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Abstract—Quinoline-5,8-dione-based compounds were designed from the structure of the geldanamycin-bound Hsp-90 active site.
The active site model predicted that aromatic substituents should be present at the 2-position, to take advantage of a hydrophobic
pocket, and amino substituents should be present at the 6- or 7-position. COMPARE analysis revealed that the LC50 profile of 2-
phenyl-6-(2-chloroethylamino)quinoline-5,8-dione has the highest geldanamycin-like activity (0.74 correlation coefficient).
# 2003 Elsevier Ltd. All rights reserved.
The term, ‘heat shock protein,’ comes from the initial
observation that this chaperone protein is elevated in
the presence of heat stress. Actually, any stress can
cause Hsp-90 elevation so as to process signaling pro-
teins important for cell division. The cancer cell is in
fact under a great deal of stress due to hypoxia, nutrient
deprivation, chemotherapy, and radiation. Thus, var-
ious histological cancers types in fact possess elevated
levels of Hsp-90 including leukemias, lymphomas, as
well as androgen- and estrogen-dependent cancers
(prostrate and breast).1�3 Heat shock protein (Hsp-90)
is a relatively new target for cancer chemotherpy and
therefore has been the subject of intense drug design
efforts.1,4,5 The prototype inhibitor of Hsp-90 is gelda-
namycin shown in the inset of Figure 1. This complex
natural product has been the subject of total synthesis6,7

and analogue development.8 In addition, the synthesis
and screening of purine libraries has afforded small
molecules capable of geldanamycin-like binding to
HSP-90.9�11 This laboratory approached HSP-90 inhi-
bitor design by molecular modeling and library syn-
thesis. The quinoline quinone analogue shown in Figure
1 was designed from the HSP-90 crystal structure.12

The preparation of the target compounds was initiated
with the Friedlander quinoline synthesis, Scheme 1. Thus,
the reaction of 2-amino-3,6-dimethoxybenzaldehyde13

with the appropriate ketones afforded substituted-5,8-
dimethoxyquinolines. Oxidative demethylation of the
substituted 5,8-dimethoxyquinolines, to produce sub-
stituted quinoline-5,8-diones, was effected in high yields
with ceric ammonium nitrate.14 Reaction of the quino-
line-5,8-diones with aziridine in ethanol15 produced
both 6- and 7-aziridinylquinoline-5,8-diones, with the 6-
aziridinyl isomer being produced in much higher yield.16

Treatment of the quinoline-5,8-diones with aziridine for
long periods of time (several hours) could result in dia-
ziridination based of previous reports.17

The proton NMRs of the 6- and 7-aziridinyl isomers
were indistinguishable and the isomers had to be iden-
tified by HMBC and HMQC NMR experiments. The 6-
aziridinyl-isomer showed a HMBC 3-bond correlation
between both the 4- and 7-protons and the 5-carbon.
The 7-aziridinyl-isomer showed a HMBC 3-bond corre-
lation between the 4-proton and the 5-carbon and the 6-
proton and the 8-carbon. Therefore, the 6- and 7-iso-
mers can be distinguished by HMBC 3-bond correlation
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Figure 1. The colors shown in the quinoline structure and the corre-
sponding colors in the geldanamycin structure reflect overlapping
binding sites in the active site of Hsp-90.
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between the quinone proton of the product and either
one carbon (6-isomer) or two carbons (7-isomer).

The aziridinyl group was present as a possible alkylating
center of the Hsp-90 active site as well as a starting
point for other analogues that could be obtained by ring
opening with a variety of nucleophiles. Currently,
libraries of a variety of 6- and 7-substituted quinoline-
dienes are being prepared and screened. In this report
the results for two aziridinyl ring opened analogues, 6-
(2-hydroxyethyl and 6-(2-chloroethyl), are presented. A
list of compounds discussed in this communication are
found in Table 1.
Cytotoxic and Cytostatic Evaluation

Provided in Table 2 are the cytostatic/cytotoxic para-
meters and cancer specificity for the compounds in
Table 1. These in vitro data were obtained under the
In Vitro Cell Line Screening Project at the National
Cancer Institute.18,19 The cytostatic parameters shown
in Table 2 include GI50 and TGI, which are the con-
centrations of drug required for 50% growth inhibition
and total growth inhibition, respectively. The cytotoxic
parameter is the LC50, which is the concentration required
for 50% cell kill. The log mean values for GI50, TGI,
and LC50 in 60 cell lines are provided in Table 2 along
with the log delta value (the maximum sensitivity in
excess of the mean) and the log range (the maximum
difference between the least sensitive and the most sen-
sitive cell lines). These parameters have provided
insights into selectivity and potency of antitumor agents
in previous studies.20 Large values of the delta and
range indicate high selectivity for some histological
cancers over others. Small negative median values (�5
to �6) along with small delta and range values indicate
an inactive compound.

The results shown in Table 2 led to the following
requirements for optimal activity: (1) Groups no bigger
than phenyl substituted at the 2-position. (2) Minimized
structures must have the 2-substituent planar with the
quinoline ring. (3) The aziridinyl group should be pres-
ent at the 6-position for optimal cytostatic activity. The
first generalization was made based on comparing the
cytostatic/cytotoxic parameters of 1–2 with those of 4–
5. The increase in size from phenyl to naphthyl results in
an increase in the median log GI50 and TGI parameters
(i.e., a decrease in potency). A decrease in cytostatic and
cytotoxic activity accompanies the replacement of the
phenyl of 1 with a 2-pyridyl substituent of 3. A mini-
mized structure of 3 revealed that repulsion between the
nitrogen lone pairs twists the 2-pyridyl ring out of the
plane of the quinazoline ring. In contrast, the phenyl
group of 1 is coplanar with the quinolinedione ring.
Finally, the data in Table 2 show that the 6-aziridinyl
analogues are consistently more active than 7-aziridinyl
analogues.

The aziridinyl ring can undergo acid-catalyzed ring
opening utilizing either water or chloride present in the
buffered solution as nucleophiles.21 When 1 was
screened again �6 months later by the National Cancer
Institute, its cytostatic/cytotoxic parameters changed
substantially (new parameters listed under 7 in Table 2).
One notable change was the high selectivity toward leu-
kemia cell lines with cytostatic/cytotoxic parameters in
the range of <10�8 M. This observation prompted
screening of the ring opening of the aziridinyl ring
opened analogues 6 and 7. The absence of activity
Scheme 1. Preparation of aziridinated quinolinediones.
Table 1. Quinolinedione analogues prepared and screened in this

study
Position
 Compd
2
 3
 6
 7
Phenyl
 H
 Aziridinyl
 H
 1
Phenyl
 H
 H
 Aziridinyl
 2
2-Pyridyl
 H
 Aziridinyl
 H
 3
2-Naphthyl
 H
 Aziridinyl
 H
 4
2-Naphthyl
 H
 H
 Aziridinyl
 5
Phenyl
 H
 NHCH2CH2OH
 H
 6
Phenyl
 H
 NHCH2CH2Cl
 H
 7
Table 2. Cytostatic and cytotoxic data obtained from the National Cancer Institute’s 60 cancer cell line pane
Compd
 GI50
 TGI
 LC50
Median
 Delta
 Range
 Median
 Delta
 Range
 Median
 Delta
 Range
1
 �7.28
 0.72
 2.18
 �6.29
 1.71
 4.00
 �5.39
 1.56
 2.98

2
 �6.58
 1.42
 2.87
 �5.75
 1.82
 3.27
 4.95
 1.36
 2.02

3
 �6.19
 1.28
 1.87
 �5.61
 0.88
 2.50
 �5.01
 0.72
 1.73

4
 �6.69
 1.31
 2.38
 �5.97
 1.47
 2.22
 �5.25
 0.88
 2.13

5
 �5.46
 1.34
 2.11
 �4.97
 1.08
 2.05
 �4.39
 0.95
 1.34

6
 �5.53
 2.47
 4.00
 �4.70
 1.49
 2.20
 �4.22
 1.32
 1.53

7
 �7.56
 0.44
 2.07
 �6.49
 1.51
 2.47
 �5.69
 2.31
 4.00
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observed for the 6-(2-hydroxyethyl) derivative 6 indi-
cates that an alkylating center, either aziridinyl or
chloroethylamino, is required for optimal activity.

COMPARE analysis18 revealed that the LC50 profile of
7 correlates well with that of a geldanamycin analogue,
NSC-255105, shown in Figure 2 (0.74 correlation coef-
ficient). COMPARE analysis of the LC50, GI50, and
TGI profiles of 7 against the ‘molecular targets’ data-
base revealed good correlations with a variety of tyr-
osine kinases including cdk2 and cdk5. There was no
correlation with levels of the two-electron reducing
enzyme DT-diaphorase in the cancer panel indicating
reductive activation of the quinone system is not neces-
sary. This enzyme is involved in the reductive activation
of aziridinyl quinones as alkylating agents.20,22 Thus,
the structure of NSC-255105 reflects some aspects of the
quinolinedione structure–activity relationship outlined
above. Thus a planar ‘phenyl group’ is present in NSC-
255105. The COMPARE results merely indicate that
both compounds share a common cytotoxic mechanism.
The next section addresses the role of Hsp-90 inhibition
in quinolinedione cytotoxicity.
Hsp90/Chaperone Assays

The quinolinediones listed in Table 1 were evaluated as
Hsp90/chaperone active agents using the following
assays: (1) Competition for binding to C-terminal ATP-
binding site on Hsp-90 using immobilized novobiocin.23

(2) Competition for binding to N-terminal ATP-binding
site on Hsp-90 using immobilized geldanamycin.24 3.
Heat shock response in fibroblasts stable transfected
with GFP reporter construct.25 4. Inhibition of lucifer-
ase re-folding in rabbit reticulocyte.26 None of the
compounds shown in Table 1 were active in these assays
when tested at concentrations of 20 and 200 mM.

The rational design of Hsp-90 inhibitors using the
structure of ATP-active-site-bound geldanamycin affor-
ded two cytostatic/cytotoxic compounds 1 and 7. Both
compounds possess an alkylating center at the 6-posi-
tion, but do not require reductive activation of the quin-
one ring for activity. Although COMPARE analysis
revealed geldanamycin-like cytostatic and cytotoxic
activity, none of the compounds prepared in this study
actually interact with Hsp-90 or interfere with protein
renaturation. An explanation for this observation is that
not all geldanamycin analogues, such as NSC-255105 in
Figure 2, target Hsp-90. The molecular targets of 1 and
7 are as yet unknown, but the cdks are the likely targets
based on COMPARE studies.
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