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A wide variety of compound libraries are currently available to
obtain active compounds for drug target proteins, but the
affinities of initially screened compounds are usually too low and
have to be improved by chemical modification of the com-
pounds. In such cases, pharmacophore information of the
compounds plays a key role for the next modification step.
Structure determination of the protein–compound complex is
too time-consuming to be applied for such situations. Therefore,
many chemists would highly appreciate simple and accurate
experimental procedures to obtain pharmacophore information.

From this viewpoint, various ligand-observed NMR
spectroscopy experiments have been proposed to characterize
protein–ligand interactions.[1] Among them, experiments
exploiting nuclear Overhauser effects (NOEs; transferred
NOE, saturation transfer difference (STD), pumped NOE,
water-ligand observed by gradient spectroscopy (water-
LOGSY), etc.) are widely used and are also utilized as a
ligand pharmacophore (or epitope) mapping technique.[2]

However, it has recently been revealed that the difference
of the longitudinal relaxation of each ligand proton severely
interferes with the derived pharmacophore mapping result,[3]

and it is crucial to evaluate intermolecular cross-relaxation
terms for accurate pharmacophore mapping. With this in
mind, pharmacophore mapping by diffusion NMR spectros-
copy,[4] adiabatic fast passage NOESY (AFP-NOESY),[5] and
group epitope mapping considering relaxation of the ligand

(GEM-CRL)[6] quantitatively exploit the obtained intermo-
lecular cross-relaxation effect.

Herein, we propose a simple and rapid approach for
pharmacophore mapping experiments, which utilizes the
difference between the longitudinal relaxation rates of
ligand protons with and without irradiation of the protons
of the target protein.

The longitudinal relaxation of ligand proton I is repre-
sented by the modified Bloch equation [Eq. (1)]
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where DIz = Iz�Iz
0 (Iz represents the instantaneous longitudi-

nal magnetization, Iz
0 represents the thermal equilibrium

values of Iz); DSz and DXz for protons S and X are defined
correspondingly. RI represents the auto-relaxation rate con-
stant of ligand proton I, sIS represents the intramolecular
cross-relaxation rate constant between ligand proton I and
another ligand proton S, and sIX represents the intermolecular
cross-relaxation rate constant between ligand proton I and
proton X of the target protein. In the case that longitudinal
relaxation rates are measured by using an inversion-recovery
method, and the initial 1808 inversion pulse is replaced with
two consecutive 908 pulses with an appropriate phase
cycling,[7] the thermal equilibrium term can be omitted from
Equation (1) to give Equation (2).

dIz

dt
¼ �RI Iz �

X

S

sISSz �
X

X

sIX Xz ð2Þ

When protons of the target protein are selectively
irradiated and instantaneously saturated, the intermolecular
cross-relaxation term [the last term of Eq. (2)] should become
zero. Therefore, the longitudinal relaxation rate under the
saturation of the target protons is given by Equation (3).
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When Equation (2) is compared with (3), the difference of
recovery rate of Iz with or without selective saturation of
target protons generally corresponds to the intermolecular
cross-relaxation term. Therefore, the relaxation-rate differ-
ences of individual ligand protons should reflect the prox-
imities to the target protein surface, and thus the binding
portions of ligand molecules could be identified by using this
“difference of inversion recovery rate with and without target
irradiation” (DIRECTION) methodology.
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To perform the DIRECTION approach, we utilized the
pulse sequence shown in Figure S1 in the Supporting Infor-
mation. The sequence is based on that for an inversion-
recovery experiment with some minor modifications. In the
case of the experiment where the protons of the target protein
are saturated, selective irradiation of target protons is
performed at both the presaturation period (Tpresat) and the
T1 variable recovery period (Tvar), whereas for the experiment
where the protons are not saturated, the inversion-recovery
experiment is executed with irradiation at an off-resonance
frequency during both periods.

First, we compared the DIRECTION approach with the
original STD-based pharmacophore mapping experiment
(GEM-STD). The experiments were performed with trime-
thoprim (TMP, 1.5 mm ; Figure 1a) in the presence of bovine
dihydrofolate reductase (DHFR, 60 mm dissolved in a buffer
of PBS/D2O at pH 7.2; PBS = phosphate-buffered saline),
and spectra were recorded at 280 K. The TMP–DHFR
interaction system was previously used to examine that the
variation of T1 of ligand protons severely interfered with the
pharmacophore mapping result.[3a] Our GEM-STD result
(Figure 1b) was consistent with the previous work[3a] and
indicated that 7-CH2 of TMP, which was less affected by target
saturation, was not in close contact with the target protein,
bovine DHFR. However, this result was inconsistent with the
known binding model.[8] In the case of small compounds, the
different functional groups (e.g. aromatic, methyl, methylene,
methine), which have a different number of attached protons
and/or different motional characters, exhibit significantly
different longitudinal relaxation times, and this variation
should be prone to erroneous results in the GEM-STD
experiment.[3] The DIRECTION approach intends to remove
this intrinsic variation of longitudinal relaxation by subtract-
ing Equation (2) (without irradiation) from Equation (3)
(with irradiation).

In the case of the DIRECTION approach, for both
inversion-recovery experiments with and without irradiation
of the target protons, normalized intensities of each ligand
proton were plotted against Tvar values (Figure S2 in the

Supporting Information). Based on the assumption that the
longitudinal relaxation rate is determined by the sum of the
relaxation contributions from multiple dipolar interactions
with the surrounding protons, the longitudinal relaxation of
the protons can be approximated as a single-exponential
process described by an apparent relaxation rate.[9] In fact, the
relaxation profiles of TMP protons seem to be reasonably
approximated as a single-exponential process within short Tvar

delays (Tvar< 1 s; Figure S2 in the Supporting Information).
The differences between apparent longitudinal relaxation
rates with irradiation (R1

irr) of DHFR and those without
irradiation (R1

non-irr) for each proton of TMP are shown in
Figure 1c. Without being interfered by the variety of the
longitudinal relaxation of each ligand proton, the DIREC-
TION result indicated that 7-CH2 was the portion that was
most affected by target saturation, as predicted by a known
binding model.[8]

To evaluate the accuracy of the DIRECTION results, we
performed a DIRECTION experiment for the interaction
analysis of p38a mitogen-activated protein kinase (MAPK)
and its inhibitor SB203580 (Figure 2a; Kd = 29 nm ; kon = 2.3 �
107

m
�1 s�1 and koff = 0.62 s�1 at 308 K determined by surface

plasmon resonance (SPR) analysis),[10] the crystal structure of
which is available. In this study, the experiment was per-
formed with 1 mm inhibitor in the presence of human p38a

(25 mm dissolved in a buffer of D2O containing 25 mm

[D11]tris(hydroxymethyl)aminomethane, 1 mm [D10]dithio-
threitol, 50 mm NaCl at pH 7.2), and spectra were recorded
at 310 K.

For both inversion-recovery experiments with and with-
out irradiation of the target protons, normalized intensities of
each ligand proton were plotted against Tvar values (Figure S3
in the Supporting Information), and the differences between
the apparent longitudinal relaxation rates with irradiation of
kinase p38a and those without irradiation for each proton of
ligand SB203580 are shown in Figure 2b. It is notable that
R1

irr�R1
non-irr values of H1, H4/H5 (overlapping NMR signals),

and H6 of SB203580 are larger than those of H2, H3, and the
methyl protons. On the other hand, when a similar experi-

Figure 1. a) Chemical structure of TMP. b) STD-based epitope map-
ping of TMP binding on DHFR. The STD factor[3a] is used to evaluate
the binding epitope (pharmacophore). c) DIRECTION epitope map-
ping of TMP binding on DHFR. The differences between the apparent
longitudinal relaxation rates with irradiation of bovine DHFR (R1

irr) and
those without irradiation (R1

non-irr) for each proton of TMP are shown.

Figure 2. a) Chemical structure of p38a MAPK inhibitor SB203580.
b) The results of a DIRECTION epitope mapping of SB203580 binding
on p38a MAPK. c) Predicted proton density around each ligand proton
(<10 �) from pdb 1A9U (a complex of SB203580–p38a MAPK).
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ment was performed using perdeuterated p38a, R1
irr�R1

non-irr

values were too small to cause a significant difference
between each ligand proton (Figure S4 in the Supporting
Information). This result demonstrates that the differences of
the longitudinal relaxations with and without irradiation
originate directly from protons of the target molecules. This
DIRECTION pharmacophore mapping experiment indicates
that protons H1, H4, H5, and H6 of SB203580 are in close
proximity to the protons of p38a compared with H2, H3, and
methyl protons, and suggests that these two aromatic rings (a
pyridine ring and fluorophenyl ring) tightly interact with the
target kinase.

To validate this result, we estimated the proton density
around each ligand proton. Proton–proton distances were
collected based on the atom coordinates of the crystal
structure of the SB203580–p38a complex (PDB ID code
1A9U) using the programs myPresto[11] and MOLMOL,[12]

and the summations of 1/r6 (r : interatomic distance between a
ligand proton and a target proton) for each ligand proton are
shown in Figure 2c. The result indicates that H1, H4, H5, and
H6 are located at much higher proton-density sites than H2,
H3, and the methyl protons. When Figure 2b is compared
with Figure 2c, the DIRECTION result is qualitatively
consistent with the estimated proton density around each
ligand proton.

The DIRECTION method can also be applied to the lead
optimization step in drug development. We applied the
method to pharmacophore mapping of a small molecule
inhibitor ((1-(5-tert-butyl-2-methyl-2H-pyrazol-3-yl)-3-(4-
chlorophenyl)-urea, BMU, Figure 3a) of kinase p38a, which
was identified from high throughput screening (Kd =

350 nm).[13] The DIRECTION result revealed that H4
methyl protons of the pyrazole ring are less affected by the
irradiation of target-proton resonances compared with H1
and H2 of the phenyl ring and H3 of the pyrazole ring
(Figure 3b). Thus, this suggests that this N-methyl portion of
the molecule would not be tightly surrounded by the protons
of the target molecule (p38a); in other words, it is possible to
introduce a more bulky substituted group to achieve more
appropriate interaction with the target protein. In fact, the
substitution of the N-methyl group for an N-phenyl group
increases the affinity 40-fold (Kd = 8 nm).[13b] Thus, the
DIRECTION pharmacophore mapping method could pro-
vide a guideline for lead optimization and fragment growing
and/or linking in fragment-based drug design (FBDD)
strategy.

Herein, we developed a novel and robust NMR spectros-
copy pharmacophore mapping approach, which is not inter-
fered by the variation of longitudinal relaxation rates of each
ligand proton. We could obtain more accurate and precise
results from DIRECTION pharmacophore mapping than
from the GEM-STD approach for the applications performed
in this study. In theory, the initial slope of STD intensity
buildup (the irradiation time dependence of the STD factor)
is supposed to reflect the intermolecular cross-relaxation
rate.[14] However, it is practically difficult to obtain accurate
initial slopes with this approach,[6] because the sensitivity of
STD peaks obtained with short irradiation times is quite low,
and moreover the saturation of the protons of the target
protein is not instantaneous but irradiation-time-dependent
during short irradiation times (Figure S5 in the Supporting
Information). A recently developed GEM-CRL experiment
is another STD-based approach to obtain an accurate
pharmacophore mapping result by utilizing separately mea-
sured T1 values.[6] To apply the GEM-CRL approach, a
number of simplifying approximations should be fulfilled (fast
on–off equilibrium (koff> 100 s�1), high excess of ligand
(> 500-fold), long saturation time (5 � T1)); otherwise this
approach would lead to an incorrect conclusion (Figure S6 in
the Supporting Information). Our approach might have a
substantial advantage in sensitivity and simplicity over other
pharmacophore mapping approaches, including the diffusion-
based approach[4] and AFP-NOESY.[5]

As is the case with other ligand-observed NMR pharma-
cophore mapping methods, the DIRECTION approach
cannot be applied to a slowly exchanging (strong binding)
ligand (koff ! 1/T1). Furthermore, the strong spin-diffusion
effect upon binding to a large protein would also interfere
with accurate ligand pharmacophore mapping. We presume
that the applicable limit of the molecular size and the
exchange rate of target-protein–ligand interaction are similar
to those of an STD experiment, which also utilizes the
intermolecular cross-relaxation; but this hypothesis should be
proven by a future theoretical simulation study for the
DIRECTION approach.

The obtained pharmacophore mapping result can be
directly utilized to construct a structural model of a ligand–
target-protein complex, if appropriate apoprotein structures
are available.[15] In cases where full-fledged structural deter-
mination of ligand–target-protein complexes are not feasible,
such as in the case of difficult crystallization, this type of
NMR-spectroscopy-based approach could be a powerful
alternative method to solve structures of protein–ligand
complexes. We have introduced DIRECTION pharmaco-
phore mapping data into protein–ligand docking software
(myPresto[11]), and the potential of our approach has been
demonstrated.[16]
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Figure 3. a) Chemical structure of BMU. Dashed circle indicates N-
methyl portion. H* = Hydrogen atoms not observed because they
exchange with the solvent D2O. b) DIRECTION pharmacophore map-
ping result of BMU with p38a.
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