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Abstract
Fluorescent ligands for the heat shock protein 90 (Hsp90) were synthesized containing either
fluorescein isothiocyanate (FITC), 4-nitrobenzo[1,2,5]oxadiazole (NBD) or the red shifted dye
sulforhodamine 101 (Texas Red) conjugated to PU-H71. Two of the compounds, PU-H71-FITC2
(9) and PU-H71-NBD1 (8), were shown to be suitable for fluorescence-activated flow cytometry
and fluorescence microscopy. Thus these molecules serve as useful probes for studying Hsp90 in
heterogeneous live cell populations.
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Heat shock protein 90 (Hsp90) is a chaperone which functions to properly fold numerous
proteins to their active conformation. Many of its clients play a prominent role in disease
onset and progression in several pathologies, such as in cancer and neurodegeneration,1–3

and currently there is significant interest in the translation of Hsp90 inhibitors in the
treatment of cancers and other diseases.4, 5

While the Hsp90 protein is essentially identical in sequence in all human cells, the use of
Hsp90 inhibitors in treatment is justified by the selective biological activity of these
inhibitors against stressed, pathologically altered, cells.2 As a means to justify the observed
therapeutic index, a high-affinity binding of certain Hsp90 inhibitors for cancer cells and for
neurodegenerative disease afflicted neurons was reported.6, 7 While the biochemical nature
of this selective binding remains poorly understood, it is hypothesized that co-chaperones
and post-translational modifications alter the affinity of small molecules for the Hsp90
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chaperone complexes in a cell-by-cell manner.2, 8 Such heterogeneity in Hsp90 presentation
suggests that means to investigate the affinity of select Hsp90 inhibitors for the target in live
cells are needed.

Fluorescence-activated flow cytometry, remains a method of choice for enumerating,
purifying and analyzing cells.9, 10 In fact, a multitude of measurements can be performed
now by flow cytometry, and recent technical advances allow these measurements to be made
simultaneously on individual cells within heterogeneous populations.11 Such multiparameter
analysis is quite powerful as it provides more data from less sample, a key consideration
when patient samples are limited. Multiparameter analysis also allows more accurate
identification of populations, by excluding unwanted cells that bind some reagents.9, 10 The
method is thus optimal for analyzing the binding of Hsp90 ligands, when fluorescently
labeled, to distinct cell populations.

Fluorescently labeled ligands have historically had a wide variety of uses in biology and
pharmacology,12 and offer the advantage of retaining the pharmacological properties of the
unlabeled ligand. In addition to in vitro investigations of ligand-receptor binding, small
molecule fluorescent probes allow for real time and non-invasive monitoring of the
interaction between the target and the ligand in living cell populations, such as by means of
flow cytometry.

Fluorescently labeled inhibitors of Hsp90 have already been reported, with analogs of
geldanamycin (GM-FITC,13 GM-Bodipy,13 GM-cy3b14) as well as pyrazole 1 (fluorescein
analog, VER-00045864)15 used as ligands in fluorescence polarization assays (Figure 1). A
cell-impermeable GM-FITC derivative was used to identify cell surface Hsp90 by
fluorescence microscopy.16 Hsp90 however, is mainly a cytoplasmic protein with cell
surface expression detected only in certain cells.1, 2 Fluorescent probes are thus needed to
analyze both intracellular and cell surface Hsp90.

Fluorescent dyes absorb light at certain wavelengths and in turn emit their fluorescence
energy at a higher wavelength. Each dye has a distinct emission spectrum, which can be
exploited for multicolor analysis by flow cytometry. Among the most used are fluorescein
isothiocyanate (FITC), 4-nitrobenzo[1,2,5]oxadiazole (NBD) or the red shifted dye
sulforhodamine 101 (Texas Red). FITC and NBD are detected in the FL1 channel on most
instruments and are also a good choice for fluorescence microscopy (excitation 495 and 466
nM and emission 519 and 539 nM, respectively), whereas Texas Red is detected in FL3 on
single laser instruments (excitation 589 nM and emission 615 nM).

This work investigates the synthesis of various fluorescently labeled derivatives of PU-H71
(2), a purine-scaffold inhibitor of Hsp9017 (Figure 1) and describes their biological
application as probes for studying Hsp90 by fluorescence-activated flow cytometry and
fluorescence microscopy. Several Hsp90 inhibitors based on the purine-scaffold, including
BIIB021, MPC-3100, PU-H71 and Debio 0932 (formerly CUDC-305) are currently in
clinical development for cancers.18, 19

For the development of small dye-labeled ligands, the selection of an optimal fluorophore
and its site of attachment are of high relevance. Particularly in small molecules the
introduced dye can crucially affect the biochemical and pharmacologic characteristics of the
ligand. According to the X-ray crystal structure of PU-H71 (2) bound to Hsp90,20 the N9-
alkylamino chain of the ligand is oriented towards solvent. As a result of this, as well as
previous SAR, each of the compounds synthesized here contains the fluorescent label
attached to the N9 position. Three types of derivatives of PU-H71 with different linkers
were labeled with either FITC, NBD or Texas Red (TR).
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In the first type, a six carbon spacer was appended to the constituent amine (Scheme 1). We
had previously used this linker to attach PU-H71 to solid support and showed that 3 retains
good affinity for Hsp90.21 3 was reacted with FITC in DMF/Et3N to give 4 (PU-H71-
FITC1) in 40% yield following purification by HPLC (Scheme 1). PU-H71-Texas Red (5;
PU-H71-TR) was synthesized by the reaction of 3 with sulforhodamine 101 sulfonyl
chloride in DMF to give 5 in 61% yield following purification by HPLC (Scheme 1). In the
case of the NBD analog, bromide 6 was reacted with 7 in DMF to give 8 (PU-H71-NBD1)
in 47% yield (Scheme 1). 621 and NBD derivative 722 were prepared as previously
described.

In the second type, we took advantage of the secondary amine present in PU-H7123 and
reacted it directly with FITC or NBD-Cl to give 9 (PU-H71-FITC2) (72%) or 10 (PU-H71-
NBD2) (40%), respectively (Scheme 2).

In the third type, desisopropyl-PU-H71 13 was reacted with FITC or NBD-Cl to give 14
(PU-H71-FITC3) (74%) or 15 (PU-H71-NBD3) (42%), respectively (Scheme 3). 13 was
synthesized by N9-alkylation of 11 with N-(3-bromopropyl)-phthalimide and subsequent
removal of phthalimide with hydrazine (Scheme 3). It was hypothesized that attachment of
the dye directly to the amine in both types 2 and 3 derivatives would result in more cell
permeable analogs, because in contrast to type 1 derivatives, these lack an ionizable amine.
Furthermore, type 2 derivatives contain an isopropyl group in place of a hydrogen as in type
3 derivatives, which makes them more lipophilic and may enhance their cell permeability.

Cell permeable probes are favored because fixation/permeabilization methods used for the
detection of intracellular antigens by flow cytometry often result in the destruction of
cellular morphology and surface immunoreactivity, properties useful in flow cytometry for
the characterization of cells in heterogeneous populations. Thus, it is of particular interest to
find cell-permeable ligands that interact with the target in live cells without the requirement
of fixation and permeabilization steps.

To investigate which of the above synthesized fluorescently labeled PU-H71 derivatives
retained the cell permeability profile of the parent compound PU-H71, we next examined
the cellular permeability of these Hsp90 probes in human acute myelogenous leukemia
(AML) cell lines, MV4-11 and MOLM-13. Of the seven fluorescent derivatives of PU-H71,
we find that only PU-H71-FITC2 (9) and PU-H71-NBD1 (8) have these required
characteristics (Figure 2). Specifically, we show efficient staining of live cells by these two
derivatives (Figure 2A) as well as biological activity in these cells indicative of target
(Hsp90) inhibition (Figure 2B,C). In particular, we show that both PU-H71-FITC2 (9) and
PU-H71-NBD1 (8) decrease the viability of MOLM-13 cells (Figure 2B), effect associated
with degradation of Hsp90-client proteins such as mutant FLT3 and Raf-1 (Figure 2C)
indicating intracellular Hsp90 inhibition in these cancer cells.1–3

Furthermore, confocal fluorescence microscopy of leukemia cells stained with PU-H71-
FITC2 (9) showed prominent intracellular localization (Figure 3A). In these experiments,
DAPI was used as a viability dye to discriminate between viable and non-viable cells. This
dye is impermeable in live cells at the tested concentration, but permeates non-viable cells
and binds specific regions of DNA. DAPI is excited in most instruments with a UV laser.
Similar data were generated with PU-H71-NBD1 (8) (not shown).

Flow cytometry is commonly used to separate and distinguish different cell populations in
normal and malignant hematopoiesis by the use of specific markers. As an example, blast
cells are often quantified and characterized by dim CD45 staining (CD45dim), in contrast to
the circulating non-blast cell populations, which are bright for CD45 staining (CD45hi).24

These cells, sorted and separated by the presence of their identifying markers, we show here
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can also be stained for the target, Hsp90, with PU-H71-FITC2 (Figure 3B). In accord with
previous reports indicating the selective binding of PU-H71 to tumor cell Hsp90,23 PU-H71-
FITC2 preferentially stained the malignant cell (blasts) and not the normal cell
(lymphocytes) population in a primary acute myeloid leukemia sample (Figure 3B).

In summary, we present here the synthesis of several fluorescently labeled conjugates of the
purine-scaffold Hsp90 inhibitor PU-H71. Furthermore, we show that PU-H71-FITC2 (9)
and PU-H71-NBD1 (8) permeate live cells and bind to the target. Specifically, we show that
PU-H71-FITC2 and PU-H71-NBD1 stain live cells (Figure 2A), reduce the viability of
leukemia cells (Figure 2B), inhibit the intracellular Hsp90 as indicated by degradation of
Hsp90 client proteins (Figure 2C), are localized intracellularly as indicated by confocal
microscopy (Figure 3A) and bind specifically to tumor versus normal cell Hsp90 as
indicated by flow cytometry (Figure 3B), to provide ample evidence that these probes
permeate the cell and bind specifically to the tumor Hsp90 target, similarly to PU-H71. In
conclusion, these fluorescent derivatives of PU-H71 can be applied as probes for
fluorescence-activated flow cytometry or as tools for monitoring real-time interaction of
Hsp90 with the target by fluorescence microscopy.
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Figure 1.
Structures of known Hsp90 inhibitors.
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Figure 2.
(A) MOLM-13 cells were treated with the indicated PU-H71-fluorescent derivatives (1 μM)
at 37°C for 4h. Their binding to live cells (DAPI negative) were measured by flow
cytometry and shown as mean fluorescence intensity (MFI). (B) MOLM-13 cells were
treated with the indicated PU-H71-fluorescent derivatives (1 μM) at 37°C for 24h. Their
viability was determined by DAPI exclusion. (C) MOLM-13 cells were treated with the
indicated PU-H71-fluorescent derivatives (1 μM) for 24h. The steady-state level of the
Hsp90 client proteins mFLT3 and Raf-1 was analyzed by Western blot. β-Actin was used to
normalize for equal protein loading.
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Figure 3.
(A) MV4-11 cells were treated with 1 μM PU-H71-FITC2 (9) at 37°C for 24 h. Cells were
then fixed, and stained with Na+/K+-ATPase α 1 antibody and goat anti-rabbit Alexa Fluor
568. Images showing live cells (DAPI (blue) negative) with PU-H71-FITC2 (green) binding
alongside cell surface marker Na+/K+-ATPase α 1 staining (red) were captured by confocal
microscopy. (B) A primary acute myeloid leukemia sample was pre-treated with the
indicated dose of PU-H71 or vehicle (Untreated) for 24 h. Post-treatment cells were treated
with 1 μM PU-H71-FITC2 or TEG-FITC. Binding of PU-H71-FITC2 and TEG-FITC to the
cells was evaluated by flow cytometry and is represented as mean fluorescence intensity
(MFI). TEG-FITC is shown as a non-specific binding control. CD45 vs. SSC gating was
used to distinguish binding to blast (malignant cells) or lymphocytes (normal cells) from the
primary specimens.
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Scheme 1.
Reagents and conditions: (a) FITC, Et3N, DMF, rt, 12 h, 40%; (b) Texas Red sulfonyl
chloride, DMF, 0-10°C, 12 h, 61%; (c) DMF, rt, 20 h, 47%.
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Scheme 2.
Reagents and conditions: (a) FITC, Et3N, DMF, rt, 5 h, 72%; (b) NBD-Cl, Et3N, DMF, rt,
12 h, 40%.
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Scheme 3.
Reagents and conditions: (a) N-(3-bromopropyl)-phthalimide, Cs2CO3, DMF, rt, 34%; (b)
hydrazine hydrate, MeOH, CH2Cl2, rt, 64%; (c) FITC, Et3N, DMF, rt, 12 h, 74%; (d) NBD-
Cl, Et3N, DMF, rt, 12 h, 42%.

Taldone et al. Page 11

Bioorg Med Chem Lett. Author manuscript; available in PMC 2012 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


