fig. lb. The sample conditions were
0.17 mM peanut agglutinin (concentration determined spectrophotomet-
rically [26]; under current conditions the protein forms a tetramer with
110 kDa net weight), 0.17 mM MBG, D,O-based phosphate buffer [25],
23 °C. The spectra were recorded overnight (400 scans per t,;x point with
the recycling delay 5.5s) on a 500 MHz Bruker Avance DRX-500
spectrometer equipped with triple-resonance probe and z-gradient unit.
The MBG signals were integrated using XWIN-NMR [27]; the data are
color-coded as shown in panel (c). The continuous curves were generated
by fitting the experimental data to Egs. (4.1) and (4.2) as described in the
text. The fitting procedure assumed that observable signals are represented
by mlf (characteristic of the slow exchange regime) rather than
mE =cml + ®mP (fast exchange limit). A special series of line-shape
simulations established that this is indeed the case for the system at hand.

plete relaxation and exchange matrix analysis has been per-
formed based on Eqgs. (1.1)—(1.4). The exchange rates were
used as reported by Neurohr et al. [25]. The relaxation rates
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were calculated using the crystallographic structure PDB ID
1QF3 [28] (the structure was protonated using the Hyper-
Chem software [29] assuming that all exchangeable protons
are replaced with deuterium). Proton—proton dipolar and
proton CSA interactions were taken into consideration in
calculating the relaxation matrix elements. In addition, a
small contribution from paramagnetic O, into the auto-
relaxation rates, 0.05s', was included [30]. The proton
CSA tensor was assumed to be axially symmetric with unique
axis along the CH bond and the anisotropy of 10 ppm [31].
Local dynamics has been neglected with the important
exception of the methyl groups [13,20]. In the case of meth-
yls, the Lipari—Szabo-type spectral densities have been used
with the order parameter of 1/9 for the CSA interaction and
1/4 for proton—proton dipolar interactions within the methyl
group [32]. The local correlation time was set to 40 ps for
protein side-chain methyls [33] and to 10 ps for methoxy
methyl in MBG (in the latter case, the estimate was based
on analogy with methionine side chains). For dipolar inter-
actions between methyl protons and the protons outside
the given methyl group order parameter was set to 1 and
the relaxation rates were computed using the average coordi-
nates of the three methyl protons. The overall tumbling time
for free MBG in D,O at 23 °C was taken to be 60 ps [34] and
the overall tumbling time of agglutinin tetramer under the
same conditions was estimated to be 65 ns [35]. In the inter-
ests of computation speed, the simulations were limited to a
single agglutinin molecule with bound MBG, resulting in the
2656 x 2656 relaxation and exchange matrix (additional tests
showed that this is more than sufficient to model a large spin
reservoir associated with the tetramer). The simulations were
designed to cover the entire length of the pulse sequence
Fig. 1la, including the two filter elements. The quantity
m¥ (Timix) /mi (00) was taken to be the observable. The results
of this comprehensive simulation are presented in Fig. 3a.

As a next step, the complete relaxation and exchange
matrix was resummed as described in Section 3 and the sys-
tem of Eqs. (4.1) and (4.2) was set up for each of the MBG
protons. Equations analogous to (4.1) and (4.2) were also
formulated to describe the spin evolution during the T, fil-
ters. The equations were then integrated numerically, with
the output shown in Fig. 3b.

Comparison of Figs. 3a and 2a shows that the simula-
tions do remarkably well in reproducing the experimental
trends on a per-atom basis. In particular, the substantial
effect involving methylene protons (green curve) is well
reproduced despite recently expressed misgivings concern-
ing their higher auto-relaxation rates [13,36]. This brings
up the question as to whether the results can be used to
characterize the binding mode of the ligand, i.e. for the
epitope mapping. The conventional wisdom holds that
under slow exchange conditions the protons in the bound
ligand become all equilibrated with the protein spin bath
and therefore can no longer be distinguished [37]. To
address this aspect, we investigated the flow of saturation
in the complex of agglutinin with MBG. The simulations
showed that with the present off-rate, k,z = 40 s~L it is in
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Fig. 3. Simulated intensities of ligand signals, I{tmiy)/I{o0), generated by
means of complete relaxation and exchange matrix analysis (a) and the
simplified treatment, Eqgs. (4.1) and (4.2) (b).

principle possible to differentiate between the protons in
MBG. In practice, however, only the methoxy group stands
out: it extends outward into solvent and shows the smallest
transient NOE effect (magenta symbols in Figs. 3a and 2a).
For other protons in this small ligand there is no simple
way (short of the complete relaxation and exchange matrix
analysis) to translate the experimental data into the epitope
information. Finally, our simulations indicate that for truly
slow ko rates, kog ~ 1 s, the magnetizations of individual
protons in the bound ligand are indeed equalized and the
epitope mapping is no longer possible.

While the simulations proved to be remarkably accurate
in reproducing the experimental trends, the truly quantita-
tive agreement is lacking (cf. Figs. 3a and 2a). This is not
surprising given the limitations of the computational
model. A number of parameters used in our simulations
are poorly known: for example, k., carries the uncertainty
of 30% [25] and a similarly large uncertainty is associated
with rotational correlation time of the agglutinin tetramer
[35]. Comparison of Figs. 3a and 2a suggests that the pro-
ton recovery rates are substantially underestimated by the
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simulations. Indeed, the mean simulated value for non-
selective proton relaxation rate in agglutinin is
I'P=0.6s"". In fact, the rate is ca. 1.0 s~ !, typical of large
proteins in D,0 solvent at room temperature [38]. This dis-
crepancy is probably due to a relatively crude character of
the model with respect to internal protein dynamics: for
instance, the model does not account for side-chain rota-
meric jumps [39] which can contribute to proton relaxa-
tion. The discrepancies such as this can indeed explain
the lack of quantitative accuracy in the simulation results.

Given the imprecise character of the complete relaxation
and exchange matrix analysis, we anticipate that the
approximate treatment based on Egs. (4.1) and (4.2) may
provide a comparably accurate model. Indeed, Fig. 3b gen-
erated on the basis of Egs. (4.1) and (4.2) displays the same
features as observed in Fig. 3a; the deviations between the
two graphs are relatively small. The approximate treatment
therefore opens the door for rapid semi-quantitative analy-
sis of the NOE-exchange-relay experiments.

6. Range of applicability

We have used Eqgs. (4.1) and (4.2) to model the NOE-
exchange-relay effect under different exchange conditions.
In doing so, we retained the spin topology and the effective
relaxation rate constants of the MBG-agglutinin system.
The composition of the sample and the exchange parame-
ters, on the other hand, were varied. To characterize the
outcome of the measurements we determined the depth
of the ‘dip’, i.e. the difference between the starting and
the lowest point of the curve: m!f(0) — m!f (¢™) in the case
of slow exchange and m*(0) — m*(z™") in the case of fast
exchange. Of all MBG protons, the one with the deepest
‘dip’ has been chosen to represent the magnitude of the
effect. The representative results are illustrated in Fig. 4.

The two characteristic cases presented in Fig. 4a and b
correspond to slow and fast exchange regimes, respectively.
Fig. 4b illustrates the situation relevant for initial NMR
screening that identifies lead compounds with modest bind-
ing affinity to a protein target (dissociation constant 1 mM
has been used in the simulations). This case has been the
primary objective of the experiments by Chen and Shapiro
[8] and Mayer and Meyer [7]. Fig. 4a, on the other hand,
illustrates the case of tight binding (dissociation constant
10 nM) which has not been as extensively investigated in
pharmaceutically oriented NMR. The plot demonstrates
that the ‘dipping’ curve can be readily obtained in this case
for a broad range of samples (2- to 10-fold ligand excess).
The effect seems particularly useful since binding produces
only a small amount of line-broadening, k= 1-0.1s7",
under these circumstances. The exchange kinetics illus-
trated in Fig. 4a is similar to that in the experimentally
studied MBG-agglutinin complex. However, the on-rate
used in the simulation, k., = 105 M~!s™!, is more typical
of pharmaceutically active ligands binding to protein tar-
gets. These results suggest that the transient NOE-
exchange-relay experiments can confirm the binding events
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Fig. 4. Magnitude of the NOE-exchange-relay effect (‘dip depth’) as a
function of ligand concentration. Simulated using Eqs. (4.1) and (4.2) with
relaxation coefficients as evaluated for the MBG-agglutinin system (same
as in Fig. 3b), assuming protein concentration [Py]= 0.1 mM, on-rate
kon=10M""s7! and Ky of (a) 10nM or (b) I mM. The simulations
included the effect of T, filters modeled along the lines of Egs. (4.1) and
(4.2) as described in Section 3. The magnitude of the NOE-exchange-relay
effect was quantified via Am!" = max,;{(m!"(0) — m! (z™")) /m!f (c0)} in the

case of the slow exchange (a) and Am® = max{(m>(0) — m*(c™in))/

mZ(c0)} in the case of the fast exchange (b). Here m;(t™") is the lowest
point in the curve, cf. Fig. 3b.

for the leads with higher binding affinity generated at the
advanced stages of the drug development process. The
experiment is practical so long as the association rate is
not much slower than the relaxation rate of the free ligand.
It ceases to be useful for tightly binding ligands when
k & kogfPol/([Lo] — [Po)) < I'™.

7. Concluding remarks

We present here a simple variant of the 1D homonuclear
pulse sequence to study binding of ligands to macromolecu-
lar targets. Our experiment shares conceptual underpinnings
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with the reverse NOE pumping [8] and saturation transfer
difference [7,40] techniques. All three schemes produce sim-
ilar spectra with approximately the same sensitivity,
Fig. S1. The standard methods are, however, prone to
the usual hazards of differential spectroscopy. For instance,
the reverse NOE pumping scheme with (appropriately)
long 7., fails to eliminate the background signal of agglu-
tinin. This is a consequence of the asymmetric placement of
the T, filter in the pulse sequence. For the same reason,
subtraction of the signals from non-binding ligands can
be less than perfect. In the STD measurement, the artefacts
could in principle emerge if the resonances of the free
ligand are inadvertently touched by the saturation pulses.
On the other hand, the discussed transient NOE-
exchange-relay sequence provides an unmistakable signa-
ture of the ligand binding in a form of the characteristic
‘dip’. In implementing this pulse sequence, we have tested
a new version of the relaxation filter termed ‘selective T,
filter’. This element takes advantage of large selective T
relaxation rates in big proteins and, under favorable cir-
cumstances, allows for uniform inversion of the protein
spectrum (while leaving the magnetization of free ligand
untouched).

Based on the complete relaxation and exchange matrix
analysis, we developed a simplified model which applies
to a broad class of NOE-exchange-relay experiments. The
physical meaning of this model is transparent: in addition
to conventional relaxation and exchange terms, it also
accounts for coupling of ligand magnetization to the pro-
tein spin bath via intermolecular NOE within the complex.
The treatment so formulated has been used to investigate
the applications of the NOE-exchange-relay experiments
under different exchange regimes. The systems with fast
exchange (typically encountered at the early stages of the
drug development process) have been a subject of much
NMR work in the past. In contrast, the systems with slow
exchange have received little attention. We demonstrated
the application of the NOE-exchange-relay experiment to
the system of Me-B-p-galactopyranoside in complex with
peanut agglutinin which falls in the slow exchange cate-
gory. It is anticipated that such measurements can be useful
for validation of the binding events for high-affinity
ligands.
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Appendix A. Supplementary data

One figure showing the spectra of MBG-agglutinin sam-
ple recorded with the transient NOE-exchange-relay exper-
iment, reverse NOE pumping experiment, and saturation
transfer difference experiment. Supplementary data associ-

ated with this article can be found, in the online version, at
doi:10.1016/j.jmr.2007.02.016.
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