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ABSTRACT
Geldanamycin (GDM) has been modified by different type neutral/acidic/basic substituents (1–7) and by
quinuclidine motif (8), transformed into ammonium salts (9–13) at C(17). These compounds have been
characterised by spectroscopic and x-ray methods. Derivative 8 shows better potency than GDM in MCF-
7, MDA-MB-231, A549 and HeLa (IC50s ¼ 0.09–1.06mM). Transformation of 8 into salts 9–13 reduces tox-
icity (by 11-fold) at attractive potency, e.g. MCF-7 cell line (IC50�2mM). Our studies show that higher water
solubility contributes to lower toxicity of salts than GDM in healthy CCD39Lu and HDF cells. The use of
13 mixtures with potentiators PEI and DOX enhanced anticancer effects from IC50�2mM to IC50�0.5mM in
SKBR-3, SKOV-3, and PC-3 cancer cells, relative to 13. Docking studies showed that complexes between
quinuclidine-bearing 8–13 and Hsp90 are stabilised by extra hydrophobic interactions between the C(17)-
arms and K58 or Y61 of Hsp90.
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Introduction

Geldanamycin (GDM, Figure 1), a natural ansa-macrolide produced
by Streptomyces hygroscopicus, has two unique structural features,
namely a rigid benzoquinone ring and an aliphatic ansa-bridge
that are linked together to form a characteristic basket-like struc-
ture.1 Similar to other ansa-macrolides with benzene or benzo-
quinone core, it shows potent activity in different cancer cell
lines.2–4 Unfortunately, the significant toxicity of GDM impedes its
future medical applications. This toxicity is believed to originate
from 1,4-Michael conjugate addition/aromatisation/oxidation cas-
cade with glutathione, yielding a C(19)-adduct.5–7 In search for
more active and less toxic benzoquinone and non-benzoquinone
ansamycins as well as those with an expanded macrocyclic sys-
tem, GDM was modified at the C(17), C(19) positions and at the
methoxy, urethane or hydroxyl groups.2,8–10 The most promising
candidates among the C(17)-derivatives of GDM are amine deriva-
tives 17-DMAG and 17-AAG that are currently under consideration
or are in various phases of clinical trials.2,11–13 Non-quinone ana-
logues of GDM (reblastatin analogues, Bioteca, Cambridge, UK) or
those containing halogens, saccharides, phenol groups at the
core, were obtained by sequences of mutasynthetic, semi-syn-
thetic, and total synthetic approaches. These analogues showed
attractive activities against the cancer cell lines, such as human
breast adenocarcinoma (SKBR-3, MCF-7, and MDA-MB-231), ovarian
adenocarcinoma (SKOV-3), lung adenocarcinoma (A-549), and
prostate adenocarcinoma (PC-3).2,4,14–20 Moreover, modifications
at the ansa-macrolide correlated to the preparation of conjugates
with biotin, foliate, or within corporated triazole bridge, that

gained molecular probe features of improved biocompatibil-
ity.21–24 Overall, the ansa-bridge modifications of GDM led to a
less effective anticancer potency than those performed at the rigid
benzene or benzoquinone cores.25–33 This can be attributed to a
restriction of the ansa-bridge flexibility that is necessary for bind-
ing the GDM analogues to their molecular target, i.e. heat shock
proteins Hsp90. Hsp90 shows an ATPase activity, which is required
to fold proteins in cells in order to achieve their full functional-
ity.2,34–36 Crystal structures of GDM and 17-DMAG complexed
with NBD of Hsp90 showed that the ligand conformation signifi-
cantly differs from that of unbound molecule in solutions.27,28

Interestingly, modifications of GDM at C(17) and C(19) positions
sometimes resulted in antiviral potency against herpes (HSV),
hepatitis B and C (HCV, HBV) or HIV-1.37–39 Additionally, for GDM
amine analogues where the C(17) substituent was bridged with
the neighbouring quinone group at C(18), despite their good
water solubility (e.g. guanidine-like derivatives), it was noticed
that the bulkiness of the incorporated alkyl or aryl substituent was
important for anticancer potency.40 Ge et al. obtained reduced
(hydroquinone) and highly water-soluble GDM derivatives with
allylamine or N,N-dimethylethylamine in the form of salts that are
considered in cancer therapy in phase I clinical trials.41

Recently, we have reported synthesis and anticancer activity of
a series of C(17)-GDM derivatives and we found that rigidity of
the C(17)-arm incorporating carbonyl group and lipophilicity are
essential factors influencing an efficient binding of GDM ana-
logues to Hsp90 and their anticancer potency.7 Here, we report
the anticancer activity studies of the GDM amine-quinuclidine
analogue 8 with C(17)-arm of basic, rigid, and bulky nature. The
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data have been determined for nine cancerous (MDA-MB-231,
MCF-7, HeLa, HepG2, SKBR-3, SKOV-3, PC-3, U-87, and A-549) and
two healthy (human lung fibroblasts CCD39Lu, human dermal
fibroblasts HDF) cell lines. The activities of 8 are compared with
the GDM derivatives 1–7 of acidic, basic, and neutral nature
(Figure 1)7,23,40. Taking into account the fact that improved water
solubility may lead to better bioavailability, derivative 8 was trans-
formed into quaternary N-alkylammonium salts 9–13 of different
N-tail structure (Figure 2). Moreover, GDM quinuclidine salts were
also studied in mixtures with potentiators towards their anticancer
potency and in order to obtain information about their toxicity.

Results and discussion

Synthesis of GDM analogues

GDM derivatives 1–8 were obtained according to the earlier
reported protocol7 and their structures were confirmed by 1H, 13C
NMR, and 2D NMR, FT-IR, and ESI MS methods (Supplementary
Material). Derivatives 1–3 formed single crystals that allowed to
determine their structures by X-ray analysis (Table 1S, Figures
53S–59S, Supplemental Material). Comparison of the 1H and 13C
NMR spectra of 8 and its N-alkylammonium salts (9–13) with
those of 1–7 showed only minor differences in the position of the
proton and the carbon atom resonances assigned to the quinone
and the ansa-bridge parts (Figure 60S; Supplemental Material).
The NOESY contacts for GDM analogues indicated trans-configur-
ation of the lactam group with the lactam proton directed into
the macrocyclic cavity, as shown in Figure 60S. As found for 8 and
9–13 salts, the absolute value of the H(29)-C(29)-N(17)-H(17) tor-
sion angle is in the range of 120–130� (3JN(17)H-H(29)�6.5–8Hz,) and
the N-alkyl substituent of nitrogen N þ (30) is oriented away from
the quinone core (Figure 60S). The nitrogen atom N(17), linking
the GDM and quinuclidine parts, seems to be present in a dis-
torted sp2 hybridisation, as suggested by DFT calculations (Figure
60S). The above data indicated similar conformations of GDM
derivatives in its “free form” in solution and solid, with only small
changes in orientation of the C(17)-amine part relative to the
quinone core.

Anticancer potency and toxicity in normal cells of
GDM analogues

Quinuclidine derivative 8 and its quaternary N-alkylammonium
salts (9–13) were initially tested in MDA-MB-231, MCF-7, HeLa, and
HepG2 and healthy CCD39LU cell lines, and compared with bio-
logical test results of typical GDM C(17)-derivatives (1–7) (Table 1).
Although GDM belongs to the known and active anticancer
agents, its potency against breast cancer cells (MCF-7) is the low-
est among the studied analogues (Table 1, IC50 ¼ 3.51 mM). A
comparison of GDM activity and its analogues in the MCF-7 indi-
cates that derivatives 1, 3, and 8 are markedly more potent than
GDM, which is reflected by their low IC50�0.1mM values.
Furthermore, 1, 3, and 8 show higher SI indexes (�77, 75, and 10)
than GDM for the MCF-7 cell line. Derivatives 5–7 were also more
potent than GDM in the MCF-7 cell line (IC50�1 mM), with still
favourable SIs�10. Lipophilicity of the most promising analogues
(1, 3, and 5–8) is relatively good (clogP ¼ 0.7–3.4) and compar-
able with that of GDM (clogP�2). Compound 2, bearing a ter-
minal acidic group, showed the lowest activity in the MCF-7 cell
line at a less favourable SI compared to GDM. Taking into account
the binding models of GDM and its derivatives with Hsp90, one
should expect that the carboxylic group might improve the bind-
ing strength as a result of the interaction with a positively
charged K587,27,28. However, it is likely that in solution a flexible
C(17) arm of 2 takes part in competitive intramolecular interac-
tions (see Supplemental Material, Figure 51S), preventing the
expected stabilising interaction with K58 of Hsp90. The existence
of the H-bonded structures of 2 in solution and its relatively low
lipophilicity (clogP�0.4, Table 1), might explain the lower anti-
cancer activity of 2 compared to the analogues 1, 3, and 8. In
addition to low anticancer potency, compound 2 exhibits also
very low toxicity when compared with GDM (IC50 (CCD39Lu) ¼
20.8 mM, Table 1). As for other biological data for 1–8, the quinu-
clidine analogue 8 shows the most beneficial potency in MDA-
MB-231 (IC50 ¼ 0.14mM) among all ansamycins studied. The activ-
ity of 8 relative to GDM was improved, not only in MDA-MB-231
but also in other studied cancer cell lines (Table 1). When com-
pared with 8, GDM was only more active in HepG2 cells. Lower
activity than that of GDM was also observed for all other studied
derivatives (1–7) and salts (9–13) in the HepG2 cancer cell line.
The most promising quinuclidine analogue 8 exhibited relatively
high toxicity in healthy cells CCD39Lu (IC50 ¼ 0.87 mM) and had
only low SI indexes (SIs < 1, Table 1).

Considering the above results, we decided to further test com-
pound 8 using the 2nd panel of cancer cell lines: SKBR-3, SKOV-3,

Figure 1. Geldanamycin (GDM) and its C(17)- analogues.

Figure 2. Quaternisation of the quinuclidine N atom within 8 leading to ana-
logues 9–13.
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PC-3, U-87, and A-549 and healthy cells HDF and to compare bio-
logical data with those of exemplary derivative 1 (Table 2). Our
studies demonstrated that 8 is very active in the 2nd panel of
cancer cell lines and its activity is even slightly better than that of
GDM in the A-549 cell line (IC50 ¼ 0.99 mM). The potency of 8 in
SKBR-3, SKOV-3, PC-3, and U-87 cancer cell lines was lower or
comparable to GDM (Table 2). In contrast with the results
obtained in normal CCD39LU cell line, the toxicity of 8 in healthy
cells HDF, is significantly lower than that for GDM (Table 2). The
potency of low-cytotoxic 1 (IC50(HDF) ¼ 30 mM; IC50(CCD39Lu) ¼ >

10mM), especially in the 2nd panel of SKBR-3, SKOV-3, PC-3, U-87,
and A-549 cancer cell lines, was relatively low (IC50�7.5mM).
Taking into regard the fact that another analogue of low cytotox-
icity, 2 (IC50(CCD39Lu) ¼ 20.8 mM), shows the best water solubility
among 1–8 derivatives (Table 1), we decided to transform the
most active quinuclidine analogue 8 into its better water-soluble
N-alkylammonium salts to investigate the influence of a polar
structure of this type on anticancer activity vs. toxicity. Biological
tests of the salts 9–13 in the 1st panel of cancer cell lines (Table
1) revealed that similar to 8, they were generally more active than
GDM in the MCF-7 cells (except 11, Table 1). A comparison of IC50
values between 8 and 9–13, indicated higher activity of the for-
mer. Interestingly, the transformation of 8 into its salts 9–13 was
beneficial regarding low toxicities of 9–12 in normal cell line
CCD39Lu (Table 1). Among quaternary salts, analogue 13 with a
bulky N-cinnamyl quinuclidine moiety showed the best activity in
MCF-7 with IC50 ¼ 2.31 mM and with twice the value of SI index
(SI ¼ 4.33) when compared to GDM. Very good results in MCF-7
cells were also obtained for salts 9 (IC50 ¼ 2.34mM) and 10 (IC50
¼ 2.51 mM), which, like 13, had no heteroatoms in the tail
attached to the quinuclidine unit (Table 1). Other biological data
for the 1st panel of cell lines showed that quaternisation of

quinuclidine nitrogen in 8 significantly decreased potency in
MDA-MB-231, HeLa and HepG2 cancer cell lines while toxicity was
reduced in normal CCD39Lu cells (Table 1). Anticancer studies of
salts 9–13 in the 2nd panel of cell lines (Table 2) revealed that
the most active analogue is compound 10 with no heteroatoms
in the N-quinuclidine tail. Its IC50 values were oscillating around
1.7 mM (1.29� 1.94mM). The highest potency of 10 was registered
in the A-549 cancer cell line (IC50 ¼ 1.29mM). Although a compari-
son of anticancer activities of GDM, 8 and 10 (Table 2) showed
the lowest potency for 10, its activity remains attractive in the
2nd panel of cancer cells, at lower cytotoxicity than that of GDM

Table 1. The IC50 values [(mM) ± SD], selectivity indexes [SICCD39Lu] as well as clogP and solubility SH2O parameters for GDM and its analogues 1–8 and salts (9–13)
obtained in MDA-MB-231, MCF-7, HeLa, HepG2, and CCD39Lu (1st panel) cell lines.

Cmpd. MDA-MB-231 MCF-7 HeLa HepG2 CCD39Lu clogP
Solubility

SH2O[mg/mL]

GDM 1.04 ± 0.63
[SI 8.17]

3.51 ± 0.21
[SI 2.42]

1.42 ± 0.10
[SI 5.99]

0.74 ± 0.32
[SI 11.48]

8.50 ± 0.25 0.43/
2.15�

–

1 2.45 ± 0.78
[SI > 4.08]

0.13 ± 0.01
[SI > 76.92]

1.67 ± 0.54
[SI > 5.99]

1.75 ± 0.04
[SI > 5.71]

>10 2.24 –

2 4.27 ± 1.54
[SI 4.87]

7.62 ± 2.35
[SI 2.73]

3.48 ± 0.51
[SI 5.98]

3.04 ± 0.47
[SI 6.84]

20.80 ± 5.14 0.43 1.47

3 1.84 ± 0.33
[SI 4.08]

0.10 ± 0.21
[SI 75.00]

1.25 ± 0.22
[SI 6.00]

1.31 ± 0.54
[SI 5.73]

7.50 ± 0.55 0.67 0.05

4 >10
[SI > 1]

>10
[SI > 1]

>10
[SI > 1]

>10
[SI > 1]

>10 1.87 0.04

5 2.28 ± 0.54
[SI 6.71]

1.84 ± 0.57
[SI 8.32]

1.56 ± 0.14
[SI 9.81]

1.63 ± 0.49
[SI 9.39]

15.30 ± 0.12 3.40 –

6 3.16 ± 0.89
[SI > 3.16]

0.61 ± 0.14
[SI > 16.39]

4.75 ± 0.35
[SI > 2.11]

3.38 ± 0.13
[SI > 2.96]

>10 1.36 –

7 2.36 ± 0.35
[SI 5.34]

0.96 ± 0.51
[SI 13.13]

1.61 ± 0.61
[SI 7.83]

1.68 ± 0.32
[SI 7.50]

12.60 ± 0.21 1.38 –

8 0.14 ± 0.01
[SI 6.21]

0.09 ± 0.01
[SI 9.67]

1.06 ± 0.26
[SI 0.82]

1.25 ± 0.22
[SI 0.70]

0.87 ± 0.22 2.23 0.15

9 4.65 ± 2.65
[SI > 2.15]

2.34 ± 0.56
[SI > 4.27]

9.25 ± 0.98
[SI > 1.08]

>10
[SI > 1]

>10 �1.10 11.9

10 4.64 ± 1.51
[SI > 2.16]

2.51 ± 1.03
[SI > 3.98]

7.43 ± 3.21
[SI > 1.35]

>10
[SI > 1]

>10 �0.85 8.09

11 3.93 ± 1.60
[SI > 2.54]

4.67 ± 2.00
[SI > 2.14]

8.91 ± 3.19
[SI > 1.12]

8.86 ± 0.17
[SI > 1.13]

>10 �0.81 2.30

12 5.01 ± 2.15
[SI > 2.00]

2.65 ± 1.09
[SI > 3.77]

9.12 ± 1.81
[SI > 1.10]

>10
[SI > 1]

>10 0.37 4.50

13 4.66 ± 2.49
[SI > 2.15]

2.31 ± 0.97
[SI > 4.33]

8.14 ± 0.64
[SI > 1.23]

>10
[SI > 1]

>10 0.61 5.03

clogP calculated by Molinspiration42.
Selectivity index [SIHDF] ¼ IC50 normal cell line CCD39Lu/IC50 respective cancer cell line.
GDM: geldanamycin.

Table 2. Anticancer activities [IC50 (mM) ± SD] of GDM and its 1 and 8 ana-
logues and salts (9–13) in SKBR-3, SKOV-3, PC-3, U-87, A-549 cells (2nd panel),
and toxicity in human dermal fibroblasts (HDF) cell line [IC50 (mM) ± SD]
together with selectivity indexes [SIHDF].

Cmpd. SKBR-3 SKOV-3 PC-3 U-87 A-549 HDF

GDM 0.87 ± 0.17
[SI 2.45]

0.94 ± 0.09
[SI 2.27]

0.73 ± 0.01
[SI 2.92]

0.81 ± 0.12
[SI 2.62]

0.99 ± 0.01
[SI 2.15]

2.13 ± 0.11

1 7.44 ± 0.09
[SI 4.03]

8.04 ± 0.24
[SI 3.73]

7.02 ± 0.06
[SI 4.28]

7.32 ± 0.49
[SI 4.10]

9.01 ± 0.63
[SI 3.33]

30.02 ± 1.03

8 1.49 ± 0.29
[SI 2.16]

1.16 ± 0.92
[SI 2.78]

1.47 ± 0.31
[SI 2.19]

1.08 ± 0.16
[SI 3.43]

0.94 ± 0.03
[SI 3.43]

3.22 ± 0.18

9 3.12 ± 0.01
[SI 1.70]

3.86 ± 0.05
[SI 1.37]

3.01 ± 0.11
[SI 1.76]

3.69 ± 0.08
[SI 1.43]

3.09 ± 0.01
[SI 1.71]

5.29 ± 0.17

10 1.94 ± 0.52
[SI 1.53]

1.61 ± 0.13
[SI 1.84]

1.88 ± 0.02
[SI 1.57]

1.84 ± 0.11
[SI 1.61]

1.29 ± 0.07
[SI 2.29]

2.96 ± 0.36

11 6.49 ± 0.07
[SI 1.22]

6.04 ± 0.38
[SI 1.31]

6.22 ± 0.13
[SI 1.27]

6.06 ± 0.58
[SI 1.31]

6.83 ± 0.32
[SI 1.16]

7.91 ± 0.91

12 8.49 ± 0.36
[SI 1.64]

8.02 ± 0.17
[SI 1.73]

7.94 ± 0.03
[SI 1.75]

8.58 ± 0.19
[SI 1.62]

8.94 ± 0.27
[SI 1.56]

13.91 ± 0.42

13 2.02 ± 0.11
[SI 1.89]

2.17 ± 0.06
[SI 1.76]

2.05 ± 0.09
[SI 1.86]

2.26 ± 0.15
[SI 1.67]

2.06 ± 0.01
[SI 1.85]

3.81 ± 0.11

Selectivity index [SIHDF] ¼ IC50 normal cell line HDF/IC50 respective cancer
cell line.
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in HDF and CCD39Lu cell lines. Salts 9 and 13, with substituents
of similar nature as 10, also showed good anticancer activities
with IC50�2–3mM and with a markedly reduced toxicity in HDF
(IC50�5.29 and 3.81 mM, Table 2). To conclude, considering the
biological results for 9–13 obtained in the 1st and the 2nd panel
of cancer cell lines, when compared to the activity data of GDM
and 8, the most promising among the reported salts is salt 13 as
it shows the best balance between the anticancer potency and
toxicity in normal cells. It is relatively low toxic in both normal cell
lines HDF (IC50 ¼ 3.81mM) and CCD39LU (IC50 > 10mM) at still
attractive level of anticancer potency IC50�2 mM in MCF-7, SKBR-3,
SKOV-3, PC-3, U-87, and A-549 cell lines.

Binding mode of quinuclidine analogues of GDM and 9–13 salts
with Hsp90

According to the earlier reports,7,26–28,32,43 we assumed that dock-
ing of 8, 10, and 13 into the target, i.e. ATP-binding pocket of
Hsp90, requires trans/cis isomerisation of the lactam group and
drastic conformational changes within the ansa-bridge owing to
atropisomerisation process, i.e. flipping of the ansa-bridge from
one side of the benzoquinone ring to the other (Figure 62S,
Supplemental Material). DFT calculated energy barrier is
36.97 kcal/mol for the total atropisomerisation process of 10
requiring trans-cis lactam isomerisation crucial for binding with
NBD of Hsp90 (Figures 3(b) and Figure 62S; Supplemental
Material). This value is higher than that estimated from earlier
studies of GDM (E¼ 16–21 kcal/mol).44,45 Structural comparison
between complexes of Hsp90 with GDM and 8, showed that the
mutual arrangements of the ansa-bridges and quinone cores

relative to the Hsp90 key amino acids are similar in both cases.7,27

Atropisomerisation of active GDM analogues from the trans-lac-
tam form (dominating in solution) into the cis-lactam one (bound
with Hsp90) is evoked by the mutual induced fitting of human
Hsp90 and the GDM derivative. The 8-Hsp90 complex is stabilised
by the formation of intermolecular H-bonds between the ansamy-
cin and F138, D54, D93, K112, and T184 of Hsp90, whereas, e.g.
M98 and K58 are involved in hydrophobic interactions of the lig-
and in the ATP-binding pocket (Figure 3). Thus, the above binding
mode of 8 is slightly improved relative to that known for GDM by
an extra hydrophobic stabilisation of quinuclidine basket of 8 with
K58, contributing also to improved anticancer potency of 8 rela-
tive to GDM. Comparison between calculated binding models of
the most active derivative 8 and salts 10 and 13 of decreased
cytotoxicity shows for the latter ones also possibility of hydropho-
bic stabilisation with K58 of Hsp90 (Figure 3). Comparison of bind-
ing energies of 10 (DH�

f(10) ¼ � 39 kcal/mol) or 8 (DH�
f(8) ¼ �

47 kcal/mol) with Hsp90 indicates the privileged formation of 8-
Hsp90 complex. This result is in line with higher anticancer
potency of higher lipophilic 8 (clogP¼ 2.23; SH2O¼ 0.15mg/mL,
Table 1) when compared to better water-soluble 10 (clogP ¼
�0.85; SH2O¼ 8.09mg/mL, Table 1). Compound 13, owing to the
presence of its lengthy and bulky quinuclidine arm at C(17), has
two alternative binding modes to Hsp90 (Figure 3(c,d)). The bind-
ing mode I of 13, is analogous to that of 8 and 10 (the interaction
with K58, Figure 3(c)). The binding mode II of 13 to Hsp90 is real-
ised via a conformational change within the quinuclidine basket,
where the Nþ-cinnamyl tail is involved in an intermolecular C-
H…p interaction with Y61 of Hsp90 (Figure 3(d)). A more favour-
able binding mode II to Hsp90 is excluded for 8 and 10 due to
shorter quinuclidine arms at C(17). Overall, the higher anticancer

Figure 3. Binding models revealing interactions between N-binding domain (NBD) of Hsp90 (PDB 3Q5J[43]) and new ansamyc in derivatives: 8/DH�
f ¼ �47 kcal/mol/

(a), 10/DH�
f ¼ �39 kcal/mol/(b) and 13 in binding mode I /DH�

f ¼ �32 kcal/mol/(c), and 13 in binding mode II /DH�
f ¼ �37 kcal/mol/(d), compared to binding

mode of macbecin II (PDB2VW535, pink), and optimised by MOG-PM6 method (Scigress F.J. 2.6, EU 3.1.9);46 amino acids of Hsp90 ATP-binding pocket are marked by
yellow; intermolecular interactions (H-bonds) are marked by dots.
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activity of 8 compared to 10 and 13 can be explained by a higher
energetic profit of binding 8 to Hsp90 (DH�

f ¼ � 47 kcal/mol)
than for 10 (DH�

f ¼ � 39 kcal/mol) and 13 (DH�
f ¼ � 37 kcal/

mol). Changes in lipophilicity (clogP) do not explain the differen-
ces in the anticancer effect of the tested salts (9–13). In turn, the
better water solubility of salts 9, 10, and 13 (SH2O > 5mg/mL)
seems to be in line with their better anticancer effects than 11
(SH2O ¼ 2.30mg/mL) and 12 (SH2O ¼ 4.5mg/mL), especially in the
2nd panel of tested cancer cell lines.

Anticancer tests of the most active quinuclidine analogues with
potentiators

It is known that the effectiveness and potency of various antibiot-
ics can be improved when they are used in cocktails with adju-
vants and potentiators allowing, e.g. effective transportation of a
drug into the target site of action.47–49 In order to evaluate the
influence of the addition of doxorubicin (DOX; Figure 4) or
branched polyethylenediamine – (PEI, polyethylenimine; Figure 4)
on the activity of our lead compounds 8 and 13, tests were per-
formed in SKBR-3, PC-3, SKOV-3, and HDF cells for their 1:1 equi-
molar mixtures (Table 3).

As shown in Table 3, DOX reveals a comparable activity at
IC50�0.7mM towards all studied cancer cell lines at enhanced tox-
icity in the HDF normal cell line, relative to those of GDM (Table
2). Compounds 8 and 13 are of lower potency in studied cancer
cell lines, although they simultaneously exhibit reduced toxic
effects in HDF cell line, when referred to DOX and PEI. With the
addition of PEI to 8 and 13 opposite changes in the potency
were noted. The equimolar mixture 131PEI showed significantly
improved potency relative to that of 13 (IC50(131PEI)�0.6 mM vs.
IC50(13)�2 mM). Interestingly 131PEI mixture showed even slightly
higher anticancer potency (IC50 ¼ 0.62 mM) than PEI itself in
SKOV-3 cells. Unfortunately, with the increased potency of mixture
131PEI, its toxicity also showed a 3-fold increase in HDF cells in
comparison with 13. In turn, the combined use of 8 with PEI
resulted in decreased anticancer activity and cytotoxicity, both
relative to 8 and PEI. The use of 8þDOX and 13þDOX mixtures
improved potency in SKBR-3 cells relative to 8 and 13, respect-
ively. For the 13þDOX mixture, the analogous result was also
obtained in SKOV-3 and PC-3, in contrast to 8þDOX. The mark-
edly enhanced anticancer activities of 13þDOX in studied cancer
cell lines relative to that of 13, is accompanied by nearly pre-
served toxicity in HDF cells (IC50 level�3 mM). Thus, our studies
showed that the use of better water-soluble salt 13 than com-
pound 8, in an equimolar mixture with PEI and DOX, contribute
to markedly improved anticancer activity in SKBR-3, SKOV-3, and
PC-3 (IC50�3 mM), however, at the expense of increased toxicity in
normal cells, when referred to 13. Furthermore, tests with
13þDOX mixture showed some available compromise between
relatively preserved cytotoxicity (at the level IC50�3 mM) and
enhanced anticancer potency to IC50�1 mM, especially in the PC-3
cell line (SI�3).

Conclusions

The quinuclidine analogue 8 of GDM and its N-alkylammonium
salts 9–13 have been synthesised and tested in nine cancer
(MDA-MB-231, MCF-7, HeLa, HepG2, SKBR-3, SKOV-3, PC-3, U-87,
and A-549) and two normal (CCD39Lu and HDF) cell lines. The
biological activities of these compounds were compared with
those of GDM and C(17)-analogues 1–7. Structural studies of 1–13
using 1D and 2D NMR and x-ray crystallography methods revealed
nearly identical conformation of the ansa-bridge, the trans config-
uration of the lactam group and similar arrangement of the C(17)
substituents relative to the quinone core in solution and in solid.
The MTT assay revealed that 8 is the most active derivative
among studied C(17)-analogues of GDM in the 1st panel of MDA-
MB-231, MCF-7, HeLa and HepG2 cancer cell lines at low
IC50s�0.1–1 mM. The anticancer activities of 8 in these cancer cell
lines were markedly higher than GDM, except for the HepG2 cell
line. A higher potency of 8 than GDM was noted also in the A-
549 cell line of the 2nd panel. Unfortunately, alongside the attract-
ive potency of 8, higher and lower toxicities than GDM were
noted in CCD39Lu and HDF normal cell lines, respectively. Studies
in MCF-7 cancer cell line revealed improved activities of N-alky-
lammonium salts 9–13 when compared to GDM (e.g. IC50(13) ¼
2.31 mM vs. IC50(GDM) ¼ 3.51mM), at together reduced toxic effects
in HDF and CCD39Lu normal cell lines (IC50 even > 10mM). Our
studies showed that the limited toxicity of 9–13 salts can be
linked with their low clogP and improved water solubility relative
to GDM (almost water-insoluble). In studied cancer cell lines,
among 9–13 salts the most potent were those without heteroa-
toms in the attached tail at the nitrogen of C(17)-quinuclidine bas-
ket. Molecular docking of the most potent salts 8, 10, and 13
indicated the intermolecular hydrophobic stabilisation of the qua-
ternary C(17)-quinuclidine arm with K58 or with Y61 of Hsp90. A
more beneficial binding energy of the 8-Hsp90 complex than that
for 10 or 13 complexes explains a higher anticancer activity of 8
than 10 and 13. Our studies also showed that quaternisation of
the nitrogen within C(17)-quinuclidine containing arm can be a
useful strategy in decreasing the toxicity of GDM analogues in
normal cells, at a simultaneously improved or preserved anti-
cancer activity in MCF-7 and A-549 cancer cell lines, respectively
(e.g. compound 10). The use of 13 with potentiator PEI leads to
improved or comparable anticancer activities relative to those of
the salt and PEI, respectively. However, this beneficial anticancer

Figure 4. Structures of tested selected potentiators of quinuclidine analogues
of GDM.

Table 3. Anticancer activities [IC50 (mM) ± SD] of 8 and 13 and their equimolar
1:1 mixtures with DOX and PEI in SKBR-3, SKOV-3, and PC-3, compared with
toxicity determined in normal human dermal fibroblasts (HDF) cell line [IC50
(mM) ± SD] and selectivity indexes [SIHDF].

Cmpd. SKBR-3 SKOV-3 PC-3 HDF

8 1.49 ± 0.29
[SI 2.16]

1.16 ± 0.92
[SI 2.78]

1.47 ± 0.31
[SI 2.19]

3.22 ± 0.18

81DOX 1.06 ± 0.08
[SI 2.42]

1.74 ± 0.02
[SI 1.48]

1.71 ± 0.11
[SI 1.50]

2.57 ± 0.07

81 PEI 2.61 ± 0.11
[SI 1.53]

2.04 ± 0.01
[SI 1.96]

2.68 ± 0.03
[SI 1.49]

3.99 ± 0.22

13 2.02 ± 0.11
[SI 1.89]

2.17 ± 0.06
[SI 1.76]

2.05 ± 0.09
[SI 1.86]

3.81 ± 0.11

131DOX 1.33 ± 0.21
[SI 2.40]

1.49 ± 0.16
[SI 2.14]

1.09 ± 0.01
[SI 2.93]

3.19 ± 0.31

131 PEI 0.55 ± 0.02
[SI 1.93]

0.62 ± 0.05
[SI 1.71]

0.59 ± 0.01
[SI 1.80]

1.06 ± 0.06

DOX 0.72 ± 0.04
[SI 2.11]

0.74 ± 0.06
[SI 2.05]

0.68 ± 0.01
[SI 2.24]

1.52 ± 0.03

PEI 0.53 ± 0.05
[SI 1.55]

0.69 ± 0.01
[SI 1.19]

0.51 ± 0.02
[SI 1.61]

0.82 ± 0.11

Selectivity index [SIHDF] ¼ IC50 normal cell line HDF/IC50 respective cancer
cell line.
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effect was observed at the expense of increased toxicity in normal
cells, when referred to 13.
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