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Numerous proteins targeted for the secretory pathway are increasingly implicated in functional or pathological roles at
alternative cellular destinations. The parameters that allow secretory or membrane proteins to reside in intracellular
locales outside the secretory pathway remain largely unexplored. In this study, we have used an extremely sensitive and
quantitative assay to measure the in vivo efficiency of signal sequence-mediated protein segregation into the secretory
pathway. Our findings reveal that segregation efficiency varies tremendously among signals, ranging from >95 to <60%.
The nonsegregated fraction is generated by a combination of mechanisms that includes inefficient signal-mediated
translocation into the endoplasmic reticulum and leaky ribosomal scanning. The segregation efficiency of some, but not
other signal sequences, could be influenced in cis by residues in the mature domain or in trans by yet unidentified cellular
factors. These findings imply that protein compartmentalization can be modulated in a substrate-specific manner to

generate biologically significant quantities of cytosolically available secretory and membrane proteins.

INTRODUCTION

In mammalian cells, an estimated one-fifth to one-third of all
proteins reside in or transit through the secretory pathway.
The decisive step in segregating these proteins from the
cytosol is their cotranslational targeting to and translocation
across the endoplasmic reticulum (ER) membrane (reviewed
by Walter and Johnson, 1994; Rapoport et al., 1996; Johnson
and van Waes, 1999). Both targeting and initiation of trans-
location are dependent on a signal sequence, often at the N
terminus, encoded in secretory and membrane proteins. Al-
though the primary sequence of signals varies broadly (von
Heijne, 1985), they contain shared features (such as hydro-
phobicity) that allow their common recognition by a ubiq-
uitous machinery for ER translocation. Thus, proteins con-
taining signal sequences are generally considered to have
their intended functions at destinations accessed via the
secretory pathway.

Increasingly, however, many signal-containing proteins
have been implicated in functional, pathological, or yet un-
known roles at sites outside the secretory pathway. For
example, the ER lumenal chaperone calreticulin (CRT) was
identified completely independently as a cytosolic integrin-
binding protein (Leung-Hagesteijn et al., 1994; Coppolino et
al., 1995, 1997), a nuclear export factor (Holaska et al., 2001),
a regulator of steroid hormone receptor activity (Burns et al.,
1994; Dedhar et al., 1994), and an mRNA binding protein that
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regulates p21 translation (Iakova et al., 2004). In each of these
instances, both functional and physical interactions with the
respective cytosolic components have been demonstrated.
Similarly, a different ER resident protein, the 8 subunit of
glucosidase II (Trombetta et al., 1996), was originally discov-
ered (and given the name 80K-H) as a target of protein
kinase C (Sakai et al., 1989; Hirai and Shimizu, 1990). More
recently, it has been demonstrated to interact with the cyto-
solic adaptor protein Grb3 during signal transduction (Goh
et al., 1996; Kanai et al., 1997), shuttle between the nucleus
and cytosol (Forough et al., 2003), and modulate calcium
homeostasis by binding to the cytosolic tail of the TRP5
channel (Gkika et al., 2004). Other secretory pathway pro-
teins with alternative localizations include mitochondrial
transforming growth factor-8 (Heine et al., 1991), mitochon-
drial Slit3 (Little et al., 2001), mitochondrial cytochrome p450
(Addya et al., 1997; Anandatheerthavarada et al., 1999), cy-
tosolic IL15 (Tagaya et al., 1997; Kurys ef al., 2000), nucleo-
cytoplasmic cathepsin L (Goulet et al., 2004), and nuclear
HBV precore protein (Garcia et al., 1988; Ou et al., 1989).
Alternative localizations of secretory pathway proteins
also are associated with various disease states. Although
some observations of unusual localizations simply correlate
with a disease state (Ramsamooj et al., 1995; Yoon et al., 2000;
Brunagel et al., 2003), other examples have been mechanis-
tically implicated in contributing to pathogenesis. For exam-
ple, the secretory protein apolipoprotein E (apoE) has been
suggested to interact with the neurofilament Tau in the
cytosol to induce neurofibrillary tangles (Huang et al., 2001;
Ljungberg et al., 2002; Harris et al., 2003; Brecht et al., 2004),
a common feature of Alzheimer’s disease. That only the
disease-associated polymorphic form (apoE4) but not pro-
tective form (apoE3) had these effects further supports such
a role in the cytosol. Similarly, another secretory pathway
protein involved in Alzheimer’s disease, APP, was shown to
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be capable of translocating partially into mitochondria and
inducing apoptosis (Anandatheerthavarada et al., 2003). Fur-
thermore, a pathogenic fragment of APP, a-B8, seems to
interact with and inhibit a key mitochondrial enzyme (Lust-
bader et al., 2004). Cytosolically localized prion protein (PrP)
also has been suggested by recent studies to be harmful and
associated with neurodegeneration (Ma et al., 2002). Yet
other studies have observed PrP in the cytosol under non-
pathogenic conditions (Mironov ef al., 2003), where it may
interact with and protect against Bax-mediated cell death
(Bounhar et al., 2001; Roucou et al., 2003).

For most of these signal sequence-containing proteins, the
mechanisms or extent to which they arrive at their alterna-
tive localizations remains largely a matter of speculation (for
a notable exception, see Goulet et al., 2004). It is therefore
important to know, with a high degree of sensitivity and
precision, the efficiency by which signal sequence-contain-
ing substrates are segregated to the ER in vivo. Although
small differences in efficiency (for example 95 vs. 99%)
would have little or no consequences for the secretory path-
way form of the substrate, it would have substantial impli-
cations for the alternative form (which in this example,
would differ by a factor of 5). Such seemingly small propor-
tions (e.g., even 1% or less) of abundant secretory pathway
proteins (such as CRT, 80K-H, or PrP, among others) would
still easily be within the range of physiologically relevant
protein abundances. This is particularly true when the pu-
tative alternative form has proposed functions, such as tran-
scriptional regulation (Burns ef al., 1994; Dedhar et al., 1994)
or signal transduction (Goh et al., 1996; Kanai et al., 1997) that
are generally associated with low abundance proteins. Thus,
an accurate measure of inefficiency, and the mechanisms
that contribute to it, is an absolute prerequisite for rationally
evaluating and modulating the proposed alternative local-
izations of various secretory pathway proteins.

Signal-mediated segregation into the mammalian ER in-
volves several steps that have been well characterized for
model substrates in vitro (reviewed in Walter and Johnson,
1994; Rapoport et al., 1996; Johnson and van Waes, 1999). On
emergence from the ribosome, the signal sequence is recog-
nized and bound by the signal recognition particle (SRP).
For some substrates, this binding results in a transient slow-
down of translation to facilitate targeting of the ribosome-
nascent chain-SRP complex to its receptor at the ER mem-
brane (Wolin and Walter, 1989; Mason et al., 2000). Once at
the ER, the ribosome-nascent chain complex is transferred,
by a yet unknown mechanism, to a translocon whose central
component is composed of the Sec61 complex (Song ef al.,
2000). The Sec61 complex, possibly with assistance from the
TRAM and/or TRAP proteins (Voigt et al., 1996; Fons et al.,
2003), mediates a second signal sequence recognition event
(Jungnickel and Rapoport, 1995). If the signal is successfully
recognized by the translocon, the nascent chain is inserted
into the protein conducting channel (Jungnickel and Rap-
oport, 1995), which is then opened toward the ER lumen
(Crowley et al., 1994) to allow the productive initiation of
substrate translocation. Despite these mechanistic insights
into the early steps of protein translocation, the level of
fidelity for any individual step or for the entire process in
vivo is not known. We have therefore devised a specific and
sensitive assay to measure the in vivo inefficiencies in pro-
tein segregation that would result in alternative localizations
of secretory pathway proteins. Our goal was to begin ad-
dressing several basic questions about the fidelity of com-
partmentalization in mammalian cells: How efficient is sig-
nal-mediated segregation into the secretory pathway? Can
biologically significant amounts of such substrates exist in a

280

nonsecretory pathway compartment? If so, what are the
mechanisms and parameters that influence how much is
localized to the alternative compartment? Is inefficiency of
compartmentalization an inherent property of any given
substrate or can it be selectively modulated? The answers to
these questions may help provide a common framework for
understanding the otherwise disparate observations of un-
expected or aberrant locales of many physiologically impor-
tant proteins.

MATERIALS AND METHODS

DNA Constructs

The coding region for the heterologous Gal4-nulcear factor-«B (NF-«B) tran-
scription factor (TF) was amplified by polymerase chain reaction (PCR) from
plasmid pBD-NF-«B (Stratagene, La Jolla, CA) and subcloned in frame into a
calreticulin expression construct at the unique NotI site just preceding the
coding region for the C-terminal KDEL ER retention sequence. The region
coding for TF, together with the KDEL sequence, was PCR amplified and
subcloned into a blunted PstI site and a downstream Xbal site of cassettes
containing different signal sequences. Such signal sequence cassettes have
been described previously (Kim ef al., 2002). Changes to the region between
the signal and mature domain (such as the inclusion of 10 amino acids from
the respective mature domain, or various mutations as described in the text)
were encoded within the oligonucleotides used for PCR amplification of TF.
Some point mutants were generated by site-directed mutagenesis by using
the QuikChange method (Stratagene). The vesicular stomatitis virus glycop-
rotein (VSVG)-green fluorescent protein (GFP) construct comprising the ts045
temperature-sensitive VSVG with a C-terminally appended enhanced green
fluorescent protein (EGFP) has been described previously (Presley et al., 1997).
The mature domain of this plasmid was PCR amplified and subcloned down-
stream of the Prl or PrP signal sequences by using the cassettes described
above. A similar strategy was used to replace the PrP signal sequence with
those from Osteopontin (Opn) or Angiotensinogen (Ang). All constructs were
verified by automated sequencing. The luciferase reporter containing the Gal4
promoter (pLuc) was obtained from Stratagene. Enhanced yellow fluorescent
protein (EYFP) and enhanced cyan fluorescent protein expression plasmids
were from BD Biosciences Clontech (Palo Alto, CA).

Cell Culture and Luciferase

HeLa, Cos-7, N2a, and Madin-Darby canine kidney (MDCK) cells (clone
T23.1; Lai et al., 2003) were cultured in DMEM containing 10% fetal bovine
serum. Between 5000 and 10,000 cells were plated per well of a 96-well plate
between 24 and 36 h before transfection, at which time they were ~40-80%
confluent. Unless specifically noted otherwise, transfections with Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA) were performed in 96-well plates
with a total of 200 ng of plasmid DNA per well. Of this 200 ng, the luciferase
reporter plasmid was always kept constant at 160 ng. The remaining 40 ng
constituted a mixture of varying amounts of the TF-containing plasmid of
interest and an EYFP expression plasmid. In this manner, TF expression could
be changed systematically without altering other parameters of the experi-
ment, whereas EYFP expression allowed routine monitoring of transfection
efficiency (which remained constant at ~70%). In independent experiments,
we confirmed that the use of less plasmid for one of the components (while
keeping the total amount of DNA constant) results in lower expression of only
that component in individual cells (Supplementary Figure S1). Unless other-
wise noted in the figure legend, the cells were analyzed 18-24 h after trans-
fection. For the luciferase assays, the media were aspirated, the cells recovered
in 100 ul per well of freshly prepared luciferase reporter assay substrate
(Roche Diagnostics, Indianapolis, IN), and measured in a tube luminometer.
For parallel Western blot analysis, the cells in replicate samples were har-
vested in 40 ul of 2X SDS-PAGE sample buffer, of which 10 ul was analyzed
per lane on 12% Tris-tricine mini-gels. For experiments comparing multiple
cell lines, the plating, growth, transfection, and analysis of the cells were done
identically and in parallel. Importantly, each transfection condition used a
single master mix of DNA-Lipofectamine complexes for all of the different cell
lines to minimize variability in the relative amounts of transfected DNA.
Comparable transfection efficiencies were confirmed with parallel analysis of
fluorescent protein expression. In experiments where multiple cell lines were
followed over multiple days, a single larger transfection was performed for
each condition with 4 pg of total DNA per well of a six-well dish before
replating 8 h later into multiple 96-well plates for subsequent growth and
analyses.

Hippocampal Neuronal Culture

Cultures of rat hippocampal neurons, grown on top of a feeder layer of glial
cells, were prepared as described previously (Mayer et al., 1989; Lu et al.,
1998). Briefly, suspensions of a mixed population of brain cells prepared by
papain dissociation of hippocampi from 21-d embryonic Sprague-Dawley rats
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were plated onto 2-wk-old glial feeder layers at a density of 250,000 per
35-mm dish. Cells were fed twice weekly with half changes of minimal
essential medium supplemented with 5% (vol/vol) heat-inactivated horse
serum, 1% (vol/vol) fetal bovine serum, 2 mM glutamax (all from Invitrogen),
136 uM uridine, 54 uM 2-deoxy-5-fluoro-uridine, and the growth factor
mixture N3 (Mayer et al., 1989). Cells were maintained in a 37°C incubator
with 10% CO,. All procedures were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the National
Institutes of Health Animal Care and Use Committee. Neuronal cultures were
transfected after ~8-12 d in culture with Effectene transfection reagent
(QIAGEN, Valencia, CA), following the protocol recommended by the man-
ufacturer. Transfection efficiency was typically 1%. Imaging was performed
on live cultures 16-21 d old. Images were captured with a 63X numerical
aperture 1.4 objective on a LSM510 laser scanning confocal microscope (Carl
Zeiss, Thornwood, NY) with 488-nm excitation. The temperature of cells
before and at the time of imaging (which influences ER-Golgi trafficking of the
temperature-sensitive vesicular stomatitis virus (VSV)-GFP mutant used in
these studies) are described in the figure legends.

Biochemical Analyses

In vitro translation and analysis of protein translocation into rough microso-
mal membranes was performed as described previously (Fons et al., 2003).
Immunoblotting used antibodies against the C terminus of NF-«B p65 (Santa
Cruz Biotechnology, Santa Cruz, CA), protein disulfide isomerase (StressGen
Biotechnologies, San Diego, CA), GFP (BD Biosciences Clontech), TRAP-q,
and Sec61-B (Fons et al., 2003). Fractionation of cells by selective extraction
was performed on cells growing in six-well dishes. The plate of cells was
placed on a bed of ice, and after removal of the media, incubated for 5 min in
1 ml of ice-cold 50 mM HEPES, pH 7.4, 100 mM KAc, 2.5 mM MgAc,, 150
g /ml digitonin. This digitonin extract was reserved in a separate tube on ice,
and the cells extracted subsequently with 1 ml of ice-cold 50 mM HEPES, pH
7.4, 500 mM KAc, 5 mM MgAc,, 1% Triton X-100. After removal of the Triton
extract to a separate tube, the remaining cellular material was solubilized in
100 pl of 100 mM Tris, pH 8.9, 1% SDS. The proteins in the digitonin and
Triton extracts were collected by precipitation with trichloroacetic acid,
washed in acetone, and dissolved in SDS-PAGE sample buffer before analysis.
The SDS extract was analyzed directly. Equivalent proportions of each frac-
tion were used for SDS-PAGE and immunoblotting. Treatment of cell lysates
with peptide:N-glycosidase and endoglycosidase H (both from New England
Biolabs, Beverly, MA) was performed as recommended by the manufacturer.
Pulse labeling was performed in six-well dishes on cells at ~70-80% conflu-
ence 24 h after transfection. Cells were pretreated for 30 min with methio-
nine/cysteine-free media and labeled for 15 min with 150 uCi/ml 35S-
Translabel (MP Biomedicals, Irvine, CA). The media were removed and the
cells harvested in 1% SDS, 0.1 M Tris, pH 8. After heating to denature the
proteins, PrP was immunoprecipitated with the 3F4 monoclonal antibody
(Signet Laboratories, Dedham, MA) as described previously (Kim ef al., 2002).

RESULTS

Experimental Strategy

To measure the efficiency of protein compartmentalization,
an assay is required to detect very small populations of
nonlocalized substrate with high specificity. Ideally, “noise”
from correctly localized protein (representing the major
population) would be invisible in the assay, whereas “sig-
nal” from any minor population of interest would be ampli-
fied. Neither conventional subcellular fractionation nor di-
rect observation (e.g., of GFP-tagged substrate) afford such
advantages. Hence, their reliability is limited to situations
where the minor population represents at least ~10-20% of
the total amount. Furthermore, detection of the alternative
fraction often requires overexpression of the substrate of
interest, making extrapolation to physiological conditions
difficult.

To circumvent these limitations, we devised an assay
for compartmentalization (Figure 1) that is conceptually
analogous to the selection scheme used to isolate yeast
mutants defective in protein translocation (Deshaies and
Schekman, 1987). In this assay, a protein that is only
functional in the cytosol is fused to a signal sequence.
Lack of compartmentalization into the ER allows the pro-
tein to function as a marker for its presence in the cytosol,
whereas properly compartmentalized protein is effec-
tively invisible. To maximally amplify the cytoplasmic
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Figure 1. A reporter assay for the measurement of protein com-
partmentalization. (A) Diagram of the heterologous TF composed of
the DNA binding domain of Gal4 (white) fused to the transcrip-
tional activation domain of NF-«B (gray). Constructs to measure TF
segregation into the secretory pathway contain an N-terminal signal
sequence with or without 10 additional amino acids of the respec-
tive mature domain (black) and the KDEL sequence for ER retention
appended to the C terminus. (B) In the TF sequestration assay,
nascent TF containing a signal sequence is cotranslationally targeted
to ER translocons (step 1), through which TF is subsequently trans-
located into the lumen where it is retained by the KDEL sequence.
Cytosolic TF can be generated by nascent chains that fail to target
(step 2a), fail to initiate translocation (step 2b), or escape degrada-
tion after retrotranslocation from the ER lumen (step 2c). The pres-
ence of cytosolic TF, but not ER-localized TF, can be detected and
quantified by its activation of a luciferase reporter preceded by a
Gal4 binding element (step 3).

signal, we used a heterologous TF as the marker protein.
Even small amounts of TF in the cytosol can be detected
because its function generates multiple copies of reporter
mRNA, each of which makes multiple reporter proteins
(in this case luciferase), each of which acts enzymatically
to generate a detectable signal (light) that is both sensitive
and quantifiable. The total amount of TF (regardless of
cellular locale) can be measured in parallel by immuno-
blotting to determine a specific activity that is a measure
of compartmentalization efficiency. Furthermore, if the
TF-sequestration assay can detect very few molecules of
alternatively-localized protein with high specificity, mea-
surements can be made on substrates expressed at phys-
iological levels to avoid potential artifacts associated with
overexpression.
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Figure 2. Sensitivity and linearity of cytosolic TF
detection. (A and B) Cells cotransfected with the lu-
ciferase reporter plasmid and varying amounts (up to
40 ng) of a TF expression plasmid were assayed for
luciferase activity (mean = SD; n = 3). The TF ex-
pressed from as little as 0.1 ng of transfected plasmid
is readily detected as a luciferase signal ~150- to
200-fold above background. (C) Anti-NF-«B immuno-
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blot of selected cell lysates from A reveals endoge-
nous NF-«kB (which serves as a loading control) and

the exogenously expressed TF. The minimum detect-

we 421 able amount of TF upon gross overexposure of the
nt blot was the 1 ng of sample. (D) The amount of
exogenous TF expression in cells transfected with 40

ng of plasmid (lane 1) was compared with endogenous NF-«B levels in nontransfected cells (nt; lanes 2-5). Note that the amount of
endogenous NF-«B in ~4-6 ul of cell lysate is comparable with the exogenous TF in 10 ul of transfected cells.

Sensitive Detection of noncompartmentalized TF

We first measured the sensitivity and linear range for detec-
tion of cytoplasmic TF. A heterologous TF composed of the
Gal4 DNA-binding domain fused to the transcriptional ac-
tivation domain of NF-«B (Figure 1A) was cotransfected into
cultured cells with a luciferase reporter preceded by Gal4
binding elements (Figure 2, A and B). We found that trans-
fection with increasing amounts of TF resulted in a roughly
linear increase in luciferase activity up to ~10-15 ng of
plasmid per well of a 96-well plate, above which activity
reached a plateau (Figure 2A). This plateau is likely due to
saturation of transcription from the luciferase reporter plas-
mid because neither TF expression (Figure 2C) nor luciferase
substrate was limiting. Luciferase activity ~150-fold above
background could be detected with as little as 0.1 ng of
transfected plasmid (Figure 2B). By contrast, detection of TF
by immunoblotting required transfection with at least 1-5
ng of plasmid (Figure 2C). Thus, using luciferase as a re-
porter, cytoplasmic TF can be detected and quantified with
at least 10- to 100-fold better sensitivity than immunoblot-
ting.

Importantly, the changes in expression level observed by
the luciferase assays or immunoblots upon varying the
amount of transfected plasmid occurred on a per cell basis
and was not due to fewer transfected cells. This was con-
firmed in independent experiments using two different flu-
orescent proteins whose expression levels could be quanti-
tatively monitored in individual live cells (Supplementary
Figure S1). In this experiment, we demonstrate that for the
cotransfection procedures used in this study, reducing the
amount of one of the plasmids (while keeping total trans-
fected DNA constant) results in the specific reduction of
expression for the corresponding protein in individual cells.
No effect is observed on either the expression of the other
product or on the total number of cells that are cotrans-
fected. This modulation of expression on a per cell basis
occurred over a wide range (at least 20-fold; Supplemental
Figure S1) and corresponded well with the analysis of ex-
pression on the whole cell population (e.g., by immmunob-
lotting). Thus, we are able to express our substrate over a
broad range of physiological levels while still retaining the
capability to detect small populations of cytosolically local-
ized protein within a linear range that spans at least 2 orders
of magnitude.

To assess compartmentalization efficiency, TF was in-
serted between the first 40 residues of prolactin (Prl) at the N
terminus and a KDEL sequence for ER retention at the C
terminus to generate Prl,-TF (Figure 1A). In vitro transla-
tion of Prl,,-TF showed that this heterologous protein could
be translocated into microsomal membranes as is observed
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for native Prl (Figure 3A). As with Prl (Lingappa et al., 1977),
translocation of Prl,,-TF only proceeded cotranslationally,
with cytosolic Prl,,-TF remaining nontranslocated even after
prolonged posttranslational incubation with microsomal
membranes (our unpublished data). Prl,-TF also was over-
expressed in cultured cells and its localization assessed by
subcellular fractionation using selective detergent extrac-
tion. A digitonin extract containing cytosolic proteins in-
cluded the majority of endogenous NF-«B (Figure 3B) as
well as several other cytosolic markers such as heat shock
protein (HSP)70 and HSP90 (our unpublished data). By con-
trast, ER membrane and lumenal proteins such as compo-
nents of the protein translocon (Sec61-B) and protein disul-
fide isomerase were not extracted unless Triton X-100 was
used (Figure 3B). Consistent with an ER localization for
Prl,,-TF, the majority of it was found in the Triton X-100
fraction (Figure 3B). Similar analysis of TF lacking the Prl
signal sequence showed it to be in the cytosolic fraction (our
unpublished data).

Analysis of Prl,,-TF by the luciferase reporter assay
showed ~4- to 5-fold lower luciferase activity than TF, de-
spite identical levels of expression (Figure 3C). Prl,,-TF was
often observed to migrate slightly slower by SDS-PAGE, as
expected due to the presence of additional residues at the N
and C termini. On mutation of the translation initiation
codon of Prl,-TF from ATG to ATC [Prl,,-TF(AATG); Fig-
ure 4A], the expressed product is now only slightly larger
than TF and results in the restoration of full luciferase ac-
tivity (Figure 3C). The consequence of this mutation is the
initiation of translation at the next suitable start codon,
which in this instance is the beginning of TF (Figure 4A).
Thus, appending the first 40 residues from Prl to TF results
in markedly lower luciferase activity without any effect on
the expression level, consistent with the majority of Prl,,-TF
being sequestered into a noncytoplasmic compartment
where it cannot function to activate transcription of the
reporter.

Comparison of luciferase activity for TF vs. Prl,,-TF over
a broad range of expression levels (Figure 3D) consistently
showed the same qualitative result observed in Figure 3C.
The fold difference in relative luciferase activity was under-
estimated at expression levels above 10 ng/well of plasmid
due to some saturation of the TF signal. Within the linear
range of ~1-10 ng/well plasmid, the relative luciferase sig-
nals from multiple independent experiments showed that
Prl,,-TF consistently displays ~10% luciferase activity per
unit protein than observed for TF. Thus, at low-to-moderate
expression levels in vivo at steady state, ~90% of an ER-
targeted substrate is segregated from the cytosol, whereas
the remainder is available for reporter activation.

Molecular Biology of the Cell



Figure 3. Detection and quantitation of signal- A 1234
mediated sequestration in the ER. (A) Prl,-TF
and Prl were translated in vitro with or without ~ Prlyg-TF ==

rough microsomal membranes (RM). Equal ali-
quots of translation products were either ana- Prl (% =
lyzed directly (lanes 1 and 2) or after digestion

with proteinase K (PK) to assess translocation F;hl'z ) 'f _;_ :
(lanes 3 and 4). (B) Cells expressing Prl,,-TF were '
sequentially extracted with digitonin (D), Triton B 123

X-100 (T), and SDS (S). The respective fractions

were analyzed for total protein with Coomassie g‘g: |E =
staining (top) or specific components by immuno- - M=

@
blotting (bottom). (C) Ten nanograms per well of a 3 e =
plasmids encoding TF, Prl,-TF, or Prlyy E
TEAATG) (lanes 1-3, respectively) were trans- 8 25- 1.
fected into cells and analyzed in parallel for lucif- 17- -
erase activity (top; mean = SD; n = 3) and total
expression (bottom; anti-NF-xB immunoblot). (D) NF-kB - fe=
Varying amounts (from 0 to 40 ng) of plasmids Prlyg-TF - | ==
encoding TF (closed circles) or Prl;,-TF (open cir- POI- | —
cles) were analyzed for luciferase activity (top)
and total expression (bottom) as in C. Luciferase Sec61p-| =
measurements in C and D were normalized to the DTS

value for 10 ng of TF, which was set to 100%.

Multiple Mechanisms Contribute to TF
Noncompartmentalization

Cytosolic Prl,-TF can potentially be generated in multiple
ways. One possibility is that initiation of translation from
Prl,,-TF mRNA at an internal AUG codon results in the
synthesis of functional TF lacking the Prl signal sequence.
This could occur if, despite an ideal Kozak’s consensus
sequence (Kozak, 1992), the first AUG codon was skipped
due to “leaky” ribosomal scanning (Kozak, 2002). To deter-
mine the contribution of such a translational mechanism to
the luciferase activity observed for Prl,-TF, we analyzed the
effect of two mutants. In the first mutant, Prl,,-TF(FS), a
single nucleotide was deleted between the first and second
ATG codons, causing a frameshift after synthesis of the Prl
signal sequence (Figure 4A). Thus, initiation of translation at
the first AUG would result in the synthesis of a shortened 40
amino acid product, which cannot activate the luciferase
reporter. Functional TF containing both the Gal4 and NF-«B
domains can only be generated from Prl,,-TF(FS) if transla-
tion initiates at the second AUG (which is beyond the frame-
shift mutation) in which case full-length TF lacking a signal
sequence would be synthesized. We found that compared
with Prl,-TF, the Prl,,-TF(FS) mutant generated ~20% of
the luciferase activity (and hence ~2% of the activity for TF
lacking a signal sequence). A concomitant decrease in the
expression of TF-containing products by immunoblot also
was observed as expected (Figure 4B). Similar results were
obtained when two nucleotides were deleted to generate a
different frameshift mutant of Prl,-TF. These results indi-
cate that of the total cytoplasmic population of Prl,,-TF,
roughly 20% is generated by translational mechanisms that
involve skipping of the first AUG codon. Conversely, the
majority of cytosolic TF is therefore generated by mecha-
nisms that involve a lack of compartmentalization despite
proper synthesis of a protein containing a functional N-
terminal signal sequence.

A similar conclusion was reached by a different approach
in which only one in-frame AUG codon was made available
for generating TF-containing translation product. In this
construct (termed Prl-TF; Figure 4A), the signal of Prl (with-
out the additional 10 amino acids of the mature domain) was
fused directly to TF in which the first codon (ATG) was
changed to GTG. Comparison with Prl,,-TF showed that
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Prl-TF had ~50% luciferase activity, suggesting that removal
of the option for internal initiation results in a fewer pro-
portion of molecules in the cytosol. As expected, changing
the initiating ATG codon to ATC of Prl-TF [to generate
Prl-TF(AATG)] resulted in an ~30- to 50-fold drop in lucif-
erase activity (Figure 4D) due to the lack of a suitable in-
frame start codon capable of generating a functional TF. The
results with Prl-TF indicate that when translation is limited
to initiating at the beginning of the signal sequence, ~50%
less cytosolic TF is generated, again suggesting that a pro-
portion of Prl,,-TF is cytosolic due to translational mecha-
nisms. The somewhat different proportions attributed to
translational effects by the two approaches (~20 vs. ~50%)
seems to be due in part to differences in the first few residues
of the mature domain, which we found in subsequent ex-
periments to influence signal sequence function (see below).

It is clear from Figure 4 that a majority of the cytosolic
pool of Prl,-TF is generated despite proper translation of a
product containing the N-terminal signal sequence of Prl.
This could arise by either inefficiencies in targeting to the ER
(Figure 1B, step 2a), inefficiencies in translocation across the
ER membrane (Figure 1B, step 2b), or escape from degrada-
tion after retrotranslocation from the ER lumen (Figure 1B,
step 2b). At present, it is unclear how one might directly and
quantitatively distinguish the relative contributions each of
these pathways makes to the total cytosolic Prl,,-TF in vivo.
However, we reasoned that comparisons of the compart-
mentalization efficiencies for a variety of signal sequences
may provide some insight. If in vivo, targeting and translo-
cation efficiencies of all signal sequences are generally high
(i.e., >95%), the main contribution to cytosolic TF would be
retrotranslocation from the ER lumen. In this case, the lucif-
erase activities would vary little among signal sequences
because the substrate for retrotranslocation is identical in
each case, thereby generating similar amounts of total cyto-
solic TE. By contrast, significant differences in targeting and
translocation efficiencies among signals would result in
wider variation in cytosolic TF, with the most efficient sig-
nals generating luciferase activities that asymptotically ap-
proach the contribution generated by retrotranslocation
alone.

We first tested whether small differences in translocation
efficiency can be discriminated by the TF-sequestration as-
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Figure 4. Analysis of translational and posttranslational contribu-
tions to cytosolic TF. (A) Sequences of the indicated constructs are
shown. The first potential start codon in each construct is indicated
in bold. The site of signal sequence cleavage is indicated with an
arrowhead. Stop codons are indicated by an asterisk. Mutations are
indicated in red. (B-D) Various sets of constructs (indicated below
each immunoblot) were compared for luciferase activity (top) and
total expression (bottom). Constructs within each panel were ana-
lyzed in parallel, whereas the absolute luciferase values between
panels are not directly comparable. Luciferase measurements were
between three and five replicates. Amount of plasmid transfected
per well was 40 ng in B and 10 ng in C and D.

say by comparing the luciferase activities generated by Prl-
TF, PrP-TF, and PrP(N7)-TF. Based on in vitro assays (Kim ef
al., 2002), the PrP signal sequence is predicted to be slightly
less efficient at a posttargeting step of initiating translocation
than the Prl signal, whereas PrP(N7) is a point mutant of the
PrP signal that further decreases its translocation efficiency
slightly. When compared in vivo, we found that they
showed the expected small but statistically significant dif-
ferences in luciferase activity (Figure 5A). On analysis of a
wider range of signal sequences by this assay, we observed
remarkable variability in the luciferase activity generated
per unit protein (Figure 5B). In these experiments, the con-
structs contained direct fusions between the signal and a
version of TF in which its initiating ATG codon was changed
to GTG (e.g., as for Prl-TF). Thus, the luciferase activity
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observed cannot be attributed to translational effects, indi-
cating that essentially all of it derives from signal-TF that
failed to be compartmentalized properly.

The luciferase values obtained for the various signal-TF
constructs (Figure 5B) were normalized relative to Prl-TF,
for which ~5% of total synthesized protein is cytosolic (i.e.,
half of the value observed for Prl,,-TF; Figure 4C). Based on
these values, the different constructs contained between 5
and 50% of total synthesized TF in the cytosol at steady state.
For IL4-TF, which based on the luciferase measurements
should contain ~50% cytosolic protein, we could on some
immunoblots resolve two bands of comparable intensity
corresponding to precursor and signal-cleaved products
(Figure 5B, inset). Parallel analysis of CRT (which should
have ~10% cytosolic based on the luciferase assay) showed
predominantly the lower, signal-cleaved band. Not all pro-
teins could be resolved reliably into precursor and processed
bands to allow similar analysis (our unpublished data);
nonetheless, the observation with IL4-TF provides further
corroboration that the estimates of the cytosolic proportion
based on the luciferase reporter measurements are accurate.

Substrate-specific Modulation of TF
Compartmentalization in cis

The observation in Figure 4 that Prl,,-TF and Prl-TF gener-
ate somewhat different levels of cytosolic forms that cannot
be fully explained by translational effects raised the possi-
bility that residues immediately after the signal sequence
influence the efficiency of protein compartmentalization. Al-
though the information for targeting and translocation is
generally considered to be encoded entirely within the sig-
nal sequence, evidence from in vitro studies has suggested
that regions of the mature domain may influence signal
function (Andrews ef al., 1988; Kim et al., 2002). Whether
cis-acting modulatory effects on signal function are similarly
recapitulated in vivo in a relevant manner is not clear. To
address this, we compared the level of cytosolic TF gener-
ated for signal-TF versus signal,,-TF constructs (Figure 6).
The extra 10 residues of the mature domain were found to
significantly increase the cytosolic population in some in-
stances (e.g., PrP and to a lesser extent Prl), decrease it in
others (e.g., IL4, ICAM, and CRT) and have little effect on the
leptin signal. Frameshift experiments similar to that in Fig-
ure 4B indicated that as for Prl, the contribution of transla-
tional effects on cytosolic populations of most constructs was
detectable, but generally a relatively minor contributor (Fig-
ure 6). Thus, the region of the mature domain immediately
after the signal sequence can substantially influence the
amount of cytosolically available protein.

Substrate-specific Modulation of TF
Compartmentalization in trans

The observation of various secretory pathway proteins in
alternative locations has often been controversial and not
universally observed. One possibility for such discrepancies
might be that compartmentalization efficiency can vary de-
pending on cellular conditions, cell type, or method of anal-
ysis. If this were true, the effect would presumably have to
be substrate specific, because a global breakdown of proper
targeting and translocation pathways is incompatible with
cell viability. To determine whether such substrate-specific
effects are plausible, we examined whether the luciferase
assay could be used to detect relative changes in compart-
mentalization efficiencies among various substrates as a
function of either different cell types or different growth and
culture conditions.

Molecular Biology of the Cell
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Figure 5. Compartmentalization efficiencies vary broadly among
signal sequences. (A) Ten nanograms per well of plasmids encoding
PrP-TF, PrP(N7)-TF, and Prl-TF were analyzed for luciferase activity
(top; n = 5) and total expression (bottom). Differences among each
construct were statistically significant (p < 0.01 by Student’s t test).
(B) Ten nanograms per well of constructs encoding the indicated
signal sequences fused to TF were analyzed for luciferase activity
and total expression. The data from three independent experiments
(with at least three replicates for the luciferase measurements in
each experiment) were normalized and averaged to derive an esti-
mate of the percentage of TF in the cytosol (see Materials and
Methods). The inset shows an immunoblot of the least efficient signal
sequence (IL4) in which approximately equal amounts of precursor
(pre) and signal-cleaved (sc) TF are resolved and detected. A sub-
stantially more efficient signal sequence (CRT) is shown for com-
parison. Abbreviations used for the signals include E-selectin
(E-sel), Leptin (Lep), Ang, and Opn.

In the first set of experiments, we sought to determine
whether the choice of signal sequence on a substrate can
influence compartmentalization efficiency in a cell type-spe-
cific manner. Five different signal,,-TF constructs were
transfected in parallel into four different cell lines and the
respective luciferase activities determined. When normal-

Figure 6. Modulation of signal-mediated se-
questration in cis. Sets of constructs contain-
ing the indicated signal sequences, with or
without 10 amino acids from the respective
mature domains (gray and black bars, respec-
tively), were analyzed for luciferase activity
and total expression. Except for the Lep and
PrP signals, a frameshift mutation (Figure 4A)
was analyzed in parallel (white bars) to assess
the contribution of leaky ribosomal scanning
to the luciferase activity observed for the re-
spective Signal,,-TF constructs. Ten nano-
grams of plasmid per well was analyzed in
each instance. Due to the large differences in
absolute luciferase activity among different
signals (Figure 5B), each set of constructs was
plotted separately and normalized to the re-
spective SS-TF construct (set to 100%). Note
that the 10 amino acids from the mature do-
main can increase, decrease, or have little ef-
fect on the efficiency of TF sequestration.
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ized to one of the substrates (Prl,,-TF), differences in the
relative luciferase activities for the other substrates could be
observed in a cell type-specific manner (Figure 7A). For
example, the normalized luciferase activity for VCAM, ,-TF
was the same or higher than Prl,,-TF in N2a cells, but
substantially lower than Prl,,-TF in Cos-7, HeLa, or MDCK
cells. Similar variations were seen for each of the constructs
despite all of them having the same promoter, 5" and 3’
untranslated regions, and polyA-addition signal. Thus, the
relative compartmentalization efficiencies for five sig-
nal,-TF substrates differ among cell types.

To provide additional support for this idea of signal-
specific cell type differences in compartmentalization, we
sought to find instances in which such differences are suffi-
ciently dramatic to be detected by other methods. During
the course of several other trafficking studies in our labora-
tory, two particularly striking examples were noted. In the
first example, PrP containing different signal sequences was
analyzed by pulse labeling after tranfection into different cell
types. PrP contains two sites for N-linked glycosylation that
together with signal sequence cleavage provide markers for
translocation. We found in Cos-7 cells that, as with studies in
vitro (Kim et al., 2002), the efficiencies of the Opn and Ang
signals in directing PrP translocation are higher and lower,
respectively, than the wild-type PrP signal (Figure 7B, left).
In N2a cells (Figure 7B, right), translocation of Opn-PrP was
essentially identical. By contrast, translocation of wtPrP was
noticeably more efficient in N2a cells than in Cos-7 cells,
whereas Ang-PrP was significantly less efficient. Thus, as
observed for the TF reporter, the compartmentalization ef-
ficiency of PrP changes in different cell types in a manner
influenced by the choice of signal sequence. Such cell type
differences may help to partly explain the currently contro-
versial and apparently contradictory observations on the
generation and source of PrP in the cytosol (Yedidia et al.,
2001; Ma and Lindquist, 2002; Drisaldi et al., 2003; Mironov
et al., 2003; Roucou et al., 2003).

This substrate specificity was so dramatic in one example
that it could be directly visualized. A GFP-tagged glycopro-
tein from the VSV containing either the Prl or PrP signal
sequence (Prl-VSV-GFP and PrP-VSV-GFP, respectively;
Supplementary Figure S2) was analyzed in multiple cell
types. The VSV protein used in these experiments contains a
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Figure 7. Influence of cell type on substrate-specific differences in compartmentalization. (A) Four different cell types (Cos-7, HeLa, N2a,
and MDCK) grown under identical conditions were transfected in parallel with 10 ng of plasmid encoding each of five signal,,-TF constructs
and analyzed by the standard luciferase assay 24 h later. All of the luciferase measurements for each cell type were normalized to the value
obtained for Prl,-TF in that cell type, which was arbitrarily set at 100. The average of five replicates = SD is plotted. (B) Cos-7 (left) or N2a
(right) cells were transfected with the indicated PrP constructs and analyzed 24 h later by pulse labeling and immunoprecipitation of PrP.
The positions of the glycosylated (+CHO) and nonglycosylated (—CHO) species are indicated. The percentage of translocated PrP, defined
as species that have undergone signal sequence cleavage and/or glycosylation, is quantified in each lane and indicated below the
autoradiographs. (C) VSV-GFP containing the Prl or PrP signal sequences (Supplementary Figure S2) were transfected into N2a cells and the
localization patterns visualized by confocal microscopy ~20-30 min after shift from 40 to 25°C. The staining pattern in each case is
characteristic for compartments of the secretory pathway and was confirmed by comparison to ER, Golgi, and cell surface markers expressed
in this same cell type (our unpublished data). (D) Lysates from cells in C were analyzed by SDS-PAGE and immunoblotting with antibodies
against GFP. Samples were either left untreated (U) or digested with endoglycosidase H (E) or PNGase F (P) before analysis. The positions
of glycosylated and unglycosylated VSV-GFP are indicated. The blot also was probed with antibodies specific to TRAP«, an ER-resident
glycoprotein that was deglycosylated efficiently with either enzyme (right). (E) Primary hippocampal neurons growing on a feeder layer of
glial cells were transfected with Prl-VSV-GFP or PrP-VSV-GFP and visualized by confocal microscopy ~20-30 min after shift from 40 to 25°C.
Shown on the top panels are projection images of typical localization patterns seen in the neurons. The bottom panels show a single confocal
slice taken at the level of the nucleus to illustrate the different patterns of localization. The inset shows transfected glial cells in the same
culture dish, which showed secretory pathway localization (mostly ER) for both constructs. Bar, 10 wm in the neuron and N2a cell images,
and 20 um in the glial cell inset.

temperature-sensitive mutation (ts045) that prevents its traf-
ficking from the ER to Golgi at 40°C. Thus, cells grown at
40°C and subsequently released at lower temperatures show
synchronous trafficking from the ER through the secretory
pathway (Presley et al., 1997), a process that can be visual-
ized in live cells. In N2a cells viewed ~20-30 min after
release from 40°C, both constructs showed identical local-
ization patterns and were distributed throughout the secre-

286

tory pathway, including the ER, Golgi, and cell surface
(Figure 7C). Consistent with this localization, biochemical
analysis (Figure 7D) demonstrated that in each case, all of
the VSV-GFP is glycosylated, most of which is resistant to
endoglycosidase H digestion (an indicator of trafficking to
the Golgi, where trimming of N-linked glycans occurs).
Transfection of the identical DNA preparations, on the
same day, into primary hippocampal neurons revealed a

Molecular Biology of the Cell
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Figure 8. Modulation of substrate compartmentaliza-
tion by changes in cellular metabolism. Four different
cell types transfected with the indicated constructs as in
Figure 7A were plated into four separate sets of 96-well
plates. The plates were analyzed for luciferase activity
on four successive days, beginning on the day of replat-
ing (after being allowed 6 h to recover). The results for
each cell type are on separate graphs. In each instance,
the measurements from any one day were normalized
to the activity observed for Prl;-TF in that cell type,
which was arbitrarily set to 100. The normalized activ-
ities for each of the 4 d are shown in bars of increasing
darkness of gray (darkest bar is day 4). Thus, by defi-
nition, Prl,,-TF values do not vary on these graphs from
day to day. Relative to this arbitrary standard, changes
for the other constructs can be observed in some, but not
all instances in a cell-type and substrate-specific man-
ner. In this experiment, cells began at ~50% density (i.e.,
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actively growing and dividing) and became confluent
between the second and third set of measurements.

marked difference in localization: whereas PrP-VSV-GFP lo-
calized within the secretory pathway (ER and Golgi under
the conditions in Figure 7E), Prl-VSV-GFP showed a diffuse
pattern throughout the cell. Confocal slices at the level of the
nucleus illustrated this difference particularly well (Figure
7E, bottom): PrP-VSV-GFP was completely excluded from
the nucleus and concentrated in perinuclear structures con-
sistent with the Golgi, whereas Prl-VSV-GFP displayed a
diffuse nucleocytoplasmic localization. Remarkably, glial
cells in the same culture expressing Prl-VSV-GFP showed
clear secretory pathway localization (Figure 7E, inset), ex-
actly as was observed for glial cells in the PrP-VSV-GFP
culture (our unpublished data).

Because of the low transfection efficiency into primary
neurons and because they are cocultured with glial cells, a
parallel biochemical analysis was not feasible. However, we
have analyzed the trafficking in live cells of Prl-VSV-GFP
and PrP-VSV-GFP under various temperature growth con-
ditions and at various times after release from 40°C. We
consistently observe transport of PrP-VSV-GFP in live cells
through the secretory pathway from its localization in the
ER, to transport carriers (Supplementary Figure S3B), to
Golgi (Figure 7E), and eventually to punctate structures
within and on the surface of axons and dendrites (Supple-
mentary Figure S3C). By contrast, Prl-VSV-GFP remains pri-
marily diffuse and nucleocytoplasmic regardless of the tem-
perature manipulations or time of visualization (Figure 7E,
Supplementary Figure S3A, and our unpublished data).
These data are consistent with comparably efficient compart-
mentalization to the secretory pathway for both Prl-VSV-
GFP and PrP-VSV-GFP in N2a cells (Figure 7, C and D) and
glial cells (Figure 7E, inset), but markedly different efficien-
cies in primary hippocampal neurons (Figure 7E and Sup-
plementary Figure S3).

In a final experiment, we returned to the luciferase assay
to determine whether, even within a single cell type,
changes in compartmentalization could be observed in re-
sponse to changes in culture conditions. Here, we performed
an experiment similar to that in Figure 7A, but instead of
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analyzing the cells 24 h after transfection, they were ana-
lyzed at four separate times over several days. During this
time, numerous conditions change such as the growth state
of the cells, metabolic activity, and levels of nutrients and
growth factors in the culture media. Analysis of luciferase
activity during this time frame revealed that in some cell
types for some substrates, relative compartmentalization ef-
ficiencies changed (Figure 8). At one end of the spectrum
were Cos-7 cells, in which little or no changes were observed
over time for any of the five substrates analyzed. By contrast,
parallel analyses of the identical substrates (and in fact,
transfected from the same transfection mixtures as used for
Cos-7 cells) showed systematic changes over time in the
other cell types. For example, luciferase activity from
PrP,,-TF increased steadily over time (relative to Prl,,-TF, to
which everything was normalized) in N2a cells, but de-
creased steadily in HeLa cells (Figure 8). Similar variations
(albeit with different patterns of change) were seen for sev-
eral constructs, indicating that yet unidentified factors, per-
haps related to cellular growth and/or metabolic conditions,
can influence compartmentalization in trans in a substrate-
selective and cell type-specific manner. Defining the identity
of these factors and the mechanisms by which they exert
their effects remain challenges for future studies.

DISCUSSION

In this study, we have measured the steady-state fidelity of
compartmentalization for a substrate directed to the secre-
tory pathway in mammalian cells. These experiments were
motivated by the goal of developing a coherent framework
for an otherwise disparate set of observations implicating
roles for secretory pathway proteins at alternative cellular
locations. As an important first step toward this aim, we
developed a reporter-based assay to specifically and sensi-
tively detect the nonsegregated population of a signal se-
quence-containing protein in vivo. Several conclusions can
be drawn from the observations by using this approach.
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First, readily detectable and physiologically relevant
amounts of a signal sequence containing protein can reside
in a functional state in the cytosol at steady state. Second, the
relative amount of this cytosolic population varies substan-
tially, dependent in part on the particular signal sequence
used. Third, both translational and posttranslational mech-
anisms can contribute to cytosolic localization of a signal-
containing protein. And fourth, although a mechanistic basis
remains to be determined, changes in cell type and meta-
bolic conditions of growth can cause a substrate-specific
change in compartmentalization efficiency that can be mod-
ulated by the choice of signal sequence. Based on these
findings, we propose that “inefficiencies” in compartmental-
ization may be one mechanism to generate alternative forms
of secretory pathway proteins that are used for cellular
benefit.

The Efficiency of Segregation

Despite encoding an N-terminal signal sequence, the per-
centage of TF that remains cytosolic in vivo ranges surpris-
ingly widely between different signals. Among the most
efficient by this assay is the well characterized Prl signal
sequence, which nonetheless permits ~5% noncompartmen-
talized Prl-TF or Prl,,-TF under the conditions tested. Most
other signals result in between ~5 and 20% cytosolic TF,
with some generating a surprising ~50% in the cytosol.
Given both the high baseline (~5%) and maximal (~50%)
amounts in the cytosol, how can the results of the TF se-
questration assay be reconciled with currently available in-
formation from native proteins? After all, the ad hoc char-
acterization of the subcellular localization for a tremendous
variety of proteins has led to the generally accepted (albeit
formally untested) notion that compartmentalization into
the secretory pathway is highly efficient.

Nearly all studies of subcellular localization have relied
on biochemical fractionation or direct visualization with
either immunofluorescent methods or more recently, fluo-
rescent protein tags. Between 5 and 15% of a protein in an
alternative compartment would easily be within the exper-
imental limitations of most such methods; hence, only the
major population would have been considered. Even 50% of
a protein in the cytosol could be easily missed by visual
methods because the cytosol occupies severalfold more vol-
ume than all compartments of the secretory pathway com-
bined. Thus, the effective “dilution” of proteins in the cy-
tosol could lead to a severalfold lower signal below that
arising from concentration in a smaller compartment. For
example, predominantly cytosolic proteins such as compo-
nents of SRP or the COP I coat can seem by immunofluo-
rescence to be localized to the ER and Golgi, respectively,
due to a population that is associated at steady state. Fur-
thermore, compartments such as the ER and plasma mem-
brane can be difficult to definitively resolve from the cytosol
by imaging methods due to their spatial overlap. Only if the
cytosolic population also were concentrated, perhaps by
subsequent targeting to another compartment, would it be
easily recognized. Indeed, in nearly all cases where alterna-
tive populations of a protein have been observed, the second
locale is a noncytosolic compartment such as mitochondria
or nucleus (see Introduction). Thus, the inability to infer the
existence of significant amounts of alternatively localized
populations for many secretory pathway proteins based on
conventional methodology is not in itself surprising nor
worrisome.

A related issue is whether the results from the TF reporter
used in this study can be corroborated with some of the
respective native substrates. Among the various substrates
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whose signal sequences were analyzed, we have studied
both PrP and CRT in greater detail in vivo (to be described
elsewhere; see Rane et al., 2004, for an example with PrP).
Based on the results of the normalized TF sequestration
assay (Figure 5B), both of these are slightly less efficiently
compartmentalized than Prl and generate ~10-15% cytoso-
lic population in MDCK cells under the conditions analyzed.
When native PrP was analyzed in vivo by using pulse-chase
analysis, we found that ~10-20% of it was unglycosylated
and subsequently degraded by the proteasome (Rane et al.,
2004), suggesting that it is inefficiently translocated into the
ER. Importantly, this unglycosylated population could be
reduced to at least half when the Prl or Opn signal sequences
were used (Figure 7B), suggesting that the relative differ-
ences in compartmentalization efficiencies observed for TF
are recapitulated similarly with native PrP. For CRT, ~10-
20% of the total has been suggested to reside in the cytosol
based on fractionation studies (Holaska et al., 2001; our
unpublished data). Again, replacement of the CRT signal
with the Prl signal, but not the PrP signal, reduced this
cytosolic population for native CRT under some conditions
in at least some cell types (Hegde, unpublished data). These
results with PrP and CRT lend support to the existence of a
cytosolic population for native proteins that corroborates the
TF-based assay by using their isolated signal sequences.

Although the percentage of noncompartmentalized TF
has been quantified with reasonable accuracy for several
signal sequences and verified by other studies to apply to at
least some of the native substrates, it would be premature to
assume that the TF assay for every signal can be directly
extrapolated similarly. This is because the steady-state dis-
tribution of substrate is presumably influenced substantially
by features of the substrate itself, most notably its half-life in
each of its locales. For example, although both native PrP
and PrP-TF seem to generate ~10-15% of a cytosolic popu-
lation at the time of synthesis, a cytosolic pool of native PrP
is essentially undetectable at steady state because of its short
half-life (<30 min; Drisaldi et al., 2003) relative to cell surface
PrP (>3 h half-life). Thus, although the results of the TF
assay have provided insight into the range of efficiencies for
signal-mediated compartmentalization, specific efficiencies
for individual native substrates will still require analysis on
a case-by-case basis. Nonetheless, the surprisingly high di-
versity of efficiencies among substrates helps to explain the
various in vivo observations of alternative localizations for a
growing number of secretory pathway proteins.

Mechanisms for Alternative Localizations

A majority of the nonsegregated population for many sub-
strates is likely to result from inefficiencies in its targeting
and translocation into the ER. This conclusion is derived
indirectly from two observations. First, the frameshift mu-
tation analysis suggests that for most of the substrates ana-
lyzed, the efficiency of translational initiation at the first start
codon is very high, with only ~1-2% of the total substrate
deriving from initiation at the second potential start codon.
Second, because the same TF reporter is used for each signal,
the substrate becomes essentially identical to each other after
the signal sequences are removed during translocation.
Mechanisms for generating cytosolic TF after this point
(such as retrotranslocation from the ER lumen) would there-
fore be common to all constructs. This means that all such
mechanisms can together contribute at most the amount
observed for the most efficiently compartmentalized sub-
strate. Hence, the high degree of variability among the dif-
ferent signal sequences suggests that for most of them, the
majority of the noncompartmentalized population was de-
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termined before the cotranslational removal of the signal
sequence by signal peptidase. We therefore suggest that
events occurring between the initiation of translation at the
proper start codon and the completion of translocation most
influence signal-mediated compartmentalization efficiency.

These events include SRP-mediated targeting of ribo-
some-nascent chains to the ER, transfer to the translocon,
signal recognition by the Sec61 complex, insertion of the
substrate into the translocation channel, opening of the
channel toward the ER lumen, and productive folding
and/or interactions with lumenal chaperones that commits
the nascent chain to forward transport (Rapoport et al., 1996;
Johnson and van Waes, 1999). Comparative studies among
signals at each of these steps are largely lacking, particularly
in vivo. In vitro studies have recently suggested some vari-
ability in signal-translocon interactions (Rutkowski et al.,
2001; Kim et al., 2002), an observation consistent with the
finding that some signal sequences have different require-
ments for the translocon components TRAM and TRAP
(Voigt ef al., 1996; Fons et al., 2003). The available in vivo
studies have suggested that signals can differ in their kinet-
ics of targeting to the ER membrane (Johnsson and Var-
shavsky, 1994; Goder et al., 2000). This is particularly inter-
esting because excessive polypeptide elongation before
targeting or insertion into the translocon can preclude sub-
sequent translocation. Thus, it is feasible that one mecha-
nism for generating different compartmentalization efficien-
cies among substrates is by differential kinetics of signal
interactions with either SRP and/or the Sec61 complex. Be-
cause the amount of polypeptide that can be synthesized
while still allowing translocation differs among substrates,
the relationship between the targeting kinetics and translo-
cation efficiency also may differ from one protein to another.
This may have to do, in part, with the folding properties of
the mature domain that immediately follows the signal, a
notion consistent with our finding that including even 10
residues of the matched mature domain after the signal can
influence segregation efficiency. Future work will be re-
quired to elucidate the relationship between signal sequence
function and the mature domain to which it is attached. It is
nonetheless already clear that this relationship is potentially
complex, suggesting that signals cannot be viewed as either
readily interchangeable or as the only determinant influenc-
ing translocation efficiency.

At present, the exact contribution of retrotranslocated TF
to the cytosolic population observed at steady state is not
known. Our data does, however, put an upper limit on the
amount of cytosolic TF generated by such a mechanism at
~5% of the total TF; this is the amount of cytosolic TF
observed for the most efficient signal sequences by this assay
(e.g., Prl, Opn, and VCAM). Cytosolic TF generated by this
mechanism would need to escape degradation, which pre-
sumably would involve removal of any ubiquitin modifica-
tions that are attached during retrotranslocation, and subse-
quent refolding into a functional state in the cytosol.
Although some bacterial toxins can take such a route to
reside in the cytosol after having been in the secretory path-
way (Tsai et al., 2002), it is not yet known whether other
proteins can use similar mechanisms. Because this mecha-
nism is dependent on features of the mature protein, the
TF-based assay does not necessarily provide insight into the
use of such a putative pathway for generating a cytosolic
population of native secretory pathway proteins.

Physiological and Pathological Consequences

It is likely that for numerous secretory pathway proteins, a
biologically significant proportion (e.g., at least 1-2%) of the
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total synthesized material can have access to the cytosol
Even if substrates underwent highly efficient translocation
into the ER, they could still access the cytosol via transla-
tional mechanisms. For example, the experiment in Figure 4
demonstrates that an ideally designed translational start site
is still bypassed by ~2% of scanning ribosomes. In most
instances, initiation at the next suitable start codon would
result in synthesis of a signal-lacking substrate residing in
the cytosol. This mechanism, together with our observation
that many signals are in fact not maximally efficient and the
fact that many secretory pathway proteins are abundant
suggests that the cytosolic proportions are well within nor-
mal protein abundances. This cytosolic access has several
potential nonmutually exclusive implications, three of
which are particularly noteworthy.

First, for many proteins, the nonsegregated population
may serve as a source of peptides for major histocompati-
bility complex class I antigen presentation. Indeed, it is
estimated by some recent studies that up to ~30% of all
proteins are degraded very shortly after their synthesis and
may be the major source of peptide antigens (Reits et al.,
2000; Schubert et al., 2000; Turner and Varshavsky, 2000).
Although these studies did not distinguish between the
types of proteins being degraded, it is reasonable to postu-
late that a similarly large proportion of secretory pathway
proteins also are converted into antigens. If this were the
case, moderately inefficient step(s) of compartmentalization
into the ER, as is suggested by the present study, would
generate a cytosolic pool of substrates that can be converted
by proteasomes into an abundant source of antigenic pep-
tides. Such a mechanism is more appealing and cost-effec-
tive than a pathway using two translocation steps (one into
and another out of the ER) simply for the purpose of con-
stitutive generation of self-antigens.

Second, certain proteins that are inefficiently segregated
may have independent functions in the cytosol (or other
compartments accessed via the cytosol, such as mitochon-
dria or the nucleus; see Introduction). This would provide a
means for generating increased functional diversity from a
single mRNA. For such alternative functions, the nonsegre-
gated fraction could be a very small proportion (even sub-
stantially <1%) of the total synthesized product while still
being well within the realm of normal cellular protein levels.
Importantly, small modulations in compartmentalization in-
efficiency (e.g., from 1 to 5%) could be used by the cell to
significantly impact the cytosolic function essentially inde-
pendently of the major population (which would be nearly
unchanged). Evidence that the cell has mechanisms to mod-
ulate compartmentalization in a substrate-specific manner is
provided by the experiments in Figures 7 and 8. Thus, it is
attractive to postulate that for some proteins, slight ineffi-
ciencies in translocation are functionally regulated for cellu-
lar benefit. The evolutionary conservation of many signal
sequences (Kim et al., 2002) and their differential require-
ments for components of the translocation machinery (Ng et
al., 1996; Voigt et al., 1996; Dunnwald ef al., 1999; Wittke ef al.,
2002; Fons et al., 2003) is consistent with such a view.

Third, the constant presence of secretory pathway pro-
teins in the cytosol also may have pathological consequences
in some instances. This would be expected if the secretory
pathway protein, or a portion of it, had the potential for
adverse effects such as aggregation, misfolding, or inappro-
priate interactions with other proteins. Such possibilities
have been suggested for several secretory pathway proteins
such as PrP, APP, and ApoE (as discussed in Introduction),
but it has been unclear whether sufficient amount of these
proteins could ever escape their cotranslational segregation
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into the ER to have these effects. The present study suggests
that the opportunity for cytosolic access of these proteins
exists. Although under normal conditions, this population of
potentially harmful proteins is efficiently degraded, the ad-
verse consequences may be manifest under circumstances
where the degradative capacity is partially compromised.
Indeed, for PrP, inhibition of the proteasome pathway leads
to a rapid increase in an aggregation-prone, potentially toxic
cytosolic population of PrP that can be avoided by the use of
a more efficient signal sequence (Rane et al., 2004).

Future studies will be aimed at determining both the
physiological and pathological consequences of the ineffi-
ciencies of protein compartmentalization highlighted in the
present study. It will be particularly important to determine
the mechanistic basis of substrate-specific modulation of
compartmentalization in different cell types and in response
to changes in cellular conditions (e.g., as observed in Figure
7 and 8). It is anticipated that the small cytosolic populations
of certain secretory pathway proteins are not inconsequen-
tial, but rather play important physiological and potentially
pathological roles under certain circumstances.
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Figure S1. Analysis of expression levels on a per cell basis.

MDCK cells growing on 8-well chambered coverglasses were transfected with 400 ng plasmid
DNA using lipofectamine as recommended by the manufacturer (Invitrogen). The composition
of the 400 ng is indicated above each set of images and includes CMV promoter-containing
expression plasmids for ECFP and EYFP (the cyan and yellow color variants of enhanced
green fluorescent protein; Clonetech). An irrelevant plasmid (encoding luciferase) was used to
make up the difference. The CFP and YFP proteins (represented by blue and yellow images,
respectively) were visualized 24 hours after transfection. Shown in the top panels are the YFP
images, captured at identical settings for the four sets of transfected cells. The middle panels
show the corresponding CFP images of the same fields of cells, again captured at identical
settings for the four sets of cells. Note that little or no fluorescence was seen in the YFP or CFP
channel if the respective plasmid was omitted. Importantly, the CFP fluorescence on a per cell
basis decreased markedly when the amount of transfected plasmid was reduced from 200 ng
to 10 ng. In these same cells, the YFP fluorescence remained the same. We confirmed using
more sensitive imaging conditions (lower panels) that indeed, at the lower expression of CFP,
all cells were nonetheless transfected with both plasmids.
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. ACC||ATG||GAC AGC AAA GGT TCG TCG CAG AAA GGG TCC CGC CTG CTC CTG CTG CTG GTG GTG

TCA AAT CTA CTC TTG TGC CAG GGT GTG GTC TCC AAG TTC ACC ATA GTT TTT CCA CAC AAC CAA

AAA GGA AAC TGG AAA AAT GTT CCT TCC AAT TAC CAT TAT TGC CCG TCA AGC TCA GAT TTA AAT

TGG CAT AAG GAC TTA ATA GGC ACA GCC TTA CAA GTC AAA |ATG|CCC AAG ...

. ACC||ATG||[GCG AAC CTT AGC TAC TGG CTG CTG GCA CTC TTT GTG GCT |ATG|TGG ACT GAT GTT

GGC CTC TGC AAG TTC ACC ATA GTT TTT CCA CAC AAC CAA AAA GGA AAC TGG AAA AAT GTT CCT

TCC AAT TAC CAT TAT TGC CCG TCA AGC TCA GAT TTA AAT TGG CAT AAG GAC TTA ATA GGC ACA

GCC TTA CAA GTC AAA|ATG|CCC AAG ...

Figure S2. Sequences of Prl-VSV-GFP (panel A) and PrP-VSV-GFP (panel B).

The 5' untranslated region is in black lettering, the signal sequence in green, and the mature region in red. The first
ATG sequence in the transcript is indicated with a double box. Note that this ATG has an ideal Kozak's consensus
sequence for translational initiation and is identical for the two constructs. Other in-frame ATG codons are indicated
with single boxes. Out of frame ATG sequences are underlined. Note that for Prl-VSV-GFP, which shows a cytosolic
distribution in neurons, the second in-frame start codon does not appear until ~225 nucleotides after the first. Between
these two, there is an out of frame ATG. Thus, in order to synthesize a version of Prl-VSV-GFP lacking a signal
sequence, two ATGs, one with an ideal and another with an acceptable Kozak's consensus, would need to be
bypassed by the ribosome, making this an unlikely explanation for the observed cytosolic distribution in neurons.
Furthermore, this bypassing would have to occur only for Prl-VSV-GFP and not for PrP-VSV-GFP despite the fact they
have identical contexts for their first ATGs, further making a translational mechanism for the observed results unlikely.
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Figure S3. Effect of the signal sequence on VSV-GFP compartmentalization in neurons.

Primary hippocampal neurons growing on a feeder layer of glial cells were transfected with Prl-VSV-GFP (panel A)
or PrP-VSV-GFP (panels B and C) and visualized by confocal microscopy. In the experiment in panels A and B,
cells were maintained for 4 hours at 40° to prevent ER to Golgi trafficking of VSV-GFP. They were then removed
to a microscope stage at 38° and imaged immediately. PrP-VSV-GFP was evidently in the ER since very shortly
after reducing the temperature, it is located in transport carriers seen as widely distributed punctate structures
(panel B). By contrast, Prl-VSV-GFP analyzed in parallel under the identical conditions remains diffuse throughout
the nucleocytoplasmic compartment (panel A). Higher magnification images are shown in the insets. At later
times, the transport carriers seen for PrP-VSV-GFP in panel B are observed to traffic to the Golgi (e.g., Fig. 7E),
after which they leave the Golgi for the cell periphery. Shown in panel C is the distribution for PrP-VSV-GFP after
two days at 33°C, where it has been given sufficient time to become trafficked throughout the axon and dendrites.
By contrast, Prl-VSV-GFP always remains primarily diffuse as seen in panel A and Fig. 7E, with very few transport
carriers or other membrane structures.





