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Abstract The inability of cells to maintain protein folding
homeostasis is implicated in the development of neurode-
generative diseases, malignant transformation, and aging.
We find that multiphoton fluorescence imaging of 1-
anilinonaphthalene-8-sulfonate (ANS) can be used to assess
cellular responses to protein misfolding stresses. ANS is
relatively nontoxic and enters live cells and cells or tissues
fixed in formalin. In an animal model of Alzheimer’s
disease, ANS fluorescence imaging of brain tissue
sections reveals the binding of ANS to fibrillar deposits of
amyloid peptide (Aβ) in amyloid plaques and in cerebro-

vascular amyloid. ANS imaging also highlights non-
amyloid deposits of glial fibrillary acidic protein in brain
tumors. Cultured cells under normal growth conditions
possess a number of ANS-binding structures. High levels of
ANS fluorescence are associated with the endoplasmic
reticulum (ER), Golgi, and lysosomes—regions of protein
folding and degradation. Nuclei are virtually devoid of
ANS binding sites. Additional ANS binding is triggered by
hyperthermia, thermal lesioning, proteasome inhibition, and
induction of ER stress. We also use multiphoton imaging of
ANS binding to follow the in vivo recovery of cells from
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protein-damaging insults over time. We find that ANS
fluorescence tracks with the binding of the molecular
chaperone Hsp70 in compartments where Hsp70 is present.
ANS highlights the sensitivity of specific cellular targets,
including the nucleus and particularly the nucleolus, to
thermal stress and proteasome inhibition. Multiphoton
imaging of ANS binding should be a useful probe for
monitoring protein misfolding stress in cells.

Keywords Protein homeostasis . Intracellular protein
folding . Chaperones . Hsp70

Introduction

Cellular stress induced by protein misfolding is at the center
of many human diseases. Several neurodegenerative dis-
orders are caused by misfolding and aggregation of specific
proteins, including α-synuclein in Parkinson’s disease,
SOD1 in familial amyotrophic lateral sclerosis, and hun-
tingtin in Huntington’s disease (Chiti and Dobson 2006).
Mutations in CFTR and α1-antitrypsin cause the misfolding
and accumulation of non-functional versions of these
proteins, leading, respectively, to cystic fibrosis and α1-
antitrypsin deficiency (Cheung and Deber 2008; Gregersen
et al. 2006). More broadly, elevated burdens of unfolded
intracellular protein—and increased stress on the networks
that maintain protein homeostasis—are linked to malignant
transformation and may lie at the foundation of human
aging (Balch et al. 2008; Powers et al. 2009). Existing
methods to measure protein misfolding stress rely on proxy
biomarkers for protein folding, chaperone and proteasome
function, but these measures generally require the intro-
duction and expression of transgenes or are only suitable
for endpoint analyses. We have found a novel application of
a nontoxic small molecule which binds to intracellular
targets and exhibits elevated fluorescence in response to
protein-damaging cell stresses. In this paper, we employ
multiphoton imaging of 1-anilino-8-naphthalenesulfonate
(ANS) to noninvasively and quantitatively detect and signal
changes in intracellular protein folding.

Fluorescent fusion proteins combining proteins of
interest with green fluorescent protein (GFP) or related
fluorophores can be expressed to directly track specific,
individual disease-associated proteins. For example, GFP
has been fused with α-synuclein (Unni et al. 2010) and
huntingtin (Kotliarova et al. 2005) for in vivo investigation
of cell culture and animal models of Parkinson’s and
Huntington’s diseases. Misfolding of a particular protein can be
linked to levels of expression, cellular or tissue localization, or
to a portion of a cell or organism’s life cycle. In most diseases,
unfortunately, a single misfolding-prone protein has not been
identified (and in most cases, probably does not exist) and a

broader approach to assessing the level of protein misfolding-
driven cell stress is required.

Fluorescently labeled members of the heat shock
protein family, including Hsp27 (Borrelli et al. 2002),
Hsp70 (Zeng et al. 2004), and Hsp90 (Picard et al. 2006),
have been widely used to study the response of these
molecular chaperones to protein-damaging stressors in cells
and model organisms. While these proteins are themselves
resistant to damage, redistribution and binding of chaperone
proteins indirectly reflects changes in the cellular burden of
unfolded protein. Hsp70 (Sherman andMulthoff 2007), Hsp90
(Mahalingam et al. 2009), and endoplasmic reticulum (ER)
stress proteins expressed as part of the unfolded protein
response (UPR) (Moenner et al. 2007), have also all been
implicated in buffering cancer cells and tumors from the
stresses of malignancy, allowing tumors to proliferate. Several
clinical trials now underway involve Hsp90 inhibitors as a
novel approach to cancer treatment (Trepel et al. 2010); it
would be useful to be able to directly monitor the effect of
candidate drugs on protein misfolding stresses.

Refolding of thermally denatured luciferase (and con-
comitant recovery of bioluminescence activity) has been
used as a functional measure of cellular chaperone activity
(Nollen et al. 2001). Nonaka and Hasegawa (2009) recently
reported using expression of GFP coupled to a degron
(a short peptide which targets its protein for proteasomal
degradation) to track the activity and function of the
proteasome. While extremely powerful, techniques relying
on fluorescent protein reporters require the transfection of
cells and the expression of non-endogenous proteins that may
affect the system under study. Developing stable expression
systems can also be very time-consuming, particularly in the
study of higher organisms.

Protein folding homeostasis may also be monitored
through existing biochemical signaling pathways. For exam-
ple, the UPR is activated under conditions of ER stress,
triggering an assortment of signals. Phosphorylation of eIF2α;
elevated expression of the proteins BiP, CHOP, HSPA5, and
DVE-1; cleavage and activation of the transcription factor
ATF-6α; and splicing of XBP1 mRNA are all recognized
markers for UPR activation (Lin et al. 2008), and detection of
these markers can serve as an indirect sensor for the
accumulation of misfolded proteins. Unfortunately, the
detection of endogenous proteins or nucleic acids generally
requires solubilization (for blotting or PCR of cell lysates) or
fixation (for immunohistochemistry or immunofluorescence)
of the cell, preventing the tracking of these markers over
time in individual live cells. All of these measures are
proxies for the presence or quantity of misfolded protein, and
many rely on the presence and proper function of specific
intracellular signaling pathways.

We believe that ANS imaged by multiphoton fluores-
cence microscopy is a probe that is broadly sensitive to the
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stresses of protein misfolding in vivo. It is relatively
nontoxic and can enter all compartments of living cells,
thereby avoiding transfection or other direct modifications
of the cell’s biology. ANS has a long history of in vitro use
for the study of isolated biomolecules and simple molecular
systems in cuvette-based assays. This small molecule is
essentially non-fluorescent in aqueous solution, but its
fluorescence quantum yield increases several hundredfold in
a hydrophobic environment. In practice, this means that ANS
becomes highly fluorescent when embedded in exposed
hydrophobic pockets of proteins in partly folded or “molten
globule” states (Semisotnov et al. 1991; Slavík 1982).
Historically, ANS has been unsuited to live-cell imaging
applications by epifluorescence microscopy, as it is an
ultraviolet-excited dye. It binds strongly to serum albumin,
generating an overwhelming background fluorescence under
normal mammalian cell culture conditions. Each cell con-
tains a very large number of potential ANS binding sites, and
previous attempts to use ANS in epifluorescence microscopy
were largely unsuccessful (Dyckman and Weltman 1970;
Finegold et al. 1974; Witz et al. 1973).

The introduction of multiphoton microscopy opens the
door to imaging intracellular ANS fluorescence. Multiphoton
excitation (MPE) of ANS is confined to the focal plane of the
microscope’s objective lens, suppressing out-of-focus fluo-
rescence and giving confocal-like optical sectioning. Because
MPE employs near-infrared light, concerns about phototox-
icity are greatly reduced (Denk et al. 1990; König 2000).
With this new tool, we are able to directly image ANS
binding sites in living cells.

Materials and methods

Cell culture HeLa S3 cells (ATCC, Manassas, VA) were
cultured in plastic T25 culture flasks (Nalge Nunc,
Rochester, NY) in DMEM H21/Ham F12 1:1 medium
(DMEM/F12) supplemented with 10% fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA).

Fluorimetry A Photon Technology International (London,
ON) fluorimeter was used for in vitro measurements.
Excitation was at 375 nm, excitation and emission
bandpass of 2 nm. Emission spectra were collected in
50 μM of ANS. Bovine serum albumin (Fisher Scientif-
ic, Pittsburgh, PA) was dissolved in phosphate-buffered
saline (PBS) to a concentration of 1 mg/mL. β-Amyloid
1–42 (Aβ42, gift of Pharhad Eli Arslan) was diluted into
150 mM NaCl plus 10 mM phosphate buffered to pH 6.0
or pH 8.0 and incubated at 37°C for 3 h; ANS was
added 30 min prior to fluorimetry. Total lipids were
collected from HeLa cells by extraction in chloroform/
methanol (Folch et al. 1957). Polar lipids were isolated by

precipitation with ice-cold acetone (Choquet et al. 1992),
pelleted by centrifugation, and redissolved in chloroform.

To prepare unilamellar vesicles, chloroform solutions of
DOPG (1,2-Dioleoyl-sn-Glycero-3-[Phospho-rac-(1-glycerol)])
(Avanti Polar Lipids, Alabaster, AL) or isolated polar
lipids were dried overnight under vacuum, then resus-
pended in PBS by repeated freezing and thawing. Small
unilamellar vesicles were generated by sonication in a
glass test tube in a Branson 1210 bath sonicator (Branson
Ultrasonic, Danbury, CT) until the cloudy suspension
took on a “pearly” appearance (approximately 30 min).

Cell survival assays 3×104 HeLa cells per well were
seeded on 96-well clear-bottom polystyrene tissue culture-
treated plates (Corning Life Sciences, Corning, NY) and
incubated in DMEM/F12 for 24 h. At 24 or 6 h prior to
fixation, fresh growth medium supplemented with
phosphate-buffered ANS (8-anilino-1-naphthalenesulfonic
acid) at concentrations ranging from 0 to 1,000 μM, 50 μM
melittin or 0 to 100 μM MG132 (all Sigma-Aldrich, St.
Louis, MO) was added to the cells. The cells were fixed at
4°C using 10% trichloroacetic acid, and cell survival was
measured using the sulforhodamine B assay as described
(Skehan et al. 1990).

Microscopy Images were collected using a Zeiss (Oberkochen,
Germany) LSM 510 META confocal microscope. High-
resolution images employed a 1.2 numerical aperture
(NA) ×40 water immersion objective; lower magnifica-
tion fields were collected with a 0.75-NA ×20 air
objective. While ANS fluorescence was measured using
two-photon excitation (see below), all other fluorescence
images were collected in confocal mode. The photo-
multiplier tube voltages were adjusted for each imaging
session to make full use of the available dynamic range;
no adjustments were made between control and treatment
images. The live cells were plated onto Lab-Tek
chambered #1.0 borosilicate coverglasses (Nalge Nunc)
and allowed to recover for at least 24 h prior to imaging.
The live cells were maintained during the imaging in CO2

Independent Medium (Invitrogen) supplemented with 10%
FBS. An enclosed, heated stage (Zeiss) and Tempcontrol 37
objective heater (PeCon, Erbach, Germany) were used to
maintain cells at a constant temperature.

ANS fluorescence imaging A stock solution of 10 mM
ANS in PBS at pH 7.4 was used for preparing all
working solutions. Prewarmed CO2 Independent Medium
supplemented with 250 μM ANS was added to the cells at
least 1 h prior to imaging. Two-photon ANS fluorescence
was excited using a Chameleon tunable infrared laser
(Coherent, Santa Clara, CA) at 750 nm. ANS fluorescence
was imaged using a 435–485-nm band-pass filter.
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Murine amyloid plaques Transgenic CRND8 mice express
a mutant form of the human amyloid precursor protein
under the brain-specific PrP promoter (Chishti et al. 2001).
The transgenic mice and their nontransgenic littermates
were sacrificed and their brains were fixed in phosphate-
buffered formalin. Twenty-micrometer cryosections were
cut onto glass slides and stained with 1% thioflavin S
(ThS, Sigma) (Hawkes and McLaurin 2009) or 10 μM
ANS in PBS and sealed under a coverslip for imaging.
ThS fluorescence was excited at 488 nm and detected
through 505-nm longpass filter.

Human brain tumor sections Surgically excised brain tissue
was snap frozen in liquid nitrogen and archived at −80°C by
the Canadian Virtual Brain Tumour Bank (Toronto Western
Hospital, Toronto, ON). Cryostat sections from banked tissue
were cut on glass slides and postfixed in 4% formaldehyde in
PBS. ANS-stained sections were equilibrated in 50 μM ANS
in PBS and coverslipped under 50 μM ANS in phosphate-
buffered glycerol mountant. Adjacent sections were stained
with hematoxylin and eosin, and transmitted light images
were collected using the ×40 objective of an Aperio
ScanScope XT (Aperio Technologies, Vista, CA).

Organelle labelling BODIPY FL C5-ceramide, ER Tracker
Green, MitoTracker Orange CMTMRos, and LysoTracker
Green DND-26 (Molecular Probes, Carlsbad, CA) were
prepared and used according to the manufacturer’s direc-
tions. Neutral lipid droplets were labeled using Nile red
(Greenspan et al. 1985) (Eastman Kodak, Rochester, NY).
Excitation wavelength and emission filter sets were as follows:
BODIPY FL C5-ceramide, 488 nm (excitation)/560-nm long-
pass (red excimer emission); ER Tracker, 488 nm/505-nm
longpass; MitoTracker, 543 nm/565–615-nm bandpass; Lyso-
Tracker, 488 nm/505-nm longpass; and Nile red, 488 nm/
500–550-nm bandpass (gold fluorescence).

Transfection and YFP fluorescence imaging Plasmids con-
taining the cDNA for human Hsp70 fused to yellow
fluorescent protein (YFP) or YFP alone, were transfected
into HeLa cells using a BTX ECM 830 electroporator
(Harvard Apparatus, Holliston, MA) (Tupling et al. 2004;
Wu et al. 1985). Cells were cultured on chambered
coverslips as described above. YFP fluorescence was
excited at 514 nm and imaged using a 535–590-nm band-
pass filter.

Lesion creation Linear thermal lesions were created using
the 750-nm infrared laser at high power (approximately
250 mW at the microscope objective). The beam was
scanned across the sample using the LSM 510’s region of
interest photobleaching tool. A one-pixel-high rectangle
was selected and was “bleached” 50 times.

Hyperthermia treatment and proteasome inhibition Cham-
bered coverslips were sealed with Parafilm M and
immersed in a 43.0±0.1°C water bath for 15 to 30 min
as indicated. The medium was additionally supplemented
with 5 μM MG132 for tests involving proteasome
inhibition.

Fluorescence recovery after photobleaching Cells express-
ing YFP alone or the Hsp70-YFP fusion protein were
cultured on chambered coverslips and were heat-shocked as
described. Regions of interest (ROI) were identified as
nuclear or cytoplasmic by visual inspection of the fluores-
cence and differential interference contrast (DIC) images.
The fluorescence recovery after photobleaching (FRAP)
experiments were conducted in confocal mode, with the
pinhole set to approximately 1.2 Airy units diameter
(nominal optical slice thickness 1.0 μm). Fluorescence
intensity was sampled at 1.5-μs intervals using the LSM
510’s spot imaging mode; 1,000 measurements were
averaged to generate a raw dataset with 1.5 ms resolu-
tion. Five measurements were collected prior to photo-
bleaching and averaged to determine the initial
fluorescence of the ROI. The bleaching pulse was 3-ms
long; fluorescence was followed for at least 300 ms
(greater than ten times the recovery time constant) to allow for
complete recovery of the freely diffusing population of
fluorescent protein.

The fluorescence recovery curve was fitted with a first-
order exponential recovery using Origin 4.1 (Microcal
Software, Northampton, MA) to extract estimates for the
minimum fluorescence immediately following bleaching
and for the final fluorescence after recovery. The unbound
or mobile fraction was deemed equal to the net amount of
fluorescence recovered divided by the net amount of
fluorescence bleached.

Tunicamycin treatment HeLa cells were cultured on cham-
bered coverslips. The regular growth medium was supple-
mented with tunicamycin (Sigma) at concentrations ranging
from 0 to 20 μg/mL, doses sufficient to trigger the UPR
(Delom et al. 2007; Hazel et al. 1999). At 3 h, the cells
were washed briefly with PBS and fixed with phosphate-
buffered 2% paraformaldehyde. The cells were stained and
imaged under 50 μM of ANS in PBS. Z stacks of images
were collected at 1-μm intervals through the entire
thickness of the cell monolayer. A uniform, low intensity
threshold (20 units, out of the full scale of 255) was used to
eliminate all non-cellular background fluorescence, and the
average fluorescence intensity over the remaining volume
was calculated. The mean of five such measurements was
taken for each tunicamycin concentration; the resulting
dose–response was fitted and normalized using the four-
parameter logistic (Hill slope) equation.

552 K.C. Hadley et al.



Image processing All image processing was performed
using ImageJ version 1.30v and later (NIH, Bethesda, MD).
Where brightness and contrast have been adjusted for
display, identical settings were used for experimental and
control images. No gamma or other nonlinear adjustments
were made to any image, and all image quantification used
the raw, unprocessed images.

Results

ANS fluoresces in the presence of misfolded protein
in vitro and in tissue

ANS has been extensively used as an in vitro probe of protein
conformation; elevated ANS binding and fluorescence is
associated with “molten globule” protein conformational
states and the accompanying formation and exposure of
hydrophobic binding pockets (Semisotnov et al. 1991). The
fluorescence emission spectra of equal mass concentrations
of Aβ42 or lipid vesicles in solution with ANS are shown in
Fig. 1a. At pH 8.0, Aβ exists as a stable, unstructured,
soluble species, and shows low fluorescence in the presence
of ANS (curve C). In contrast, Aβ42 at pH 6.0 misfolds into
amyloid fibrils (Barrow and Zagorski 1991) and shows a
much greater degree of ANS binding and fluorescence
(curve A). The fluorescence of ANS bound to misfolded
Aβ42 is significantly higher than ANS bound to unstruc-
tured soluble Aβ42 or lipid bilayers prepared from polar
lipids (glycolipids and phospholipids) extracted from HeLa
cells (Fig. 1a, curve B) or from synthetic phospholipid
(Fig. 1a, curve D).

We wondered whether this vivid response might also
occur in the more complex environment of mammalian
tissue. Figure 1b shows a section of transgenic CRND8
mouse brain stained with ANS and imaged by two-photon
microscopy. Another section from the same brain is
shown stained with thioflavin S (ThS, Fig. 1c), a widely
used fluorescent probe specific for amyloid deposits
(Kelényi 1967). Visible in both figures are dense plaques
as well as extended patches of cerebrovascular amyloid lining
blood vessels (enlarged in Fig. 1f, g). At high magnification
(Fig. 1d, e), the amyloid plaques are vividly fluorescent.

Fig. 1 a In cuvette fluorescence measurements of ANS with equal
mass concentrations of A, aggregated fibrillar Aβ42 at pH 6.0; B,
vesicles of isolated cellular polar lipids from HeLa cells; C, soluble,
monomeric Aβ42 at pH 8.0; and D, DOPG vesicles. b Widefield
images of murine brain with amyloid deposits stained with ANS or c
thioflavin S; scale bar, 50 μm. d, e Enlargements of dense plaques
and f, g cerebrovascular amyloid deposits; scale bar, 10 μm. Human
pilocytic astrocytoma sections exhibiting Rosenthal fibers, stained
with h hematoxylin and eosin or i ANS; scale bar, 50 μm

�
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ANS also appears to be sensitive to non-amyloid
deposits of aggregated protein that are not detected by
thioflavin S. Figure 1 also shows sections of a low-grade
(WHO grade I) pilocytic astrocytoma stained with hematoxylin
(Fig. 1h) and eosin (H&E) or ANS (Fig. 1i). Detectable by
H&E are eosinophilic deep red Rosenthal fibers, a common
feature of low-grade human brain tumors. They consist of
bundles of insoluble, non-amyloid aggregates of intermediate
filament protein (glial fibrillary acidic protein or GFAP)
(Wippold et al. 2006). The Rosenthal fibers are intensely
fluorescent with ANS demonstrating that non-amyloid mis-
folded structures can also be illuminated by ANS.

While ANS fluorescence in the tissue sections was by far
the most intense within the amyloid plaques and non-
amyloid Rosenthal fibers, we observed some fluorescence
from the surrounding tissue that exhibited normal morphol-
ogy. Because there was no conspicuous pathology associ-
ated with this other tissue, this finding prompted us to
investigate what non-pathological intracellular structures
might also bind ANS.

Intracellular ANS fluorescence colocalizes with sites
of protein synthesis and degradation

Using two-photon microscopy, it is possible for the first
time to conduct a high-resolution survey of ANS fluores-
cence in living cells. When ANS is added to cell culture
medium, it crosses the plasma membrane and the cells
equilibrate with ANS in solution within minutes (typically
45 min is sufficient for equilibration). Figure 2a shows a
two-photon image of ANS fluorescence in a living HeLa
cell; the inset shows the corresponding DIC transmitted
light image. The most conspicuous feature of the cell is the
near absence of ANS fluorescence in the cell nucleus. The
perimeter of the cell does not show elevated fluorescence,
suggesting that the plasma membrane is not a major source
of ANS fluorescence. The inherent toxicity of ANS in
HeLa cells is low (Fig. 2b). Cells are amply fluorescent at
ANS concentrations of 250 μM and above, but this
concentration does not significantly affect cell survival or
growth even after exposures of at least 24 h. Concentrations
as high as 0.5 mM are well-tolerated for exposures of at
least 6 h. A significant fraction of the ANS is bound to
soluble serum albumin in the culture medium; we found
that much lower ANS concentrations are sufficient to stain
cells (and tissues) under serum-free conditions.

We sought to identify the major sites of intracellular
ANS binding in unstressed HeLa cells using a variety of
fluorescent organelle probes (Fig. 3). Strong colocaliza-
tion was observed throughout the cell between ANS
fluorescence and a probe for the endoplasmic reticulum
(Fig. 3a, f). Bright ANS fluorescence was also observed in
the Golgi (Fig. 3b, g). These organelles are associated with

the translation, folding, and/or packaging of cellular proteins.
A fraction of cytoplasmic proteasomes are also coupled to the
cytosolic face of the ER, where they are involved in ER-
associated degradation of protein (ERAD) (Wójcik and
DeMartino 2003; Brodsky and McCracken 1999).

Fluorescence of the lysosomal probe LysoTracker Green
colocalized with brightly ANS-fluorescent cytoplasmic
punctae (Fig. 3c, h). Lysosomes have a low pH, promoting
non-native protein conformational states, and are a site of
intracellular protein degradation.

Fig. 2 a Living HeLa cell stained with ANS under normal growth
conditions. The cell nucleus is clear of ANS fluorescence. Vivid
fluorescence is observed adjacent to the nucleus while regions of both
diffuse and punctate ANS fluorescence are seen throughout the
cytoplasm. The plasmamembrane is not noticeably fluorescent compared
to the cytoplasm. The area around the cell exhibits a uniform low level of
fluorescence primarily due to the binding of ANS to serum proteins in the
culture medium. Scale bar, 10 μm. Inset shows the same region by DIC.
b ANS is not toxic to living cells at the concentrations used for imaging.
Cell survival, as measured using a sulforhodamine B assay, was not
significantly impaired at 6 h (black squares) or 24 h (white squares) of
exposure to concentrations of ANS up to 250 μM in culture medium.
Cells were also treated with 50 μM melittin (black triangle), a
cytotoxin, for 6 h as a positive control for cell death
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In contrast, fluorescence of ANS did not colocalize with
a mitochondrial probe (Fig. 3d, i), nor with intracellular
neutral lipid droplets (Fig. 3e, j). By comparison of ANS
fluorescence with transmitted light images (inset Fig. 2a),
ANS fluorescence is also not present within the cell nucleus
nor does fluorescence appear elevated near the plasma
membrane. We expect that there would be interactions
between ANS and some well-folded cellular proteins that
have exposed hydrophobic binding pockets (Slavík 1982).
However, our results indicate that ANS fluorescence is
predominantly associated with organelles expected to
contain proteins in non-native conformations.

Curves D and B from Fig. 1a are from small unilamellar
vesicles generated using either pure DOPG or polar lipids
isolated from cultured HeLa cells, respectively. In both cases,
the ANS fluorescence associated with these lipid vesicles is
relatively modest. Coupled with the low apparent fluorescence
of the plasma membrane, we believe that the contribution of
lipid membranes themselves to cellular ANS fluorescence is
low; however, there may be a finite contribution from
membrane proteins. As membrane lipid composition varies
between organelles and the plasma membrane, the intrinsic
fluorescence of cellular membranes may also vary.

Intracellular ANS fluorescence tracks with Hsp70
recruitment

Thermal lesioning To examine the binding and fluores-
cence of ANS in the presence of a nonspecific population
of misfolded protein, we prepared cells expressing the
chaperone Hsp70 fused to yellow fluorescent protein
(Hsp70-YFP) under a constitutive promoter. Hsp70 is
known to reversibly bind to short stretches of hydrophobic
residues (typically a leucine flanked by two or three other
hydrophobic residues (Fourie et al. 1994)) exposed during
de novo protein synthesis or made accessible by stress-
induced misfolding. Hsp70 is normally a soluble protein
that shuttles between the cytoplasm and nucleus but can be
temporarily immobilized if it is bound to an insoluble
protein partner or aggregate. Under normal growth con-
ditions, Hsp70-YFP is predominantly cytoplasmic, but still
detectable within the nucleus (Fig. 4d).

We created a narrow, linear, thermal lesion across the
cytoplasm and nucleus using an infrared laser, rapidly
generating and precipitating a local pool of misfolded
protein. Within less than 1 min, Hsp70-YFP fluorescence
accumulated along the length of the lesion within the cell

Fig. 3 Colocalization of ANS with organelle probes in vivo. Organelle
probes (a–e), ANS fluorescence (f–j), overlay (k–o). Probes: ER
Tracker Green (a, endoplasmic reticulum), BODIPY FL C5-ceramide
(b, Golgi apparatus), LysoTracker Green (c, lysosomes), MitoTracker
Orange (d, mitochondria), Nile Red (e, intracellular lipid droplets).

Scale bars, 10 μm. Strong overlap of organelle markers with ANS
fluorescence is observed for the endoplasmic reticulum, Golgi, and
lysosomes. Poor overlap is noted for the mitochondria, the nucleus, and
intracellular neutral lipids
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(Fig. 4e). ANS fluorescence simultaneously appeared in the
same location (Fig. 4b). In control cells expressing YFP
alone (unconjugated to a chaperone, Fig. 4f), ANS
fluorescence was still recruited to the lesion site; however,
no YFP accumulation occurred. We therefore believe that
we are generating a misfolded protein that specifically
binds the Hsp70 chaperone, while simultaneously detecting
this damaged protein using ANS.

Hyperthermia Nonlethal heat shock drives a dramatic
translocation of Hsp70. Its nucleocytoplasmic distribution
is reversed, and the nuclear concentration of Hsp70—
particularly near the nucleolus—becomes quite high
(Alastalo et al. 2003; Welch and Feramisco 1984). We
also observe a similar pattern of nuclear accumulation with
our Hsp70-YFP (Supplementary Fig. S3a, b, nucleoli
identified by arrowheads). The Hsp70-YFP in all heat-
shocked cell nuclei takes on a mottled, punctate appearance,
and some cells show conspicuous accumulation of Hsp70-
YFP in or around nucleoli. We noted some cell-to-cell
variation in the level of Hsp70-YFP expression that may be
due to the transient transfection. The images shown in
Supplementary Fig. S3a, b are representative of the control
and heat-shocked cells that we observed.

In addition to this accumulation of Hsp70 in the nuclear
compartment, there is also a significant reduction in the
freely diffusing population of this chaperone (previously
observed by Zeng et al. (2004)). We used FRAP to quantify
the immobile, bound fraction of Hsp70-YFP in living HeLa
cells. We did not attempt to segment the nucleus or
cytoplasm into subcompartments for FRAP measurements,
or to select (or reject) cells with particularly high or low levels
of nucleolar fluorescence. Under control conditions, the
fraction of Hsp70 that is immobile is 0.19±0.06 (mean±SD)

in the cytosol and 0.24±0.05 in the nucleus. After a significant
but nonlethal heat shock (43°C for 30 min), the bound or
interacting fraction in the cytoplasm increases modestly
to 0.27±0.12. In the nucleus, however, a very dramatic
shift in Hsp70 binding occurs, where the interacting
fraction rises to 0.64±0.12. A stable, non-interacting
control protein (YFP alone) showed a very small
interacting fraction (between 0.05 and 0.07) that was
unaffected by hyperthermia treatment in both nuclear and
cytoplasmic compartments (Supplementary Fig. S3f–i).

Hyperthermia treatment leads to the generation of
nuclear Hsp70 interaction sites. These sites are presumably
thermally misfolded proteins. Given the property of
ANS to bind misfolded proteins, we compared the
generation of Hsp70 binding sites with that of ANS
binding sites after hyperthermia treatment. Comparing
HeLa cells before (Fig. 5a) and 5 min after (Fig. 5b) a
15-min hyperthermia treatment, we observed an increase
in nuclear ANS fluorescence, along with a prominent
ANS fluorescence in the nucleoli. The accumulation of
nuclear ANS fluorescence mirrored the nuclear accumu-
lation of Hsp70 (Supplementary Fig. S3a, b). Autofluor-
escence makes a negligible contribution to apparent
fluorescence under these imaging conditions; control
cells not stained with ANS showed barely detectable
autofluorescence that was unchanged by hyperthermia
exposure (Supplementary Fig. S2).

Figure 5c plots the normalized ANS fluorescence of cell
nuclei and whole cells before and after hyperthermia on the
left-hand axis, following the recovery of cells for 100 min
after their return to 37°C. The overall ANS fluorescence of
the cells was slightly elevated by hyperthermia (6±2%), but
the cell nucleus showed a much more dramatic relative
increase, up to 66±10% above baseline. There are several

Fig. 4 HeLa cells are shown
before (a, d) or after (b, c, e, f)
linear thermal lesions were
created using an infrared laser.
ANS (b, c) bound immediately
to the lesion site. YFP-
conjugated Hsp70 was also
rapidly recruited to the lesion
(e), but YFP expressed on its
own (f) was not. Scale bars,
10 μm
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potential interpretations of this noteworthy difference
between nuclear and whole cell ANS fluorescence changes.
First, thermolabile proteins may be more abundant in the
nucleus than in the cytoplasm. Second, thermolabile
proteins in the nucleus may be more likely to form “molten
globule” folding intermediates which have a particularly
high affinity for ANS, whereas their cytoplasmic thermo-
labile proteins may tend to assume more extended unfolded
states that do not bind ANS as effectively. Third, the high
baseline level of ANS fluorescence associated with extra-
nuclear organelles (the ER, Golgi, and lysosomes) may
simply mask the increase in cytoplasmic ANS binding
caused by hyperthermia.

Plotted on the right-hand axis of Fig. 5c is the immobile
fraction of Hsp70-YFP, measured in the cytoplasm and the

nucleus. The elevated ANS fluorescence in the nucleus
appears to track with the elevated level of Hsp70
binding. We interpret the local increases in ANS
fluorescence (compared to control conditions) as repre-
sentative of an elevated local burden of unfolded protein;
regions of the cell showing an increased fluorescence in
response to stress may represent sites of protein misfold-
ing and processing. This suggests that the nuclear
accumulation of Hsp70 in response to heat shock is
driven by an immobilization and sequestration of
chaperone from the soluble, nucleocytoplasmic shuttling
pool of Hsp70. As thermally damaged nuclear proteins
are refolded or degraded, ANS fluorescence and Hsp70
binding decline in tandem.

ANS fluorescence increases in response to proteasome
inhibition, ER stress

Proteasome inhibition Figure 6a shows HeLa cells before a
substantial, 30-min 43°C hyperthermia exposure; Fig. 6d
shows the same cells after they have been allowed to
recover for 4 h. The measurement of the mean nuclear
fluorescence before the treatment and after recovery is
shown in Fig. 6g; as seen by ANS fluorescence, the cells
completely recover from this treatment. Figure 6b, e shows
cells before and after a 4-h treatment with the protea-
some inhibitor MG132. While MG132 does not directly
damage proteins within the nucleus or nucleoli, impaired
proteasomal degradation of proteins has an impact
throughout the cell. The additional nuclear and nucleolar
ANS fluorescence following MG132 treatment is a
consequence of a pancellular increase in the unfolded
protein burden.

Furthermore, MG132 treatment abrogates the recovery
of cell nuclei following hyperthermia (Fig. 6c, f). Four
hours after hyperthermia exposure coupled with proteasome
inhibition, the cell nuclei (and especially nucleoli) remain
brightly fluorescent by ANS imaging (Fig. 6g). The level of
nuclear fluorescence seen in MG132-treated cells is higher
with hyperthermia than without, reflecting the effect of
introducing a large pool of thermally denatured protein to
the cell.

ER stress response HeLa cells were cultured and treated with
tunicamycin for 3 h. Tunicamycin inhibits the N-linked
glycosylation of the membrane-targeted proteins, causing
them to accumulate in the ER; by this mechanism it is a potent
trigger of the unfolded protein response (Hiss et al. 2007).
Figure 7 shows cells fixed with formaldehyde and stained
with ANS, with 0 μg/mL (Fig. 7a) and 20 μg/mL (Fig. 7b)
of tunicamycin. Buffered formaldehyde is a cross-linking
fixative that appears to adequately preserve the conformation

Fig. 5 Nuclear ANS fluorescence tracks with binding of Hsp70
chaperone in heat-shocked cells. HeLa cells a before and b
immediately after a 15-min, 43°C heat shock. Following hyperthermia
exposure, nuclei (especially nucleoli) exhibit elevated ANS fluores-
cence. c ANS fluorescence (left axis) for cell nuclei (black square) and
whole cells (gray diamond) before, and during recovery from,
hyperthermia exposure. Fluorescence values were normalized to
prehyperthermia baseline. Overlaid is the bound Hsp70 fraction (right
axis) measured by FRAP in nuclear (red down-pointing triangle) and
cytoplasmic (blue triangle) compartments. The relative response to
hyperthermia exposure is much greater in the nucleus than in the rest
of the cells. Recovery of the cells (indicated by the return of Hsp70
binding and ANS fluorescence to near baseline levels) takes
approximately 90 min and occurs in parallel by both measures
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of cellular protein for the purposes of ANS imaging. A lower
concentration of ANS (50 μM) is required for imaging fixed
cells in phosphate buffer because there is no serum
albumin in the surrounding medium to bind the dye.
Fixation allowed us to image large volumes of cells as
they appeared at a single time point after tuncamycin
treatment and to carry out all drug treatment and staining
steps in parallel in order to minimize sample-to-sample
handling differences.

Figure 7c plots the mean fluorescence intensity of ANS-
stained cells as a function of tunicamycin concentration.
ANS fluorescence follows tunicamycin concentration in a
dose-dependent manner (the EC50 for tunicamycin-driven
activation of the UPR is reported to be 12 μg/mL in
cervical cancer cells (Delom et al. 2007)). We were not able
to assess the effect of tunicamycin concentrations above
20 μg/mL on ANS fluorescence; at very high doses, acute
tunicamycin toxicity caused cells to detach from the plates
before they could be fixed and imaged.

Discussion

We have demonstrated that ANS is nontoxic and capable of
rapidly entering and equilibrating with living cells. In vitro,
ANS has a high binding affinity for a subset of cellular
proteins compared to non-protein cellular components
(Slavík 1982). In vivo, ANS is readily imaged by
multiphoton microscopy. We found that high intracellular
ANS fluorescence is associated with organelles involved in
protein synthesis, processing, and degradation. In tissue,
particularly intense ANS fluorescence is observed from the
aggregated protein within amyloid plaques, and within non-
amyloid Rosenthal fibers.

ANS is a very general probe that interacts with a wide
variety of protein (and some non-protein) targets. All living
cells will exhibit a certain normal, baseline level of ANS
binding affinity, reflecting interactions both with endoge-
nous, well-folded proteins containing ANS binding sites
and with incompletely folded or misfolded products of

Fig. 6 Proteasome inhibition
impairs maintenance of nuclear
proteins. Living HeLa cells were
imaged before (a–c, open bars
in g) and 4 h after (d–f, solid
bars in g) the start of one of
three treatments: 30-min 43°C
hyperthermia (a, d); proteasome
inhibition with 5 μM MG132
(b, e); or hyperthermia with
proteasome inhibition (c, f).
Values shown indicate the mean
nuclear fluorescence of at least
five cells in each sample.
Proteasome inhibition causes an
accumulation of misfolded
protein within the cell (e) and
impairs the ability of a cell to
recover from heat shock (f).
Scale bar, 10 μm. Quantifica-
tion of mean nuclear
fluorescence (g)
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protein synthesis and degradation. Care should be taken in
the interpretation of ANS fluorescence images because of
this constitutive, baseline level of ANS binding under
unstressed conditions.

Changes in ANS fluorescence from this normal baseline
reflect changes in the intracellular environment which
change—usually increase—the number and hydrophobicity
of ANS binding sites. Local thermal lesioning produces
nonnatively folded protein that is readily detected by
increased ANS fluorescence; the presence of unfolded
protein at these lesion sites was confirmed by the
simultaneous recruitment of the chaperone protein Hsp70.
Multiphoton imaging of ANS fluorescence identifies
specific regions subjected to thermal damage.

In contrast, the more general insult of whole-cell
hyperthermia generates increases in ANS fluorescence at
specific sites within the cell, particularly the nucleus and
nucleolus. Accumulation of nucleolar ANS fluorescence
suggests a target for further investigation, and elevated
nucleolar ANS fluorescence is a readily visible marker for
cell stress.

Interestingly, it has been reported that proteasome
inhibition with MG132 triggers the accumulation of nuclear
proteasomes in the nucleolus (Mattsson et al. 2001).
Proteasome inhibition also causes the translocation to and
accumulation of p53 in the nucleolus (Klibanov et al. 2001).
Meanwhile, hyperthermia-driven nucleolar accumulation of
Hsp70 is reduced by phosphoinositide 3-kinase and MEK
inhibition. These findings, coupled with our results, bolster
the view that the nucleolus is a sensitive signaling and
sensing platform through which the cell can detect and
respond to stress (Bański et al. 2010a, b).

In addition to direct damage to folded protein through
thermal stress, we examined two other routes to an
increased unfolded protein burden. Interfering with proper
protein synthesis (by tunicamycin treatment, which causes
ER stress and triggers the UPR by inhibiting glycosylation)
drove a general increase in ANS fluorescence. Interfering
with protein recycling (by MG132 treatment, causing
inhibition of the 26S proteasome) stresses cells by prevent-
ing the degradation of damaged proteins and defective
ribosomal products. MG132 treatment also inhibited the
recovery of cells from the insult of thermal damage.

Practical applications of ANS fluorescence imaging

We foresee a number of applications for multiphoton
ANS fluorescence imaging. This compound appears to
have a low inherent toxicity in tissue culture, and it
crosses intact, living cell membranes. We believe that it
has great potential for use as a noninvasive marker for
protein-damaging stress. If this low toxicity extends to
multicellular organisms, ANS imaging may be useful in the in
vivo study of microscopy-compatible model systems like
Caenorhabditis elegans, embryonic zebrafish, Xenopus, and
larval Drosophila.

For example, in C. elegans models of Aβ42 toxicity, it
has been shown that knockdown of signaling proteins
involved in protein homeostasis pathways can modulate
Aβ42 pathology (Cohen et al. 2006); this study followed an
individual molecular marker, Aβ42 immunofluorescence.
ANS fluorescence imaging of this animal model could
show whether alterations in protein homeostasis precede or
occur concurrently with Aβ42 deposition, revealing where
different proteostatic rescue mechanisms intervene in the
Aβ42 aggregation pathway. The use of ANS fluorescence
imaging in these types of applications will depend on a
clear change in signal relative to background over the
course of the experimental treatments. To this end, the
nuclei of unstressed cells display a very low intrinsic ANS
fluorescence. We have found that hyperthermia and
proteasome inhibition, both of which affect protein homeo-
stasis, elicit clear and measurable increases in nuclear ANS
fluorescence. We therefore anticipate that monitoring

Fig. 7 HeLa cells treated with 20 μg/mL of tunicamycin and fixed (b)
exhibit a higher level of ANS fluorescence than untreated fixed cells
(a). The mean intensities of each thresholded image are plotted as a
function of tunicamycin concentration, showing the dose–response
relationship between ANS fluorescence and ER stress. A normalized
response curve (for EC50) is overlaid (c)
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nuclear fluorescence may offer the most robust sensor for
changes in protein homeostasis.

Live-cell ANS fluorescence imaging is useful for real-
time kinetic experiments, but has the drawback of the high
background fluorescence of serum-containing tissue culture
media. For endpoint analysis, using formalin-fixed cells
eliminates the need for culture medium (with its associated
ANS binding and fluorescence) and allows samples to be
stored and imaged later. ANS fluorescence imaging is
compatible with cross-linking fixatives like formaldehyde
only, as fixation with organic solvents like ethanol induces
general protein denaturation and subsequent exposure of
ANS binding sites (data not shown). While live-cell
imaging requires the use of multiphoton fluorescence
excitation to avoid ultraviolet-induced phototoxicity, we
anticipate that fixed cells should be more resistant to
photodamage caused by ultraviolet exposure. It may
therefore be possible to perform limited ANS fluorescence
imaging in fixed specimens using conventional confocal
microscopy with excitation wavelengths between 350 and
405 nm. We have noted that ANS-stained samples photo-
bleach very rapidly when exposed to ultraviolet light,
making epifluorescence ANS microscopy unfeasible.

We were also able to use ANS in fixed, frozen tissue
sections, which opens the door to the use of ANS
fluorescence for endpoint analyses of stored or archived
cells and tissues. ANS fluorescence imaging is not
compatible with sections from paraffin-embedded tissue
blocks because the deparaffinization process employs
protein-denaturing solvents. Upsets to protein homeostasis
and the accumulation of misfolded proteins have long been
known to drive a host of human neurodegenerative
diseases, including Alzheimer’s, Parkinson’s, amyotrophic
lateral sclerosis, and Huntington’s disease. While ANS is
not superior to existing stains like thioflavin S for imaging
amyloid deposits, it has a broader sensitivity to deposits
composed of non-amyloid misfolded protein deposits such
as Rosenthal fibers.

Recent work has focused on changes in protein
homeostasis in malignant transformation (Moenner et al.
2007; Powers et al. 2009) where protein deposition is not a
common pathological feature. We anticipate that ANS
imaging can play a role in this area of research. For
example, the uncontrolled proliferation of malignant cells
places a heavy burden on the chaperone system to deal
with increased rates of protein synthesis. A number of
Hsp90 inhibitors that deprive malignant cells of this
chaperone’s protective function are now in clinical trials.
High-throughput microscopy employing ANS fluores-
cence could be used to identify novel compounds that
reduce chaperone activity in cell-based assays. These
represent but a few of the possible applications for ANS
fluorescence microscopy.
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