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a b s t r a c t
During the process of drug discovery, INPHARMA can be used to derive the structure of receptor/lead
compound complexes binding to each other with a Kd in the lM to mM range. To be successful, the methodology needs adjustment of various parameters that depend on the physical constants of the binding
event and on the receptor size. Here we present a thorough theoretical analysis of the INPHARMA interligand NOE effect in dependence of experimental parameters and physical constants. This analysis helps
the experimentalist to choose the correct experimental parameters and consequentially to achieve optimal performance of the methodology.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
In structure-based drug design a three-dimensional picture of
the binding mode of known ligands to the target macromolecule
is essential to the elaboration of a high afﬁnity drug. When the
complex cannot be crystallized, NMR can be used to obtain structural information in solution. However, the determination of a high
resolution structure of the complex by NMR in solution is often
limited by the availability and the physical properties of the target,
which in many cases is either too large to be observed by NMR, too
insoluble or not available with the necessary 13C/15N/2D labeling
from expression systems.
For ligands that bind weakly to the target (Kd in the lM range)
detailed structural information on the ligand bound conformation
can be obtained by transferred-NOEs and transferred-CCR rates [1–
6]. This approach requires small quantities of unlabeled target (1–
10 lM solution) and an excess of ligand, is applicable to any complex independently of the size of the target macromolecule and
does not require any isotope labeling scheme. However, as the resonances of the target macromolecule are not observed, the methodology does not provide any structural information on the
geometry of the intermolecular interactions in the complex. Models of the ligand binding mode can be obtained from the apo-structure of the target macromolecule and the bound structure of the
ligand by docking calculations. The docking models are ranked
on the basis of the computed intermolecular interaction energy
or with respect to experimental information, such as the ligand
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binding epitope, obtained by the STD or WATER-LOGSY approaches
[7–10]. However, this process mostly results in multiple models for
the complex structure due to the lack of site-speciﬁc structural
information.
To overcome this problem, we developed the INPHARMA methodology (Interligand Noes for PHARmacophore MApping) that
allows mapping the structure of the binding pocket of a macromolecule on the NMR resonances of two competitively binding ligands
[11–14]. The method is based on the observation of interligand,
spin-diffusion mediated, transferred-NOE data, between two ligands L1 and L2, binding competitively and weakly to a macromolecular receptor T (Fig. 1). During the mixing time of the NOESY
experiment, L1 binds to the receptor and its protons ðHL1 sÞ transfer
their magnetization to the receptor protons (HT s). During the same
mixing time of the NOESY experiment L1 dissociates from the
receptor and L2 binds. The magnetization that was transferred from
HL1 to HT can now be transferred from HT to HL2 . This leads to an
intermolecular peak between HL1 and HL2 although L1 and L2 have
never been close in space at any time during the NMR experiments.
The NOE peak between HL1 and HL2 is a spin-diffusion mediated effect via the receptor proton HT. Clearly this effect can only occur if
HL1 and HL2 are both close to the proton HT in the two complexes
TL1 and TL2, respectively. A number of such interligand NOEs deﬁne
the relative orientation of the two ligands in the receptor binding
pocket. The INPHARMA methodology belongs to the class of ligand-detected approaches (where the resonances of the target
macromolecule are not seen in the spectrum), like transferredNOEs, transferred-CCR rates, STD and others [1,2,5,7,15]. The binding pocket of the target macromolecule is here indirectly mapped
on the resonances of the two ligands. Due to the nature of the
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Fig. 1. (A) Schematic representation of the principle of the INPHARMA NOEs. At the beginning of the NOESY mixing time L1 binds to the receptor and its proton HL1 transfers
magnetization to the proton of the receptor HT. Being L1 a weak binder, it dissociates from the receptor during the NOESY mixing time and leaves the binding pocket free for L2
to occupy it. At this point the magnetization deposited on HT from the HL1 proton can be transferred to the HL2 proton of L2. This process results in a spin-diffusion mediated
NOE peak between HL1 and HL2 , depicted in (B).

magnetization transfer, the information gained in the INPHARMA
spectrum is highly site-speciﬁc, in contrast to STD or WATERLOGSY experiments [8], which can only identify the face of the ligand that is solvent exposed with respect to that in contact with
the receptor. The INPHARMA NOEs are used to rank and select
binding modes of L1 and L2 obtained by docking the bound conformation of the ligands to a structural model of the apo-receptor. The
direct employment of the INPHARMA NOEs in structure calculation
programs (X-PLOR) is currently under development in our
laboratories.
The method was originally developed to derive the binding
mode of L2 when the binding mode of L1 is known. However, we
have recently demonstrated that the INPHARMA approach is much
more powerful and allows in favorable cases the de novo description of the binding mode of both L1 and L2 [11,12]. In this work
we have shown that the methodology is precise enough to unambiguously select one docking mode per ligand and accurate enough
to select the correct docking mode, as compared to the crystal
structures available for the investigated test cases [12].
Here we present a thorough theoretical analysis of the INPHARMA interligand NOE effects. We use simple model systems to describe the effect of various parameters, such as receptor proton
density, NOESY mixing time, ligand concentrations, etc., on the size
of the observed INPHARMA NOEs. Furthermore, we present a comprehensive description of the applicability of the INPHARMA approach. We provide all tools necessary to predict the size of the
INPHARMA NOEs expected for complexes with different Kd and koff
values and to choose the best conditions, in terms of sample composition and experimental NMR parameters, for the observation of
INPHARMA NOEs of respectable size. The theoretical data presented here are essential to ensure that the powerful INPHARMA
method can be widely applied by non-NMR experts in the process
of drug development.

1 to 3 protons (Fig. 2A); (ii) cubic model: the ligands consist of
two or three protons linearly arranged with an inter-proton distance d; the receptor is a cube of different size (53  93). In the
receptor/ligand complex the protons are located at the nodes of a
three-dimensional lattice with unit length d in all three dimensions
(Fig. 2B). In the free receptor, the nodes of the binding pocket are
empty. The ligands insert perpendicular to one face, in the middle
of it, so that the last atom is part of this face.
2.2. Theory
Intensities of NOE cross-peaks of a receptor/ligand complex in
exchange with the free forms of both the ligand and the receptor
are described by the following equation:

dMðtÞ
¼ ðR þ KÞ  ðMðtÞ  M0 Þ
dt

ð1Þ

with a solution of the form:

Mðsm Þ ¼ expððR þ KÞsm Þ  ðMð0Þ  M0 Þ þ M0

ð2Þ

2. Material and methods
2.1. The model systems
The system that can be investigated with the INPHARMA method consists of a macromolecular receptor, usually a protein, and
two competitively binding ligands. In this theoretical investigation
we use simpliﬁed model systems to describe the inﬂuence of various structural parameters, such as intermolecular proton distances, proton densities in the receptor, depth of the binding
pocket, etc., on the expected INPHARMA NOEs. Two simple geometries are used: (i) linear model: the ligands and the receptor consist of protons disposed in a linear arrangement with a ﬁxed
intra-molecular inter-proton distance d. The ligands contain from

Fig. 2. Simpliﬁed models of the system consisting of one receptor (in black) and
two competitively binding ligands (in gray and white). (A) Linear arrangement of
the protons of both the receptor and the ligands; (B) linear arrangement for the
protons of the ligands but cubic arrangement for the protons of the receptor. The
ligands bind perpendicular to one face of the cube such that H3 is in the middle of
this face.
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where K and R are the kinetic and relaxation matrices, M(0) the initial magnetization, M0 the equilibrium magnetization and sm the
mixing time.
Two different models have been considered for the chemical exchange. The ﬁrst is a three-step model, including the state where
both ligands and the receptor are found also in the free form, as described by:
k1 off

k2 on

TL1 þ L2  L1 þ T þ L2  L1 þ TL2
k1on

ð3Þ

k2off

In the second model, we assume that the receptor is never in the
unbound state, due to presence of the two ligands in large excess.
This model is described by:
k12

TL1 þ L2  L1 þ TL2

ð4Þ

k21

2.2.1. Model 1
The relaxation matrix is a diagonal block matrix, where each submatrix describes the proton–proton relaxation pathway of one species; the species present in solution are the two ligands in the free
state L1, L2, the two complexes TL1 and TL2 of the target macromolecule and L1 or L2, respectively [16], and the free target macromolecule T. The superindex of each Rxs indicates the species (either the
free ligands and the receptor or the complexes TL1 and TL2) and the
subindex indicates which protons of the species contribute to that
sub-matrix. Thus, RLL11 describes the relaxation of the protons of
1
ligand L1 in the free state and RTL
L1 the relaxation of the protons of
1
ligand L1 when bound in the complex TL1. Analogously, RTL
T describes
1
the relaxation of the protein protons in the complex TL1 and RTL
L1 ;T
contains the cross-relaxation terms between the protons of ligand
L1 and the protons of protein T in the complex TL1.
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2.2.2. Model 2
Compared to the matrix for model 1, the relaxation matrix R for
model 2 lacks the last block representing the unbound target
macromolecule.
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The kinetics matrix K is derived from the equations:

d½L1 
¼ k12  ½TL1 ½L2   k21  ½TL2 ½L1 
dt
d½TL1 
d½L1 
¼
dt
dt
d½L2 
d½L1 
¼
dt
dt
d½TL2  d½L1 
¼
ð9Þ
dt
dt
0
1
k12 ½L2 I
k21 ½TL2 I
B
C
k21 ½L1 I
k12 ½TL1 I
B
C
B
C
B k21 ½TL2 I
C
k
12 ½L2 I
C
K¼B
B
k21 ½L1 I C
k12 ½L2 I
B
C
B
C
@
A
k21 ½L1 I
k12 ½TL1 I
k21 ½L1 I
k12 ½L2 I
ð10Þ
where I is the identity matrix of the same size as the corresponding
block matrix in R.
The elements of the kinetics matrices of the two models are derived from the binding constants and the equilibrium concentrations. The last are calculated from the mass conservation laws.
Model 1:

The kinetic matrix is built according to the equations that rule the
chemical equilibrium:

d½L1 
¼ k1on  ½T½L1  þ k1off  ½TL1 
dt
d½TL1 
d½L1 
¼
dt
dt
d½L2 
¼ k2on  ½T½L2  þ k2off  ½TL2 
dt
d½TL2 
d½L2 
¼
dt
dt
d½T
d½TL1  d½TL2 
¼

dt
dt
dt

where I is the identity matrix of the same size as the corresponding
block matrix in R.

k2on ½T½L2  ¼ k2off ½TL2 
k1on ½T½L1  ¼ k1off ½TL1 
½TL1  þ ½TL2  þ ½T ¼ ½Ttot
½TL1  þ ½L1  ¼ ½L1 tot
½TL2  þ ½L2  ¼ ½L2 tot

ð11Þ

Model 2:

k12 ½TL1 ½L2  ¼ k21 ½TL2 ½L2 
½TL1  þ ½TL2  þ ½T ¼ ½Ttot
ð6Þ

½TL1  þ ½L1  ¼ ½L1 tot
½TL2  þ ½L2  ¼ ½L2 tot

and has the form:
0

1
k1on ½TI
k1off I
B
C
k2on ½TI
k2off I
B
C
B
C
B k1on ½TI
C
k1off I
B
C
B
C
k1off I
k1on ½L1 I
K¼B
C
B
C
B
C
½TI
k
I
k
2on
2off
B
C
B
C
k2off I k2on ½L2 I
@
A
k1off I
k2off I ðk1on ½L1  þ k2on ½L2 ÞI

ð7Þ

ð12Þ

Individual elements of the relaxation matrix have the following
form:

Ri;i ¼ qi ¼

X b2
6

Hj 2A
j–i

dij

 ðJð0Þ þ 3JðxÞ þ 6Jð2xÞÞ

2

Ri;j ¼ rij ¼

b

6

dij

 ð6Jð2xÞ  Jð0ÞÞ
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JðxÞ ¼

2
sc
5 1 þ ðxsc Þ2

!

0

1 l
b¼  0h
 c2
2 4p H

ð13Þ

where qi is the longitudinal relaxation rate of proton Hi, rij is the
cross-relaxation rate of protons Hi and Hj, dij is the distance between
protons Hi and Hj in the same chemical species (ligand, target macromolecule or complex) and ‘‘A” stand for the chemical species. All
protons Hj are considered in the calculation of the relaxation rates
qi and rij, irrespectively of the value of dij.
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ð17Þ

as described in Ref. [26]. The solution can be calculated from the
known determinant of the Vandermonde matrix of Eq. (17):
3

SðtÞ ¼ k

2.3. Analytical solution for a three spins system

1

0

r2

6
X

Pðki Þ  eki t

i1

A description of the transferred-NOE effect for a two-spin system has been given in great detail [5,17–19]. In these studies the
receptor was not included in the calculation, namely it was assumed that it does not contribute considerably to the process of
magnetization transfer between the ligand protons. However, it
has been reported that the contribution of the receptor cannot
be neglected for an accurate prediction of transferred-NOEs
[16,20–24]. Clearly, for the calculation of the INPHARMA NOEs,
the receptor protons must be taken into account as they mediate
the transfer of magnetization between the two ligands. An analytical solution that describes the INPHARMA NOE transfer cannot be
systematically found for a three spin system, where the two
ligands L1 and L2 and the receptor T consist of one proton each,
as this would correspond to searching for an analytical solution
of a polynomial equation of sixth order [25]. However, an analytical description of the INPHARMA transfer can be found by making
two crude approximations: (1) the concentrations of the ligands
and the receptor are equal; (2) all four species L1, L2, TL1 and TL2
have the same auto-relaxation rates q and the cross-correlated
relaxation rate r between the HT and HL protons in TL1 and TL2
are equal. Furthermore, the afﬁnity of the two ligands is also
chosen to be equal.
The ﬁrst two approximations are clearly not realistic. However,
an ‘‘easy-to-read” analytical solution for the three-spin system,
even under the two coarse approximations made above, is still useful to describe at a glance the overall dependence of the INPHARMA magnetization transfer on internal dynamics and correlation
time.
In the next section we show results calculated numerically for
realistic scenarios with real physical constants and for multi-spin
systems.
Under the approximations mentioned above, the relaxation matrix and the kinetics matrix simplify to the following form:
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Even with the drastic approximations made for this model system,
the solution turns out to be quite complicated. However, a straightforward formula is obtained for the asymptotic development of the
variable k towards very high values (Fig. 3) and lead to the canonical
expression of the INPHARMA NOE:

SðtÞ 

k!1


 

1 qt
rt
cosh pﬃﬃﬃ  1
e
4
2

ð19Þ

This expression is reminiscent of the well known dependence of
transferred-NOEs intensities on the mixing time t of the NOESY
experiment:

SðtÞ 

k!1

 
1 qt
rt
 e  sinh pﬃﬃﬃ
4
2

ð20Þ

1

C
C
C
0 C
C
k C
C
C
r A
0

ð14Þ

kþq

where k = k12 = k21. Solving Eq. (1) implies ﬁnding six eigenvalues
that satisfy:

detðR þ K  kIÞ ¼ 0

ð15Þ

The INPHARMA NOE S(t) between L1 and L2 is deﬁned by:

SðtÞ ¼ k

3

r2

6
X

ai  eki t

ð16Þ

i¼1

where ai are coefﬁcients that fulﬁlled the following equation
system:

Fig. 3. Theoretical dependence of the INPHARMA NOEs on the mixing time sm
under the approximations used to derive the analytical expression of Eqs. (19) and
(21). The inter-proton distances d are equal to 2.5 Å. The full line curve was
calculated assuming sc = 20 ns and S2 = 1. The dashed line curve was calculated
assuming sc = 10 ns and S2 = 1. The dotted–dashed line curve was calculated
assuming sc = 5 ns and S2 = 1. The last curve was calculated assuming sc = 20 ns and
S2 = 0.5 (overlapped with the dotted–dashed curve). Other parameters are ﬁeld
strength = 800 MHz, [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM, koff = 1 kHz.
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However, while the transferred-NOEs intensities depend on the
time t according to the hyperbolic sine function, which can be
approximated to a linear function at small mixing times, the
INPHARMA NOEs show a hyperbolic cosine dependence on time,
which can be approximated by a parabolic curve at short mixing
times. This behavior reveals the spin-diffusion nature of the
INPHARMA NOEs, which depend quadratically on rt.
The formula in Eq. (19) can be used to visualize the inﬂuence of
the correlation time and internal motions on the build-up of the
INPHARMA NOE. The effect of internal motions is estimated using
the Lipari–Szabo’s model-free approach in the limit of a very fast
internal correlation time.
2

SðtÞ 

k!1

1 S2 qt
S rt
cosh pﬃﬃﬃ
e
4
2

!

!
1

ð21Þ

where S is the order parameter varying from 0 to 1 and assuming
equal order parameters for the auto-relaxation rate q and the
cross-relaxation rate r.
In Fig. 3, we show the dependence of the INPHARMA NOEs on
the mixing time t, according to Eq. (21), for different correlation
times of the molecule sc and different order parameters S. At short
mixing times the curves have a parabolic shape, according to:

1 S2 r t
SðtÞ 
 pﬃﬃﬃ
k!1 4
2

!2
ð22Þ

t!0

For S2 6 1, the cross-relaxation rate r is slower resulting in a delayed build-up of the INPHARMA NOEs. As for the transferred-NOEs,
the presence of an order parameter S – 1 has a differently strong effect on the INPHARMA NOE depending on the mixing time. At 1 s
mixing time the difference is negligible while at 400 ms, there is a
factor of four between the INPHARMA NOE assuming S2 = 1 and
S2 = 0.5 (full line and dashed–dotted line in Fig. 3). This difference
has to be taken in account in the interpretation of the INPHARMA
NOE peaks that are transferred by highly dynamic parts of the binding pocket. Efforts to include order parameters in the interpretation
of the data are on-going in our laboratories.
2.4. Numerical solution for a multi-spin system
For more than three spins and for systems with realistic parameters, the equations system becomes too complex to search for an
analytical solution. Therefore a numerical solution is calculated in
Matlab for the linear and cubic model systems assuming both model

1 and model 2 for the chemical exchange and in dependence of
physical parameters such as sc, sm, koff, species concentrations
and internal dynamics. The results of such simulations, which are
essential to understand the inﬂuence of the physical and experimental parameters on the size of the observed INPHARMA NOEs,
are presented in the following section.
3. Results and discussion
3.1. Choice of the kinetic model
One of the challenges of the INPHARMA method is to handle a
large number of docking models for each of the two ligands, which
need to be ranked with respect to the measured interligand NOEs.
Thus, the calculation time needed to predict the interligand NOEs
for one pair of models should be kept to a minimum. A medium
size protein (20 kDa) contains about 2000 protons which translates
into a matrix R + K of ca. twelve million elements. The size of the
R + K matrix can be reduced to eight millions by choosing the kinetic model 2, where the presence of the free receptor in solution
is neglected. In order to evaluate the error introduced on the calculated INPHARMA NOEs by neglecting the presence of the free
receptor in solution, we simulated the interligand NOEs between
the two protons H1 of L1 and H1 of L2 in presence of a common
receptor consisting of a cube of 73 protons. In all simulations
shown in this and the following paragraphs, the magnetization
originates from L1 and is transferred to L2; the INPHARMA NOE
shown on the y axis is normalized to the diagonal peak of the proton H1 of L1 in a NOESY experiment with mixing time sm = 0; a diffusion limited kon of 108 M1 s1 is assumed; for the cubic model
system (Fig. 2B) the ligand is placed deep in the receptor cube with
the ligand proton H1 at coordinates (4, 4, 3), unless stated otherwise. Clearly the error introduced by using the approximated model 2 depends on the amount of receptor free in solution at
equilibrium. For a system consisting of [L1]tot = [L2]tot = 500 lM,
[T]tot = 50 lM and with Kd = 100 lM for both ligands, the error
made by neglecting the presence of the free receptor (4 lM) varies
with the mixing time of the NOESY experiment and reaches ca. 10%
or 5% at sm = 0.5 s or 1 s, respectively (Fig. 4A). However, for tighter
binding ligands with Kd = 10 lM or lower, the presence of the free
receptor (0.5 lM) can be safely neglected, as the error on the interligand NOE is less than 3–5% over the complete range of mixing
times from 0 s to 1 s (Fig. 4B). In our experience errors smaller than
5–10% are not expected to inﬂuence the outcome of the analysis.

Fig. 4. Dependence on the mixing time sm of the intensity of the INPHARMA NOE between proton H1 of L1 and proton H1 of L2 binding a cubic receptor with seven protons per
dimension, as shown in Fig. 2B. The full line curve was calculated assuming the kinetic model 1, where the presence of the free receptor was explicitly taken into account as in
Eq. (3); the dashed curve was calculated assuming the kinetic model 2, where the presence of the free receptors is neglected, as in Eq. (4). Other parameters are scT = 20 ns,
scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å, [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM. koff = 10 kHz in (A) and koff = 1 kHz in (B).
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3.2. Dependence on the koff of the two ligands

Fig. 5. Dependence on the koff = k1off = k2off of the intensity of the INPHARMA NOE
between proton H1 of L1 and proton H1 of L2 binding a cubic receptor with seven
protons per dimension, as shown in Fig. 2B. The curve was calculated assuming the
kinetic model 1. Other parameters are sm = 500 ms, scT = 20 ns, scA = scB = 0.1 ns, ﬁeld
strength = 800 MHz, d = 2.5 Å, [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM.

Fig. 6. Dependence on the mixing time sm of the intensity of the INPHARMA NOE
between proton H1 of L1 and proton H1 of L2 binding a cubic receptor with seven
protons per dimension, for different k1off/k2off ratios. The curves were calculated
assuming the kinetic model 1 and k2off = 1 kHz. Other parameters are as in Fig. 5.

In order to observe the INPHARMA NOEs, the two ligands
should bind weakly to the receptor, namely they should exchange
a few times between their free and bound states during the mixing
time of a NOESY experiment. Fig. 5 shows the dependence on the
koff of the INPHARMA NOE occurring between the two protons H1
of L1 and H1 of L2 in presence of a common receptor consisting of
a cube of 73 protons, assuming model 1 for the exchange and equal
afﬁnity for the two ligands. For a mixing time of 500 ms and a koff of
1 kHz or higher (corresponding to a Kd of 10 lM if one assumes a
diffusion limited kon of 108 M1 s1) the INPHARMA NOE has
reached its maximum value, while for a koff of 100 Hz the INPHARMA NOE has an observable size equal to about two third of its maximum value. These results indicate that the transfer of
magnetization between the two ligands improves with the number
of exchange events in the binding pocket of the receptor. The condition on the koff is not too stringent and the INPHARMA NOE could
be observed for most weakly binding ligands, typically available in
an early phase of drug development, which we tested.
More critical is the relative size of the dissociation rates for L1
and L2, k1off and k2off. Clearly, the optimal situation for the receptor
mediated transfer of magnetization between the two ligands is
when k1off = k2off and the two ligands spend an equal amount of
time in the receptor bound state. Fig. 6 shows the efﬁciency of
the INPHARMA NOE transfer when k1off/k2off – 1. A considerable
amount of magnetization transfer through the INPHARMA NOE is
obtained for a k1off/k2off value of up to 8, while for k1off/k2off = 16
the INPHARMA NOE is less than 1% at a mixing time of 1 s and
has decreased by a factor of 4 at 500 ms with respect to k1off = k2off.
Thus, the method requires that the afﬁnity of the two ligands is of
comparable size.
An obvious way to compensate for the different afﬁnity of the
two ligands, and consequently for the different equilibrium concentrations of the TL1 and TL2 complexes in solution, might seem
that of adjusting the concentration of the two ligands, as for example using [L1]tot = 10[L2]tot if k1off = 10k2off. At small mixing times, for
which the two-step transfer dominates the INPHARMA signal, a
concentration ratio [L1]tot = 10[L2]tot is optimal (Fig. 7). However,
at longer mixing times the optimal concentration changes due to
the contribution of additional pathways of magnetization transfer
and spin-diffusion inside the receptor. The use of longer mixing
times renders the analysis of the INPHARMA NOE intensity more

Fig. 7. (A) Dependence on the mixing time sm of the INPHARMA NOE between proton H1 of L1 and proton H1 of L2 binding a cubic receptor with seven protons per dimension,
for k1off/k2off = 1 (full line) and k1off/k2off = 10 (circles). The curves were calculated assuming the kinetic model 1 and k2off = 1 kHz. The concentrations of the species are
[T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM (full); [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM (circles); [T]tot = 50 lM, [L1]tot = 910 lM, [L2]tot = 90 lM (dashed). The dashed curve is
multiplied by [L1]910/[L1]500 with [L1]910 and [L1]500 being the equilibrium concentrations of [L1] for [L1]tot = 910 lM or 500 lM, respectively. This is necessary to compensate
for the higher initial magnetization of L1 by which the INPHARMA NOE intensity is normalized. Other parameters are as in Fig. 5. This panel shows that for short mixing times,
the concentrations that compensate differences in the off rates give the largest INPHARMA signals. For longer mixing times, in which spin-diffusion becomes more important,
other concentrations are optimal. (B and C) Contour plots of the INPHARMA NOE intensity in dependence of the sm (x axis) and of the [L1]tot concentration (y axis) for k1off/
k2off = 10. The total concentration of the two ligands [L1]tot + [L2]tot is constant (1 mM). The INPHARMA NOE intensities are normalized to the initial magnetization of L1 when
[L1]tot = 500 lM for comparison. (B) Transfer from proton H1 of L1 to proton H1 of L2; scT = 20 ns; (C) transfer from proton H1 of L1 to proton H1 of L2; scT = 200 ns. Other
parameters are scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å, [T]tot = 50 lM.
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difﬁcult, due to the contribution of many spin-diffusion pathways;
on the other hand long mixing times are necessary to increase the
intensity of the INPHARMA signal.
For a complex with sc = 20 ns the optimal value is found around
[L2]tot/[L1]tot = 0.33 (Fig. 7B). On the other hand for a complex with
sc = 200 ns (Fig. 7C) the optimal INPHARMA NOE is found at long
mixing times for similar concentrations of L1 and L2 ([L2]tot/
[L1]tot = 0.81) despite the differences in the koff. In this case it is
more important to achieve fast transfer of magnetization between
the two ligands away from the fast relaxing receptor, in order to
avoid the diffusion of the ligands magnetization in the receptor,
rather than to have similar population of the TL1 and TL2
complexes.
Fig. 7A summarizes these results. Here the INPHARMA NOE in
dependence of the mixing time for ligands with equal afﬁnity
and equal concentration (full line), as compared to ligands with
k1off = 10 k2off (dashed line) is shown. Not unexpectedly, the optimal INPHARMA integrals are observed when the afﬁnities and
the concentrations of the two ligands are equal. Changing the ratio of [L2]tot/[L1]tot from 1 to 0.1 (circles) while keeping the overall concentration of the ligands constant ([L2]tot + [L1]tot = 1 mM)
cannot compensate the decrease of the transfer efﬁciency due
to unequal afﬁnities. This result can be understood considering
that while the koff represents the inverse of the lifetime of the
complex, the concentration of the ligand inﬂuences the probability that the complex is formed. Thus, owing to the spin-diffusion
loss between two consecutive complex formations, binding of
the ligand to the receptor for twice as long does not have the
same effect as binding twice as often. At shorter mixing times
the INPHARMA NOE for k1off = 10k2off and [L2]tot/[L1]tot = 0.1
(dashed) is larger than for k1off = 10k2off and [L2]tot/[L1]tot = 1 (circles), while at longer mixing times the INPHARMA NOE shows
the opposite behavior. The critical point where the INPHARMA
NOE for [L2]tot/[L1]tot = 0.1 becomes worse than for [L2]tot/
[L1]tot = 1 depends on the correlation time of the complex and
shifts to shorter mixing times for larger sc.
3.3. Inﬂuence of proton density
An important question is how the number of protons of both
the ligands and the receptor inﬂuences the INPHARMA NOEs.
Clearly, the most efﬁcient transfer is obtained when the magnetization is not allowed to diffuse away through undesired spin-diffusion pathways and only the desired spin-diffusion transfer
L1 ? receptor ? L2 occurs. In a real system, however, this is never

the case, due to the presence of protons in the ligands and in the
receptor that do not belong to the binding epitope or to the binding
pocket.
We ﬁrst investigate the effect of the ligand proton density by
comparing the INPHARMA NOE in a linear system, as in Fig. 2A,
for the case when the two ligands consist of only one, two or three
protons (Fig. 8). The presence of protons H2 of L1 and L2 diminishes
the efﬁciency of the transfer between H1 of L1 and H1 of L2 by a factor of three (Fig. 8B), due to the fact that the ligand protons H2
compete with the receptor protons for the H1 magnetization. However, the presence of additional ligand protons at d P 5 Å (H3 of L1
and L2) does not further affect the efﬁciency of the INPHARMA
NOE.
Due to the dependence of spin-diffusion on the size of the molecule, proton density on the large receptor is likely to have a stronger effect on the intensity of the INPHARMA NOE. To simulate the
dependence of the INPHARMA NOE on the number of protons of
the receptor, while keeping the scT constant, we used the artiﬁcial
cubic system of Fig. 2B. Fig. 9 shows the results of such simulations
for a cube of size ranging from 53 to 93. As expected, the efﬁciency
of magnetization transfer diminishes upon increasing the number
of receptor protons, due to the undesired diffusion of the ligand(s)
magnetization from the binding pocket to the receptor body. Such
a loss reaches a maximum for a sphere of about 8 Å around the ligand binding pocket (size of the cube = 73); spin-diffusion processes beyond this sphere do not inﬂuence the INPHARMA NOE
to a measurable extent for molecules with a sc similar to that used
in the simulation (20 ns). Clearly, increasing the size of the receptor directly translates into a higher velocity of the spin-diffusion
and to a larger radius of the sphere within which protons contribute to the magnetization transfer process. However, also for very
large receptors the mixing time of the NOESY experiment can be
optimized to obtain the maximum INPHARMA NOE transfer, while
minimizing dilution of the signal throughout the receptor (see next
paragraph). For a receptor with sc = 20 ns, we can conclude that
spin-diffusion inside the receptor competes with the INPHARMA
magnetization transfer up to a distance of 8 Å from the binding
pocket and can therefore be considered as a ‘‘local” process.
3.4. Optimal choice of sm: dependence on sc
The mixing time that maximizes the intensity of the INPHARMA
NOEs depends on the correlation time of the complex. Fig. 10
shows the dependence of the INPHARMA NOE on the mixing time
sm for receptors with increasing sc. At short mixing times the

Fig. 8. Dependence on the mixing time sm of the intensity of the INPHARMA NOE between proton H1 of L1 and proton H1 of L2 binding a linear receptor consisting of seven
protons as shown in Fig. 2A. The size of the ligands is variable, with the dotted–dashed curve showing the transfer for ligands containing only proton H1, the dashed curve for
ligands consisting of H1 and H2 and the full curve for ligands consisting of H1, H2 and H3. The curves were calculated assuming the kinetic model 1 and k1off = k2off = 1 kHz. The
concentrations of the species are [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM. Curves in (A) and (B) were calculated assuming scT = 20 ns and scT = 200 ns, respectively.
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Fig. 9. Dependence on the mixing time sm of the intensity of the INPHARMA NOE
between proton H1 of L1 and proton H1 of L2 binding a cubic receptor of variable
size: 53 (circles), 63 (dotted–dashed), 73 (full), 83 and 93 (dashed, overlapped). The
curves were calculated assuming the kinetic model 1. Other parameters are
scT = 20 ns, scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å, [T]tot = 50 lM,
[L1]tot = [L2]tot = 500 lM.

INPHARMA NOE shows a parabolic dependence on sm, which is
typical of a second order effect (spin-diffusion) (see also Eq.
(21)). Increasing the correlation time increases the steepness of
the initial part of the curve.
As it is seen in Fig. 10B, for a receptor of 400 kDa or larger, the
maximum INPHARMA NOE is obtained for sm < 100 ms, while for a
receptor of ca. 20 kDa, mixing times of the order of 500 ms or higher can be used. In our experience the best results, in terms of selection of the correct docking mode by comparison of the theoretical
and experimental INPHARMA NOEs, are obtained when the experimental data are acquired at mixing times for which the INPHARMA NOE has not yet reached its maximum value. This is due to
the fact that in this regime only ‘‘short” spin-diffusion pathways
contribute to the signal, thus minimizing the errors made by
neglecting internal motions in the calculation of the theoretical
NOEs (vide infra). In fact, the more receptor protons contribute to
the spin-diffusion transferred-NOEs, the largest is the error made
by neglecting their internal dynamics.
3.5. Dependence on receptor concentration
Clearly the size of the INPHARMA NOE depends not only on the

sc of the receptor, the afﬁnity of the ligands to the receptor and the
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Fig. 11. Contour plot of the dependence of the INPHARMA NOE between proton H1
of L1 and proton H1 of L2 binding a cubic receptor of size 73 on the sm (x axis) and on
the fraction of bound ligand [TL1]/[L1]0 (y axis). The curves were calculated
assuming the kinetic model 1. Other parameters are scT = 20 ns, scA = scB = 0.1 ns,
ﬁeld strength = 800 MHz, d = 2.5 Å, [L1]tot = [L2]tot = 500 lM.

kinetic constants but also on the concentration of the species in
solution. In Fig. 11 we show a contour plot of the intensity of the
INPHARMA NOE in dependence of the mixing time (x axis) and
the fraction of bound ligand (y axis), deﬁned as [TL1]/
[L1]tot = [TL2]/[L2]tot. The ligands total concentration is 500 lM each.
At short mixing times the INPHARMA NOE intensity linearly increases with the fraction of bound ligand. On the other hand, at
long mixing times the intensity of the INPHARMA NOE steeply depends on the fraction of bound ligand. For sm > 600 ms the optimal
value of the INPHARMA NOE is achieved for a fraction of bound ligand ranging from 0.02 to 0.06, whereas at 150 ms bound ligand
fractions ranging from 0.1 to 0.35 are required for optimal signal.
However, the best results can be obtained at long mixing times
using a low fraction of bound ligand (Fig. 11).
3.6. Effect of internal dynamics
Dynamics plays an important role in the NOE transfer mechanisms. Campbell and Sykes evaluated the inﬂuence of internal
motions of the bound and free ligand on the transferred-NOE effect neglecting the receptor protons [27]. Here, we analyze the
effect of internal motions on the interligand INPHARMA NOE effect using the model-free approach of Lipari and Szabo [28].

Fig. 10. (A) Dependence on the mixing time sm of the intensity of the INPHARMA NOE between proton H1 of L1 and proton H1 of L2 binding a cubic receptor of size 73 and
variable sc: 10 ns (sky blue), 20 ns (black), 40 ns (red), 80 ns (dark blue), 160 ns (purple). The curves were calculated assuming the kinetic model 1. (B) Contour plot of the
INPHARMA NOE intensity in dependence of the sm (x axis) and of the sc of the receptor (y axis). Other parameters are scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å,
[T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM.
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Fig. 12. (A) Dependence on the mixing time sm of the intensity of the INPHARMA NOE between proton H1 of L1 and proton H1 of L2 binding a linear receptor consisting of
seven protons as shown in Fig. 2A. The dynamic of the protons is variable with an S2 ranging from 0.1 to 1. The curves were calculated assuming the kinetic model 1 with
k1off = k2off = 1 kHz. The concentrations of the species are [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM, scT = 20 ns, scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å. (B) Zoom of
(A) for the mixing times between 0 s to 0.1 s.

Clearly in this analysis we need to consider the receptor protons
as well, as they mediate the transfer of magnetization between
the two ligands.
In order to quantitatively evaluate the error made by neglecting
internal dynamics in the back-calculation of the INPHARMA NOE
from a certain docking model, we performed theoretical simulations of the INPHARMA NOE, using the cubic system of Fig. 2B, in
presence of internal dynamics of variable amplitude. First we assumed the same order parameter S2 for all protons in all species,
both free and bound. Fig. 12 shows that the efﬁciency of the
INPHARMA transfer decreases in presence of internal dynamics.
At low mixing times the decrease of the magnetization transfer
efﬁciency is proportional to S4, as it was found in the analytical
solution of Eq. (21). Thus the effect of internal motions at low mixing times corresponds to decreasing the correlation time of the
species by a factor S4 (Fig. 12B).
The best choice of the mixing time depends not only on the sc
of the complex but also on the presence of internal motions.
The optimal compromise between optimizing the intensities of
the INPHARMA NOEs and minimizing the error generating from
neglecting internal motions is achieved, in our experience, by
acquiring the experimental data at mixing times for which the
INPHARMA NOEs have not reached their maximum value, yet.
In a more realistic system, different internal dynamics occurs
for each species. Therefore, we simulated the efﬁciency of the
INPHARMA magnetization transfer using three different order
parameters S2L , S2T and S2TL , for the free ligands protons, the free
receptor protons and the receptor protons or ligand protons in
the complexes, respectively (Fig. 13). Our simulations show that
the INPHARMA magnetization transfer is not considerably affected
either by the internal dynamics of the free ligands or by that of the
free receptor (provided that the concentration of the free receptor
is not too high). On the other hand, internal dynamics in the complexes measurably affects the efﬁciency of the INPHARMA magnetization transfer. For a medium size receptor, the efﬁciency of
magnetization transfer at constant sm decreases upon increasing
the amplitude of internal dynamics either for the receptor or the
ligands protons in the complex, whereby the effect of receptor protons dynamics is smaller. The reason for this lies in the two counteracting effects of the internal dynamics of the receptor protons:
on the one hand, receptor protons dynamics reduces the spin-diffusion rate necessary for the INPHARMA transfer, thus resulting in
smaller INPHARMA NOEs; on the other hand it reduces the rate of

Fig. 13. Dependence on the mixing time sm of the intensity of the INPHARMA NOE
between proton H1 of L1 and proton H1 of L2 binding a linear receptor consisting of
seven protons as shown in Fig. 2A. Different amount of dynamics are taken into
account: (1) no dynamics is present either for the ligands or for the receptor: S2 = 1
(full line); (2) the free ligand is dynamic with an S2L ¼ 0:5 (dashed line); (3) the free
receptor is dynamic with an S2T ¼ 0:5 (overlapped with the full line); (4) both the
ligands and the receptor in the complex show dynamics with S2TL ¼ 0:5 (full line
with circles). The curves were calculated assuming the kinetic model 1 with
k1off = k2off = 1 kHz. The concentrations of the species are [T]tot = 50 lM, [L1]tot = [L2]tot = 500 lM, scT = 20 ns, scA = scB = 0.1 ns, ﬁeld strength = 800 MHz, d = 2.5 Å.

diffusion of the magnetization away from the binding pocket into
the receptor body, thus improving the efﬁciency of the INPHARMA
magnetization transfer.
4. Conclusions
The INPHARMA method is a ﬂexible, rapid and powerful technique to determine the relative, and in some favorable cases even
the absolute, orientations of two ligands binding weakly and competitively to the same binding pocket of a common receptor. This
methodology is particularly useful in the process of optimizing
drug leads as it provides a fast method to determine the relative
orientation of different chemical skeletons in the receptor binding
pocket.
Here we provide a theoretical description of the INPHARMA effect and we describe its dependence on both kinetic and experi-
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mental variables. The equations and the graphs shown here provide an arsenal of tools to determine the applicability of the method to speciﬁc cases and to correctly choose the experimental
parameters. We show that the choice of the experimental parameters, as for example the sm of the NOESY experiments, is critical
and strictly depends on the system under investigation. Furthermore, we provide an estimation of the errors committed by using
approximations, as for example neglecting the effect of internal
motions.
The analysis presented here helps to optimize the results from
INPHARMA measurements.
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