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ABSTRACT

The cephalostatin and ritterazine natural products comprise a potent family of bis-steroidal pyrazines that display potent single-digit nanomolar
inhibition of tumor cell growth. An active fluorescent ritterazine—cephalostatin hybrid probe was developed using detailed SAR data derived
through total synthetic efforts. A combination of time course and confocal imaging studies indicate that this natural product family is rapidly taken
up in tumor cells and localizes subcellularly within ER and surrounding the nuclear—ER interface.

Ritterazine B (1) is a member of a large family of natural
products (over 45 cephalostatin and ritterazine congeners)
that were isolated from marine organisms by the labora-
tories of Pettit'* and Fusetani.'® The unique structure of
these bis-steroidal compounds (see Figure 1) along with
their potent single-digit nanomolar inhibition of tumor cell
growth is highlighted by an average Gls, value of 1.2 nM
for cephalostatin 1 (2) in the NCI-60 cell line screen. This
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potent activity along with their unique cell selectivity and
apoptotic response has drawn attention to their potential
as clinical leads for cancer.’

Soon after their isolation, synthetic programs were
launched, with the first total synthesis reported in 1995.2
While these synthetic tools now provide access to ana-
logues with improved activity and ease of access,” a detailed
understanding of the mechanisms by which the ritterazines
and cephalostatins induce tumor cell apoptosis remains
unclear.’ Recent studies from a team led by Shair suggest
that 1 and 2 target an oxysterol binding protein (OSBP);
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however, a link between this target and the apoptotic
activity of 1 and 2 has yet to be established.®

cephalostatin 1 (2) R=OH, ICsp (NSC363979)=1.2 nM
23'-deoxycephalostatin 1 (3) R=H, IC5q (NSC722280)=12 nM

ritterostatin Gy1y (4) Ry=OH, Ry=H, ICgo (NSC699013)=14 nM
25-epi-ritterostatin Gy 1y (5) Ry=H, R,=OH, ICsp (NSC720780)=0.5 nM

Figure 1. Structures of ritterazine B (1), cephalostatin 1 (2), 23'-
deoxycephalostatin 1 (3), ritterostatin Gnly (4), and 25-epi-
ritterostatin hybrid Gnly (5).

Our ability to synthesize cephalostatin, ritterazine, and
hybrid analogues has been used to supply sufficient quan-
tities of materials for detailed biological and in vivo studies.
For instance, the first-generation synthesis of 110 mg of
23'-deoxycephalostatin 1 (3) was used to characterize their
apoptotic activity and evaluate the accompanying mito-
chondrial damage and cytosolic Ca®" increase.” These
studies have also shown that 3 engenders a 50—60% increase
in mouse lifespan in U87MG brain cancer xenografts.® Syn-
thetic samples (from 245 mg total) of 25-epi-ritterostatin
Gl (5) were further screened for in vitro activity against
multiple cancer cells lines of different tissue origins.***

Given our synthetic access, application of these materi-
als to prepare and evaluate fluorescent probes was a logical
next step. Our unsymmetrical pyrazine synthetic route
operates through a coupling of a a-azidoketone and a

a-aminomethoxime.** Since both steroidal precursors
pass through the a-azidoketone stage, there are two coupl-
ing modes to the same product. The bottom line is that this
unsymmetrical pyrazine synthesis provides dependable
late-stage coupling of an exceptionally valuable pair of
3-ketosteroids with the expectation of excellent overall
yield and preservation of acid-labile spiroketal stereo-
chemistry. The average yield for the initial 59 cases
examined was 72%.

Using SAR studies as a guide,” the C-25 position was
targeted, as it has shown tolerance to modification. Our
studies focused on use of an immunoaffinity fluorescent
(IAF) label,'® as this label has been shown to provide
effective probes without phenotypic modification and
modest loss in cell viability and activity.

Scheme 1. Synthesis of IAF-Labeled Fluorescent Probe 7

Fmoc-Gly,EDC

HOBt, DMAP

CHCl, 1t, 4 h
75%

o

FmocHN/\r(O
0]

o -

OHpg
HATU,EINPr, 3
DMF, 1, 75%

1. piperidine
THF, rt, 3.5 h
100%

HATU, EtN/Pry
DMF, 0 °Ctort,
4h, 70%

Glycine IAF label 6a'' was coupled with 25-epi-ritterosta-
tin Gyl (5) at the C-25 position to deliver probe 7 (Scheme 1).
The same probe 7 was also obtained through a stepwise pro-
cedure involving an Fmoc-protected intermediate 8.

Using the MTT assay, probe 7 demonstrated an activity
of ICsg value of 79 4 4 nM against HCT-116 cells.'* With
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Figure 2. Time-course imaging depicting the uptake and subcelluar localization of probe 7 in live HCT-116 cells. Images were collected
using a custom built fiberoptic microscope (see the Supporting Information) that was mounted on a computer-driven XY Z micrometer
adjustable stage and was equipped to excite with an LED at A., = 380 nm and collect emission at A.,, = 448 4+ 20 nm. Images were
collected at 30 min intervals over a 24 h period using identical optical parameters. A concentration gradient of each probe was
conducted and compared to cells treated with dragmacidin D (9), an ER stain, and IAF-labeled nogalamycin (10), a nuclear stain and
an IAF control, compound 6b. Images are provided at (a) 1 h, (b) 6 h, (c) 12 h, and (d) 24 h. Bar denotes 10 um.

active probe and access to panel of IAF-labeled natural
products and controls,!'® our studies shifted to develop a
detailed description of the uptake and subcellular localiza-
tion of 7.

Using inexpensive components, a live cell imaging sys-
tem was built containing a polycarbonate CO, incubator
mounted on the head of computer-driven fiberoptic micro-
scope (see the Supporting Information). The instrument
was designed to rapidly capture images from 24 experi-
ments in parallel at 30 min intervals over a 24 h period.
In this system, the uptake of three concentrations of probe
7 was measured in triplicate along the respective positive
and negative controls (Figure 2).

An identical outcome was observed after multiple of
repetitions. After 6 h, probe 7 appeared in the nuclear
membrane and extending into the endoplasmic reticulum
(ER). The intensity of this stain increased until 12 h where
it remained consistent thereafter (imaging was conducted
up to 24 h). This localization was confirmed by comparison
with a complementary blue-fluorescent nuclear stain, IAF-
labeled nogalamycin (10),%° and blue-fluorescent ER stain
dragmacidin D (9) (structures of 9 and 10 are provided in
the Supporting Information)."® Further controls indicated
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that the label alone did not stain cells under identical
conditions.'* Even at concentrations up to 250 uM, the
lack of fluorescence from controls such as 6b (Scheme 1) in
live cells indicated that the uptake and localization was
indeed due to the natural product’s activity.

While time course imaging served for initial analyses,
confocal microscopy provided improved resolution. Using
the data from the time course studies, HCT-116 cells were
treated with 0.1 uM 7 for 12 h, washed with media, and
imaged. These studies provided further support for the
localization in the endoplasmic reticulum (er, Figure 3a)
and around the nuclear membrane (nm, Figure 3a). How-
ever, probe 7 was also observed on chromatin (label c,
Figure 3a) within the nucleus of HCT-116 cells. By eval-
uating other cell lines, this observation was linked to a
unique selectivity in HCT-116 cells. For example, probe 7
was not localized on chromatin in HeLa cells (label c,
Figure 3b).

While control experiments indicated the label did not
alter the subcellular localization, further studies were con-
ducted to confirm the localization of probe 7 was compar-
able to ritterazine B (1) or celphalostatin 1 (2). Both 1 and
2 were shown to effectively block the uptake of probe 7
(as shown in Figure 3c,d).

This observation suggests two key points. First, ritter-
azine B (1) as well as probe 7 bind to their target in a strong
and irreversible manner (if this was not the case treatment
of cells exposed to 1 with probe 7, as in Figure 3c or d,
would have led to comparable localization as in Figure 3a).

Org. Lett, Vol. 13, No. 19, 2011
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Figure 3. Confocal fluorescent images detailing the subcellular
localization of probe 7 and corresponding natural products
ritterazine B (1) or celphalostatin 1 (2): (a) live HCT-116 cells
that were incubated with probe 7 for 12 h; (b) comparable
uptake arising from treating HeLa cells with probes 7 for 12 h;
(c) HCT-116 cells that were treated with ritterazine B (1) for 12 h
followed by probe 7 for an additional 12 h; (d) HCT-116 cells
that were treated with cephalostatin 1 (2) for 12 h followed
by probe 7 for an additional 12 h. Labels denote chromatin
(c), endoplasmic reticulum (er), nuclear membrane (nm), and
mitotic cell (m). Images were collected with excitation at Ao, =
405 nm and emission at A.;,, = 448 4+ 20 nm. Bars denote 10 um.

Second, and perhaps most importantly, probe 7 shares
a common target with ritterazine 1 and cephalostatin 2.
While suggested by related hybrid natural products,'® this
study provides direct evidence that the cephalostatins,
ritterazines, and hybrids of both natural products share a
common mode of action.
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Further insight into the cellular targeting was obtained
from examining mitotic cells treated with 7 (m, Figure 3b).
While localizing on chromatin in mature cells, probe 7 was
not observed binding to the chromosomes during mitosis.
As illustrated in Figure 3b, fluorescence from 7 was
observed in the cytosolic space prophase to telophase. This
observation was consistent with the transitioning of the
nuclear envelope and ER membranes during mitosis.'®

In summary, this study describes the preparation of a
fluorescent probe based on a ritterazine—cephalostatin
hybrid. Time course and confocal microscopy indicate
that a ritterazine—cephalostatin hybrid probe shares a
common uptake and subcellular localization in the ER,
nuclear membrane, and chromatin with ritterazine B (1)
and cephalostain 1 (2). The observed uptake and subcel-
lular localization was consistent with the transitioning
during mitosis."?

The study further illustrates how scarce natural materi-
als made available through complex chemical synthesis
play a pivotal role in evaluating natural product activity.
Our program is now focused on applying these materials to
identify the molecular targets and pathways modulated by
this unique class of bis-steroidal alkaloid, with the goal of
identify the pathways regulated by probe 7 during cell
growth and division.
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