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When co-translationally inserted into endoplasmic reticulum (ER) membranes, newly synthesized proteins encounter 
the lumenal environment of the ER, which contains chaperone proteins that facilitate the folding reactions necessary 
for protein oligomerization, maturation and export from the ER. Here we show, using a temperature-sensitive variant 
of vesicular stomatitis virus G protein tagged with green fluorescent protein (VSVG–GFP), and fluorescence recovery 
after photobleaching (FRAP), the dynamics of association of folded and misfolded VSVG complexes with ER chaperones. 
We also investigate the potential mechanisms underlying protein retention in the ER.  Misfolded VSVG–GFP complexes 
at 40 °C are highly mobile in ER membranes and do not reside in post-ER compartments, indicating that they are not 
retained in the ER by immobilization or retrieval mechanisms. These complexes are immobilized in ATP-depleted or 
tunicamycin-treated cells, in which VSVG–chaperone interactions are no longer dynamic. These results provide insight 
into the mechanisms of protein retention in the ER and the dynamics of protein-folding complexes in native ER 
membranes. 

 model system for studying pathways for protein folding and
misfolding in the ER and their effects on the retention and
export of ER proteins is provided by the temperature-sensi-

tive ts045 variant of VSVG, which contains a single lumenal amino-
acid change that leads to misfolding and retention within the ER at
40 °C1–4. Upon shifting to 32 °C, misfolding is reversed; VSVG then
correctly folds and is exported from the ER for delivery to the
plasma membrane. Correct folding of VSVG in the ER requires the
formation of intrachain disulphide bonds and involves interactions
with the folding enzyme protein disulphide isomerase (PDI) and
two chaperones, the ATPase BiP (GRP78) and calnexin5–8. The
chaperone interactions promote the formation of a mature, trans-
port-competent form of VSVG that exists as an oxidized (disul-
phide-bonded), noncovalently associated homotrimer containing
two N-linked sugar chains7,9.

Biochemical analyses have shown that when misfolded VSVG is
retained in the ER at 40 °C, complexes of VSVG–BiP and VSVG–
calnexin are formed6–8, although the size, organization and dynam-
ics of these complexes in native ER membranes are not known. This
has made it difficult to distinguish between different models for
retention of VSVG in the ER at 40 °C, which include: immobiliza-
tion or aggregation of VSVG–chaperone complexes in ER mem-
branes; failure of VSVG complexes to be recognized by ER export
machinery; and continuous retrieval of misfolded VSVG complexes
from a post-ER compartment10,11. 

Here we distinguish between these models of ER retention and
investigate the dynamics of VSVG–chaperone interactions by meas-
uring the diffusional mobility of folded and misfolded forms of
VSVG–GFP3 that are localized in the ER. The diffusional mobility
of VSVG–GFP was quantified using FRAP, in which fluorescent
proteins in a small area are irreversibly photobleached by an intense
laser flash and fluorescence recovery through the exchange of
bleached for nonbleached protein is measured using an attenuated
laser beam12. Mobility parameters, including the diffusion coeffi-
cient, D, and the mobile fraction, can be derived from the kinetics
of fluorescence recovery to provide insight into the dynamics of
VSVG–GFP complexes. For example, if misfolded VSVG molecules
are associated with slowly diffusing ER proteins, form large aggre-
gates, or are present in a protein-dense environment, then their

apparent D value will be lower than for proteins freely diffusing in
a lipid bilayer. Alternatively, if they associate irreversibly with
immobile ER components or segregate into membrane sub-
domains, their observed mobile fraction value will be low.

Our results, obtained using FRAP and repetitive photobleaching
techniques, show that both folded and misfolded forms of VSVG–
GFP are completely mobile in ER membranes, have a diffusion coef-
ficient close to the theoretical limit for protein diffusion in a lipid

A

Figure 1 Attachment of GFP to ts045 VSVG does not alter its temperature-
dependent folding. Cells transfected with VSVG–GFP were incubated for 24 h at 
40 °C or at 32 °C in the presence of brefeldin A, which blocks ER export of proteins16. 
Cells were then fixed and stained with the conformation-specific monoclonal antibody 
I14 to identify correctly folded forms of VSVG–GFP. In cells incubated at 32 °C (upper 
panels), correctly folded VSVG–GFP retained in the ER was recognized by the I14 
antibody, as shown by the complete overlap of antibody staining and distribution of 
the chimaera. In cells incubated at 40 °C (lower panels), VSVG–GFP was not 
recognized by the I14 antibody, indicating that it is misfolded in the ER at this 
temperature. Scale bar represents 10 µm.
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bilayer and do not reside in separate ER subdomains or post-ER com-
partments. This implies that misfolded VSVG complexes are not nor-
mally tethered to an underlying ER scaffold or immobilized within a
matrix of aggregated proteins, and that they are not retrieved from
post-ER compartments. Our data thus support the idea that reten-
tion of misfolded VSVG molecules in the ER at 40 °C occurs predom-
inantly as a result of the failure of these proteins to be recognized by
ER export machinery. In conditions in which VSVG–chaperone
interactions become irreversible and extensive, including ATP deple-
tion and tunicamycin treatment7,13,14, VSVG–GFP molecules are
immobilized and the diffusional mobility of soluble ER proteins is
altered.  These results indicate that when interactions between mis-
folded proteins and ER chaperones are not dynamic, the diffusional
mobility of many proteins in the ER becomes restricted, perhaps
through the formation of an extensive ER matrix.

Results
Folding characteristics of VSVG–GFP. The conformation-specific
anti-VSVG antibody I14 (ref. 15), which detects only correctly
folded monomeric and trimeric VSVG molecules, was used to char-
acterize the folding properties of VSVG–GFP. At 40 °C, misfolded
VSVG retained in the ER is not recognized by I14, whereas at 32 °C,
correctly folded VSVG is present in all intracellular
compartments5,9. A similar pattern of I14 labelling was observed in
COS cells expressing VSVG–GFP (Fig. 1), implying that the ther-
moreversible folding properties of VSVG were unaffected by the
attachment of GFP. 
Diffusional mobility of folded and misfolded VSVG–GFP in ER
membranes. We used FRAP to compare the diffusional mobilities
of folded and misfolded forms of VSVG–GFP in ER membranes.
Complete recovery of fluorescence occurred within 5 min of pho-
tobleaching of either correctly folded VSVG–GFP at 32 °C in cells
treated with brefeldin A (BFA, which prevents the exit of proteins
from the ER16) or misfolded VSVG–GFP at 40 °C (Fig. 2). In both
cases, recovery was rapid and diffusive (the edges of the photob-
leached box recovered before the centre), and did not involve gross
changes in the fine architecture of the ER. This recovery represented
the diffusional exchange of unbleached VSVG–GFP for bleached
VSVG–GFP, as recovery was abolished when fixed cells were pho-
tobleached (data not shown). 

Quantitative FRAP analyses showed that folded and misfolded
forms of VSVG–GFP, at 32 °C and 40 °C respectively, had indistin-

Figure 2 Both correctly folded (32 °C) and misfolded (40 °C) forms of 
VSVG–GFP are highly mobile in ER membranes. Qualitative FRAP analysis of 
ER-localized VSVG–GFP in cells incubated at 40 °C or 32 °C in the presence of 
brefeldin A for 24 h. Images were obtained before photobleaching and at the 
indicated time points after. The photobleached area is outlined by a box. Scale 
bars represent 10 µm.
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5 min Figure 3 The extent and time course of fluorescence recovery for VSVG–GFP 
in the ER are similar at 32 °C and 40 °C, but are decreased by ATP depletion. 
Fluorescence intensities (normalized to prebleach values) from FRAP analyses were 
plotted against time for VSVG–GFP in the ER at 40 °C or 32 °C in the presence of 
brefeldin A (a), and for VSVG–GFP in the ER at 40 °C with or without ATP depletion 
(sodium azide and 2-deoxy-glucose in glucose-free medium for 15 min) (b). 
Measurements were taken at 0.5-s intervals until a plateau was reached.
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guishable D values (0.4–0.5 µm2 s–1) with both forms showing 100%
mobility (Fig. 3a, Table 1). D values did not vary with the duration
of the non-permissive temperature (data not shown), the presence
or absence of BFA (Table 1) or the overall level of expression of
VSVG–GFP (data not shown). Values for D and mobile fraction of
VSVG–GFP were comparable to those of other GFP-tagged pro-
teins residing in ER membranes, including lamin-B receptor (LBR),
the β-subunit of the signal-recognition-particle receptor (SRβ) and
the Golgi enzyme galactosyltransferase (GalT) in cells treated with
BFA (Table 1). They were also similar to those of other GFP-tagged
proteins present in the Golgi complex17, all of which had diffusional
mobilities at 32 °C and 40 °C that were close to the theoretical limit
for proteins in a lipid bilayer18,19. 
Mechanism of retention of VSVG–GFP in the ER at 40 °C. Given
that misfolded VSVG–GFP molecules diffuse at a rate close to the
viscosity limit in ER membranes, it is clear that these molecules are
not retained in the ER at 40 °C by mechanisms involving protein

immobilization. Two alternative mechanisms of protein retention
in the ER are selective retrieval of proteins from post-ER compart-
ments, and failure of proteins to be recognized by ER export
machinery. To distinguish between these two models, we repeti-
tively photobleached a 15-µm-square box across the ER while mon-
itoring fluorescence throughout the cell. This allowed us to
determine whether VSVG–GFP cycles through separate, discontin-
uous post-ER structures (as predicted by the retrieval model) or dif-

Table 1 D and mobile fraction values for ER-localized GFP chimaeras.
Chimaera Temp. (°C) Treatment D (µm2 s–1) ± 

s.d.
Mf ± s.d. n

VSVG–GFP 32 BFA 0.49 ± 0.06 99 ± 4.9 13
VSVG–GFP 40 None 0.45 ± 0.03 102 ± 3.5 23
VSVG–GFP 40 BFA 0.42 ± 0.03 108 ± 3.6 8
LBR–GFP 32 None 0.41 ± 0.10 97 ± 3.9 7
LBR–GFP 40 None 0.50 ± 0.19 93 ± 4.5 9
SRβ–GFP 32 None 0.26 ± 0.03 93 ± 6.4 12
GalT–GFP 32 BFA 0.48 ± 0.03 94 ± 5.5 7
GalT–GFP 40 BFA 0.42 ± 0.06 107 ± 6.6 7
Means ± s.d. of values for D and mobile fraction (Mf), for recovery of fluorescence after
photobleaching of cells expressing GFP chimaeras under the indicated treatment conditions.
Statistical analyses of D and Mf values were carried out using a two-tailed student t-test.  No
significant differences were observed for VSVG, LBR or GalT at different temperatures.

Figure 4 Repetitive photobleaching of cells expressing KDELR–GFP and 
VSVG–GFP reveals different mechanisms for their retention in the ER. A 15 
× 15 µm box was repeatedly bleached in cells expressing KDELR–GFP (upper panels) 
or VSVG–GFP (lower panels) at 40 °C. Between each bleach, the entire field of view 
was imaged at low laser power to determine the extent of fluorescence outside the 
box that was lost as a result of photobleaching within the box. After repeated 
bleaching, cells expressing KDELR–GFP contain residual fluorescent structures 

(arrows) and show a loss of ER fluorescence, indicating that recycling of KDELR–GFP 
back to the ER from pre-Golgi and Golgi structures occurs more slowly than lateral 
diffusion of KDELR–GFP across the ER lipid bilayer. In contrast, the complete 
bleaching of the ER and absence of residual fluorescent structures in cells 
expressing VSVG–GFP indicates that highly mobile, misfolded VSVG–GFP complexes 
at 40 °C never leave the ER. Scale bar represents 10 µm.
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Figure 5 Cells expressing KDELR–GFP contain more residual fluorescent 
structures than cells expressing VSVG–GFP after repeated 
photobleaching. Pixel-intensity variance (see Methods) in cells expressing VSVG–
GFP or KDELR–GFP was plotted against time. Values are means ± s.e.m. from three 
separate cells. A lower value indicates an increasingly homogeneous population of 
pixels of similar intensities.
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fuses only within the ER (consistent with the export-defect model).
In the retrieval model, repetitive photobleaching would leave pock-
ets of fluorescence corresponding to VSVG–GFP in post-ER com-
partments, assuming that recycling of VSVG–GFP occurs more
slowly than its lateral diffusion across the ER lipid bilayer. This pat-
tern was observed for KDEL receptor tagged with GFP (KDELR–
GFP)17, which rapidly cycles between ER and Golgi membranes
(Figs 4, 5; arrows in Fig. 4 denote residual KDELR–GFP fluores-
cence in post-ER compartments). In the export-defect model,
repetitive photobleaching of the ER would remove all fluorescence
from the cell, assuming that ER membranes are continuous20 and
that all VSVG–GFP molecules in the ER are mobile. Consistent with
this model, we observed uniform loss of VSVG–GFP fluorescence at
40 °C (Figs 4, 5). Retention of VSVG–GFP in the ER at 40 °C thus
seems to be a result of failure to efficiently export VSVG-GFP mol-
ecules.
Immobilization of VSVG–GFP in ATP-depleted cells. The rapid
mobility of misfolded VSVG–GFP at 40 °C suggests that VSVG–
chaperone complexes formed at this temperature (including
VSVG–BiP and VSVG–calnexin) are either too small to affect the
diffusional mobility of VSVG or are highly dynamic (that is, their
formation is reversible). In ATP-depleted cells, BiP (an ATP-
dependent chaperone)21 is persistently bound to VSVG22, leading to
interchain crosslinking and aggregation of VSVG7,8. In FRAP anal-
yses of cells deprived of ATP for 15–30 min, VSVG–GFP was immo-
bilized at 40 °C (Fig. 3b, Table 2), with no effect on the D value of
the mobile pool. Immobilization was largely reversed by returning
cells to normal (ATP-containing) medium for 20 min (Table 2).
ATP depletion had no influence on either the mobile fraction or D
values of another membrane protein, GalT–GFP, which was local-
ized to the ER using BFA (Table 2). VSVG–GFP was only immobi-
lized in the specialized folding environment of the ER, as there was
no change in recovery or mobility of VSVG–GFP during ATP
depletion at 32 °C in cells in which VSVG–GFP was localized in the
Golgi complex (data not shown). 

BiP normally binds to and hydrolyses ATP as it associates and
dissociates from proteins21,22. We determined whether the immobi-
lization of VSVG–GFP in ATP-depleted cells was a result of the fail-
ure of VSVG–GFP to release from BiP in cells expressing an
ATPase-inactive BiP mutant, BiP(T37G), which binds to proteins
but is unable to release them23. In cells examined 24 h after microin-
jection of plasmid DNA encoding BiP(T37G), a significant fraction

of VSVG–GFP was immobilized, with no change in the overall mor-
phology of the ER (Table 2). VSVG–GFP was also partially immo-
bilized in cells microinjected with cDNA encoding wild-type BiP
(Table 2).  In contrast, the mobile pool of GalT–GFP (which is not
thought to interact with BiP) was not affected by expression of
either version of BiP (data not shown). These results indicate that
conditions favouring prolonged binding of BiP to substrates, such
as expression of a BiP ATPase mutant or overexpression of BiP, lead
to immobilization of VSVG–GFP within ER membranes.

VSVG aggregates that form in ATP-depleted cells contain aber-
rant interchain disulphide bonds5,7,9 that could potentially contrib-
ute to the immobilization of VSVG–GFP observed in our FRAP

Figure 6 ER-localized VSVG–GFP is immobilized by tunicamycin treatment. 
Qualitative FRAP analysis of ER-localized VSVG–GFP in cells incubated in the absence 
(left panels) or presence (right panels) of tunicamycin (TM) for 24 h at 
40 °C. Images were obtained before photobleaching and at the indicated time points 
after.  The photobleached area is outlined by a box. Scale bars represent 10 µm.
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Table 2 Effects of ATP depletion and reducing conditions on the D and 
mobile fraction values of ER-localized GFP chimaeras.
Chimaera Temp. (°C) Treatment D (µm2 s–1) ± 

s.d.
Mf ± s.d. n

VSVG–GFP 40 None 0.45 ± 0.03 102 ± 3.5 23
VSVG–GFP 40 ATP depletion 0.41 ± 0.05 66 ± 5.0*

* denotes P ≤0.05 relative to VSVG–GFP or GalT–GFP at 32 °C. DTT, dithiothreitol; WT, wild type.

15
VSVG–GFP 40 ATP depletion 

then ATP
0.43 ± 0.07 83 ± 2.5* 10

VSVG–GFP 40 ATP depletion 
+ DTT

0.91 ± 0.13* 94 ± 8.3 6

VSVG–GFP 40 BiP(T37G) 0.45 ± 0.21 63.2 ± 13.8* 5
VSVG–GFP 40 WT BiP 0.51 ± 0.10 78 ± 3.3* 6
VSVG–GFP 40 BiP(T37G) + 

DTT
0.90 ± 0.18* 83 ± 2.7* 6

VSVG–GFP 40 DTT 0.59 ± 0.19 104 ± 8.0 7
GalT–GFP 32 BFA 0.48 ± 0.03 94 ± 5.5 7
GalT–GFP 32 BFA + ATP 

depletion
0.43 ± 0.07 95 ± 60 11

GalT–GFP 32 BFA + DTT 0.60 ± 0.09 107.3 ± 12.4 6
Means ± s.d. of values for D and mobile fraction (Mf), for recovery of fluorescence after
photobleaching of cells expressing GFP chimaeras under the indicated treatment conditions.
Statistical analyses of D and Mf values for different treatments were performed using a two-
tailed student t-test.  
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analyses. Within 15 min of the addition of dithiothreitol, which
reduces disulphide bonds and inhibits their formation24,25, to ATP-
depleted cells or cells expressing BiP(T37G), immobilization of
VSVG–GFP was reversed and D was increased by a factor of 2.2 rel-
ative to control values (Table 2). Despite their mobilization when
treated with dithiothreitol, VSVG–GFP molecules were not recog-
nized by the I14 antibody, implying they were still misfolded (data
not shown). These results indicate that the formation of disulphide
bonds is important for VSVG–GFP immobilization under condi-
tions of ATP depletion or BiP(T37G) overexpression. Reduction of
disulphide bonds had a general effect on the diffusion of membrane
proteins in the ER, as the D value of GalT–GFP (which contains no
intrachain disulphide bonds17) localized to the ER using BFA was
increased after treatment with dithiothreitol (Table 2).
Immobilization of VSVG–GFP in tunicamycin-treated cells.
Sugar moieties are important for increasing the solubility of proteins
in the ER to facilitate folding and reduce aggregation26,27. VSVG con-
tains two N-linked sugar chains and requires these oligosaccharides
to fold correctly and be exported from the ER6–8. VSVG–GFP was
immobilized in cells treated for 24 h at 40 °C with tunicamycin, which
blocks the synthesis of dolichol-linked oligosaccharides and thereby
inhibits the addition of N-linked sugars to proteins (Figs 6, 7).
Roughly 50% of VSVG–GFP was immobile in these cells and the D
value of the mobile pool was reduced by a factor of 1.5 relative to con-
trols (Fig. 7, Table 3). Addition of dithiothreitol to cells treated with

tunicamycin did not significantly reverse the immobilization pheno-
type, although the D value of the mobile pool increased under these
conditions. It therefore seems that, in the absence of N-linked sugars,
VSVG-GFP is not freely mobile in ER membranes and undergoes
aggregation that cannot be reversed by reducing conditions. Immo-
bilization of proteins by tunicamycin treatment was specific to pro-
teins that are normally glycosylated, as GalT–GFP (which contains no
N-linked sugars17) in cells treated with tunicamycin was only slightly
immobilized and its D value was increased by a factor of 1.8 relative
to controls (Table 3).
Effect of ATP depletion and tunicamycin on the ER lumenal envi-
ronment.  The changes in diffusional mobility of VSVG–GFP local-
ized to the ER, involving disruption of protein-folding pathways,
led us to ask how the overall ER environment is affected under these
conditions. To address this question, we used a soluble probe tar-
geted to the ER lumen, comprising GFP carrying an ER signal
sequence (ss–GFP). In untreated cells, ss–GFP diffused significantly
faster than proteins embedded in ER membranes, completely recov-
ering into a photobleached box within 8 s of photobleaching (Fig. 8).
ATP depletion resulted in slower diffusion of ss–GFP in the ER than
in control cells as well as a decrease in its mobile fraction value (Fig.
9a, b). The effect of ATP depletion was reversed upon the return of
cells to normal medium (data not shown), but was unaffected by

Table 3 Effect of tunicamycin treatment on the D and mobile fraction values 
of ER-localized GFP chimaeras.
Chimaera Temp. (°C) Treatment D (µm2 s–1) ± 

s.d.
Mf ± s.d. n

VSVG–GFP 40 None 0.45 ± 0.03 102 ± 3.5 23
VSVG–GFP 40 TM 0.30 ± 0.04*

* denotes P ≤0.05 relative to VSVG–GFP at 40 °C or GalT–GFP at 32 °C. TM, tunicamycin; DTT,
dithiothreitol.

50 ± 2.9* 12
VSVG–GFP 40 TM + DTT 0.47 ± 0.10 60 ± 3.2* 9
GalT–GFP 32 BFA 0.48 ± 0.03 94 ± 5.5 7
GalT–GFP 32 BFA + TM 0.78 ± 0.10* 81 ± 2.2 6
Means ± s.d. of values for D and mobile fraction (Mf), for recovery of fluorescence after
photobleaching of cells expressing GFP chimaeras under the indicated treatment conditions.
Statistical analyses of D and Mf values for different treatments were carried out using a two-
tailed student t-test.

Figure 7 Immobilization of VSVG–GFP by tunicamycin treatment. 
Fluorescence intensities from FRAP analyses were plotted against time for VSVG–
GFP in the ER at 40 °C for 24 h in the presence or absence of tunicamycin (TM). 
Measurements were taken at 0.5-s intervals until a plateau was reached and 
fluorescence intensities were normalized to prebleach values.
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Figure 8 Diffusional mobility of the soluble ER protein ss–GFP is affected by 
inhibition of N-linked glycosylation. Qualitative FRAP analysis of ss–GFP in cells 
incubated at 40 °C for 24 h in the absence (left panels) or presence (right panels) of 
tunicamycin (TM). Images were obtained before photobleaching and at the indicated 
time points after. In tunicamycin-treated cells, partial recovery is evident immediately 
after photobleaching, in contrast to untreated cells. Scale bars represent 10 µm.
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incubation of cells with dithiothreitol, either before or during ATP
depletion (Fig. 9b). In contrast, ss–GFP diffused significantly faster
in cells treated with tunicamycin than in untreated cells (Figs 8, 9a,
b). These results indicate that whereas energy depletion may cause
lumenal proteins to diffuse more slowly, possibly because of exten-
sive crosslinking of BiP-containing protein aggregates within the ER
lumen, tunicamycin treatment may markedly increase their mobil-
ity. As ss–GFP does not contain sugar moieties, these results indi-
cate that N-linked sugars on ER glycoproteins may be important in
determining the viscous properties of the ER lumen. Without such
sugar moieties, the ER lumen seems to be less viscous.

Discussion
We have shown that VSVG–GFP diffuses freely and rapidly
throughout the ER when properly folded at 32 °C or misfolded at
40 °C. This implies that misfolded VSVG–GFP complexes at 40 °C
are not impeded by lumenal or cytoplasmic interactions, or
restricted diffusion through a matrix. What then explains the ER-
retention phenotype of these molecules at 40 °C? Although selec-
tive retrieval from post-ER compartments underlies the ER local-
ization of several membrane proteins including ERGIC-53, p58
and KDELR28–30, our data indicate that VSVG–GFP may be
retained in the ER by a different mechanism.  Repetitive photob-
leaching of a small area in the ER containing VSVG–GFP at 40 °C
eliminated cellular fluorescence (including the nuclear envelope)
with no pockets of fluorescence remaining. This contrasts with
results for cells expressing the rapidly recycling molecule KDELR–
GFP, in which an identical bleaching protocol left pockets of flu-
orescence representing KDELR–GFP molecules that had not yet

recycled back to the ER. These results indicate that misfolded
VSVG–GFP complexes may be retained in the ER at 40 °C either
by failing to be released from dynamically interacting folding fac-
tors or by failing to be recognized by ER export machinery.

At 40 °C the association of misfolded VSVG with ER chaperones,
including BiP and calnexin, is enhanced6–8. Why is there no difference
in the diffusional mobility of these complexes and of correctly folded
VSVG–GFP complexes in the ER at 32 °C? The most likely explana-
tions are that VSVG–chaperone complexes that form at 40 °C are
either too small to affect the diffusional mobility of VSVG, or that the
formation of these complexes is highly reversible. The apparent D val-
ues (0.4–0.5 µm2 s–1) for misfolded and correctly folded VSVG–GFP
complexes in the ER, at 40 °C and 32 °C respectively, were similar to
those for other ER localized membrane proteins, including GalT, SRβ,
LBR (Table 1), and major histocompatibility complex (MHC) class I
proteins31, all of which have diffusional mobilities close to the theoret-
ical limit for proteins in a lipid bilayer. They are higher than the D val-
ues reported for ER-localized TAP31 and cytochrome P450 (ref. 32).
The lower D value for TAP may reflect the large size of TAP com-
plexes, which are involved in peptide loading of MHC class I
proteins33. These complexes have an estimated diatmeter of 600–1,000
Å and are thought to consist of hundreds of molecules31. The rate of
lateral diffusion of a protein embedded in a bilayer is proportional to
the logarithm of the radius of the diffusing molecule, so VSVG–GFP
complexes (which have a twofold higher D value than TAP) must be
at least an order of magnitude smaller than TAP complexes.

When we prevented VSVG from dissociating from chaperones
through ATP depletion, which causes interchain crosslinking and
aggregation of VSVG complexes7, a significant pool of VSVG–GFP
molecules became immobilized.  There are several possible explana-
tions for this. The VSVG aggregates could be of variable size and
some may therefore be too big to diffuse. Alternatively, mobile
VSVG–GFP aggregates may form a crosslinked network in which
boundaries in some areas become closed, preventing diffusion of
other VSVG–GFP aggregates across the area. However, this would
be expected to result in entrapment of other membrane proteins and
our data showed no effect of ATP depletion on the D or mobile frac-
tion values for ER-localized GalT–GFP. A third possibility is that
ATP depletion leads to the association of VSVG with other proteins,
including BiP, calnexin and PDI, and their interacting substrates,
which are either already relatively immobile in the ER or become
immobile under ATP depletion by crosslinking into a scaffold.

To explore the third possibility we investigated the function of
BiP, an ATP-dependent chaperone that forms complexes with
VSVG at 40 °C5,7, in the immobilization of VSVG–GFP during ATP
depletion. ATP depletion causes BiP to bind persistently to VSVG
as well as to other substrates5,7,22. This may explain why VSVG–GFP
is immobilized in ATP-depleted cells, as prolonged BiP binding
may cause VSVG to be present in a more extended conformation,
allowing crosslinking with other proteins. This idea is supported by
our finding that conditions, other than ATP depletion, that favour
prolonged binding of BiP to substrates, including expression of a
BiP ATPase mutant and overexpression of BiP, also lead to immo-
bilization of VSVG–GFP molecules in the ER.

Interchain disulphide bonds within VSVG aggregates, which
form in ATP-depleted cells7,13, are necessary to immobilize VSVG–
GFP in ATP-depleted cells, as reduction of these disulphide bonds
through treatment with dithiothreitol reversed the immobilization
caused by either ATP depletion or overexpression of the BiP
mutant. Dithiothreitol treatment alone increased the diffusion
coefficient of GalT–GFP (which does not contain disulphide
bonds) in ER membranes. This may reflect a general effect of the
reduction of disulphide bonds on membrane viscosity, or a more
direct effect of proteins no longer associating in dynamic
crosslinked aggregates.

We found that treatment of cells with tunicamycin also inhibits
the diffusional mobility of VSVG–GFP. The immobile pool under
these conditions may result from the formation of large aggregates

Figure 9 Effects of ATP depletion, tunicamycin and dithiothreitol on mobility 
of ss–GFP. a, Fluorescence intensities from quantitative FRAP analyses were 
plotted against time for ss–GFP in the ER at 40 °C with no treatment, after 24 h of 
tunicamycin (TM) treatment, or after 15 min of ATP depletion. b, Half-time values for 
recovery of fluorescence after photobleaching of cells expressing ss–GFP in the ER 
lumen subjected to the indicated treatments (see Methods). Lower values indicate 
faster recoveries. Values are means from at least six cells. Values for the different 
treatment conditions were compared to those from untreated cells using a two-tailed 
student t-test. * denotes P ≤0.01; DTT, dithiothreitol.
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of misfolded VSVG, as N-linked sugars have an important function
in the folding pathways of VSVG and of other proteins in the ER26,27.
If so, these aggregates would seem to be distinct from VSVG–GFP
aggregates formed in ATP-depleted cells, as treatment with dithio-
threitol reversed the immobilization phenotype in ATP-depleted
but not tunicamycin-treated cells. The observed increase in the D
value of GalT–GFP, which is not known to be a substrate of BiP or
to contain N-linked sugars, during tunicamycin treatment may be
a result of a less crowded lumenal environment, caused either by
enhanced aggregation of normally N-glycosylated proteins or by
the absence of carbohydrate side chains on glycoproteins. The small
immobile pool of GalT–GFP under these conditions may result
from GalT–GFP being trapped in networks of immobile protein
aggregates. 

To investigate how the ER lumenal environment, which is
thought to be a viscous gelatinous mass without internal structure34,
is affected by ATP depletion and tunicamycin treatment, we meas-
ured the diffusional mobility of a soluble ER protein, ss–GFP, under
these conditions. In untreated cells, the half-time for recovery of ss–
GFP into a photobleached box was extremely rapid, many times
faster than that for recovery of VSVG–GFP into a box of similar
size. This indicates that movement in the ER lumenal space may
normally be unrestricted, and is consistent with the previous find-
ing that the rate of diffusion of KDEL–GFP in the ER lumen is
slightly lower than that of cytoplasmic solutes20. However, when the
association of chaperones with ER proteins is enhanced by ATP
depletion or blocking of oligosaccharide addition onto glycopro-
teins by tunicamycin treatment, there are concomitant global
effects on the ER lumenal environment. 

Whereas ATP depletion caused ss–GFP to diffuse more
slowly, tunicamycin treatment caused it to diffuse much more
quickly. Our results from tunicamycin treatment indicate that
the presence of oligosaccharide side chains on proteins may be an
important factor in determining the lumenal viscosity of the ER.
Branched oligosaccharides on proteins are large (roughly 20 Å in
length) and extend through volumes of ~104 Å3 (refs 12, 35).
They are therefore likely to occupy a significant volume of the ER
lumen and to restrict diffusion through their polymer network.
This is supported by our finding that proteins diffuse much faster
when oligosaccharides are absent from proteins in tunicamycin-
treated cells.

Diffusion of ss–GFP is slowed in ATP-depleted cells. This
indicates that the ER lumen may be dynamic and capable of
forming a dense protein mesh, which impedes the diffusion of
soluble ER proteins, when chaperone–protein interactions are
promoted. This matrix may be composed of the lumenal moieties
of membrane proteins such as VSVG, which, through prolonged
binding to BiP, may form aberrant crosslinks with proteins that
extend deep into the ER lumen. Further study is needed to under-
stand the regulation of such an ER lumenal matrix, including
how its density is controlled so that soluble markers change their
mobility. The quantitative methods described here for determin-
ing the mobility of proteins in the ER may be useful in answering
these questions. They may also be important in investigating fur-
ther the ER characteristics that underlie the quality-control func-
tions of protein folding and maturation36,37 and protein-
unfolding responses38. h

Methods
Cell lines, antibodies and reagents.
COS-7 cells were grown in DMEM (Biofluids, Rockville, MD) supplemented with 10% fetal bovine 

serum (FBS), 2 mM glutamine, 100 U ml–1 penicillin and 100 µg ml–1 streptomycin at 37 °C in a 5% CO2 
incubator and were used in all experiments. I14 [1E9F9] antibodies were kindly provided by D. Lyles 

(Wake Forest University, Winston-Salem, NC). BFA (Epicentre Technologies, Madison, WI) was used at 

5 µg ml–1. Cellular ATP levels were depleted using 50 mM 2-deoxy-glucose and 0.02% sodium azide in 
glucose-free medium. Tunicamycin (Sigma) was used at 5 µg ml–1 for 24 h to block addition of 

oligosaccharide chains to proteins, and dithiothreitol (Sigma) was used at 5 mM for 15 min to reduce 

disulphide bonds. cDNA (AU: OK?) plasmids encoding BiP and BiP(T37G) were kindly provided by L. 
Hendershot (University of Tennessee Medical Center, Memphis, TN).

Construction and expression of GFP chimaeras.
Cloning and expression of VSVG–GFP, LBR–GFP, GalT–GFP and KDELR–GFP were carried out as 

described3,17, 39. The SRβ–GFP construct comprises the mouse cDNA for SRβ fused to the GFP(S65T) 

variant in the mammalian expression vector pcDNA1.1 (Invitrogen). The ss–GFP construct, cloned into 

the mammalian expression vector pCDM8, encodes the first 19 amino acids of hen egg lysozyme fused 

to GFP, omitting its initiation methionine residue. Cells were transfected with chimaeric DNA by 

electroporation as described17, typically incubated at 37 °C for 24 h and then transferred to 40 °C or 32 °C 

in BFA as indicated. Alternatively, cells at 80–90% confluence in 6-well plates were transfected with 1 µg 

plasmid DNA with FuGENE6 transfection reagent (Boehringer) and incubated at 40 °C. For the effect of 

BiP(T37G) expression, cells expressing VSVG–GFP were microinjected with 2 mg ml–1 plasmid DNA and 

2 mg ml–1 rhodamine dextran for identification of injected cells. Cells were fixed in 2% formaldehyde and 

stained with I14 antibodies as described
16

. 

FRAP analyses.
Analyses were performed on a temperature-controlled stage of a Zeiss LSM410 confocal microscope, 

using the 488-nm line of a 400-mW Ar/Kr laser with a 100×, 1.4 NA objective. A defined region (outlined 

box in figures) was photobleached at full laser power (100% power, 100% transmission, 30 s); recovery 

of fluorescence was monitored by scanning the whole cell at low laser power (30% power, 0.3% 

transmission). No photobleaching was observed during recovery.

Quantitative diffusion measurements, for generating recovery plots, and D values were obtained by 

photobleaching the entire depth of a 4-µm-wide strip extending across cell borders as described17.  

Repetitive photobleaching experiments were carried out at 40 °C on the temperature-controlled stage of 

a Zeiss LSM410 confocal microscope as described17.

To quantify the presence of residual fluorescent structures in cells subjected to repetitive 

photobleaching (Fig. 5), standard deviations of pixel intensity within a 15 µm × 15 µm area were measured 

using NIH Image 1.62, in which one pixel represents 0.25µm × 0.25 µm.  A larger s.d. corresponds to a 

wider range of pixel-intensities. Thus, an area containing both bright structures and dim surrounding 

pixels would have a large s.d. Conversely, a smaller s.d. corresponds to a relatively homogenous 

population of pixels of similar intensities. Values were normalized for each FLIP series by dividing by the 

s.d. at time zero (prebleach) for each cell and multiplying by 100. This process was carried out for three 

cells expressing KDELR–GFP and three cells expressing VSVG–GFP. Means ± s.e.m. for the three cells at 

each time point were plotted. The area evaluated did not include the Golgi, nucleus, or bleached box.

Recovery of the ss–GFP chimera was too fast to measure accurately using the Zeiss LSM410 confocal 

microscope. Quantitative FRAP measurements for this protein were therefore made using a Zeiss 510 

confocal microscope with a 40 ×, 1.3 NA objective. We compared relative recovery rates for ss–GFP using 

the half-time for recovery of fluorescence towards the asymptote. As for D-value calculations, time was 

corrected by setting time zero as equal to the half-time of the bleach. Qualitative FRAP analyses were 

carried out by photobleaching a defined region (outlined box in Figs) at full laser power (100% power, 

100% transmission) and then monitoring recovery of fluorescence by scanning the defined region at low 

laser power (100% power, 0.3% transmission).

For all quantitative FRAP analyses, values for D, half-time and mobile fraction were compared with 

control conditions for each chimaera for significance using a two-tailed student t-test. Values of P <0.05 

were considered significant. 
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