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Heat shock protein 90 (Hsp90) is an appealing anticancer drug target that provoked a tremendous wave
of investigations. Geldanamycin (GA) is the first identified Hsp90 inhibitor that exhibited potent anti-
cancer activity, but the off-target toxicity associated with the benzoquinone moiety hampered its clinical
application. Until now, structure optimization of GA is still in need to fully exploit the therapeutic value
of Hsp90. Due to the structural complexity and synthetic challenge of this compound family, conventional
optimization is bound to be costly but high efficiency is expected to be reachable by combining the art of
rational design and total synthesis. Described in this paper is our first attempt at this approach aiming at
rational modification of the C6-position of GA. The binding affinities towards Hsp90 of compound 1 (C6-
ethyl) and 2 (C6-methyl) were designed and predicted by using Discovery Studio. These compounds were
synthesized and further subjected to a thorough in vitro biological evaluation. We found that compounds
1 and 2 bind to Hsp90 protein with the ICso of 34.26 nmol/L and 163.7 nmol/L, respectively. Both com-
pounds showed broad-spectrum antitumor effects. Replacing by ethyl, compound 1 exhibited more potent
bioactivity than positive control GA, such as in G2/M cell cycle arrest, cell apoptosis and client proteins
degradations. The results firstly indicated that the docking study is able to provide a precise prediction
of Hsp90 affinities of GA analogues, and the C6 substituent of GA is not erasable without affecting its

biological activity.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heat shock protein 90 (Hsp90) is a molecular chaperon first
identified in the 1960s [1]. Overexpression of Hsp90 is commonly
observed in cancer cells, and many of its client proteins are known
to be oncogenic, e.g., Her-2, HIF-1«, VEGFR, p53 [2,3]. Neckers and
coworkers [4-6] revealed in 1995 that benzoquinone ansamycin
family natural products inhibit chaperon activity of Hsp90 by bind-
ing to its ATP-binding site located within its N-terminal domain,
triggering the degradation of several down-stream oncogenic pro-
teins and apoptosis of cancer cells. This finding, and other con-
temporary studies as well, provoked tremendous efforts in search
of clinically useful Hsp90 inhibitors for the treatment of cancer,
and early progress in this campaign appeared encouraging [7]. The
number of investigational small molecular Hsp90 inhibitors raised
quickly in a short period, among which nearly a dozen received
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clinical trials. However, the most legendary cases are definitely
those related to geldanamycin (GA), a representative member of
benzoquinone ansamycin, as three semisynthetic analogous of GA,
namely 17-AAG, 17-DMAG and IPI-504, had advanced into phase III
clinical trials [8]. Nevertheless, these agents failed to exhibit clin-
ical benefits, largely due to adversary effects such as hepato- and
pulmonary toxicity that were not predicted in their early studies
but believed to be associated with the quinone moiety embedded
in the molecules [9]. Therefore, we started an attempt aimed at
quinone-free analogous with elevated or at least retained Hsp90
affinity and anticancer activity.

On realizing that semisynthetically amenable sites within the
molecules of benzoquinone ansamycins are not only very limited
themselves but also have been exhausted in early studies [10],
we decided to take an unprecedented approach that would com-
bine the techniques of total synthesis and rational drug design. In
order to pursue a better planned exploration, we first proved in
a preliminary study that quinone-free analogues of benzoquinone
ansamycins were capable of exhibiting anticancer effects [11,12],
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Fig. 1. Cocrystal structures of GA and C6-Alkyl variants. Structures, binding patterns and two-dimensional interaction modes of GA (A), compounds 1 and 2 (B) with Hsp90

(PDB 1YET).

and in a following study we addressed a challenging synthetic
problem concerning the C8-modification of the natural products
[13]. Recently, we reported a total synthesis of GA [14] that was ex-
pected to be highly compatible to the philosophy of rational drug
design. Herein we report the result from our first attempt of ratio-
nal design directed total synthetic SAR study of GA.

Docking analysis was performed to illustrate the interactions
between Hsp90 (PDB 1YET) and GA. As shown in Fig. 1A, when
binding to the target, the compound adopted a compressed C-
shape conformation. The benzoquinone part served as the top of
the “C”, while the ansa ring formed the stem and bottom of “C”.
Although there is extensive surface complementarity between the
compact GA structure and the pocket, there remains a buried cav-
ity filled with three water molecules near the C6-methoxy and the
carbamate groups [15]. It is conceivable that replacing the methoxy
at the C6 position with 4-6 non-hydrogen bonding atoms may en-
hance the spatial complementarity between the ligand and the tar-
get. Besides, from the electrical distribution of the binding cav-
ity, the pocket becomes increasingly hydrophobic toward the bot-
tom, mainly covering the C5-C10 region of the ansa ring. There-
fore, the substitution of C6-OMe to a hydrophobic group may en-
hance the interaction with the amino acid residues inside the bind-
ing cavity, thus enhancing the hydrophobic interaction of GA with
Hsp90.

Based on the rational indicated by the cocrystal structure of GA
and Hsp90, we designed C6-ethyl and C6-methyl variants of GA
in order to confirm the speculations. To verify the binding mode

Table 1
CDOCKER interaction energy values of the target compounds.

Compd. 6-R CDOCKER interaction energy values (kcal/mol)
GA OCH3 66.1115
1 CH,CH3; 67.3285
2 CH3 63.8581

of these compounds, we used Discovery Studio (version 2018) to
simulate the virtual docking between compounds 1, 2 and Hsp90.
Due to the structural similarity between compounds 1 and 2 and
the inhibitor co-crystalized, the 3D structure of Hsp90 was selected
and obtained from the Protein Data Bank with the PDB code 1YET
for docking study. The protein was prepared by removing water
and adding hydrogen atoms. The structures of compounds 1 and
2 were generated and molecular docking was performed with the
Discovery Studio 4.5 software package (Accelrys, San Diego, USA).
The docking calculation was carried out with the CDOCKER pro-
tocol. In the process of CDOCKER docking, the pose cluster radius
was set to “0.5”. Other parameters were used as default. CDOCKER
interaction energy values of the target compounds were shown in
Table 1.

The synthesis of compounds 1 and 2 was achieved by the syn-
thetic route slightly modified from our earlier results [13,14,16]
and was shown in Scheme 1. Detailed experimental procedures
and compound characterization data can be found in Supporting
information. C5-C12 fragment 4 was prepared in 16 steps for 4a
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Scheme 1. Synthesis of C6-alkyl variants of GA. Reagents and conditions: (a) n-BuLi, THF, —78 °C, 30 min; (b) Dess-Martin, NaHCO3, DCM, 0 °C to r.t,, 1 h; (c¢) Sml,, MeOH/THF
(3:2, v/[v), =78 °C, 15min; (d) Zn(BH,),, cyclohexene, 2-methoxyproene, Et,0, 0 °C to r.t., 3h; (e) Me3OBF,, proton sponge, DCM, 0 °C to r.t., 1h; (f) DIBAL-H, DCM, —78
°C, 30min; (g) Dess-Martin, NaHCO3, DCM, 0 °C to r.t,, 2h; (h) methyl 2-(bis(2,2,2-trifluoroethoxy)phosphoryl)acetate, 18-crown-6, KHMDS, THF, —78 °C, 3 h; (i) DIBAL-H,
DCM, —78 °C, 1h; (j) Dess-Martin, DCM, 0 °C, 2 h; (k) ethyl 2-(triphenyl-15-phosphaneylidene)propanoate, toluene, reflex, 1h; (1) pyridine/HF-pyridine/MeCN (1:1:2.5, v/v/v),
acetonitrile, r.t., 4 h; (m) Pd(PPhs),, N,N-dimethylbarbituric acid, DCM, reflux, 4 h; (n) LiOH, MeOH/THF/H,0 (2:2:1, v/v/v), r.t,, 12 h; (0) BOPCI, DIPEA, toluene, 85 °C, overnight;
(p) CI3CCONCO, DCM, r.t., 20 min; (q) K;CO3, MeOH, r.t., 2.h; (r) TMSBr, DCM, —30 °C, 3 h; (s) Pd/C, air, EtOAc, r.t., 30 min.

and 15 steps for 4b from crotyl alcohol, and C13-C21 fragment 3 in
15 steps from vanillain [17].

Sulfonyl compound 3, the C13-C21 fragment of the target
molecules, was deprotonated at C13 using n-butyl lithium and re-
acted with aldehyde 4 to furnish the coupling of the two ma-
jor building blocks. The resulting B-hydroxy sulfone was oxidized
using Dess-Martin oxidant to give the corresponding o-sulfonyl
ketone and then reduced with Sml, to remove the C13-sulfonyl
group to give compound 5 in an overall yield of 80% for 5a and 80%
for 5b. Chelation controlled reduction of 5 with zinc borohydride
helped secure the anti-stereochemistry between C11 and C12, and
newly formed C12-OH was methylated to give 6a and 6b in 66%
and 75% yield over 2 steps.

Reductive removal of the pivalyl group in 6 and the following
Dess-Martin oxidation of the C5-OH led to an aldehyde that were
further subjected to a Z-selective HWE reaction with methyl
2-(bis(2,2,2-trifluoroethoxy) phosphoryl) acetate, giving compound
7a in 93% yield and 7b in 86% yield, respectively. The ester group
in 7 was reduced to hydroxyl and then oxidized to aldehyde, again
using a Dess-Martin oxidant. Wittig reaction of this intermediate
gave compound 8 in 75% yield for 8a and 70% for 8b over 3 steps
[18].

A 4-step sequence comprising 1) pyridinium hydrofluoride af-
fected TBS removal; 2) Pd catalyzed N-deallylation; 3) basic hy-
drolysis of the ethyl ester and 4) BOPCI promoted macrocyclization
delivered compound 9 with a fully established skeleton. Then C7
carbamoyl group was introduced as previously described to give
10. Total MOM removal was then furnished by using TMSBr, and
the resultant hydroquinone was oxidized to the target molecules
with air under the catalysis of Pd/C [19,20].

Compounds 1 and 2 were submitted to a thorough character-
ization using 'H and 3C NMR, MS and IR. The spectra met well
with the designed structures. More importantly, we noticed that
compound 2 is a natural product isolated by Ni et al. [21]. A com-
parison of the spectra of 2 and that of the reported data indicated
that the two compounds are identical.

Subsequently, fluorescence polarization assays were performed
to determined binding affinity of these compounds towards
Hsp90« protein according to our previous described [22], and re-
sults were summarized in Fig. 2. GA and NVP-AUY922 were tested
in parallel as the control compounds. Likely with GA, compounds 1
and 2 dose-dependently competed with the probes VER00051001
binding toward Hsp90 N-terminal domain. Compound 1 displayed
a rather potent Hsp90 binding activity with the ICsy value of
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Fig. 2. Hsp90 binding affinity and cell viability of synthesized GA derivatives. (A) The competitive binding affinity of compounds on the N-terminal domain of Hsp90w.
Different concentrations of compounds 1 and 2 or positive control Hsp90 inhibitors GA and NVP-AUY922 were incubated with VER0O0051001 and Hsp90« for 48 h and
subjected to fluorescence polarization (FP) assay. (B) The antiproliferative inhibition after exposure of compounds 1 and 2 for 72 h was detected by MTT assay.

34.26 nmol/L, which is comparable to the reported Hsp90 inhibitor
GA (ICsg, 10.33 nmol/L). And, the IC5q value of compound 2 is 5-
fold more than compound 1. It is assumed that more than one
non-hydrogen atoms are essential for Hsp90« binding. When the
C6-ethyl was replaced of C6-methoxy, the Hsp90« binding affinity
activity remained at the same level. However, methyl displacement
decreased the binding activity.

In addition, an MTT assay was performed to detect the anti-
proliferation activity of GA derivatives in A549, HCT116, Capan2
and U251 cell lines. As shown in Fig. 2B, like GA, these compounds
exhibited potential and widespread anti-tumor effects. Compound
1 showed more potent growth inhibition than positive control GA
in human glioblastoma U251 cell and human pancreatic cancer Ca-
pan2 cell. SAR investigation suggested that in replacing the ethyl
with methoxy, compound 1 with higher lipophilicity and displayed
enhanced cytotoxic activity with the ICsy value of 1.622 nmol/L and
41.23 nmol/L in U251 and Capan2 cells. The replacement of methyl
with methoxy, showed a decreased activity with an IC5o value of
7.234 pmol/L and 10.92 pmol/L.

Flow cytometric analysis was performed to determine the cell
cycle arrest and apoptosis after the structural modifications. As
shown in Fig. 3, 0.1 pmol/L of compound 1 significantly increased
the cell distribution of G2/M phase, the percentage of cells in G2/M
phase was increased from 19.89% to 87.22% in Capan2 cells and
from 20.16% to 57.89% in HCT116 cells. Meanwhile, compound 1
(0.1 pmol/L) dramatically increased the proportion of cell apop-
tosis, which were increased to 31.51% and 50.55% in Capan2 and
HCT116 cells (Figs. 3A and B). The induction of G2/M phase arrest

and apoptosis after treatment with compound 1 are more poten-
tial than those of equal concentration of GA. Consistently, the ex-
pressions of G2/M checkpoints including cdc25c, cdc2 and cyclinB
were notably decreased by compound 1 in a dose-dependent man-
ner. Cleaved-PARP, as a key marker of apoptosis, was markedly in-
creased after exposure to compound 1 (Figs. 3C and D, Fig. S2 in
Supporting information). These results indicated that compound 1
exhibited a similar mechanism of action to those of control com-
pound GA.

We also investigated the influence of compound 1 on EGFR
and IGFR protein expressions, which were commonly clients of
Hsp90 chaperon, and their downstream signaling pathways were
crucial for proliferation and aggravation of cancer. As shown in
Fig. 4 and Fig. S2, compound 1 significantly reduced the lev-
els of EGFR/phosphorylated EGFR and IGF-1RS and suppressed
downstream AKT and ERK1/2 signaling. Additionally, the re-
duction of Hsp90 client proteins was concurrent with an in-
crease of Hsp70 and Hsp90, established biomarkers of Hsp90 N-
terminal inhibition. Taken together, likely GA, compound 1 tar-
gets Hsp90 N-terminal domain and inhibits multiple oncoproteins
expressions.

Based on a previously identified Hsp90 inhibitor GA, two C6-
alkyl derivatives were rationally designed, synthesized and eval-
uated. During the synthesis, it was unexpectedly discovered that
compound 2 has been reported in the literature as its natural
source, which is a branched product of the GA biosynthesis pro-
cess [21]. The NMR data of the final compound 2 obtained by to-
tal synthesis were compared with those reported in the literature,
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Fig. 3. The effect of compound 1 on cell cycle arrest and apoptosis in human cancer cells. (A) The cell cycle distribution was examined using flow cytometry assay. (B) The
proportion of cell apoptosis was measured by flow cytometry assay. (C, D) The protein expressions of G2/M checkpoints and cleaved-PARP were detected by Western blot
assay.
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and the structure was verified to be correct, relying on which the
structure of compound 1 was also confirmed.

The bioassay results fit well to that predicted by computational
analysis, indicating that Discovery Studio is a powerful and reliable
tool for molecular design. The obvious decrease of bioactivity of
compound 2 implied that a shortened branch at C6 is detrimental,
while more lipophilic substituent at this site may help increase the
compound’s binding affinity.
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