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In the recent decades NMR spectroscopy has emerged as
a powerful tool in the drug-discovery field. Several NMR-
based methods have proved beneficial for the optimization
of low-molecular-weight lead structures. Among those, tech-
niques relying on the nuclear Overhauser effect (NOE) can
provide information on pharmacophores at atomic resolu-
tion. The transferred-NOEs (tr-NOEs)[1] allow access to the
bioactive conformation of ligands and can also be applied as
a screening tool to identify the interaction of a small mole-
cule with a macromolecular receptor. Recently, we have re-
ported on the measurement of protein-mediated interligand
NOEs (INPHARMA), which are observed for a mixture of
two ligands binding competitively and weakly to the same
binding pocket of a common target.[2–4] These interligand
NOEs do not result from a direct magnetization transfer be-
tween the protons of the two ligands, since the small com-
pounds, being competitive binders, never occupy the protein
binding pocket at the same time. Rather, a spin diffusion
process, mediated by the protons of the receptor-binding
pocket, leads to cross-peaks between the two ligands. We
proposed and demonstrated that these interligand NOEs
can be used to determine the relative binding mode of two

drug leads or, in favorable cases, even their absolute binding
pose (INPHARMA approach).[3]

The principle underlying the methodology relies on the
dependence of the INPHARMA NOEs on the protein envi-
ronment and more specifically on the distances between the
protons of each ligand and the protons of the receptor. Con-
sequently, the size of the INPHARMA NOEs depends on
the binding mode of each ligand to the receptor and a quan-
titative interpretation of such effects can be used to derive
the binding modes. However, extensive spin diffusion
among the receptor protons reduces the specificity of the
INPHARMA NOE signals, and the pharmacophore signa-
ture has to be retrieved by theoretically simulating the
effect of spin diffusion. Thus, the determination of the li-
gands3 binding modes relies on computationally intensive
calculations based on the full-relaxation matrix approach in
presence of chemical exchange,[5] including the protons of
the ligands and all protons of the receptor within a reasona-
ble distance from the binding pocket typically 10 6.[1,3]

In the daily workflow of drug discovery, it is desirable to
extract information from the INPHARMA NOEs without
need for the demanding full-relaxation matrix calculations.
We reasoned that a clearer fingerprint of the binding modes
of the two ligands to the receptor would be obtained from
the values of the INPHARMA NOEs if spin diffusion
inside the protein could be either switched off or considera-
bly reduced. An efficient way to attenuate intramolecular
spin-diffusion is to reduce the proton density in the recep-
tor, for example, by deuteration. In the past few years, a
robust protocol has been developed for bacterial expression
of proteins, in which methyl groups are selectively protonat-
ed in a highly deuterated background.[6] Here we employ
this method to investigate the effects on protein-mediated
interligand NOEs of depleting the background protein
proton density while maintaining protonated side chains of
specific amino-acids types.[6] Furthermore, we explore the at-
tractive possibility of employing the INPHARMA method
in combination with selectively protonated receptors to ex-
tract structural information on the relative binding mode of
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two competitive ligands with-
out need for the time-consum-
ing full-relaxation matrix cal-
culations.
The system under investiga-

tion consists of the catalytic
subunit of cAMP-dependent
protein kinase A—a monomer-
ic protein of 353 amino acids.
The protein kinase A (PKA) is
a ubiquitous enzyme of known
crystal structure,[7–9] which reg-
ulates a large variety of cellu-
lar processes including ion
flux, cell death and gene transcription. The selected ligands
were the core hinge binding fragments of two known ATP
competitive kinase inhibitors LA and LB, whose binding site
has been previously identified (Figure 1).
The catalytic unit of PKA was expressed in three different

forms: i) fully protonated (FP), ii) protonated at specific
amino acid side chains (SP), or iii) perdeuterated (PD). For
the preparation of the specifically protonated protein, cer-
tain a-ketoacids can serve as precursors for a number of
methyl-bearing amino acids for proteins over-expressed in
minimal media.[10] In our case, among amino acids contain-
ing an aliphatic side chain, only valine and leucine are part
of the binding pocket (Figure 2); therefore we chose a-ke-
toisovaleric acid as the precursor molecule for the produc-
tion of deuterated proteins with protonation restricted to
the Leud/Valg positions. Typically, precursors with the de-
sired labeling patterns were added to D2O-based growth
medium approximately 1 hour prior to induction of protein
over-expression, with expression times kept reasonably short
(3–4 h in our case) to maximize the incorporation levels.[11, 12]

Three samples were prepared containing 450 mm of LA

and 150 mm of LB. The 1:3 ratio in the concentration of the

two ligands has been chosen to partially compensate for the
different affinity of LA and LB for PKA (Ki,LA/Ki,LB ffi 0.3).
The protein concentration was 25 mm for samples (ii, SP)
and (iii, PD) (containing selectively protonated and perdeu-
terated protein, respectively), and 45 mm for sample (i, FP)
(containing fully protonated protein). NOESY spectra were
acquired on a 900 MHz spectrometer with a mixing time
tm=600 ms (Figure 1a). The exact protein concentrations
were determined by fitting the intensity of intraligand tr-
NOEs. The absence of NOEs in the sample containing the
perdeuterated protein confirms that the interligand NOEs
do not originate from aggregation of the ligands or from si-
multaneous binding to neighboring binding pockets of the
protein, but are indeed mediated by the protein protons.
Interligand NOEs are observed for samples containing

either fully or specifically protonated protein (Figure 1),
thus confirming that selective protonation of the Leud/Valg
positions in a perdeuterated background allows the mea-
surement of protein mediated interligand NOEs. Figure 2
shows the binding pocket of PKA, in which LA and LB

occupy alternately the same space. The short distances (d
<5 6) of the methyl groups of Leu49, Val57, Val104, Val123

and Leu173 from both ligands
ensure an efficient transfer of
magnetization between the
two ligands in the Leud/Valg
selectively protonated sample.
A comparison of the theo-

retical values of the INPHAR-
MA NOEs expected for a
sample containing LA

(450 mm), LB (150 mm) and
either fully or selectively pro-
tonated PKA (25 mm) shows
that a much lower intensity is
expected for the interligand
NOEs in the presence of selec-
tively protonated protein,
which is in agreement with the
paucity of receptor protons
available for the transfer
(Figure 3). The data set in the
presence of the selectively pro-

Figure 1. NOESY spectra for the measurement of interligand NOEs. a) Slices from 2D NOESY spectra at
3.72 ppm with a mixing time of 600 ms. Protein samples were expressed in a fully protonated form (upper
slice); with the methyl group side chains of Leu and Val specifically protonated (middle slice); or fully deuter-
ated (lower slice). b) Chemical structures of the ligands LA and LB with proton numbering.

Figure 2. Overlap of the crystal structures of the PKA/LA (3DNE.pdb) and PKA/LB (3DND.pdb) complexes
(stereo view). The Val and Leu amino acids are represented with sticks and the methyl groups are highlighted
in gold. LA is in green and LB is in blue.
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tonated protein has been calculated assuming a typical pro-
tonation efficiency of 80%, which, for the five Val and Leu
amino acids present in the binding pocket, results in 16 spe-
cies with population p > 0.5% (1 species with p=32%, 10
species with p=8.2% and 5 species with p=2%). All spe-
cies with p < 0.5% were neglected in the calculations. The
two theoretical data sets correlate reasonably well, with the
exception of two large outliers: the interligand NOE be-
tween H8 of LA and H1,2 of LB and the NOE between H1,3,5

of LA and H5 of LB (Figure 3). The ratio of the interligand

NOEs between H8-LA and H1,2-LB for the SP vs the FP
sample is lower than average; this reflects the depletion of
the protons of Phe327, which are the closest to both proton
H8-LA and protons H1,2-LB and therefore are most responsi-
ble for the corresponding protein-mediated exchange of
magnetization between them (Figure S1). On the other
hand, the same ratio for the NOE between H1,3,5-LA and H5-
LB is higher than average, reflecting the elimination of addi-
tional spin-diffusion pathways inside the protein. The princi-
pal mediators in the transfer of magnetization between the
H1,3,5-LA protons and the H5-LB proton are the methyl
groups of Val57, which are not depleted in the selectively
protonated protein. In general, it is expected that the ratio
of the interligand NOE peaks observed for the SP sample
versus those observed for the FP sample is high for the
ligand protons close to Leud/Valg methyl groups, due to the
absence of dissipating spin-diffusion pathways, while it is
lower for the ligand protons that are distant from the pro-
tonated methyl groups. This should result in a specific fin-
gerprint of the binding mode of the ligands.
The higher specificity of the pharmacophore signature ob-

servable for the SP sample with respect to that of the FP
sample prompted us to investigate the possibility of inter-
preting the INPHARMA NOEs in a semiquantitative way,
namely without considering the effect of spin diffusion
inside the protein. For this purpose we defined the parame-
ter D, as an indicator of the distances of each ligand proton
to the PKA protons:

DAB ¼
X

Leu;Val

X

i¼1;2
dðHAHMetiÞ

�6 �
X

i¼1;2
dðHBHMetiÞ

�6

where d ACHTUNGTRENNUNG(HA/BHMet) is the distance between proton HA/B of
LA/B and the carbon of one of the two methyl groups of a
particular valine or leucine amino acid. Whenever two or
more ligand protons have a degenerate chemical shift the
sum extends over all degenerate protons and the resulting
indicator DAB is divided by the number of degenerate pro-
tons. Only distances d < 5 6 are considered in the calcula-
tions. Our goal is to demonstrate that the interligand NOEs
values correlate well with the indicator DAB for each HA–HB

NOE and that the quality of the fitting can be used to distin-
guish between different binding modes of the two ligands. In
Figure 4 we plot the experimental INPHARMA NOEs be-
tween LA and LB versus the indicator D for five pairs of
PKA/LA and PKA/LB complexes. The interligand NOEs
were measured for the mixture of LA, LB and the selectively
protonated PKA (SP) and were normalized with respect to
the diagonal peak in w1. The pair of docking modes in panel
a) corresponds to the crystal structures of both complexes
and represents the “correct” docking poses. The pairs in
panels b)–d) contain one wrong binding mode each and
have been generated by rotating LA or LB by 1808 around
the z or y axis, as indicated in the figure. The difference in
the quality of the correlation is striking, with the correct
pair a) exhibiting R=0.83 for the linear correlation of the
INPHARMA NOEs with the crude distance indicator D,
while the incorrect pairs show very poor correlations (R
<0.5). From this result we conclude that a semiquantitative
interpretation of the INPHARMA NOEs measured in pres-
ence of selectively protonated protein might be sufficient to
discriminate between docking modes. Such semiquantitative
interpretation could replace the lengthy full-relaxation
matrix interpretation necessary when the INPHARMA
NOEs are measured in the presence of fully protonated pro-
tein. Work is in progress in our laboratory to thoroughly
characterize the discriminatory power of the correlation
graphs of Figure 4 and to define the minimum change in the
ligands orientations that can be differentiated with this ap-
proach. In addition, the specificity of the pharmacophore
signature could be further improved by enlarging the SP IN-
PHARMA NOE data-set. This can be achieved by means of
multiple complementary schemes of selective protonation,
targeting for example either the methyl groups or the aro-
matic side-chains.[13]

The possibility of discriminating between binding poses
by correlation of the INPHARMA NOEs with the distance
indicator D, or a similar function, opens the way to easy im-
plementation of the INPHARMA NOEs in structure calcu-
lation programs. While simulation of spin diffusion at each
step of structure calculation and comparison of theoretical
and experimental NOEs is a computationally demanding
task, due to the large size of the matrices involved, the cor-
relation between the INPHARMA NOEs and a distance in-
dicator could be easily translated into an energy term. In
this way, the INPHARMA NOEs could be used to actively
drive the docking protocol towards the correct binding
poses of the two ligands. Our laboratory is actively exploring

Figure 3. Correlation of the theoretical INPHARMA NOEs expected for
a sample containing fully protonated PKA (FP) versus those expected
using selective protonation (SP) of the Leud/Valg positions. The NOEs
are not normalized and are in arbitrary units.
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this intriguing and promising approach to the determination
of receptor–ligand structures.

Experimental Section

Protein expression and purification for the NMR experiments : The cata-
lytic subunit of Chinese hamster cAMP-dependent protein kinase A
(PKA) was expressed and purified according to the published proce-

dure.[14] In detail, the expression plasmid pETPKA, containing the coding
sequence of the cAMP dependent protein kinase, was used for transfor-
mation of E. coli strain BL21 (DE3) competent cells. To produce the
deuterated and specifically protonated protein samples, cells were initial-
ly grown on normal M9 media and then transferred to 10 mL expression
cultures with increasing percentages of D2O. The main culture in 100%
D2O was then inoculated with the adapted cells. Cells for the fully pro-
tonated protein sample were grown on LB medium. For the specifically
protonated sample, the precursor with the desired labelling pattern (2-
keto-3-methyl-butyrate) was added to the growth medium approximately
one hour prior to induction. The protein, containing a histidine-tag, was
purified on a Ni-NTA Fast-Flow column (Qiagen, Hilden Germany) fol-
lowing the manufacturer3s recommendations. Cleavage of the His-tag was
performed by adding 80 mL of Tev-protease (1 mgmL-1) and incubating
overnight at room temperature. Further purification was achieved by
anion-exchange chromatography with a SourceQ column. Finally, sam-
ples (10–15 mL) were dialyzed against 1 L NMR buffer (PBS-buffer,
NaCl 150 mm).
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Figure 4. Correlation of the INPHARMA NOEs measured for a mixture
of LA, LB and selectively protonated PKA (Leud/Valg) with the distance
indicator D calculated for five model-pairs of the PKA/LA and PKA/LB

complexes. The first model-pair (panel a) corresponds to the crystal
structures of the PKA/LA and PKA/LB complexes. Panels b)–d) present
the correlations for model-pairs where one of the ligand has been rotated
to an incorrect orientation in the binding pocket: b) LA has been rotated
by 1808 around the y axis; c) LB has been rotated by 1808 around the y
axis; d) LB has been rotated by 1808 around the z axis; d) LA has been
rotated by 1808 around the z axis. The quality of the correlation is accept-
able only for panel a) (R=0.83), while the next best correlation is seen
in panel d) with R=0.51.
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