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Abstract—The PIM-1 protein, the product of the pim-1 oncogene, is a serine/threonine kinase. Dysregulation of the PIM-1 kinase
has been implicated in the development of human malignancies including lymphomas, leukemias, and prostate cancer. Comparative
molecular field analysis (CoMFA) is a 3-D QSAR technique that has been widely used, with notable success, to correlate biological
activity with the steric and electrostatic properties of ligands. We have used a set of 15 flavonoid inhibitors of the PIM-1 kinase,
aligned de novo by common substructure, to generate a COMFA model for the purpose of elucidating the steric and electrostatic
properties involved in flavonoid binding to the PIM-1 kinase. Partial least squares correlation between observed and predicted
inhibitor potency (expressed as —logICsp), using a non-cross-validated partial least squares analysis, generated a non-cross-vali-
dated ¢° = 0.805 for the training set (n = 15) of flavonoids. The COMFA generated steric map indicated that the PIM-1-binding site
was sterically hindered, leading to more efficient binding of planar molecules over (R) or (S) compounds. The electrostatic map iden-
tified that positive charges near the flavonoid atom C8 and negative charges near C4’ increased flavonoid binding. The CoMFA
model accurately predicted the potency of a test set of flavonoids (n = 6), generating a correlation between observed and predicted
potency of ¢* = 0.825. COMFA models generated from additional alignment rules, which were guided by co-crystal structure ligand
orientations, did not improve the correlative value of the model. Superimposing the PIM-1 kinase crystal structure onto the CoMFA
contours validated the steric and electrostatic maps, elucidating the amino acid residues that potentially contribute to the COMFA
fields. Thus we have generated the first predictive model that may be used for the rational design of small-molecule inhibitors of the
PIM-1 kinase.

© 2007 Published by Elsevier Ltd.

1. Introduction

The PIM-1 protein is a serine/threonine kinase' 3 that has
been shown to be involved in the regulation of cell sur-
vival, differentiation, proliferation, and tumorigenesis
(for review, see Refs. 4,5). The pim-1 gene was first
identified as a preferential proviral insertion site of
Moloney Murine Leukemia Virus in virally induced
T-cell lymphomas in mice.® In humans, pim-1 is
expressed in normal lymphoid tissues (bone marrow,
spleen, thymus, and lymph nodes), testis, and circulating
myeloid cells.”-® Although its specific role is not known,
the PIM-1 kinase has been shown to be an integral part
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of growth factor signaling.”~!7 Additionally, the PIM-1
kinase is involved in regulating the activity of phospha-
tases'®!? and transcription factors,?®?! and has been
shown to phosphorylate heterochromatin protein 1
(HP1),?? Pim-1 associated protein 1 (PAP-1),>3 and the
nuclear mitotic apparatus protein (NuMA),?* all nuclear
proteins involved in chromatin remodeling. The PIM-1
kinase has also been shown to phosphorylate and
inactivate the pro-apoptotic protein BAD.?>2¢

While the PIM-1 kinase is involved in numerous signal-
ing events in normal cells, pim-1 knockout mice only
exhibit a minimal phenotype. The near normal pheno-
type of these mice is attributed to functional compensa-
tion by other members of the PIM family of kinases,
namely PIM-2 and PIM-3.27 Not surprisingly, hemato-
poietic cells taken from triple knockout mice devoid of
PIM-1, PIM-2, and PIM-3 demonstrated to have an
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impaired response to growth factors.”® While the
absence of pim-I showed minimal adverse effects in
mice, over-expression of pim-I has been shown to have
significant effects on cell survival. In vitro studies reveal
that enforced expression of pim-I caused increased
cellular proliferation, decreased apoptosis and cell
death, increased cell survival,” and protection from
toxin-induced cell death?® in the murine bone marrow
FDCPI1 cell line. Enforced expression of human pim-1
in FDCP1 cells also resulted in IL-3-independent cell
survival.3! Furthermore, pim-I has been shown to
cooperate with both c-myc and N-myc in hematopoietic
oncogenesis® and significant over-expression of pim-1
has been demonstrated in clinical cases of lymphoma,3>33
leukemia,” and prostate cancer.3*3>

Comparative molecular field analysis (CoMFA) is a
three-dimensional quantitative molecular modeling
technique used to study relationships between ligand
structure (steric and electrostatic properties) and biolog-
ical activity. The final validated model can be used for
the design of novel ligands and to predict the functional
activity of those ligands before synthesis.

In addition to its successful use to evaluate the properties
of the binding sites of kinase-specific inhibitors,3¢38 the
CoMFA methodology has shown utility in evaluating
the ligand-binding sites of numerous receptors,>® >
calcium channels,”> chromosome p450 enzymes, 0
human immunodeficiency virus-1 integrase,®’ and
B-tubulin.®?> In each case the COMFA models demon-
strated a strong correlation between predicted and exper-
imental ligand activity.

We have constructed CoMFA models, aligned with and
without crystal structure guidance, for flavonoid ligands
of the PIM-1 kinase using a training set of 15 flavonoid
probes for which we have determined the inhibitory
potency against the PIM-1 kinase. Here we describe
the electrostatic and steric properties of the CoMFA
model. We demonstrated its utility as a predictive model
of flavonoid potency using a test set of six flavonoids
that were not included in the training set. We also vali-
dated the model by overlay with a PIM-1 kinase crystal
structure to elucidate the amino acid residues that may
provide an explanation of the CoMFA contours.

2. Results

Simple correlations between PIM-1 kinase inhibition
and flavonoid log P (Fig. 1) or molecule dipole (Fig. 2)
resulted in poor correlations. This suggested that other
parameters are important for kinase inhibition.

Hence we generated CoMFA models of flavonoid inhib-
itors of the PIM-1 kinase. The structures and corre-
sponding —logICso values for the training set of
flavonoids are presented in Table 1. A cross-validated
partial least squares analysis determined the optimum
number of components for use in non-cross-validated
analysis to be 2 (Table 2).
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Figure 1. Predictive value of logP versus inhibitor potency for the
training set.
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Figure 2. Predictive value of dipole moment versus inhibitor potency
for the training set.

Using the alignment rule for model I (Fig. 3), a non-
cross-validated partial least squares regression analysis
of potency, expressed as —loglCsy, and CoMFA
descriptors generated a CoOMFA model with ¢* = 0.805
for the training set (see Table 1 and Fig. 4a). The CoM-
FA model provided an improved correlation to flavo-
noid potency compared with logP (R*>=0.4803) or
dipole moment (R? = 0.1749) for the same set of data.

We validated the CoMFA model by determining how
accurately it could predict the ICsy values of a test set
of compounds (flavonoids not included in the training
set; Table 3). We compared the CoMFA predicted
—logICso with the experimental —logICsq for each fla-
vonoid in the test set. The model showed a strong corre-
lation between predicted —logICs, and experimental
—logICsy with a correlation coefficient of R*=0.829
(Fig. 4b). These data demonstrated that the CoMFA
model could successfully predict the potency of flavo-
noid inhibitors of the PIM-1 kinase not present in the
training set.

The steric and electrostatic contributions to the model
were determined to be 0.626 and 0.374, respectively,
and are represented graphically in Figure 5. For electro-
static contributions the model predicts that increased
binding will result by placing more negative charge near
the flavonoid C4’ position and more positive charges
near C8. For steric contributions the model predicts that
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Table 1. Structures and non-cross-validated PLS analysis for the training set using multiple alignments
|
4
HO. o) @ HO ! o} O HO@.» X
R, O OH O OH O OH O
1-10, 12, 13 11 14 15
Compound R] R2 R3 R4 R5 R6 R7 Rg R9 R]o
1 (quercetagetin) OH OH OH OH H H OH OH H H
2 (gossypetin) OH OH H OH OH H OH OH H H
3 H OH H OH H H OH OH OH H
4 (myricetin) OH OH H OH H H OH OH OH H
5 (apigenin) H OH H OH H H H OH H H
6 (quercetin) OH OH H OH H H OH OH H H
7 (luteolin) H OH H OH H H OH OH H H
8 (morin) OH OH H OH H OH H OH H H
9 H H H OH H H OH H H H
10 H H H OH H H OH OH OH H
12 H H H OH H H H H H H
13 H H H OH OH H H OH H H
Compound Model 1 Model 11 Model 111
—logICso (LM) —logICso (uM) —logICsy (M)
Obsd Pred® Res Pred® Res Pred® Res
1 0.47 0.20 0.27 0.28 0.19 0.32 0.15
2 0.37 0.21 0.16 0.31 0.06 0.34 0.03
3 0.19 0.23 —0.05 0.29 —0.11 0.02 0.17
4 0.11 0.28 —0.18 —0.10 0.21 0.005 0.1
5 0.03 0.09 —0.06 0.19 -0.17 0.21 —0.18
6 —0.04 —0.25 0.21 —0.29 0.24 -0.39 0.35
7 —0.20 -0.12 —0.08 —-0.16 —0.04 —0.19 —0.01
8 —0.43 —0.78 0.35 —0.82 0.39 —0.80 0.37
9 —0.66 —0.98 0.33 -0.91 0.25 —0.88 0.22
10 -0.89 —0.86 —0.03 —0.84 —0.05 —0.67 —0.23
11 —1.10 —1.76 0.67 -1.77 0.68 —1.82 0.72
12 —1.15 —0.98 —0.17 —0.91 —0.23 -0.89 —0.26
13 —1.34 —0.89 —0.46 —0.89 —0.45 —0.86 —0.48
14-(R) —1.78 —1.05 -0.73 —1.03 —0.75 —1.01 —-0.77
15-(S) —2.03 —1.78 —0.25 —1.81 -0.22 —1.84 —0.19
Obsd, observed value; pred, predicted value; res, residual.
2 Generated from CoOMFA non-cross-validated run (see Section 4). R* = 0.805 (model I), 0.800 (model IT), 0.781 (model IIT).
Table 2. Cross-validated partial least squares analysis using multiple alignments
Components Model 1 Model 11 Model 111
s R? s R? s R’
1 0.682 0.303 0.686 0.296 0.711 0.244
2 0.610 0.487 0.630 0.452 0.654 0.409
3 0.679 0.416 0.669 0.433 0.696 0.386
4 0.691 0.450 0.731 0.385 0.728 0.390
5 0.778 0.374 0.760 0.401 0.787 0.358
6 0.861 0.318 0.819 0.382 0.864 0.312

s, standard error for the estimate of —logICsy; R2, correlation coefficient. Optimum number of components for model I is 2 (R? = 0.487), model 11 is 2

(R? = 0.452), model IIT is 2 (R* = 0.409).

adding bulk near the C3’ and C6’ positions will improve
binding.

We examined the interactions of the most potent PIM-1
antagonist, quercetagetin (ICso = 0.34 uM), and those of
the least potent flavonoid, compound 15 (ICsy=

107 uM), with the steric and electrostatic contours of
the model. The model elucidates at least one reason for
the dramatic differences in potency between these two fla-
vonoid compounds. As illustrated in Figure 6, querce-
tagetin lies almost completely flat within the contours.
In this position the C3’ and C4’ hydroxyl groups on the
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Figure 3. CoMFA model alignment rules. (a) In model I compounds 2-21 were aligned by overlapping atoms indicated by red circles. (b) In model II
myricetin was aligned to quercetagetin according to their respective poses within the co-crystallized PIM-1 structures. To achieve this alignment the
protein crystal structure backbones of PIM-1/quercitagetin and PIM-1/myricetin were aligned. The relationship of the quercetagetin pose to the
myricetin pose is illustrated by overlap of atoms indicated by blue squares and red circles. Compounds 2, 3, 5-21 were aligned to quercetagetin as in
model I (indicated by green triangles). (c) In model 111 compounds 3 and 10 were aligned to the co-crystallized pose of myricetin. Compounds 2, 5-9,
11-21 were aligned to the co-crystallized pose of quercetagetin. (d) The crystal poses of quercetagetin (blue) and myricetin (green) in the PIM-1 ATP-

binding pocket.

B ring are directed toward the area revealed by the model
as favorable for negative charges (red contours). In con-
trast, compound 15 has a chiral center at the C2 position
and does not lie flat within the contours (because of the
sp’ hybridization). The B ring of this flavonoid is posi-
tioned deep within a region where the model predicted
less bulk would improve binding (yellow contour). Hence
the model elucidates the steric interactions that make
compound /5 a poor PIM-1 kinase inhibitor, that is,
the position of the B ring produces steric hindrances that
discourage flavonoid binding.

We sought to further validate the CoMFA model by
comparing the steric and electrostatic contours of the
model with a PIM-1 kinase crystal structure. We have
previously reported the crystal structure of the PIM-1 ki-
nase in complex with quercetagetin.®®* We superimposed
the quercetagetin in the PIM-1 co-crystal structure onto
the quercetagetin in the CoOMFA training set and exam-
ined the amino acid residues involved in flavonoid bind-
ing. In the areas where the model predicts improved
binding by the addition of more positive charges, there
are potential interactions with negatlvely charged acidic
side chains (Glu'*', Asp'*®, Asp™!, Glu'”"). Similarly,
the electrostatic contour favoring negatlve charges envel-
ops the positively charged side chain of Lys®” (Fig. 6a).

The steric fields were also confirmed by the PIM-1 ki-
nase crystal structure The bulky side chains of Val>,
Ala®, and Leu'? sterically hinder large groups in the

region identified in the crystal structure that corresponds
to regions in the CoMFA model where reduced bulk will
improve binding. The model also identified a solvent
exposed area near C7 as a region where reduced bulk
would improve blndlng Additionally, the side chain
of Phe* and those of Ile'** and Ile'®’ form two hydropho-
bic pockets. The model accurately identified both of
these pockets as regions where the addition of bulk would
improve binding (Fig. 6b). Hence, a comparison of the
electrostatic and steric CoMFA fields with the PIM-1
kinase crystal structure validates the striking accuracy
of this CoOMFA model of the PIM-1 kinase.

To address the finding that flavonoids bind to the PIM-1
kinase in at least two different orientations we created
additional CoOMFA models using alternate alignment
rules (Fig. 3). Model II, in which myricetin was aligned
in the training set of compounds according to its crystal
pose rather than by superimposition onto quercetagetin
over their common substructure, showed no improve-
ment over model I to predict the potencies of the test
set of compounds (Fig. 4). Similarly, model 111, in which
myricetin and compounds 3 and 10 were aligned in the
training set according to the crystal pose of myricetin,
showed no improvement over model I in predicting
the potencies of the test set compounds (Fig. 4).

In light of the sterically restricted nature of the PIM-1
kinase ATP binding site we evaluated the relationship
between volume and potency for flavonoid inhibitors
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Figure 4. Training and test set analyses using multiple alignment rules. The correlation between predicted and observed potencies for the training set
using CoMFA models I, II, and III (a, c, e, respectively) is shown. The test set results for models I, I, and III are presented in panels b, d, and f,

respectively.

of the PIM-1 kinase. Figure 7 demonstrates what ap-
pears to be an optimum volume near 218 A’ (the volume
of quercetagetin) for flavonoid antagonists of PIM-I.
Flavonoids with volumes larger or smaller than 218 A3
are progressively worse inhibitors of the PIM-1 kinase.

3. Discussion

Here we have described the generation of the first CoM-
FA model for PIM-1 kinase ligands using flavonoid
probes. Sixty-three percent of the contributions to the
model were steric, while only 37% were electrostatic,
suggesting that flavonoid binding to the PIM-1 kinase
is influenced predominantly by steric factors rather than
by electrostatic factors.

The steric contours reveal that the PIM-1 kinase ATP-
binding site is sterically hindered above and below the

plane of the bound flavonoid. It is likely that the planar
conformation of the flavone class of compounds is what
allows them to fit well into the sterically restricted space
within the PIM-1 kinase ATP-binding site. In contrast,
(R)- and (S)-flavanones (compounds 11, 14, and 15),
which have a chiral carbon at the C2 position, are infe-
rior PIM-1 kinase antagonists compared to the flavones
(see Fig. 6 and Table 1). Our model was able to predict
the relative order in regard to enantioselective inhibition
(R > S) of compounds 14 and 15. It appears that a pla-
nar conformation is advantageous for inhibition and
presumably would not be limited to the flavonoid class
of compounds. It is more likely that this favorable char-
acteristic will be found in small-molecule inhibitors of
the PIM-1 kinase as a group.

As demonstrated in Figure 7, the volume of the ligand
also appears to play a role in the potency of flavonoid
compounds as PIM-1 kinase antagonists. This feature
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Table 3. Observed and predicted potencies for the test set using multiple alignments

Compound R] R2 R3 R6 R7 Rg Rg R]o
16 (fisetin) OH H H H OH OH H H
17 OH H H H H OH H H
18 (kaempferol) OH OH H H H OH H H
19 OH H H H H H H H
20 OH H OH OH H OH H H
21 H OH H H H H H H
Compound Model 1 Model 11 Model II1
—log ICsp (uM) —logICso (uM) —logICso (uM)

Obsd Pred® Res Pred” Res Pred® Res
16 (fisetin) 0.07 0.20 —0.13 0.28 —0.21 0.30 —0.23
17 0.01 0.10 —0.09 0.16 —0.15 0.20 -0.19
18 (kaempferol) —0.11 —0.41 0.30 —0.42 0.31 —0.46 0.35
19 —0.66 —0.89 0.23 —0.90 0.24 —0.89 0.23
20 —0.92 —0.77 —0.15 —0.79 —0.13 —0.78 —0.14
21 —1.18 —0.94 —0.24 —0.90 —0.28 —0.87 —0.31

Obsd, observed value; pred, predicted value; res, residual.
# Generated from CoMFA non-cross-validated run (see Section 4).

(S)-5.7-
dihydroxyflavanone

quercetagetin

Figure 5. Comparison of the most and least potent flavonoid inhibitors of the PIM-1 kinase within the contours of the CoMFA model.
Quercetagetin, the most potent inhibitor, is pictured in gray. (S)-5,7-Dihydroxyflavanone (15), the poorest inhibitor, is pictured in purple. For the
electrostatic contours increased binding is predicted by placing more positive (+) charges near blue areas and more negative (—) charges near red
areas. The steric contours predict increased binding by placing more bulk near green areas and less bulk near yellow areas.

is related to the sterically restricted nature of the bind-
ing site. It appears that the potency of a flavonoid is
reduced when the volume of the flavonoid is too small
to adequately fill the ATP-binding pocket. Similarly, if
the volume of the flavonoid is too large the restrictive
nature of the binding pocket results in reduced effi-
ciency of binding and inferior potency. A volume
approaching 218 A®, the volume of quercetagetin,
appears near optimal for flavonoid inhibitors of the
PIM-1 kinase.

The CoMFA model generated a superior correlation to
observed flavonoid potency than simple correlation to
either log P or dipole moment. It is important to note
that the flavonoid potencies used to generate the CoM-
FA model were determined using a solid phase in vitro
kinase assay. Because log P is a predictive measure of
absorption, it is plausible that determining the flavonoid
potencies using a cellular assay would improve the
correlation between logP and observed flavonoid
potency. Nonetheless, the utility of the CoMFA model
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quercetagetin

quercetagetin

Figure 6. Characterization of the electrostatic and steric COMFA fields with a superimposed PIM-1 kinase crystal structure. The crystal structure of
the PIM-1 kinase in complex with quercetagetin is superimposed on the CoMFA fields using the positions of quercetagetin in the crystal and in the
model. For clarity, only the amino acid residues contributing to the properties of a COMFA contour are shown. The pictured flavonoid is the
CoMFA model quercetagetin structure; to reduce visual clutter the PIM-1 crystal quercetagetin structure is not shown. (a) For the electrostatic
contours increased binding is predicted by placing more positive (+) charges near blue areas and more negative (—) charges near red areas. (b) The
steric contours predict increased binding by placing more bulk near green areas and less bulk near yellow areas.
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Figure 7. The volume of a flavonoid is related to its potency as an
inhibitor of the PIM-1 kinase. The labels on the points represent the
volume of each inhibitor. The bold numbers in parentheses identify the
compound according to number as presented in Table 1.

as a predictive model of flavonoid potency was demon-
strated by its ability to accurately predict the potency of
the test set of flavonoids. These data suggest that the

model may be an effective tool for the in silico design
and prediction of additional flavonoid inhibitors of the
PIM-1 kinase. Further experiments will be conducted
to determine the accuracy of using the model to deter-
mine the potency of small molecules that are not in
the flavonoid class of compounds.

Additionally, the PIM-1 kinase crystal structure
strongly supports the CoOMFA model by providing rea-
sonable rationale in regard to the amino acid residues
that may contribute to the steric and electrostatic con-
tours of the model. This type of analysis is fairly unique,
as CoMFA models are usually employed when the
structure of the enzyme or receptor protein is unknown.
Similar types of analyses, where the contours of a CoM-
FA model for a protein were combined with a crystal
structure of the enzyme, have been described.3%65-8 In
each case, as in our case, the combination of the CoM-
FA contours with the enzyme structure elucidated
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specific potential ligand—enzyme interactions and al-
lowed for a more informed and predictive structure-
based design effort.

Our analysis elucidated the three-dimensional contribu-
tions of specific amino acid residues to the steric and
electrostatic properties of the PIM-1 kinase ATP-bind-
ing site. Results from these studies may provide invalu-
able information for the design of potent, selective
inhibitors of the PIM-1 kinase.

Quercetagetin, quercetin, myricetin, and compound 3
share a common flavone scaffold and differ only in the
number and positions of substituted hydroxyl groups
onto the flavone backbone. Hence, our previous work
demonstrating that these flavones do not all bind to
the PIM-1 kinase in the same orientation was quite
unexpected.®

One of the weaknesses of CoMFA is the choice of the
alignment rule. We show for the first time that caution
must be used in aligning compounds even when they
appear to have a common pharmacophore. The varied
orientation of flavonoid binding to the PIM-1 kinase
presented a potential limitation of the CoMFA model.
The alignment rule used to create model I did not take
into account the varied binding orientations (crystal
poses) that could be present in the training set of flavo-
noids. However, alignment rules incorporating the crys-
tal orientations of compounds in the training set (model
IT) did not improve the ability of the model to predict
the potencies of the test set of compounds. This unique
example provides strong evidence of the robustness in a
correlated partial least squares in regard to establishing
alignment rules.

It should be noted that, as a class of compounds,
flavonoids have been shown to be inhibitors of other
kinases in addition to the PIM-1 kinase. Protein
kinase C% and protein kinase A7° activity have been
shown to be inhibited by flavonoids, with ICs, values
in the millimolar range. In contrast, flavonoids inhibit
the PIM-1 kinase in the micromolar and submicromolar
ranges.

Flavonoids are promiscuous compounds, in that their
effect is not limited to the kinase class of enzymes.
Flavonoids have been shown to induce mammalian
topoisomerase II-dependent cleavage,’! and inhibit both
mitochondrial NADH-oxidase’> and HIV-1 integrase.”?
Flavonoids have also been shown to inhibit soybean
lipoxygenase and stimulate cyclooxygenase.”* Gastric
H+, K+-ATPase,”® reverse transcriptases,’® and DNA
and RNA polymerases’® are also inhibited by flavo-
noids. Common to many of these studies, regardless of
the target enzyme, is the observation that the polyhydr-
oxylated core plays a major role in the potency of flavo-
noids. This polyhydroxylation is also an important
contributor to flavonoid promiscuity.

Comparing the hydroxylation patterns of quercetagetin
and myricetin, as in Figure 3d, suggests that the tri-
hydroxylated ring of the flavonoids is preferentially ori-

ented toward the same region when bound to the PIM-1
kinase. This general rule appears true whether the tri-
hydroxylated ring is ring A (as in quercetagetin) or ring
B (as in myricetin). An alignment rule based on this gen-
eral rule would require compounds 3 and 10 to bind to
the PIM-1 kinase in an orientation similar to myricetin,
rather than quercetagetin. Such an alignment was
employed for model III, with no improvement in the
predictive value of the model.

The structure of myricetin is similar to that of quercetage-
tin, hence the two compounds share similar properties
when aligned according to their common substructure
(as in model I). Interestingly, when aligned according to
their crystal orientations (as in models II and III) these
two compounds still share similar spatial electrostatic
and steric properties (see Fig. 3). This relationship likely
contributes to the success of our model. Our findings
demonstrate the utility of ligand-based methods, such as
CoMFA, in elucidating structure activity relationships;
particularly in cases were the binding orientations of
ligands are unknown.

Thus the outcome of the three predictive models pre-
sented here demonstrates that with our training and test
set of compounds CoMFA is sufficiently robust to pro-
vide predictive models despite the varied binding orien-
tations of flavonoids to the PIM-1 kinase. The utility of
our model has been demonstrated by its successful use
to predict the potencies of the test set of flavonoids
(r* = 0.829). Hence we present here the first predictive
model that may be used for the rational design of
small-molecule PIM-1 kinase inhibitors.

4. Methods
4.1. PIM-1 activity

The ICsy’s used in the COMFA were recently reported
for PIM-1 kinase activity.®> These values were used
without correction or normalization.

4.2. Molecular modeling

The octanol-water partition coefficient (log P) for each
flavonoid was calculated using Chemdraw version 6.0
(Cambridgesoft, Cambridge MA). Molecular dipoles
were calculated using MOPAC with default settings.
The molecular volume (A ) of each compound was cal-
culated in SYBYL. The structures and ICsg values of the
set of flavonoids that form the training set are listed in
Table 1. Table 3 lists the structures and ICsy values
for the flavonoids that form the test set.

The structures of all of the compounds were constructed
in the BUILD/EDIT mode of SYBYL and energy-min-
imized by the conjugate gradient method using the Tri-
pos force field® from a starting geometry of PIM-1
bound quercetagetin (203P). The flavonoids in the
training and the test sets have a common double six-
membered ring structure; hence atoms in this common
sub-structure were used to create the alignment rule
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for model 1. All of the structures in the training set were
aligned over the atoms C4, C5, C6, C7, and C8 of
quercetagetin from the co-crystal structure with the
PIM-1 kinase. Similarly, the flavonoids in the test set
were also aligned over the atoms C4, C5, C6, C7, and
C8. CoMFA, using default parameters, was calculated
in the QSAR option of SYBYL 6.5. The CoMFA grid
spacing was 2.0 A in the x, y, and z directions, and the
grid region was automatically generated by the CoMFA
routine to encompass all molecules with an extension of
4.0 A in each direction. An sp® carbon (sterics) and a
charge of +1.0 (electrostatics) were used as probes to
generate the interaction energies at each lattice point.
The default value of 30 kcal/mol was used as the maxi-
mum electrostatic and steric energy cutoft.

Using the training set of flavonoids, cross-validated and
non-cross-validated partial least squares analyses (PLS)
were performed within the SYBYL/QSAR routine.
Cross-validation of the dependent column (—logICsg)
and the CoMFA column was performed with 2.0 kcal/
mol column filtering. Scaled by the CoMFA standard
deviation, the cross-validated analysis generated an opti-
mum number of components equal to 2 and ¢*> = 0.495
(Table 2). PLS analysis with non-cross-validation, per-
formed with two components, generated a standard error
of estimate of 0.376, a probability (R*>=0) equal to
0.000, an F value (n; =2, n, =12) of 24.792, and a
¢> = 0.805 (Table 1). The relative steric (0.626) and elec-
trostatic (0.374) contributions to the final model were
contoured as the standard deviation multiplied by the
coeflicient at 80% for favored steric (contoured in green)
and favored positive electrostatic (contoured in blue)
effects and at 20% for disfavored steric (contoured in
yellow) and favored negative electrostatic (contoured in
red) effects, as shown in Figures 5-7.

On the basis of this analysis, the ICs, values of the test
set of flavonoids were predicted and correlated to the
observed ICsy values as determined in our laboratory
(Table 3). The CoMFA contours were also compared
with a PIM-1 crystal structure. A PIM-1 kinase crystal
structure with bound quercetagetin (the most potent fla-
vonoid inhibitor of the PIM-1 kinase among those we
have assayed) was superimposed with atoms O1, C2,
C3, C4, C5, C6, C7, and C8, onto the quercetagetin
structure in the training set of compounds used to create
the CoMFA model.

A crystal structure of myricetin in complex with the
PIM-1 kinase revealed a surprisingly distinct and differ-
ent binding orientation than quercetagetin.®> Hence a
second CoMFA alignment rule was employed (model
II), in which myricetin was aligned to quercetagetin
according to their crystal poses rather than by their
common substructure as in model I. To accomplish this
alignment the two crystal structures of the PIM-1 kinase
in complex with quercetagetin and myricetin (RCSB
Protein Data Bank codes 2063, 2064, respectively) were
superimposed over their protein backbones. The two
PIM-1 kinase structures are notably similar, with an
RMSD over the complete protein backbone of only
0.58 A. Quercetagetin and myricetin were extracted

from their respective PIM-1 kinase protein structures
to achieve a ligand alignment and orientation based on
the crystal poses. The remaining compounds in the
training set were aligned to quercetagetin by their com-
mon substructure, as in model 1.

Based on their respective hydroxylation patterns, com-
pounds 3 and 10 were identified as likely candidates
for binding to the PIM-1 kinase in a similar pose to
myricetin, rather than that of quercetagetin (see the dis-
cussion section for a detailed explanation). Conse-
quently a third alignment rule was employed (model
IIT), where myricetin and compounds 3 and 10 were
aligned in the crystal pose of myricetin, while the
remaining compounds in the training set were aligned
in the quercetagetin crystal pose.
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