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Although orphan drug applications required by the EMEA must include assessments of similarity to pre-
existing products, these can be difficult to quantify. Here we illustrate a paradigm in comparing nilotinib
to the prototype kinase inhibitor imatinib, and equate the degree of structural similarity to differences in
properties. Nilotinib was discovered following re-engineering of imatinib, employing structural biology
and medicinal chemistry strategies to optimise cellular potency and selectivity towards BCR-ABL1.
Through evolving only to conserve these properties, this resulted in significant structural differences
between nilotinib and imatinib, quantified by a Daylight-fingerprint—Tanimoto similarity coefficient of
0.6, with the meaning of this absolute measure being supported by an analysis of similarity distributions
of similar drug-like molecules. This dissimilarity is reflected in the drugs having substantially different
preclinical pharmacology and a lack of cross-intolerance in CML patients, which translates into nilotinib
being an efficacious treatment for CML, with a favourable side-effect profile.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The notion of similarity appertains to relative comparisons and,
in the absence of recognised paradigms for quantitative assess-
ment of drug similarity, these are frequently qualitative and in-
volve subjective preconceptions. Despite the difficulties,
comparisons between molecules to provide quantitative assess-
ments of ‘similarity’ are becoming increasingly important for the
prediction of molecular properties, as well as for procedures such
Health Authority registration.1,2 As an example of the latter, the
European Medicines Agency (EMEA) may designate a medicinal
product as an orphan drug through applying the ‘prevalence’ crite-
rion, whereby the sponsor should establish that it is intended for
the diagnosis, prevention or treatment of a life-threatening or
chronically debilitating condition affecting no more than 5 in 10
thousand persons.3,4 Orphan drug designation can lead to several
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incentives, including expedited Health Authority review and a per-
iod of market exclusivity upon authorisation. As part of an orphan
drug application, where two products are potentially similar, the
applicant of the second product is required to provide appropriate
documentation on its position regarding similarity with reference
to mechanism of actions and structural similarity. The criteria to
assess similarity are recommended in the European Commission
guideline on aspects of the application of Article 8(1) and (3) of
Regulation (EC) No. 141/2000.4 Thus Section 2, Article 3 of Com-
mission Regulation (EC) No 847/2000 defines a similar active sub-
stance as ‘an identical active substance or an active substance with
the same principal molecular structural features (but not necessar-
ily all of the same molecular structural features) and which acts via
the same mechanism’. The guidelines go on to say that since mol-
ecules exert their biological action in solution, differences seen by
X-ray crystallography in the crystalline state may not be relevant
for the assessment of similarity. It is also suggested that computa-
tional methods may be used to measure the degree of structural
similarity between molecules, many of which allow ‘similarity
searching’ to identify molecules having common or similar molec-
ular architectural features (two- or three-dimensional).

Consequently, in this study of drug similarity, two tyrosine
kinase inhibitors, possessing activity against BCR-ABL1 and
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developed for the treatment of chronic myelogenous leukaemia
(CML), are compared on the basis of structural similarity, target
selectivity and general biological activity in patients. CML is caused
by unfaithful repair of a double-strand DNA break in a pluripotent
haematopoietic cell, which results in the formation of the Philadel-
phia chromosome (Ph), t(9,22), that carries the breakpoint cluster
region-Abelson fusion gene, BCR-ABL1.5 This oncogene encodes
the chimeric BCR-ABL1 protein, having a constitutively activated
ABL1 tyrosine kinase domain that deregulates intracellular signal-
ling pathways and causes CML. Following the discovery of imatinib
(Gleevec�; Fig. 1a) as an inhibitor of the BCR-ABL1 kinase,6,7 this
effective, safe and well-tolerated drug has become the standard of
care for the treatment of newly diagnosed Ph+ CML patients in
chronic phase and set a new paradigm for the treatment of cancer
with molecularly target drugs.8 However, whereas about 85% of
newly diagnosed chronic phase (CP) patients achieve a complete
cytogenetic response to imatinib, patients harbour minimal resid-
ual disease that can eventually lead to relapse. Relapse, which is a
more common occurrence in the advanced, accelerated phase (AP)
and blast phase (BC) stages of the disease, is most frequently
due to the emergence of clones expressing mutant forms of the
BCR-ABL1 protein kinase in which single amino-acid substitutions
lead to a reduced sensitivity towards imatinib.9

Nilotinib (Tasigna�; Fig. 1b) is a novel tyrosine kinase inhibitor
which has been developed to address the unmet medical need
associated with imatinib-intolerance and imatinib-resistance in
chronic and advanced phases of CML.10,11 As such nilotinib is a
highly potent and selective inhibitor of the wild-type BCR-ABL1,
which maintains activity against the majority of imatinib-resistant
mutants, and has few off-target activities.11–13 This preclinical
profile supports nilotinib as an effective treatment of chronic and
advanced Ph+ CML patients, whose disease cannot be controlled
by imatinib.14,15

Nilotinib emerged from a rational, structure-based drug discov-
ery programme, in which the imatinib structure was reengi-
neered,11,16 to incorporate elements designed to capitalise upon
the elucidation of the imatinib-ABL1 binding mode.17–19 This was
based upon the knowledge that in binding to the inactive (DFG-
out) conformation of the ABL1 kinase domain,19,20 the [4-(3-pyrid-
inyl)-2-pyrimidinyl]anilino segment of imatinib had close-binding
interactions with the Met318, Phe317 and Thr315 residues of the
hinge-region within the ATP-binding site, but that the remaining
half of the compound extended beyond the Thr315 gate-keeper
residue to bind within an additional pocket. This, largely lipophilic
pocket, is made accessible by the movement of the side-chain of
Phe382, from its location in the DFG-in conformation where it
blocks the entrance, to its position in the DFG-out conformation
(Fig. 2). Consequently, the key design strategy for nilotinib was
to replace the basic, polar 4-(methylpiperazinyl)-toluamide phar-
macophore element in imatinib,16 with less polar, substituted ani-
lides, with the reasoning that the reversed-amide would maintain
the H-bond interactions to Glu286 and Asp381, and, via the sub-
stituents, allow the exploration of new binding interactions.19 As
a consequence of this design strategy and optimisation process,
although nilotinib has a similar selectivity profile to imatinib to-
wards protein kinases, it is a more potent and selective inhibitor
of ABL1 and has very few off-target activities in common with
imatinib.

2. Methods and results

2.1. Comparison of nilotinib with imatinib on a structural basis

Based upon the definition of structure as the framework created
by linking atoms with bonds in two-dimensions, in comparison to
imatinib, nilotinib has many different molecular structural fea-
tures. The molecular similarity between these two molecules is
limited to the N-(2-methylphenyl)-4-(3-pyridinyl)-2-pyrimidin-
amine moieties (depicted in black in Fig. 1). In the case of nilotinib,
as assessed by summed atomic weights, this portion makes up 45%
of the molecule and, in the case of imatinib, 53%. Consequently, the
similarity between the two drugs may be estimated as being in the
region of 50%. More refined computational assessments also reflect
this lack of similarity. Based upon the systematic evaluation of
structural key-type fingerprints designed to recognise molecules
with similar activity,21 a Tanimoto coefficient (Tc) cut-off value of
0.7 for key-type fingerprints has been recommended as the value
at which molecules identified as being ‘similar’ to an active com-
pound would also be expected to be active. Using a relevant
descriptor for this kind of analysis (here Daylight fingerprints) a
value of 0.6 is obtained, which clearly corresponds to a degree of
similarity that is well below the threshold value of 0.7 for molecu-
lar similarity.

A more pharmacophore-type descriptor (SIMILOG) was also
used to assess whether other types of fingerprints would highlight
the differences between the compounds given the common N-(2-
methylphenyl)-4-(3-pyridinyl)-2-pyrimidinamine moieties. Esti-
mating the whole molecule topological similarity between niloti-
nib and imatinib using the dichotomous SIMILOG descriptor,22 in
combination with the Tanimoto coefficient, a value of only 0.51
is obtained. To further evaluate the significance of the Tc value of
0.51, a similarity distribution for nilotinib against approximately
58,000 compounds with random biological activities from the
MDL Drug Data Report (MDDR; http://www.mdli.com) database
with similar properties (Alog P lipophilicity, molecular weight,
number of heavy atoms, number of H-bond donors and acceptors)
was generated. From this a similarity coefficient of 0.51 was
achieved for approximately 2500 compounds (4.48%; Fig. 3a), a
comparatively large number given the fact that these compounds
were not designed to target ABL1. Extending this analysis to the
Dice and Cosine metrics with similarity coefficients of 0.68 and
0.69, respectively, and correlating these values to the distributions
(Fig. 3b and c) this corresponds to the relative positions of imatinib
in the similarity sorted database at 4.48% and 7.47%. Thus if one
were to search the MDDR database with random activities for com-
pounds structurally similar to nilotinib, imatinib would not appear
within approximately the first 2500 compounds for either Tanim-
oto or Dice, and not within approximately the first 4200 com-
pounds for the Cosine coefficient. Hence, in a standard setting,
they would not be selected as similar compounds. It should also
be pointed out that the shape of the distributions points to the
non-linear behaviour of the Tanimoto coefficient. Thus if one mol-
ecule shows a similarity value of 0.6 (dissimilarity 0.4) to a refer-
ence compound and another one a similarity value of 0.8
(dissimilarity 0.2), this does not mean that they are half as dissim-
ilar to the reference structure, since highly similar as well as highly
dissimilar structures are generally much less frequently found.

2.2. Comparison of nilotinib with imatinib on the basis of three-
dimensional properties and interaction patterns

In terms of chemical functionality there are a number of impor-
tant differences between nilotinib and imatinib (Fig. 1a–i), which
result in major differences in how the two molecules interact with
the kinase domain of wild-type ABL1.19 As one key functionality,
imatinib has a 1,3-diaminobenzene group, which is crucially
important for H-bond donor interactions with the side-chains of
Thr315 and Glu286 (Fig. 4), whereas in contrast nilotinib incorpo-
rates a 3-aminobenzoyl group, from which there is a hydrogen-
bond donor interaction with the side-chain hydroxyl of Thr315

http://www.mdli.com
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Figure 1. Comparison of the structural and molecular properties of (a) imatinib (Gleevec�; STI571) and (b) nilotinib (Tasigna�; AMN107); common portions of the molecules
are depicted in black and the different portions in red. The 3D-structure representations depict the molecular surfaces of imatinib (c) and nilotinib (d) colour-coded according
to molecular lipophilicity potential, whereas (e) and (f) show the molecular surfaces of imatinib and nilotinib, respectively, colour-coded according to atom type (carbon:
blue; hydrogen: grey; nitrogen: green; oxygen: red; fluorine: magenta). The property fields for (g) imatinib (field points as spheres) and (h) nilotinib (field points as
icosahedra) are overlaid in (i); negatively charged field points are displayed in cyan, positively charged points in dark-red, hydrophobic points in orange and shape points in
yellow. Whereas the similar segments of the two molecules exhibit very similar field points, the remainder show very dissimilar distribution of field properties.

P. W. Manley et al. / Bioorg. Med. Chem. 18 (2010) 6977–6986 6979
and a hydrogen-bond acceptor interaction with the backbone-NH
of Asp381.

Imatinib also possesses a crucial 4-methyl-1-piperazine func-
tionality, which participates in H-bond interactions with the
Ile360 and His361 of ABL, as well as imparting excellent solubility
properties on the molecule. This key, highly basic, tertiary amine
functionality, which is predominantly protonated in aqueous med-
ia at physiological pH, is absent in nilotinib (Table 1).



Figure 2. View of the ATP-binding site of ABL1 kinase with ATP bound (left, carbon atoms magenta) and with imatinib bound (right, carbon atoms orange). In both panels the
solvent accessible surface of ABL1 is shown in grey, with the activation loop beyond the DFG motif (green) and the P-loop removed for clarity, as these loops cover the binding
site. The DFG motif (green) is buried in the active conformation (left) and it is flipped out in the inactive conformation required for binding imatinib (right), thus lengthening
the channel in which inhibitors can bind. The locations of several residues important for inhibitor binding are indicated with labels.
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In contrast to imatinib, to counteract the loss of the 4-methyl-1-
piperazine, a 3-methylimadazole group, as well as a trifluoro-
methyl group, are incorporated into the nilotinib structure, both
of which make important interactions with the ABL1 kinase do-
main of the BCR-ABL1 protein.

In molecular recognition, a key aspect of protein–ligand binding
is topological fit. Some clear differences in these topological fea-
tures are illustrated in Figure 1e and f, in which blue and yellow,
respectively, represent relatively hydrophobic and hydrophilic sur-
faces. The total polar surface area of nilotinib is 100.1 Å2, which is
16% greater than that of imatinib (Table 1). Also, as is evident from
both aspects illustrated in the Figure 4, where the central phenyl
ring of both nilotinib and imatinib are similarly orientated, but
which differ from each other by a 90� rotation about the abscissa,
the shape of nilotinib is very different from that of imatinib.

This topological dissimilarity is further highlighted using the
eXtended Electron Distribution force field to compare nilotinib
and imatinib in three-dimensions.23 Here, different property fields
(electrostatic, hydrophobic, steric, etc.) around the molecules are
calculated and a similarity based upon these fields is measured.
For nilotinib and imatinib the overall field similarity value is
0.664, which again shows only some degree of similarity, which
is due to the N-(2-methylphenyl)-4-(3-pyridinyl)-2-pyrimidin-
amine, segment common to both molecules. The field points for
imatinib, nilotinib and their overlay are depicted in Figure 1g–i,
where it is evident that the western part of the fields are similar,
but the variations on the eastern part of the molecules result in
completely different property fields. It is these differences that
are most relevant for their respective interaction specificity.

2.3. Comparison of imatinib and nilotinib in cellular assays for
effects on kinase targets

The effects of the drugs on the phosphorylation status of the
cellular targets in lysates from cells, were determined using cap-
ture enzyme linked immunosorbant assays (ELISA) as described
previously for BCR-ABL1, PDGFGR, KIT and DDR.11,13,24 Effects of
imatinib and nilotinib on CSF-1R autophosphorylation were deter-
mined in stably transfected HEK293H cells over-expressing the
wild-type human CSF-1R protein, using an electrochemilumines-
cence assay to quantify phosphorylated CSF-1R, employing a la-
belled generic anti-phospho-tyrosine antibody to monitor the
phosphorylation state after capture with an antibody to total
receptor from the lysate.

The inhibition of BCR-ABL1, PDGFGR, KIT and DDR autophos-
phorylation, result in the suppression of downstream signalling
from the kinases, as shown by the drug effects on cell viabil-
ity.11,13,24 Thus, to compare the effects of imatinib and nilotinib
on the tyrosine kinase activity of BCR-ABL1 and the oncoprotein-
dependent cell viability, the Philadelphia-chromosome positive
human erythroleukemia K562 cell-line originally isolated from a
patient with CML terminal blast crisis,25 together with a murine
haematopoietic Ba/F3 cell-line transfected to express human
BCR-ABL1,26 were employed. TEL-PDGFR-b Ba/F3 cells were uti-
lised to assess drug effects on PDGFR-dependent proliferation,27

however because available antibodies were unsuitable for the ELI-
SA, murine A31 fibroblasts stimulated with PDGF-BB were used to
provide data for effects on overall PDGFR-a and -b phosphoryla-
tion.28 Human GIST882 cells, expressing an activating KIT mutation
(exon 13, K642E) were used to assess effects on both kinase auto-
phosphorylation and KIT-dependent cell viability.29 Otherwise
transfected human embryonic kidney cells were used to quantify
the inhibition of DDR and CSF-1R autophosphorylation, and a mur-
ine acute myeloid leukaemia cell-line, M-NSF-60,30 dependent
upon CSF for survival was used to determine drug effects on CSF-
1R-dependent proliferation.

Results for the inhibition of kinase autophosphorylation and ki-
nase dependent cell proliferation are collated in Table 2. In com-
parison to imatinib, nilotinib was far more potent in directly
inhibiting BCR-ABL autophosphorylation and in reducing the via-
bility of BCR-ABL dependent cell proliferation, both in murine hae-
matopoietic Ba/F3 cells as well as in the human leukaemic K562
cell-line. Nilotinib was also more potent against DDR-1 and -2,
whereas the two drugs showed similar potency against KIT, CSF-
1R and both PDGFR subtypes. In terms of overall profile, imatinib
shows a rank order of potency DDR-1 > PDGFR-a/b > KIT > DDR-
2 > BCR-ABL1 > CSF-1R, compared to DDR-1 > DDR-2 > BCR-
ABL1 > PDGFR-a/b > KIT > CSF-1R for nilotinib.

To confirm that the anti-proliferative effects were the direct re-
sult of kinase inhibition and not general cytotoxicity, imatinib and
nilotinib were evaluated for their effects on parental Ba/F3 cells,
cultured in the presence of interleukin-3; neither drug showed
appreciable activity in this setting.

2.4. Comparison of adverse event profiles of nilotinib and
imatinib

Nilotinib is approved in the US, European Union and many other
countries worldwide for the treatment of patients with Philadel-
phia-chromosome positive CML in chronic and accelerated phases,
who have failed prior therapy with at least one other BCR-ABL1
inhibitor including imatinib. Patients who were recruited to the



Figure 3. Comparison of different similarity distributions (a: Tanimoto; b: Dice; c:
Cosine) of nilotinib against a sample of approximately 58,000 compounds from the
MDDR compounds using the dichotomous SIMILOG descriptor. The y-axis describes
the number of samples per similarity bin and the x-axis gives the similarity value of
that bin to nilotinib. It can be clearly seen that the distributions of the Tanimoto and
Dice similarities get shifted against each other, but show very similar shapes. The
Cosine distribution is slightly changed, however the overall shape stays similar.
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pivotal study, that resulted in regulatory Health Authority ap-
proval, were either resistant to, or intolerant of, imatinib.17 Imati-
nib-intolerance was very strictly defined in the protocol: patients
must not have achieved a major cytogenetic response (MCyR)
and furthermore, only patients who had discontinued imatinib
therapy as a result of Grade 3/4 adverse events (AEs), persistent
(for >1 month), or recurrent Grade 2 AEs, having recurred more
than three times despite optimal supportive care, were considered
to be intolerant. Of 316 patients with CML in chronic phase (CML-
CP) enroled, 95 (30%) patients were intolerant of imatinib, as a re-
sult of either non-haematologic and/or haematologic AEs. Some
patients had more then one AE indicating intolerance to imatinib.
Only two of 80 patients (3%) with non-haematologic imatinib-
intolerance experienced a recurrence of similar intolerant symp-
toms during nilotinib therapy. Thirty-three patients entered the
study with haematologic intolerance (neutropenia, thrombocyto-
penia) and only seven (21%) of these experienced similar AEs with
nilotinib. Forty-seven of a total of 86 (55%) patients, who were
intolerant of imatinib and who received at least 6 months of niloti-
nib therapy on-study, achieved MCyR. This MCyR rate is similar to
that achieved in patients who were resistant to imatinib therapy.

Furthermore, in a phase I trial in patients with gastro-intestinal
stromal tumours (GIST) who had failed prior therapy with imatinib
and the approved second line therapy, sunitinib, the combination
of imatinib 400 mg QD combined with the recommended dose of
nilotinib in CML patients (400 mg BID) was found to be generally
well tolerated with 16 patients remaining on therapy for over
12 months.31

These data indicate that cross-intolerance between imatinib
and nilotinib is rare, representing an important therapeutic advan-
tage for nilotinib. The lack of cross-intolerance between imatinib
and nilotinib is being investigated in on-going clinical studies.

3. Discussion and conclusions

Measurements of indices of drug similarity are becoming
increasingly important for the assessment of novelty. However,
such measurements are frequently qualitative and involve subjec-
tive preconceptions. Because quantitative assessments of similar-
ity will always be very disparate for different types of molecules
and the properties concerned, the selection of the ‘correct’ similar-
ity measure will always require careful consideration. The second
generation CML drug, nilotinib, was rationally designed by means
of structural-biology guided reengineering of the imatinib struc-
ture.16,19 To the untrained eye, inspection of the two-dimensional
molecular structures of imatinib and nilotinib (Fig. 1a) often leads
to the opinion that the two molecules have a great resemblance to
one another. However, in this study we have employed a range of
algorithms to assess similarity and demonstrate that these two
drugs are not very similar, either in terms of structure or their
molecular properties.

The Tanimoto coefficient, Tc, is a special case of the so-called
Tversky index and is generally accepted as the most appropriate
distance metric for topology-based chemical similarity studies.32

Given the general form of the Tversky index:

SðA;BÞ ¼ c
aða� cÞ þ bðb� cÞ þ c

where a is the number of bits on in A, b is the number of bits on in B,
and c is the number of bits on in both A and B, the Tanimoto coef-
ficient is obtained if a = b = 1. The same is true for the Dice coeffi-
cient where a = b = 0.5. For binary descriptors, the Tanimoto and
Dice coefficients both range from 0 (no similarity) to 1 (all bits in
common). Furthermore, the Tanimoto coefficient is monotonic with
the Dice coefficient.

The Cosine coefficient:

SðA;BÞ ¼ c
ffiffiffiffiffiffi

ab
p

though not monotonic with the Tanimoto coefficient, is highly cor-
related with it.32



Figure 4. Details of the hydrogen-bonding interactions (dashed red lines) of the central regions of both inhibitors viewed from exactly the same orientation: imatinib (green,
left), nilotinib (orange, right). The position of the Glu286 side chain of ABL1 kinase shifts and twists slightly to adapt to the differing positions of the NH in the amide (left)
versus the reverse amide (right).

Table 1
Comparison of selected physical properties of imatinib and nilotinib

Imatinib Nilotinib

Molecular weight (Da) 493.6 529.5
Ionisation constants: pKa1; pKa2 7.8; 3.9 5.1–5.6; 3.9
Log P (octanol–water) 3.1 4.9, 5.0
A log P 3.58 4.45
Polar surface area (Å2) 86.3 100.1
Number of H-bond acceptor sites 7 6
Number of H-bond donor sites 2 2

Ionisation constants and octanol–water partition coefficients (separate determi-
nations) were determined by potentiometric titration and the PAMP method,
respectively.64 Molecular weight, Alog P, number of H-bond donors and acceptors
was computed for the unprotonated molecules using Pipeline Pilot 7.0 (Accelerys
Software Inc., San Diego, CA; http://accelrys.com/products/scitegic). Polar surface
area was calculated using the approach of Ertl et al.65
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When comparing potential algorithms for assessing similarity,
such as the Tanimoto coefficient with others such as the Tversky
index, Cosine and Euclidean coefficients, one has to distinguish
similarity metrics by the types of data to which they are most
appropriately applied. Metrics like the Tanimoto, Dice and Cosine
coefficients are designed for and most typically applied to descrip-
tors represented as vectors of binary digits (fingerprints), while the
Euclidean distance is most applicable to vectors of continuous vari-
ables. Direct application of the Euclidean distance metric to finger-
print data has been demonstrated to be inferior to both the
Tanimoto and Cosine metrics.33 Therefore, since the Tanimoto
coefficient is generally accepted as the most appropriate distance
metric for fragment based chemical similarity studies, we focussed
on the former in this study.

Depending upon the method of assessment, our comparison of
the chemical structures of imatinib and nilotinib resulted in an
estimated degree of similarity in the range of 0.5–0.6 (50–60%).
Table 2
Comparison of effects of imatinib and nilotinib on principal kinase targets (n.d.: not deter

Kinase Cell-line

Kinase Inhibition
Mean I

BCR-ABL1 K562 473 ± 60 (n = 15)
BCR-ABL1 BCR-ABL1 transfected Ba/F3 221 ± 31 (n = 14)
PDGFR-a and -b A31 72 ± 10 (n = 12)
PDGFR-b TEL-PDGFR-b transfected Ba/F3 n.d.
KIT GIST882 97 ± 12 (n = 7)
DDR-1 DDR-1 transfected HEK393 43 ± 2.4 (n = 4)
DDR-2 DDR-2 transfected HEK393 141 ± 33 (n = 3)
CSF-1R CSF-1R transfected HEK293 291 ± 54 (n = 5)
CSF-1R M-NFS-60 n.d.
Parental Ba/F3 cells + interleukin 3 n.d.
In assessing degrees of similarity using topological fingerprints
and Tanimoto similarity, cut-off values for similar/dissimilar mol-
ecules are generally accepted in the literature as being between
0.85 and 0.70.34–38 Bajorath has summarised some of these assess-
ments as ‘ . . . What Tc (Tanimoto coefficient) threshold values should
be applied to consider molecules similar on the basis of fingerprint
comparison? With the introduction of the ‘neighborhood behavior’
concept, a Tc similarity cutoff value of 0.85 was suggested because at
this level, 80% of molecules identified as ‘similar’ to an active com-
pound would also be expected to be active. However, systematic eval-
uation of structural key-type fingerprints designed to recognize
molecules with similar activity has revealed an optimum performance
at lower Tc threshold values of approximately 0.7. . . .’.21 Even though,
this statement is based on absolute values for the similarity coeffi-
cient value, we believe that a value of 0.5–0.6 is an indication of a
lack of similarity. This conclusion is further supported by the rela-
tive comparison with the random set of drug-like molecules in the
MDDR database. Here, for all similarity coefficients employed (Tan-
imoto, Dice, Cosine), imatinib would have not been selected as sim-
ilar to nilotinib in a standard setting of similarity searching.
However, as discussed by Flower,36 numerical assessments of sim-
ilarity will vary depending upon the descriptors employed and can
lead to divergent conclusions. Consequently in this study, orthog-
onal descriptors commonly used within standard research envi-
ronments were employed for the analysis and these are to some
extent validated in that the structural differences lead to crucial
differences in both the macroscopic properties and the biological
activities of the two drugs. In the case of the former, some key
physicochemical properties are compared in Table 2. Thus the
presence of the N-methylpiperidine group renders imatinib a rela-
tively strong organic base (pKa1 7.7; pKa2 3.9), such that it is highly
protonated on the methylated piperidine-N at physiological pH,39

and consequently highly soluble at pH <5.5. In contrast, nilotinib
mined)

Imatinib Nilotinib

Cell Proliferation Kinase Inhibition Cell Proliferation
C50 ± SEM (nM) Mean IC50 ± SEM (nM)

244 ± 14 (n = 43) 42 ± 8 (n = 5) 21 ± 9 (n = 62)
678 ± 39 (n = 23) 20 ± 2 (n = 7) 25 ± 7 (n = 68)
n.d. 71 ± 5 (n = 81) n.d.
39 ± 4 (n = 8) n.d. 62 ± 8 (n = 14)
108 ± 7 (n = 13) 217 ± 8 (n = 80) 151 ± 8 (n = 29)
n.d. 3.7 ± 1.2 (n = 4) n.d.
n.d. 5.2 ± 3.3 (n = 3) n.d.
n.d. 677 ± 437 (n = 7) n.d.
358 ± 101 (n = 3) n.d. 838 ± 425 (n = 3)
9459 ± 1931 (n = 3) n.d. >10,000 (n = 71)

http://accelrys.com/products/scitegic
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is much less basic (pKa1 5.1–5.6; pKa2 3.9) and is highly lipophilic
(Table 1), so that it is not highly protonated under physiological
conditions and only shows appreciable aqueous solubility at pH <2.

The differences in molecular structure and in physicochemical
properties combine to result in significant differences in the
in vitro and in vivo pharmacological properties of the two drugs,
which is evident upon comparing their effects on biological targets
in cellular assays.

The difference in basicity between the two compounds is man-
ifested in the different cell-transport properties of imatinib and nil-
otinib. Imatinib is a substrate for the oxycation transporter, hOCT1
and the P-glycoprotein transporter (Pgp or MDR1; encoded by the
ABCB1 gene).40–42 Three hOCT proteins are expressed in man,
which serve as bidirectional transporters of organic cations across
cell membranes. The hOCT1 transporter is of particular importance
for the transport of imatinib into CML cells as shown by the corre-
lations between patient responses and the level of hOCT1 activity
in their peripheral blood mononuclear cells.43,44 As a weak base,
nilotinib is not highly ionised at physiological pH and it is
transported into cells primarily through passive diffusion and
consequently is independent of hOCT1 transporter activity.41,45

Nilotinib is therefore likely to show efficacy in patients whose
response to imatinib is compromised by low hOCT1 activity. It is
also well established the Pgp transporter plays a major role in
the cell efflux of imatinib and it has also been recently demon-
strated that nilotinib is not a substrate for this transporter, indicat-
ing that differential expression and/or function of Pgp is unlikely to
affect nilotinib cellular disposition.42

The differences in molecular structure also impact the pharma-
cophores of imatinib and nilotinib. The molecular interactions
which are responsible for the binding of both drugs to BCR-ABL1
have been revealed by the crystal structures of the drugs in com-
plex with the ABL1 tyrosine kinase domain.11,17–19 Furthermore,
NMR studies of the drug-complexes, have shown that in solution
the drugs bind to ABL1 in a similar fashion to that observed by
X-ray crystallography.46 Consistent with the design principle
employed for the compound series that lead to the discovery of
nilotinib, the manner in which imatinib and nilotinib form hydro-
gen-bonds to Glu286 and Asp381, and occupy the lipophilic pocket
are very different. Clearly the different H-bonding pattern results
from the replacement of the benzanilide group in imatinib with
the benzamide in nilotinib. However, whereas the bifurcated
H-bonding between Ile360 and His361 of ABL1 and the N-methyl-
piperazine governs the docking of imatinib, nilotinib binds through
a large number of weak interactions arising from van der Waals
contacts. This assembly of weak interactions would not occur were
it not for the excellent topological fit of nilotinib within the binding
site (Fig. 5), with the improved fit stemming from the differences in
the electrostatic, hydrophobic and steric fields surrounding the
two molecules.

The differences in binding to kinase domains, such as that of
ABL1, translate into the drugs having different kinase selectivity
profiles. Although kinase profiles are often discussed in terms of
activities in biochemical assays, employing kinase domain con-
structs with artificial substrates and short incubation times, more
pertinent data are generated in cellular assays with full length pro-
teins, where activity can be correlated with effects on kinase-
dependent cell viability in proliferation assays.13

Four molecular targets are validated for imatinib in that the
drug shows clinical efficacy in the treatment of CML,8 gastrointes-
tinal stromal tumours (GIST),47 chronic myelomonocytic leukae-
mia (CCML),48 and pigmented villonodular synovitis (PVNS),49 as
a consequence of inhibiting BCR-ABL1, and the receptor kinases
for stem cell factor (KIT), platelet-derived growth factor (TEL-
PDGFRb) and colony stimulating factor (CSF-1R), respectively, at
physiologically relevant concentrations.50 In addition, imatinib is
a potent inhibitor of the collagen-activated, discoidin domain
receptor kinases DDR-1 and -2,24,51 although at the current time
no therapeutic applications or pharmacological effects have been
identified stemming from this activity.

From the comparison of the effects of imatinib and nilotinib as
tyrosine kinase inhibitors (Table 2), although they have similar tar-
get profiles their selectivity profiles are quite different, as reflected
in the different rank-orders of activity, with nilotinib being much
more potent and selective towards BCR-ABL1. This is important,
since degree of selectivity of kinase inhibitors is central to the con-
cept of targeted cancer therapy. Thus, whereas cytotoxic chemo-
therapies usually impact all rapidly dividing cells, such that in a
large patient population they frequently achieve little patient ben-
efit at the price of high toxicity, targeted drugs aim to achieve high
patient benefit in smaller patient populations that are homogenous
with regard to expressing the molecular target of the drug and, in
the absence of off-target liabilities, should be better tolerated. In
the case of CML, the tyrosine kinase activity of the BCR-ABL1 onco-
protein is clearly established as being the relevant drug target, and
imatinib is widely accepted as being the first targeted cancer ther-
apy. However, despite the great benefit derived from this drug,
many CML patients experience side-effects and show poor adher-
ence to their prescribed regimen,52 or even have to discontinue
therapy due to tolerability issues,53 thus highlighting the need to
minimise off-target effects of such drugs when used as long-term
chronic therapies.

When translating in vitro cellular selectivity profiles of drugs
into adverse-event liabilities, it is important to consider drug-
exposure levels in patients following therapeutic doses, since
side-effects can also be limited by insufficient target inhibition in
the relevant organs. At standard doses, imatinib (400 mg q24h)
and nilotinib (400 mg q12h) achieve steady-state trough concen-
trations of 1.98 and 1.95 lM, respectively,50,54 and neither drug
significantly penetrates the blood–brain-barrier. Consequently,
other than the differences in transporter expression referred to
above, pharmacodynamic differences are unlikely to play a major
role in discriminating between imatinib and nilotinib. Therefore,
the high potency and selectivity of nilotinib towards BCR-ABL1,
probably responsible for the tolerability of the drug, it’s superior
efficacy in the treatment of newly diagnosed CML patients,53,55

and it’s efficacy in the treatment of imatinib-resistant patients
not carrying imatinib-resistant BCR-ABL1 mutations.14,15

The differences in the safety and tolerability profiles of the two
drugs in patients is particularly evident in the lack of cross-intoler-
ance in patients who failed prior therapy with imatinib and have
subsequently been treated with nilotinib. The more severe adverse
events leading to intolerance are therefore probably attributable to
off-target effects and, in the absence of non-kinase targets other
than the NQ02 oxidoreductase and carbonic anhydrase enzymes,
which both drugs have been reported to inhibit in biochemical as-
says,51,56 it seems likely that these might result from the different
kinase selectivities, combined with differences in pharmacody-
namic properties. Notable among the differences in adverse events
is the lack of fluid retention seen with nilotinib treatment, partic-
ularly since this relatively common imatinib side-effect has been
linked to PDGFR inhibition, which both drugs potently inhibit to
a similar extent (Table 3).57 Based upon this finding, the role of
PDGFR in imatinib-induced fluid retention is brought into question
and, since imatinib-like, periorbital oedema has recently been re-
ported to be a side-effect of the CSF-1 antibody PD-0360324,58 it
can be speculated that inhibition of this kinase might be involved
in the fluid retention seen with imatinib.

In conclusion, the approaches employed in this manuscript
illustrate a strategy to compare the structures of two molecules
and provide supporting data regarding relevant properties which
support the degree of similarity. The Daylight/Tanimoto similarity



Figure 5. Comparison of the binding surfaces of ABL1 kinase with imatinib bound (green, left) and nilotinib bound (red, right). In both pictures the solvent accessible surface
of ABL1 is shown in grey with the P-loop and part of the activation loop removed for clarity (as in Fig. 2). The yellow line outlines the cavity created by the shift of the DFG
motif from the DFG-in or active position, to the DFG-out position required for the binding of imatinib or nilotinib. The locations of several residues important for inhibitor
binding are indicated with labels.

Table 3
Imatinib and nilotinib cross intolerance in chronic and accelerated phase CML (same non-haematologic adverse events (AE) that occurred in the same patient during both
imatinib and nilotinib therapy)

Reason for imatinib-intolerance Chronic phase CML Accelerated phase CML
n = 94 n = 23

Imatinib intolerant, n Grade 3/4 on nilotinib, n Imatinib intolerant, n Grade 3/4 on nilotinib, n

Fluid retention 17 0 5 0
GI intolerance 16 1 1 0
Liver toxicity 10 1 3 0
Alanine transaminase (ALT) 4 0 1 0
Aspartate aminotransferase (AST) 4 1 0 0
Liver function test (LFT) abnormal 1 0 0 0
Myalgia/arthralgia 9 0 1 0
Rash/skin toxicity 26 0 5 0
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value of 0.6 for imatinib and nilotinib, clearly corresponds to a de-
gree of similarity that is well below the generally recognised
threshold value of 0.7 for molecular similarity. Furthermore, the
structural differences are reflected in substantial differences in
the physicochemical and pharmacodynamic properties of the
drugs and, manifested in patients in different side-effect profiles
as reflected in the marked lack of cross-intolerance. This analysis
of imatinib and nilotinib formed the basis of a report, using the cri-
teria to assess the structural similarity of the compounds as out-
lined in the European Commission Communication (C(2008)
4077 final, 19 Sep 2008) for assessing similarity of medicinal prod-
ucts versus authorised orphan drugs benefiting from market exclu-
sivity,2 which concluded that nilotinib had a low degree of
structural resemblance to imatinib. However, the arguments put
forward were not upheld in the assessment given by the CHMP,
who concluded that both molecules share the same principal
molecular structural features rendering half of the molecules iden-
tical and, if a molecule is 50% identical with the possibility of even
more additional similarity, this is considered enough to conclude
structural similarity. Borrowing from a treatise from Hans-Jörg
Roth,59 these two different conclusions regarding similarity are
probably related to different frames of reference being employed
in the two assessments and illustrate the difficulty of applying
the concept of similarity in an absolute sense. Since there is no
obvious solution to the absolute similarity problem, we have pre-
sented a method to assess the similarity coefficient between two
molecules within a suitable frame of reference using similarity dis-
tributions of drug-like molecules with similar overall properties.
This procedure is similar in spirit to a hypothesis test, whereby
one evaluates whether or not a molecule/observation of interest
lies within the noise of the background molecules/observations.
The importance of these structural differences is highlighted in
how they translate into the greatly enhanced potency and selectiv-
ity of nilotinib towards the tyrosine kinase activity of BCR-ABL1,
which is reflected in the efficacy of this drug as a treatment for
CML, with a favourable side-effect profile.

4. Experimental section

4.1. Computational chemistry

Structural comparisons were performed based upon the confor-
mations as found in the corresponding ligand–protein crystal
structures (PDB entry 3CS9 for nilotinib and 2HYY for imatinib).
Based upon these conformations, eXtended Electron Distribution
force field similarity values,23 together with topological similarity
measures by means of SIMILOG keys and Daylight fingerprints
(as example of a structural ‘key-type’ fingerprint),22 in combination
with the Tanimoto coefficient (Tc),60 were calculated.

Database comparisons were done for compounds from the MDL
Drug Data Report (MDDR; http://www.mdli.com) database with
similar properties (Alog P, molecular weight, number of heavy

http://www.mdli.com
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atoms, number of H-bond donors and acceptors, Table 1). These
properties were calculated using the PipelinePilot software pack-
age. To have a reasonably large reference set of compounds, a sub-
set of 58,000 compounds were selected.

4.2. Materials

Imatinib (4-[(4-methyl-1-piperazinyl)methyl]-N-[4-methyl-3-
[[4-(3-pyridinyl)-2-pyrimidinyl]amino]phenyl]-benzamide) and
nilotinib (4-methyl-N-[3-(4-methyl-1H-imidazol-1-yl)-5-(trifluo-
romethyl)phenyl]-3-[[4-(3-pyridinyl)-2-pyrimidinyl]amino]benz-
amide) were synthesised as described previously.6,10 The
erythroleukemia cell-line K562, derived from a patient in blast
crisis CML, was purchased from American Type Culture Collection
(Rockville, MD; ATCC Cat. CCL-243). Ba/F3-BCR-ABL1 cells were
obtained by transfecting the interleukin-3-dependent murine
hematopoietic Ba/F3 cell line with a pGD vector containing
wild-type (p210 kD) BCR-ABL1 (B2A2) cDNA.26,61,62 BALB/c 3T3
A31 mouse embryonic fibroblasts (ATCC Cat. CCL-163), expressing
PDGFR-a and -b were obtained from B.J. Druker (Univ. Oregon,
Portland, USA). BaF3-Tel-PDGFRb,28 transduced with a fusion
protein comprised of the dimerising portion of TEL and the
transmembrane and kinase domain of the PDGFbR,63 were pro-
vided by G. Gilliland (Brigham and Women’s Hospital and Harvard
Medical School, Boston, USA). GIST882, a human gastrointestinal
stromal tumour (GIST) cell line expressing an activating KIT
mutation (exon 13, K642E) was provided by J. Fletcher (MIT Cancer
Center and Department of Biology, Cambridge).29 HEK293-DDR-1
and HEK293-DDR-2 cells were obtained as described previously.24

A stable cell line over-expressing wild-type human CSF-1R was
generated from human embryonic kidney cells (HEK293H, Gibco),
using an expression plasmid generated by subcloning full-length
CSF-1R cDNA (Entrez: NM_005211.2) into the commercial vector
pcDNA3.1/hygro/lacz (Invitrogen) adapted for gateway cloning;
the cells were maintained in DMEM + 10% FBS with added Na
pyruvate and antibiotics and under hygromycin selection of
50 lg/mL. The M-CSF dependent, murine myeloblastic M-NSF-60
cell-line was obtained from American Type Culture Collection
(Rockville, MD; CRL-1838).

4.3. Cellular autophosphorylation assays

The phosphorylation status of BCR-ABL1, PDGFGR, KIT and
DDR-1 and -2, in lysates from cells in the presence or absence of
drug, was determined with capture ELISAs as described
previously.11,13,24,28

A clone of HEK293H cells stably expressing the wild-type CSF-1R
receptor was used to determine the effects of imatinib and niloti-
nib on CSF-1R autophosphorylation. A capture immunosorbant as-
say was developed using the electrochemiluminescence (ECL)
technology from Meso Scale Discovery (MSD). A polyclonal anti-
body specific to CSF-1 (cfms; Santa Cruz Biotechnology, Cat.
SC692) was used to coat small spot ECL plates (MSD) using
0.5 lL per well of a 1 lM solution of Ab in PBS. Prior to use, plates
were blocked with a solution of 3% BSA. Cells maintained in DMEM
supplemented with 10% FBS and 50 lg/mL Hygromycin B were
seeded at 15,000–20,000 per well into Poly-D-Lysine plates (Grein-
er Bio-One, Cat. 655940) 1 day before assay. Test compounds were
serially diluted in DMSO, then into complete culture media before
incubation with cells for 90 min. After stimulation by the addition
of 50 ng/mL of human M-CSF (R&D Systems, Cat. 216-MC) for 5–
10 min, culture supernatants were removed and cells were lysed
by the addition of 50 lL ice-cold lysis buffer (20 mM Tris/HCl, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton-X-100,
phosphatase and protease inhibitors). For detection of CSF-1R
phosphorylation, 25 lL of lysates were transferred to the spotted
and blocked ECL plates and incubated overnight at 4 �C with shak-
ing. Phosphorylation of the captured targets was detected using a
commercial anti-P-Tyr Ab labelled with SULFO-tag (PY20, Cat.
R32AP) and quantified using 1.5� Read T Buffer (Cat. R93TC) on
a Sector 6000 instrument (all, MSD).

4.4. CSF-1R dependent cellular proliferation

To determine the effects of imatinib and nilotinib on cell viabil-
ity and proliferation due to inhibition of CSF-1R phosphorylation,
M-NFS-60, a murine AML cell-line dependent on M-CSF for growth
and survival was used. Cells were washed prior to seeding into
black-walled tissue culture plates (Nunc) at 50,000 cells per well
in 50 lL complete growth medium (RPMI, 10% FBS, 30 ng/mL M-
CSF). An additional 50 lL of complete medium containing serial
dilutions of test compounds was added and incubated for 72 h
(37 �C, 5% CO2). Cells treated with equivalent DMSO were used as
a positive growth control and cells without M-CSF as a no growth
control. Cell growth was assessed using a luminescent cell viability
assay kit (CellTiter-Glo, Promega) to measure the amount of ATP
present in a well after lysis of the cells. After incubation, cells were
brought to room temperature and 100 lL of CellTiter-Glo� reagent
(mixed from kit components) added to the 100 lL cells in each
well. Plates were shaken for 2 min and incubated at room temper-
ature for 10 min prior to reading luminescence on a Perkin Elmer
Trilux instrument. The ATP released upon lysis is used in an enzy-
matic reaction which includes Luciferase and its substrate Lucif-
erin. The amount of light emitted is proportional to the amount
of ATP, which in turn is proportional to the number of live cells
in the well.

For both the CSF-1R phosphorylation and the cell proliferation
assays, IC50 values were determined from the dose response curves
by graphical extrapolation.

4.5. Patient cross-intolerance

Imatinib intolerant-patients (107) were part of a phase II open-
label study evaluating the efficacy, safety and tolerability of niloti-
nib in subjects (447) with imatinib-resistant or imatinib-intolerant
CML.17 Imatinib-intolerance was defined as not achieving a major
cytogenetic response and the discontinuation of imatinib therapy
due to Grade 3/4 adverse events or Grade 2 adverse events that
either persisted for more than 1 month, or recurred >3 times de-
spite optimal supportive care. Some patients had more than one
adverse event (AE) meeting the criteria for intolerance. Approxi-
mately 75% of the imatinib-intolerant patients discontinued imati-
nib due to Grade 3/4 adverse events. Cross-intolerance was defined
as the occurrence of the same Grade 3/4 nilotinib toxicity or Grade
2 nilotinib toxicity that persisted longer than 1 month, regardless
of causality, that had led to discontinuation of imatinib therapy.
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