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Based on a known nanomolar Bcl-2 homology domain 3 (BH3) mimetic 3-thiomorpholin-8-oxo-8H-
acenaphtho[1,2-b] pyrrole-9-carbonitrile (S1, MW: 331), we applied a fragment-based approach to obtain
BH3 mimetics with improved affinity and improved solubility in a watereethanol (9:1) cosolvent. After
the deconstruction of 1 (S1), we obtained fragment cyanoacetamide (4), which was determined to be
a ligand efficiency (LE) hot part. After a rational optimization through fragment evolution beginning with
fragment 4, a smaller Mcl-1 inhibitor (E,E)-2-(benzylaminocarbonyl)-3-styrylacrylonitrile (4g, MW: 288)
with a 6-fold increase in affinity compared to 1 was obtained, as predicted by our optimization curve and
identified by Mcl-1 protein nuclear magnetic resonance (NMR).

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Targeting the interface between proteins has huge therapeutic
potential, but discovering small molecule drugs that disrupt
proteineprotein interactions is an enormous challenge [1,2].
Recently, we have focused on the inhibitors of Mcl-1 protein [3].
Mcl-1 is one of the most important targets for BH3 mimetics
because of its unique antitumor properties [4e6]. We have previ-
ously reported a BH3 mimetic 1 that binds directly to the Mcl-1
protein (structure shown in Fig. 1) [7,8]. Structure-based
structureeactivity relationship (SAR) studies have been per-
formed to modify 1, which aimed to obtain more potent inhibitors.
eloid cell leukemia sequence
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We were successful in obtaining inhibitors with increased affinity
[9]. Unfortunately, the solubility of those molecules was as poor as
the parent compound 1. Potent compounds do not necessarily
result in good drugs; parameters such as molecular weight (MW)
and other physicochemical properties related to pharmacological
properties also determine the probability that a compound will
succeed as a drug [10e14]. We believe that an alternative method is
needed to obtain more drug-like Mcl-1 inhibitors based on 1.

Fragment-based drug design has significantly developed over
the past 10 years [15e17]. A final complex drug candidate may be
obtained through simple starting-fragment selection and valida-
tion, followed by fragment evolution [18]. Because the physico-
chemical properties at the very beginning of drug discovery are
controlled (MW < 250 Da, Clog P < w3), the final molecules can
remain compliant with the rule-of-five if optimization is performed
properly [10,13]. LE is the most important metric to guide this
process [18e21]. Although many studies, including both forward
and retrospective analysis, have been done to predict the fragment-
based drug discovery path, there is still a long way to go before
proteineprotein interaction inhibitors (PPIs) can be discovered
routinely through this method [18,22e25].

Herein, we applied a fragment-based approach to obtain more
drug-like Mcl-1 inhibitors based on 1 and tried to rationalize the
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Fig. 1. Deconstruction of 1 into fragments by removing specific groups (highlighted in gray).
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fragment-based PPIs design. In addition to obtaining a more potent
Mcl-1 inhibitor 4g with improved solubility compared to 1,
a prediction map for the Mcl-1 inhibitors was constructed through
this study, which could benchmark the expectations of upcoming
fragment hits with regard to the LE, and enable a better evaluation
in the fragment hit selection phase and a subsequent efficient
optimization of fragments.

2. Results and discussion

2.1. Deconstruction of 1 into fragments

Our previous investigation has identified 1 as an authentic BH3
mimetic and a nanomolar inhibitor of Mcl-1 (Ki ¼ 58 nM by fluo-
rescence polarization assays). To further probe the binding energy
contributions of ligands and to construct a prediction map for lead
optimization toward Mcl-1 inhibitors, as well as to develop more
drug-like Mcl-1 inhibitors, we performed dissection of 1 into
smaller fragment molecules, identification of a starting point with
the best potential, and fragment optimization.

In the dissection process of 1, fragments 8-oxo-8H-acenaphtho
[1,2-b] pyrrole-9-carbonitrile (2) and thiomorpholine (3), shown in
Fig. 1, were first obtained. The binding affinities (Kd) of the
compounds were evaluated using isothermal titration calorimetry
(ITC) assays. The known Mcl-1 inhibitor Gossypol was used as
a positive control. When Gossypol exhibited 2.65 mM in ITC assay,
the Kd value of 1 was 0.96 mM toward Mcl-1 protein and that of 2
was 1.83 mM, while no binding to Mcl-1 was determined for 3
(Kd > 1000 mM). The Kd values of compounds to Mcl-1 are outlined
in Table 1.

It is well established that a fragment usually obeys a rule of
three (MW < 300 Da, Clog P < 3, hydrogen bond donors and
acceptors each <3) [25]. For a starting fragment, smaller and more
hydrophilic property is better as this may allow for additional
manipulations before the final molecular weight becomes too large.
Accordingly, we continued to break down 2 into the fragments
cyanoacetamide (4), acenaphthequinone (5) and 2-[2-oxo-2H-
acenaphthylen-1-ylidene]-malononitrile (6), shown in Fig. 1.
Among them, 4 exhibited the most potent binding ability, where Kd
was 13.52 mM (Table 1). Compounds 5 and 6, however, were much
weaker (Kd ¼ 324.69 and 52.25 mM, respectively).
2.2. Measurement of ligand efficiencies

Affinity is no longer the first consideration in the starting frag-
ment selection [18]. For a starting fragment, a relatively high LE is
favorable. Thus, the LE for all of the destructed compounds with
detectable Ki value was calculated using following equation [20]:

LE ¼ DG=HAC
�
units ¼ kcal mol�1 per heavy atom

�

where binding free energy (DG) is derived from equation of
DG ¼ �RT ln Kd, and the heavy atom count (HAC) is the number of
non-hydrogen atoms in the molecules. As shown in Table 1, we
found that the LE for 2 (0.44) was even higher than 1 (0.34), while
the LE of 3was less than 0.01. Clearly, a key interaction was formed
by fragment 2. Fragment 4, the smallest part of 2, exhibited the
highest LE (1.12). It suggested that 4 contained a high proportion of
atoms that made favorable contacts with the Mcl-1 protein. In our
previous SAR studies, docking studies, and solution-based binding
studies [9], we found the carbonyl group of 1 binds closely to the
R263 residue of Mcl-1, and a hydrogen bonding network could be
formed between them. It has been established that the R263 group
in Mcl-1 is a crucial residue for binding because it can form a salt
bridge with D67 in the Bim peptide [26]. Consistently, alanine
scanning data showed that only when the G66 and D67 in Bimwere
mutated, was a significant reduction in binding observed [27]. Here,
in order to confirm that such a small fragment 4 indeed bind with
Mcl-1 through its interaction with R263, we designed a Mcl-1



Table 1
Fragments from the deconstruction of 1 and their derivatives: name, structure and
binding affinity by ITC assays (Kd, mM).

Compound Structure Kd

(mM)
pKd DG

(kcal/mol)
HAC LE

Gossypol 2.65 5.58 7.66 38 0.20

1 0.96 6.02 8.27 24 0.34

2 1.83 5.74 7.88 18 0.44

3 >1000 No No 6 No

4 13.52 4.87 6.69 6 1.12

5 324.69 3.49 4.79 14 0.34

6 52.25 4.28 5.99 18 0.33

4a 2.21 5.66 7.77 13 0.60

4b 1.06 5.97 8.21 15 0.55

4c 8.27 5.08 6.98 7 1.00

4d 6.65 5.18 7.11 8 0.89

4e 4.28 5.37 7.38 9 0.82

Table 1 (continued)

Compound Structure Kd

(mM)
pKd DG

(kcal/mol)
HAC LE

4f 1.58 5.80 7.97 13 0.61

4g 0.16 6.80 9.34 22 0.42

6a 4.24 5.37 7.38 26 0.28

6b 4.93 5.31 7.29 27 0.27

6c 3.71 5.43 7.46 28 0.27

6d 1.45 5.84 8.02 30 0.27
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R263A mutant to perform ITC to test the affinity of 4. When 4
exhibited a Kd value of 13.5 mM toward wild type Mcl-1 protein,
almost no binding was found with the Mcl-1 mutant. It confirmed
that 4 bound Mcl-1 through an interaction with R263. By contrast,
fragment 6 exhibited nearly the same Kd value for wild type and
mutant Mcl-1 in ITC (Table 2 and Fig. 2). It suggested that 6 had no
interaction with R263.

Thus, fragments 2 and 4 showed higher LE than 1 due to the
presence of cyanoacetamino group, while 5 and 6 lost most of the
Table 2
Binding affinity of compounds with Mcl-1 and R263A mutant by ITC assays
(Kd, mM).

Ligand Mcl-1 R263A

Gossypol 2.65
4 13.52 >1000
4f 1.58 90.83
4b 1.06 46.17
4g 0.16 6.72
6 52.25 51.39
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affinity because of the lack of this functional group. Fragment 4
has been clearly identified with the highest LE and specific
binding site. As such, it was termed an LE hot part that can occupy
an LE hotspot in Mcl-1 BH3 domain and it was an ideal stating
fragment for further optimization according to de Esch [21].
Although the LE of 6 (0.33) was not as high as for 4 (1.12), the mass
(MW ¼ 230) and potency (pKd ¼ 4.28) of 6 still made it an
acceptable starting fragment according to the prediction map of
Hajduk [18].
2.3. Optimization of fragment 4 and 6 as a starting point

We then optimized from 4 and 6, separately because we were
interested in comparing the two optimization paths that started
from fragments with different LE value. We aimed to construct
a prediction map for lead optimization toward Mcl-1 inhibitors and
enabled a better evaluation of the fragment optimization to obtain
a more drug-like candidate.

Firstly, we used fragment 4 as a starting point. According to the
binding mode of 4 with Mcl-1, when a hydrogen bond was formed
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between R263 and carbonyl group, the cyano group was directed to
p2 pocket and the amino was adjacent to the p4 (supplementary
material Fig. S1). We then attached larger molecular size groups to
position 2 and to the amino group of fragment 4 to occupy the p2
and the p4 pocket, respectively. Specifically, we synthesized (E)-2-
cyano-3-phenyl-2-propenamide (4a), (E,E)-2-cyano-5-phenyl-2, 4-
pentadienamide (4b) to occupy p2 pocket, N-methyl-2-
cyanoacetamide (4c), N-ethyl-2-cyanoacetamide (4d), N-n-propyl-
Table 3
Compounds in series 7 and 8: name, structure and binding affinity by FPAs (Ki, mM).

Compounds Structure Ki (

7 0.03

7a 4.60

7b 0.38

7c 0.34

8 0.01

8a 1.69

8b 0.40
2-cyanoacetamide (4e), and N-benzyl-2-cyanoacetamide (4f) to
occupy p4 pocket, respectively (Fig. 3).

The Kd values of these compounds against Mcl-1 were evaluated
by ITC assays (Table 1). A progressive increase in molecular size of
the products resulted in a corresponding improvement in Kd value
via ITC. The Kd value of 4awas 2.21 mM,while 4b showed a two-fold
higher affinity (1.06 mM). As to the compounds 4cef which were
aimed to occupy p4 pocket, a 5-fold decrease in Kd was found in
mM) pKi DG (kcal mol�1) HAC LE

7 7.43 10.21 35 0.29

5.34 7.34 20 0.37

6.42 8.82 27 0.33

6.47 8.89 29 0.31

8 7.74 10.63 44 0.24

5.77 7.93 19 0.42

6.40 8.79 25 0.35



Fig. 6. Binding site of 4gwith Mcl-1 determined by NMR and molecular docking. (a) Amide proton and nitrogen CCSP of Mcl-1 derived from the 1He15N HSQC spectra after titration
with 4g to Mcl-1. (b) Mcl-1 surface is colored according to chemical shift perturbation (red, residues with CCSP � 0.08 ppm upon complexation). (c) The docked structure of 4g
interacted with surrounding residuals. Hydrogen bonds are depicted as green dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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going from 4c (8.27 mM) to 4f (1.58 mM). In order to monitor the
binding mode of these compounds during molecular growing, we
evaluated the Kd values of 4b and 4f against wild-type Mcl-1 and
R263Amutant, respectively by ITC.When 4b and 4f showed affinity
toward wild-type Mcl-1 (1.16 and 1.58 mM, respectively), a 40- and
60-fold decrease of affinity was found for them toward R263A
mutant (Table 2), indicating compounds of series 4 maintained the
binding to R263 as fragment 4 did.

To monitor the efficiency during fragment growing, we plotted
the DG against the HAC. As shown in Fig. 4, a linear (R2 ¼ 0.98)
relationship between potency and HAC was found for compounds
4aef, which had a slope of approximately 0.17 kcal mol�1 per
additional heavy atom. This slope was defined as Vx. It suggested
that the binding mode was conserved upon elaboration of the
starting fragment; therefore, the modification sites were appro-
priate. This encouraged us to further increase the molecular weight
to achieve better potency. We merged 4b and 4f to yield 4g. An
approximately 10-fold decrease in Kd value for 4g (0.16 mM) was
detected compared to 4b and 4f, and more than 100-fold decrease
compared to 4 (Table 1). Consequently, we were interested in
knowing whether 4b and 4f merged efficiently. Simply adding the
free energies of binding of 4b (DG ¼ 8.21 kcal mol�1) and 4f
(DG ¼ 7.97 kcal mol�1) provided 16.18 kcal mol�1 [28,29]. The
overlap of the structural group of 4b and 4f was compound 4, with
a DG of 6.69 kcal mol�1 that should be deducted from the whole
energy. Thus, we obtained 9.49 kcal mol�1, which was very close to
the actual DG of 4g (9.34 kcal mol�1). This implied that additivity
was indeed achieved and the binding mode was probably
conserved. Notably, DG/HAC of 4gwas predicted by the linear trend
of fragment elaboration of series 4 since it was located exactly on
the trend line (Fig. 4). Further, it provided evidence that the
fragment-binding mode was conserved upon elaboration.

To further identify the inhibition of 4g against theMcl-1 protein,
ITC was performed with 4g and 1 in parallel. 4g exhibited
Kd ¼ 0.16 mM, which was 6-fold improved than that of 1
(Kd ¼ 0.96 mM, Table 1 and Fig. S2). We also performed ITC with
Mcl-1 and Mcl-1 R263A mutant, respectively. Results showed that
the R263A mutant weakened the binding of 4g to Mcl-1 by 40-fold
(Fig. 2 and Table 2). It further supported that 4g maintained the
binding model of the initial fragment 4.

Secondly, fragment 6 was used as an alternative starting point.
We used our previous strategies to attach 4-chlorophenoxy, 4-
methoxyphenoxy, 4-isopropylphenoxy, and 4-tertamylphenoxy
groups to the 6 position of compound 5 to yield 2-[2-oxo-2H-6-
(4-chlorophenoxy)acenaphthylen-1-ylidene]-malononitrile (6a),
2-[2-oxo-2H-6-(4-methoxyphenoxy)acenaphthylen-1-ylidene]-
malononitrile (6b), 2-[2-oxo-2H-6-(4-isopropylphenoxy)acenaph-
thylen-1-ylidene]-malononitrile (6c), and 2-[2-oxo-2H-6-(4-tert-
amylphenoxy)acenaphthylen-1-ylidene]-malononitrile (6d),
respectively (Fig. 5). In our previous SAR studies, we successfully
explored the p2 pocket of Mcl-1 by using these groups [9]. Similar
to the ITC results of series 4, a progressive increase in HAC
(6d > 6c > 6b > 6a) resulted in a corresponding increase in Mcl-1
affinity (Table 1). The Kd value of the final compound 6d (1.45 mM)
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showed a 36-fold enhanced affinity compared to compound 6
(52.25 mM). Moreover, series 6 also exhibited a linear (R2 ¼ 0.98)
relationship between potency and HAC (Fig. 4). Notably, this trend
line was nearly parallel to that of series 4. Furthermore, we
compared these optimization processes to series 7 (TM-179,
structures shown in the Supplementary materials Section, Fig. S4.
The Ki values are shown onTable 3) [30], analogs of Gossypol, which
are reported excellent inhibitors for Mcl-1, and series 8 (BI33,
Fig. S5 and Table 3) [31]. Although the compounds in series 7 and 8
were not based on fragment screening, the modification procedure
was also a molecular growing process. These two series of
compounds produced, respectively, an approximately constant
increase of 0.17 kcal mol�1 per additional heavy atom, which was in
good qualitative agreement with the slope of series 4 and 6 (Fig. 4).
Additionally, this slope was similar to other reported proteine
protein inhibitors (0.24 kcal mol�1 per heavy atom) [2]. The
parallel trend lines along the fragment growing in these series of
compounds suggested that the average contribution per atom
added was equal regardless of whether or not the start fragment
was an LE hot part. Consistently, retrospective analyses of 18 known
inhibitors showed that all the series of molecules exhibited a nearly
paralleled linear relationship between binding affinity and molec-
ular weight. Their slop is also a constant.

Moreover, the linear relationship between the DG and the HAC
in the three optimization processes suggested that the initial
fragments most probably maintained their binding mode, and thus
contributed additively to the final DG. Although it was not always
the case in fragment-based drug discovery, we did find it in these
Mcl-1 inhibitors. Because the binding mode could be conservative,
the structure and size of the starting point had a decisive effect on
the final elaborated compounds.

Notably, although the affinity of 6d was significantly improved
through the molecular growing, the poor solubility (Clog P ¼ 6.1)
still filtered it out by the rule-of-five. However, 4g was a molecule
that conserved the rule-of-five and had a MWof 288 and a Clog P of
3.5. Compared with its parent compound 1, 4g exhibited a more
than 10% smaller size but a 6-fold enhancement in affinity. A wider
“molecular weight window” was available for it to allow for the
later optimization to meet other drug-like properties, such as
pharmacokinetics (PK).

2.4. SAR of 4g by NMR

In order to visualize the binding model of 4g toward Mcl-1
protein, we produced uniformly 15N-labeled Mcl-1 protein and
measured two-dimensional [15N, 1H] NMR spectra in the absence
and presence of 4g, respectively. Many residuals within 171e328
amino acids were found occurring chemical shift perturbation
(CCSP). Fig. S3a showed an overlay of the spectra before (blue) and
after (red) the addition of 4g, together with close-up views of
selected residues that underwent large chemical shift changes in
the presence of 4g (Fig. S3b). A plot of the chemical shift pertur-
bations against the overall Mcl-1 protein residues was depicted. As
shown in Fig. 6a, a cluster of residues in p2 including R263, V253,
L246, M250, F270 and K234 experienced average CCSP changes of
at least 0.07 ppm. Another cluster of residues in p4 including V220,
R215, V216 and G219 experienced CCSP changes of at least
0.06 ppm. Mapping of residuals with highest CCSP, including V253,
R263, F270, L246, V220, V216 and R215 into the three-dimensional
structure of Mcl-1 showed that those residuals were frequently
located within and surrounding the p2, p3 and p4 pocket (Fig. 6b).
The residual R263 was also among themost affected residuals upon
4g binding. When compared with the docked geometries of 4g,
which gained the highest chemscore value (Fig. 6c), the mapping
data revealed a fairly good agreement. During docking, the carbonyl
group of 4g located near R263, hence forming the only hydrogen
bound.

2.5. The selective binding of 4g to Mcl-1 but not Bcl-2

After we succeeded to grow a nanomolar Mcl-1 inhibitor from
an LE hot part, we were interested to test its Bcl-2 inhibition.
According to our previous studies, the parent compound 1 exhibi-
ted a Ki value of 310 nM toward Bcl-2 protein in FPA. However, 4g
lost all the affinity toward Bcl-2 in the FPA (Fig. S6). Actually,
fragment 4 did not showed measurable Ki value in FPA, which
meant Bcl-2 was lost from the very beginning. Recent studies have
reported a Mcl-1-specific ligand Bim F69A/L62Amutant, which lost
Bcl-2/Bcl-xL binding but still retained Mcl-1 binding [27]. This
illustrated there is the difference, albeit small, between the BH3
groove of Mcl-1 and Bcl-2/Bcl-xL.

2.6. 4g selectively induces apoptosis in Mcl-1-dependent cancer
cells

To confirm the specificity of 4g for the Mcl-1 protein in cellular
models, we analyzed its activity in four cell lines. NCI-H23 cells are
dependent on Mcl-1 for survival. In contrast, HL-60 cells are Bcl-2-
dependent cells and H22 and MCF-7 cells are dependent on both
Mcl-1 and Bcl-2. These cell lines were treated with different
concentrations of 4g, and then apoptosis was determined by
Annexin V flow cytometry. Fig. 7a showed western blot analysis of
the expression levels of Bcl-2 andMcl-1 in these cell lines. After 48 h
treatment, 4g induced apoptosis in NCI-H23 cells (IC50 ¼ 0.38 mM)
was100-fold greater than that inHL-60 cells (IC50¼47.2mM,Fig. 7b),
consistent with its binding selectivity for Mcl-1 over Bcl-2. The
response of 4g in H22 (IC50 ¼ 3.2 mM) cells and MCF-7 cells
(IC50 ¼ 5.4 mM) was not as sensitive as in NCI-H23 cells.
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2.7. Comparing the contribution per atom of Mcl-1 inhibitors and
Bcl-xL inhibitors

The very high LE of fragment 4 toward Mcl-1 and the losing Bcl-
2 of 4g raised a possibility that the character of the hotspot of Mcl-1
might be divergent than that of Bcl-2/Bcl-xL, which may reflect on
the LE of their specific ligands. We then surveyed all the reported
Bcl-xL inhibitors and Mcl-1 inhibitors since Bcl-xL inhibitors are
more reported than Bcl-2 inhibitors. All these compounds were
listed in Table S1 and S2. Their DG against HAC was plotted as
shown in Fig. 8. From Fig. 8, we got two lines with different slopes.
Additionally, in the case of the Bcl-xL/Mcl-1 dual inhibitors (circled
in Fig. 8), we found that they showed a higher affinity toMcl-1 than
to Bcl-xL. It suggested that the BH3 groove of Mcl-1 might be more
druggable than those of Bcl-xL.

2.8. Improved solubility of 4g

According to our previous studies, 1 can only be dissolved in
100% DMSO. Herein, we readily dissolved 4g inwatereethanol (9:1)
cosolvent, which is suitable for oral administration [32,33]. HPLC
studies determined that the solubility of 4g in 100% ethanol was
4 mg/mL at 35 �C and 200 mg/mL in the cosolvent. Conversely,
compound 1 can not dissolve in either 100% ethanol or in a watere
ethanol (9:1) cosolvent. The increased solubility indicated the
improved drug-like properties of 4g compared to 1.

3. Conclusion

Following a fragment-based molecule design, we not only
rationalized the design of a Mcl-1 protein inhibitor, but also ob-
tained a more drug-like candidate, 4g. It exhibited Kd ¼ 0.16 mM
toward Mcl-1, obtained by ITC assays, which represented a 6-fold
enhancement compared to its parent compound 1. The smaller
size and improved solubility in a watereethanol (9:1) cosolvent
made it more favorable for future drug development.

4. Experimental

4.1. Compound synthesis

The synthesis of 4g is shown in Supplementarymaterial Scheme
S2. Yield: 339 mg, 59%. 1H NMR (400 MHz, CDCl3): d 8.94 (br, t,
J ¼ 6.0 Hz, 1H), 8.02 (d, J ¼ 11.6, 1H), 7.71 (d, J ¼ 4.2 Hz, 1H), 7.69 (s,
1H), 7.16e7.51 (m, 10H), 4.40 (d, J ¼ 6.0 Hz, 2H). TOF MS (EIþ):
C19H16N2O, calcd for 288.1263, found 288.1269. 13C NMR (400 MHz,
CDCl3): d 160.25,153.60,147.97,137.18,133.57,132.45,130.91,129.10,
128.90, 128.35, 127.91, 123.06, 115.83, 105.51, 44.42. TOF MS (EIþ):
C19H16N2O, calcd for 288.1263, found 288.1269. HPLC system:
purity ¼ 99.75%, tR ¼ 17.20 min.

4.2. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using
iTC200 (Microcal). Experiments were performed in 20 mM Tris pH
8.0, 150 mM NaCl, 1% DMSO at 25 �C Titrations consisted of
12� 3 mL injections of compound at 300 mM into Mcl-1 (30 mM). All
sample data obtained after control data corrections were analyzed
to fit to a one-site model. For control ITC experiments, the sample
cells were filled with assay buffer and the compound solution was
added. This process was identical to that for protein samples.
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