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Abstract

Here, we have used a chimera of green fluorescent protein (GFP) and the glucocorticoid receptor (GR) to study retrograde movement of a

model soluble (i.e., non-vesicle-associated) protein in axons and dendrites of cultured NT2-N neurons. It is known that in non-neuronal cells,

the GFP–GR moves from cytoplasm to the nucleus in a steroid-dependent manner by a rapid, hsp90-dependent mechanism. When rapid

movement is inhibited by geldanamycin (GA), a specific inhibitor of the protein chaperone hsp90, the GFP–GR translocates slowly to the

nucleus by diffusion. Here we show that GFP–GR expressed in hormone-free neurons is localized in both cytoplasm and neurites, and upon

treatment with dexamethasone (DEX), it moves to the nucleus. In neurites, movement by diffusion is not possible, and we show that

movement of the GFP–GR from neurites is blocked by geldanamycin, suggesting that the hsp90-dependent movement machinery is required

for retrograde movement. In cells treated with both dexamethasone and geldanamycin, the GFP–GR becomes concentrated in fluorescent

globules located periodically along the neurites. Carboxyl terminus of Hsc70-interacting protein (CHIP), the E3 ubiquitin ligase for the GR,

also concentrates in the same loci in a steroid-dependent and geldanamycin-dependent manner. If geldanamycin is removed, the GFP–GR

exits the globules and continues its retrograde movement. However, in the continued presence of geldanamycin, the GFP–GR in the globules

undergoes proteasomal degradation, suggesting that the globules function as degradasomes. This is the first evidence for a linkage between

receptor trafficking along neurites and receptor degradation by the proteasome.
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1. Introduction axons [12], very little is known about the transport of soluble
Although much is known about the movement of vesicles

and organelles in anterograde and retrograde directions along
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proteins (i.e. non-vesicular proteins) in axons and dendrites.

Axons and dendrites are specialized cytoplasmic extensions

where movement by random diffusion alone would not

permit delivery of protein solutes over long distances, and a

machinery for movement is required. The glucocorticoid

receptor (GR) is a soluble protein that moves rapidly from

the cytoplasm to the nucleus in a hormone-dependent manner

[20], and here we use a transcriptionally active chimera of the

green fluorescent protein (GFP) and the GR to study receptor

movement in axons and dendrites of human NT2-N neurons.
BRESM-90788; No of Pages 10
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In this study, no distinction can be made between axons and

dendrites, and we will use the term neurite to refer collec-

tively to both axons and dendrites.

Previous studies in mouse L929 and 3T3 fibroblasts have

shown that cytoplasmic-nuclear translocation of the endog-

enous GR [6] or GFP–GR [8,9] is inhibited by geldana-

mycin, an ansamycin antibiotic that binds to the N-terminal

ATP site of hsp90 and inhibits its function [22]. Rapid

translocation of the GR in the absence of geldanamycin (t1/

2 f 5min) requires intact cytoskeleton, and geldanamycin

slows (t1/2 f 45min) but does not block translocation

[8,10]. Thus, in the non-neuronal cell, there is a rapid,

hsp90-dependent (geldanamycin-inhibited) movement along

cytoskeletal tracts, but when that mechanism is inhibited,

slow movement occurs by diffusion.

It has been shown that retrograde transport of vesicles

[15,26,27] in axons requires cytoplasmic dynein, a molec-

ular motor that processes along microtubular tracks towards

the minus ends [25]. Microinjection studies in axons show

that protein solutes containing a nuclear localization signal

utilize a microtubule-based machinery for retrograde move-

ment [1]. Although it seems clear that cytoplasmic dynein is

the motor for retrograde movement in axons, it is not known

how the motor recognizes its cargo [12].

For retrograde movement of the GR in non-neuronal

cells, the linkage to cytoplasmic dynein has been estab-

lished. GR�hsp90 heterocomplexes isolated from cytosol or

assembled in reticulocyte lysate contain an immunophilin,

such as FKBP52, and cytoplasmic dynein [10]. GR�hsp90
heterocomplexes are assembled by an ubiquitous, multi-

protein, hsp90/hsp70-based chaperone machinery, and after

assembly, an immunophilin binds via its tetratricopeptide

repeat (TPR) domain to an acceptor site on hsp90 [19]. The

hsp90-binding immunophilins also possess a peptidylprolyl

isomerase (PPIase) domain that functions as a protein

interaction domain to link them to cytoplasmic dynein

[11,23]. Competition with a PPIase domain fragment dis-

engages the GR�hsp90�immunophilin complex from dynein

in vitro, and expression of the fragment inhibits rapid

translocation of the GFP–GR in vivo, much like treatment

with geldanamycin [10].

In this paper, we present evidence that this hsp90-

dependent movement system is responsible for retrograde,

steroid-dependent movement of GFP–GR in neurites of

NT2-N neurons, which are derived from the human NT2

teratocarcinoma cell line by inducing a postmitotic neuronal

phenotype with retinoic acid [2,17,18]. As shown previous-

ly in fibroblasts, geldanamycin slows, but does not block,

retrograde movement of GFP–GR in the NT2-N cell body.

In NT2-N neurites, GFP–GR movement is blocked by

geldanamycin, and the receptor collects in fluorescent

globules located periodically along the neurites. If geldana-

mycin is withdrawn, the GFP–GR exits the globules and

movement continues, but in the continued presence of

geldanamycin, the GFP–GR is degraded by the proteasome.

Carboxyl terminus of Hsc70-interacting protein (CHIP)
[13], which is the E3 ubiquitin ligase for the GR [4], also

moves into the globules by a glucocorticoid-dependent

mechanism when cells are treated with geldanamycin. Thus,

in the neurites of cells producing large amounts of the

receptor chimera, the ubiquitin ligase that initiates the

process of receptor degradation moves with the receptor

into centers where receptor degradation occurs in the

continued presence of geldanamycin.
2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal

calf serum were from BioWhittaker (Walkersville, MD), and

Opti-MEM I medium was from Gibco (Grand Island, NY).

Charcoal-stripped calf serum was from Sigma (St. Louis,

MO), and the Trans-Fast kit for cell transfection was from

Promega (Madison, WI). Matrigel basement membrane

matrix and poly-D-lysine hydrobromide were from Collab-

orative Biomedical Products (Bedford, MA). The protea-

some inhibitor MG-132 was purchased from Biomol

Research Laboratories (Plymouth Meeting, PA), and the

hsp90 inhibitor geldanamycin was obtained from the Drug

Synthesis and Chemistry branch of the Developmental

Therapeutics Program, National Cancer Institute. Construc-

tion of the GFP–GR was described previously [8], as was

preparation of the rabbit anti-CHIP antibody [3]. The BB70

mouse monoclonal IgG against hsp70 was from StressGen

(Victoria, BC), and the 3G3 mouse monoclonal IgM against

hsp90 was from Affinity BioReagents (Golden, CO). Rho-

damine-conjugated donkey anti-rabbit IgG, anti-mouse IgG

and anti-mouse IgM were from Jackson ImmunoResearch

(West Grove, PA).

2.2. Cell culture and transfection

NT2 stem cells (passages 50–80) were grown in 75-cm2

tissue culture flasks containing DMEM supplemented with

10% fetal calf serum. NT2 cells were differentiated into the

neuronal phenotype, NT2-N, as described previously [18]

and modified by Novak et al. [17]. Briefly, NT2 cells were

treated with 10 AM retinoic acid twice per week for 5 weeks.

After retinoic acid treatment, cells were rinsed with phos-

phate-buffered saline containing 0.2 mg/ml EDTA, detached

from culture flasks with 0.25% (w/v) trypsin, and replated

(replate I). Two days later, cells were rinsed with Hank’s

balanced salt solution and treated with 0.05% trypsin/0.53

mM EDTA. Flasks were then struck repeatedly to remove

NT2-N cells, which were replated on coverslips previously

coated with 10 Ag/ml poly-D-lysine and 1:36 Matrigel in

DMEM (replate II). NT2-N cells were seeded at a density of

2.5–5.0� 106 cells/dish. For the first 3 weeks after replate

II, NT2-N cells were maintained in DMEM supplemented

with 10% fetal calf serum, 100 U/ml penicillin G, 100 Ag/ml
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streptomycin sulfate, 100 AM 5-fluoro-2-deoxyuridine, 10

AM uridine, and 1 AM cytosine h-D-arabinofuranoside.
After 3 weeks, NT2-N cells were maintained in conditioned

medium obtained from replate I. NT2-N cells were used for

experiments 6 to 8 weeks after replate II. The conditioned

medium was replaced by Opti-MEM supplemented with

10% fetal calf serum, and after 3 h, this medium was

replaced by Opti-MEM only. Cells were transfected with

3.5 Ag/ml of GFP–GR plasmid preincubated for 10 min

with 3.0 Al of Trans-Fast reagent per Ag of DNA. After 2 h,

the transfection medium was aspirated and replaced with

fresh Opti-MEM with 10% fetal calf serum. After 24 h, the

medium was removed, cells were washed four times with

Opti-MEM medium, and incubated for an additional 24 h in

Opti-MEM with 10% charcoal-stripped calf serum.

2.3. GFP–GR translocation

The transfected cells on coverslips were incubated with 1

AM dexamethasone, and at various times, coverslips were

removed, rinsed with ice-cold phosphate-buffered saline,

and fixed by immersion in � 20 jC methanol for at least 15

min. Cells were rinsed again with phosphate-buffered saline,

and the coverslips were inverted onto a slide with 5 Al of
mounting solution (1 mg/ml p-phenylenediamine in 10%

phosphate-buffered saline, 90% glycerol, pH 9.0). Cells

were visualized with a Leitz Aristoplan epiillumination

microscope.

Cells were scored for GFP–GR translocation to the

nucleus as described previously [8], using a score of 4 for

nuclear fluorescence much greater than cytoplasmic fluo-

rescence, 3 for nuclear fluorescence greater than cytoplas-

mic fluorescence, 2 for nuclear fluorescence equal to

cytoplasmic fluorescence, 1 for nuclear fluorescence less

than cytoplasmic fluorescence, and 0 for nuclear fluores-

cence much less than cytoplasmic fluorescence. The trans-

location scores represent the meansF S.E. from three

experiments in which >50 cells per condition per experi-

ment were scored.

Cells treated with dexamethasone and geldanamycin

developed globules of fluorescence in their neurites. These

fluorescent globules are readily differentiated from much

smaller and more intense speckles of fluorescence that are

seen occasionally in cells overexpressing the GFP–GR,

regardless of treatment condition. To score the globule

formation, those cells that showed at least three globules

per neurite were expressed as a percent of the total number

of cells exhibiting fluorescent neurites.

2.4. Geldanamycin treatment

To assay the effect of the hsp90 inhibitor, geldanamycin,

on GFP–GR movement in NT2-N cells, dexamethasone (1

AM) or vehicle (0.1% ethanol) was added to cultures

precooled for 10 min on ice. Cells were maintained on ice

for 1.5 h to allow steroid binding to the receptor, which is
located in the cytoplasm and axoplasm. Geldanamycin (10

AM) or vehicle (0.1% DMSO) was then added, and the

incubation was continued on ice for 30 min. At the end of

this preincubation, the cold medium was replaced with

warm (37 jC) medium containing the same components,

and the incubation was continued at 37 jC to permit nuclear

translocation. At the indicated times, the cells were fixed in

cold methanol and GFP–GR translocation was scored.

2.5. Washout experiments

NT2-N cells expressing GFP–GR were pretreated at 0

jC with dexamethasone and geldanamycin as described

above, and the cells were then incubated at 37 jC for 1 h.

The medium was aspirated, the cells were washed twice

with Opti-MEM, and the washed cells were incubated for

additional times up to 3 h at 37 jC in Opti-MEM/10%

charcoal-stripped calf serum in the presence or absence of

10 AM geldanamycin and/or 10 AM of the proteasome

inhibitor MG-132. The coverslips were then withdrawn

from the medium, rinsed with phosphate-buffered saline,

and fixed in � 20 jC methanol as described above.

2.6. Indirect immunofluorescence

NT2-N cells expressing GFP–GR were pretreated with

10 AM geldanamycin, or 1 AM dexamethasone, or both as

described above. After 1 h of incubation at 37 jC, the cells
were rinsed with phosphate-buffered saline and fixed in cold

(� 20 jC) methanol for 10 min. Then, coverslips were

inverted onto 100 Al of blocking buffer (20 mM Tris at pH

8.8, 0.63 M NaCl, 0.05% Tween-20, 0.02% NaN3 and 1%

BSA) containing 1 Al of anti-CHIP antibody, 2 Al BB70 IgG

against hsp70, 3 Al 3G3 mouse IgM against hsp90, or 2

Al UPJ56 rabbit anti-FKBP52 serum. After overnight incu-

bation at 4 jC, coverslips were washed with blocking buffer

for 15 min at room temperature and inverted onto 100 Al of
blocking buffer containing 2 Al of rhodamine-conjugated

donkey anti-rabbit IgG, or anti-mouse IgG, or anti-mouse

IgM. After 2 h at room temperature, the cells were washed,

mounted on microscope slides and visualized.
3. Results

3.1. GFP–GR movement is inhibited by geldanamycin

To determine if GFP–GR distributes to neurites and

undergoes retrograde movement, NT2-N cells were trans-

fected with GFP–GR plasmid, and 48 h later, they were

treated with dexamethasone (Fig. 1). As can be seen in the

cells that were not treated with dexamethasone (�DEX

condition in Fig. 1), GFP–GRwas localized in the cytoplasm

with extension into NT2-N neurites, and this distribution was

not affected by 60min of treatment with geldanamycin. In the

absence of geldanamycin, treatment with dexamethasone



Fig. 2. Geldanamycin slows GFP–GR translocation in the cell body from

the cytoplasm to the nucleus. NT2-N cells expressing GFP–GR were

preincubated on ice with 1 AM dexamethasone and either DMSO vehicle

(o) or 10 AM geldanamycin (.). The temperature was shifted to 37 jC, and
at various times, cells were fixed and scored for GFP–GR translocation

from the cell body (i.e., not including neurites) to the nucleus. Each value

represents the translocation score (meanF S.E.) of three independent

experiments.

-DEX +DEX (10') +DEX (60')

- GA

+ GA

Fig. 1. Geldanamycin inhibits GFP–GR movement in neurites. NT2-N cells transfected with GFP–GR were preincubated on ice with 1 AM dexamethasone

(DEX) and/or 10 AM geldanamycin (GA) as described under Materials and methods. The cells were then incubated for 10 or 60 min at 37 jC to permit GFP–

GR translocation to the nucleus. Two cells are shown for each condition. Cells that were not treated with dexamethasone were incubated for 60 min with

vehicle at 37 jC prior to fixation. The bar at the lower right represents 10 Am.
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caused movement of the GFP–GR to the nucleus, with

nuclear accumulation being clearly evident after 10 min

and complete by 60 min. In cells treated with dexamethasone

and geldanamycin, there was little nuclear accumulation at 10

min, but by 60min, much of the GFP–GR had translocated to

the nuclei. However, in contrast to cells that were treated with

dexamethasone in the absence of geldanamycin, green fluo-

rescence was still present in neurites of cells treated for 60

min with dexamethasone in the presence of geldanamycin. It

should be noted that the receptors were first bound with

steroid while the cells were maintained on ice and then

exposed to geldanamycin when the temperature was raised

to 37 jC to permit receptor movement. This avoids any

geldanamycin-mediated decrease in the steroid binding ac-

tivity of unliganded GFP–GR.

We have shown previously that geldanamycin slows the

rate of, but does not block, GFP–GR translocation from the

cytoplasm to the nucleus of NIH 3T3 mouse embryo

fibroblasts [8,10]. In Fig. 2, we have scored the dexameth-

asone-dependent translocation of the GFP–GR from the

cytoplasm to the nucleus of NT2-N cells in the presence

and absence of geldanamycin treatment. As shown in Fig.

1, cells treated with dexamethasone and geldanamycin for

60 min have immunofluorescence remaining in neurites

when most of the GFP–GR in the cell body has trans-

located to the nucleus. For scoring the translocation in Fig.

2, the relative GFP–GR fluorescence in cell bodies and
nuclei were compared, and GFP–GR fluorescence in

neurites was ignored. In the absence of geldanamycin, the

GFP–GR rapidly translocated to the nucleus (open circles,

t1/2 f10 min), but when hsp90 function was inhibited by
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geldanamycin (solid circles), the translocation rate was

much slower.

3.2. GFP–GR movement in neurites

The slowing of GFP–GR movement in the cell body by

geldanamycin suggests that there is a rapid, hsp90-depen-

dent movement mechanism, and when hsp90 is inhibited by

geldanamycin, the GFP–GR translocates slowly in a man-

ner that may be diffusion-limited in the cytoplasm. Because

movement by diffusion is not an alternative in neurites, we

asked whether geldanamycin would block GFP–GR move-

ment in neurites. Only 50–60% of NT2-N cells expressing

GFP–GR have visible fluorescence in neurites, but when

cells are treated with dexamethasone, the percentage of cells

with fluorescence in neurites decreased in a time-dependent

manner (Fig. 3, open circles). As can be seen from the open

circles in Fig. 3, the rate at which cells lost their neurite

fluorescence is slower (t1/2 30–40 min) than the rate at

which fluorescence shifted in the cell body (Fig. 2) from the

cytoplasm to the nucleus (t1/2 f 10 min). This slower rate
Fig. 3. Geldanamycin blocks GFP–GR movement in neurites. NT2-N cells

expressing GFP–GR were pretreated on ice with 1 AM dexamethasone in

the absence (open circles) or presence (solid circles) of 10 AM gelda-

namycin. The temperature was shifted to 37 jC (zero time), and fluorescence

in neurites was scored. To determine GFP–GR in neurites, the number of

cells with one or more fluorescent neurites was scored as a percent of the

total number of fluorescent cells. Each value represents the meanF S.E.

from three experiments, in which at least 30 cells were counted at each time

point.
of fluorescence depletion in neurites is consistent with a

longer travel distance. However, by 60 min of dexametha-

sone treatment, most of the GFP–GR had moved out of the

neurites. In cells treated with geldanamycin, there was no

loss of neurite fluorescence over 60 min of dexamethasone

treatment (Fig. 3, solid circles), suggesting that GFP–GR

movement in neurites is entirely hsp90-dependent.

3.3. Geldanamycin causes formation of fluorescent globules

Treatment of NT2-N cells with both dexamethasone and

geldanamycin resulted in the formation of fluorescent glob-

ules along the neurites. Fig. 4A is a view of a multinuclear

gangliform structure with multiple neurites, each containing

an alignment of fluorescent globules. These fluorescent

globules can also be seen transiently in the cytoplasm of

cells treated for short times (e.g., 10 min) with both

dexamethasone and geldanamycin (see Fig. 1), but their

presence in neurites is most striking. Fluorescent globules

are not produced in cells treated only with dexamethasone

or only with geldanamycin (Fig. 1). Thus, it seems that both

steroid-induced GFP–GR movement and geldanamycin

inhibition of dynamic GFP–GR�hsp90 heterocomplex as-

sembly are required for formation of fluorescent globules.

As shown in Fig. 4B, the globules were formed in a time-

dependent manner, and by 60 min, about 75% of the

neurites with fluorescence contained fluorescent globules.

3.4. Reversal of the geldanamycin blockade

Geldanamycin is a reversible inhibitor of hsp90, and

washing of geldanamycin-treated 3T3 mouse fibroblasts

reverses inhibition of GFP–GR movement from the cyto-

plasm to the nucleus [9]. In the experiment of Fig. 5, NT2-N

cells were incubated for 60 min at 37 jC with dexameth-

asone and geldanamycin to permit formation of neurite

globules as shown in Figs. 1 and 4A. The medium was

then replaced with steroid-free medium with or without

geldanamycin and the incubation was continued at 37 jC.
It can be seen that the fluorescent globules disappear from

the neurites more rapidly (t1/2 40–60 min) in the absence of

geldanamycin (Fig. 5, open circles) than when geldanamy-

cin is present (Fig. 5, open squares). The same results are

seen with or without the continued presence of steroid

during the second incubation (data not shown).

The hsp90-based chaperone machinery protects hsp90

‘client’ proteins from ubiquitination and subsequent protea-

somal degradation, and treatment of cells with geldanamy-

cin increases the rate of turnover of hsp90-bound proteins

[16], including the glucocorticoid receptor [6]. As shown by

the solid squares in Fig. 5, the presence of the proteasome

inhibitor MG-132 inhibited the loss of fluorescent globules

in neurites of NT2-N cells maintained in the presence of

geldanamycin. This suggests that the GFP–GR that is

jammed up in globules is degraded when hsp90 function

is inhibited. In contrast, the rate of loss of neurite globule



Fig. 5. Effects of geldanamycin withdrawal and treatment with the

proteasome inhibitor MG-132. NT2-N cells expressing GFP–GR were

incubated for 1 h in the presence of dexamethasone and geldanamycin to

permit formation of fluorescent globules in the neurites. The medium was

then replaced with steroid-free medium, and the incubation was continued

at 37 jC under the following conditions: (o), without geldanamycin; (.)
without geldanamycin but with 10 AM MG-132; (5) with 10 AM
geldanamycin; (n) with geldanamycin and MG-132. At various times,

the cells were fixed and neurites with GFP–GR globules were scored. Each

value represents the meanF S.E. from three experiments. Asterisks

designate values for geldanamycin-treated cells that differ from the control

without MG-132 at a significance of P< 0.001.
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Fig. 4. Geldanamycin blockade of GR movement in axons and dendrites

causes traffic jams that appear as fluorescent globules. (A) An enlarged

view of a ganglion structure with multiple neurites that has been incubated

for 60 min with dexamethasone and geldanamycin. The bar at the lower

right represents 30 Am. (B) To determine GFP–GR in neurite globules,

cells in Fig. 3 showing at least three fluorescent globules per neurite were

scored as percent of the total number of cells exhibiting fluorescent

neurites. Each value represents the meanF S.E. from three experiments, in

which at least 30 cells were counted at each time point.
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fluorescence in NT2-N cells that were maintained in the

absence of geldanamycin (Fig. 5, solid circles) was not

affected by MG-132. This is consistent with the loss of

neurite fluorescence upon removal of the geldanamycin
block being due to GFP–GR exit from the globules and

continued retrograde movement out of the neurites and to

the nucleus.

3.5. CHIP and hsp70 co-localize in the GFP–GR

fluorescent globules

The suggestion that the GFP–GR undergoes proteaso-

mal degradation in the globules of neurites maintained in

the presence of geldanamycin is buttressed by the obser-

vation that CHIP co-localizes to the globules. CHIP is a

35-kDa protein that binds via its TPR domain to the

carboxyl terminus of both hsp70 and hsc70 [3]. CHIP

possesses a carboxyl-terminal U-box that interacts with the

ubiquitin-conjugating enzyme family [14]. CHIP has been

shown to function as the E3 ubiquitin ligase for the GR to

promote receptor ubiquitylation [4], thus initiating protea-

somal degradation.

The localization of CHIP in NT2-N neurons is shown by

the red fluorescence in Fig. 6. In untreated cells (not shown),

cells treated with geldanamycin (Fig. 6a and b), and cells

treated with dexamethasone (Fig. 6d), CHIP is located

diffusely throughout the cytoplasm and the neurites. As

shown in Fig. 1, the GFP–GR is diffusely present through-

out the neurite in the absence of steroid (Fig. 6c) and moves

to the nucleus with steroid treatment (Fig. 6e). In cells

treated with both geldanamycin and dexamethasone, CHIP

(Fig. 6g) and GFP–GR (Fig. 6h) co-localize (see merge in

Fig. 6i) to the same globules, which are located periodically

along the neurite.



Fig. 6. CHIP co-localizes with the GFP–GR in fluorescent globules. NT2-N cells expressing GFP–GR were incubated for 1 h with geldanamycin (a–c),

dexamethasone (d–f), or both geldanamcyin and dexamethasone (g– i). The red represents indirect immunofluorescence for CHIP and the green is GFP–GR.

The distribution of CHIP in a cell body is shown in panel a, and panels b and c show the distribution of CHIP and GFP–GR, respectively, in a long neurite

extending from that cell body. Panels f and i show the merged images of panels d–e and g–h, respectively. The bar at the lower right represents 10 Am.
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In cells that are not overexpressing the GFP–GR, CHIP

remains dispersed throughout the neurite, upon treatment

with dexamethasone and gledanamycin, and there is no
Fig. 7. Hsp70 co-localizes with the GFP–GR in fluorescent globules. NT2-N cells

geldanamycin and dexamethasone (b–d). The red represents indirect immunofluo

GFP–GR distribution in the same cell where the distribution of hsp70 is shown

represents 10 Am.
globule formation. Thus, the component of the proteasomal

degradation system that triggers receptor ubiquitination,

CHIP, appears to move with the receptor upon steroid
expressing GFP–GR were either untreated (a) or treated for 1 h with both

rescence for hsp70 and the green is GFP–GR. The inset in (a) shows the

in red. Panel d shows the merged images of panels b and c. The bar in d
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treatment and becomes jammed in the same loci when

further receptor movement is blocked by geldanamycin

inhibition of receptor�hsp90 heterocomplex assembly. We

do not know the relative concentrations of CHIP and GFP–

GR in the cell. However, as steroid-dependent transcrip-

tional activation in GFP–GR transfected cultures rises more

than 20-fold [8], the amount of GFP–GR produced in the

f5% of cells in the culture that are overexpressing it must

be very high and may very well exceed that of CHIP. Such a

change in the receptor/CHIP ratio would account for the

receptor-dependent movement of CHIP to the fluorescent

globules.

Because CHIP interacts via its TPR domain with GR-

bound hsp70, it is reasonable to predict that some hsp70

would localize to the fluorescent globules. Despite the fact

that hsp70 is an abundant protein, it can be shown that some

of it is concentrated in the same fluorescent globules as the

GFP–GR. Fig. 7a shows the distribution of hsp70 (red) in

an untreated NT2-N neuron expressing GFP–GR (green in

inset). It can be seen that hsp70 is distributed diffusely

throughout the neurites. In transfected cells treated with

dexamethasone and geldanamycin, GFP–GR (Fig. 7b) and

some of the hsp70 (Fig. 7c) co-localize (see merge in Fig.

7d) to the same globules in the neurites. As with CHIP,

hsp70 concentrates in neurite globules only in cells that are

expressing GFP–GR that are treated with both geldanamy-

cin and dexamethasone (data not shown). Similar indirect

immunofluorescence localization experiments were per-

formed for both hsp90 and the hsp90-binding immunophilin

FKBP52. Both proteins could be readily visualized in

neurites, but they did not localize to fluorescent granules

in GFP–GR expressing cells treated with geldanamycin and

dexamethasone (data not shown).
4. Discussion

There are several reasons why the GFP–GR is an

excellent model for studying the mechanism of movement

of a soluble protein in neurites. The presence of the

fluorescent GFP does not affect the localization of the

hormone-free receptor, and transcriptional activation by

the chimera is similar to that of the wild-type GR [8]. In

addition, the investigator can initiate GFP–GR movement

from the neurite because movement is steroid-dependent.

Importantly, a great deal is already known about the

formation and composition of GR�hsp90 heterocomplexes

and their linkage to a movement system in non-neuronal

cells. These GR�hsp90 heterocomplexes immunoabsorbed

from cytosols contain one of several hsp90-binding immu-

nophilins and the motor protein, cytoplasmic dynein [7,10].

When assembly of this movement machinery is blocked

by geldanamycin, rapid movement ceases, but receptors still

accumulate slowly in the nucleus, both in non-neuronal cells

[8–10] and in NT2-N neurons (Figs. 1 and 2). In fibroblasts,

when the microtubular pathway for rapid motor-dependent
movement is eliminated by colcemid treatment, both wild-

type GR [5] and GFP–GR [8] move to the nucleus in a

steroid-dependent manner. But movement in the absence of

microtubules is not affected by geldanamycin, and thus,

does not utilize the hsp90-dependent machinery [8]. In the

absence of microtubules, GR that moves to the nucleus by

diffusion is clearly functional because microtubules are not

required for GR-mediated gene induction [24]. We should

note here that colcemid treatment of NT2-N cells made the

neurites disappear, so we could not ask whether microtubule

disruption blocked GFP–GR movement in neurites. The

rapid movement machinery is not essential for the GR to

move to its nuclear site of action in yeast, because steroid-

dependent transcriptional activation occurs in yeast lacking

dynein [21].

Thus, in non-neuronal cells and in the cell body of NT2-

N neurons (Fig. 2), the hsp90-dependent machinery is

responsible for the rapid movement of the GR, but it is

non-essential because the alternative of movement via

diffusion is available. Clearly, movement systems for solu-

ble proteins had to have evolved before cells could develop

axons and dendrites where movement by diffusion is not

possible and proteins must be moved by a machinery

(probably multiple machineries). The observation that gel-

danamycin blocked GFP–GR movement in NT2-N cell

neurites (Fig. 3) suggests that the hsp90-dependent move-

ment machinery, which is non-essential for receptor move-

ment in the cell body of neurons, is essential for receptor

movement in axons and dendrites. Thus, in the integrated,

multicellular organism possessing a nervous system, a

function of hsp90 in protein trafficking that is non-essential

in lower organisms may have become essential.

A particularly interesting observation is that geldanamy-

cin treatment caused the GFP–GR to accumulate in fluo-

rescent globules along the neurites (Figs. 1, 4, 6 and 7).

GFP–GR movement must be initiated with steroid for the

globules to form upon geldanamycin blockade of hsp90

function (Fig. 1). This has caused us to think of the globules

as traffic jams. The GR must be in heterocomplex with

hsp90 to bind steroid [19], and movement of the GFP–GR

over a limited distance can occur before there is hetero-

complex disassembly. This limited retrograde movement by

steroid-bound GFP–GR that is complexed with hsp90 and

linked via immunophilins to cytoplasmic dynein may ac-

count for the periodic localization of globules along neurites

when further movement is stopped by geldanamycin block-

ade of heterocomplex reassembly.

Another possible explanation for the periodic location of

the globules might be that the GFP–GR accrues in protein

quality control centers containing the machinery for protea-

somal degradation that are located periodically along the

neurite. The proteasome inhibitor MG-132 inhibits the loss

of fluorescent globules in the neurites of cells maintained in

the presence of geldanamycin (Fig. 5), suggesting that the

GFP–GR is being degraded at these sites. When the

receptor is no longer protected from ubiquitination and
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degradation because its assembly into heterocomplexes with

hsp90 is blocked by geldanamycin, it might be degraded at

such quality control loci along the neurite. It was with this in

mind that we examined the localization of the CHIP and

hsp70 components of the receptor degradation machinery in

neurites. CHIP and hsp70 were dispersed throughout the

neurites in untreated cells and in cells treated with only

steroid or geldanamycin (Figs. 6 and 7 and data not shown).

Thus, CHIP and hsp70 are not prelocated in protein quality

control centers that are located periodically along the

neurite. However, quality control centers for proteasomal

degradation may exist, and CHIP and hsp70 may move with

target proteins into such centers.

Quite unexpectedly, both CHIP and hsp70 were found to

co-localize with the GFP–GR in the neurite globules when

cells were treated with both steroid and geldanamycin (Figs.

6 and 7). CHIP and hsp70 movement to the globules

occurred only in neurites expressing GFP–GR when move-

ment of the receptor had been initiated with steroid. Thus,

the CHIP and hsp70 moved to the globules with the

receptor. CHIP and the GR have been shown to co-

immunoprecipitate from cell lysates [4] where essentially

all of the GR is in heterocomplex with hsp90. During

GR�hsp90 heterocomplex assembly, the HOP component

of the assembly machinery, which simultaneously binds

hsp70 and hsp90 via independent TPR domains, dissociates

[19]. This opens the TPR acceptor site on receptor-bound

hsp70 to bind CHIP. Thus, CHIP may be able to dynam-

ically interact with hsp70 bound to the GFP–GR while the

hsp90 component of the heterocomplex determines retro-

grade movement by linking the complex to dynein via the

TPR domain immunophilins. Thus, movement could occur

while the E3 ubiquitin ligase interacts with the receptor

complex. When continued GFP�GR�hsp90 heterocomplex

assembly is blocked by geldanamycin, CHIP that has

accompanied the receptor to the globules may function

unopposed by the presence of hsp90, initiating receptor

degradation by the proteasome. The fact that the GFP–GR

that is jammed in globules is stabilized by the proteosome

inhibitor MG-132 (Fig. 5) suggests that the globules func-

tion as degradasomes.

CHIP does not exist solely to regulate the GR, and it

would seem at first glance that treatment with geldanamycin

in the absence of dexamethasone might cause CHIP to

aggregate in neurite globules because hsp90 chaperoning

of other proteins that move to the nucleus is blocked.

However, geldanamycin alone does not cause CHIP to

localize to neurite globules (Fig. 6). This is probably

because most nuclear proteins chaperoned by hsp90 move

to the nucleus constitutively immediately upon completion

of their translation and are never located in neurites.

Because the GR shuttles in both directions with the great

majority being located in the cytoplasm in the absence of

hormone, a significant amount of GFP–GR is visualized in

neurites. The extremely high levels of GFP–GR produced

in the f 5% of overexpressing cells permit us to see CHIP
accumulate in neurite globules when retrograde movement

of the receptor is initiated by dexamethasone and hsp90 is

blocked by geldanamycin. Regardless of the ultimate mech-

anistic explanation, it seems clear that both the CHIP and

hsp70 components of the proteasomal degradation machin-

ery must move with the receptor in the neurite, and the

movement of both the receptor and the receptor-bound

hsp70 and CHIP is blocked when hsp90 function is blocked

by geldanamycin.
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