Cell. Mol. Life Sci. (2010) 67:3345-3354
DOI 10.1007/s00018-010-0386-7

Cellular and Molecular Life Sciences

RESEARCH ARTICLE

Discrimination between alternate membrane protein topologies
in living cells using GFP/YFP tagging and pH exchange

Beatriz Domingo - Maria Gasset - Mario Duran-Prado -
Justo P. Castafio - Antonio Serrano -
Thierry Fischer « Juan Llopis

Received: 1 March 2010/Revised: 30 March 2010/ Accepted: 22 April 2010/ Published online: 8 May 2010

© Springer Basel AG 2010

Abstract Membrane protein function is determined by
the relative organization of the protein domains with
respect to the membrane. We have experimentally verified
the topology of a protein with diverse orientations arising
from a single primary sequence (the cellular prion protein,
PrP), a novel somatostatin truncated receptor, and the
Golgi-associated protein GPBPy;. Tagging with fluorescent
proteins (FP) allows location of their expression at the
plasma membrane or at endomembranes, but does not
inform about their orientation. Exploiting the pH depen-
dency of some FPs, we developed a pH exchange assay in
which extracellularly exposed FPs are quenched by appli-
cation of low pH buffer. We constructed standards to
demonstrate and calibrate the assay, and the method was
adapted for acidic organelle membrane proteins. This
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method can serve as a proof of concept, experimentally
confirming and/or discriminating in living cells among
theoretical topology predictions, providing the proportion
of inside/outside orientation for proteins with multiple
forms.
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sst Somatostatin receptor

PrP Prion protein

GPBP  Goodpasture antigen-binding protein
HBSS Hanks’ balanced salt solution

PEA pH exchange assay

pH, Extracellular pH

pH; Intracellular pH

ROI Region of interest

GPI Glycosylphosphatidylinositol

Introduction

Membrane proteins, both bound and integrated, participate
in essential cell processes such as adhesion, signaling and
transport. Although membrane proteins represent up to
one-third of all encoded proteins in eukaryotic cells, only a
small percentage of their three-dimensional structures have
been elucidated [1]. Identification of both the mode of
interaction with the membrane and the relative orientation
of N- and C-termini are often the first steps toward
understanding membrane protein structure and function.
Computational approaches are used to determine mem-
brane protein orientation, but often provide several
alternative solutions or may even bias the outcome [2, 3].
Experimental approaches are thus mandatory to elucidate
unequivocally the precise structure and topology of these
proteins.

Processes such as splicing, translation and translocation
modulate the gain and loss of signals as well as membrane
sidedness of the polypeptide chains, generating variants,
isoforms and conformers that expand the functional rep-
ertoire, but also give rise to novel routes of disease. This is
the case for a number of truncated somatostatin and cor-
tistatin receptors recently reported in normal and tumor
tissues, which are thus targets for drug design [4-6]. These
GPCR variants lack a variable number of the typical seven-
transmembrane (TM) domains, often have changes in the
orientation of the N-termini, but mainly of the C-terminal
tail, not easily predictable using bioinformatic tools; they
are nevertheless functional in mediating signal transduction
[7]. Alternative splicing of human somatostatin receptor 5
(sst5) mRNA yields a short form with three or four possible
transmembrane domains, as predicted by computer algo-
rithms (termed preliminary sst5c). Likewise, a non-
canonical translation start of the protein kinase GPBP
yields the GPBPy; isoform, which is Golgi-associated [8].
Finally, a termination in chain transfer during translocation
is responsible for the biogenesis of NtmPrP, a transmem-
brane form of the cellular prion protein (PrP€), which has
unknown metabolic properties [9—12]. Elucidation of the
in/out (lumen/cytosol) membrane orientation of these three

proteins would require a specific experimental approach.
Here we devised such an approach by combining tagging
of the protein of interest with a FP label and a pH exchange
assay (PEA).

Several methods have been reported to determine protein
topology with FP labels. Based on the accessibility of
GFP-tagged proteins to protease digestion, a fluorescence
protease protection assay was developed to indicate their
orientation on the PM, or after cell membrane permeabili-
zation by digitonin, to resolve membrane topology in
intracellular organelles [13]. The bimolecular fluorescence
complementation (split YFP) method requires expression of
two non-fluorescent YFP fragments [14]. In addition, a
ratiometric redox-based assay was recently described, in
which a redox-reactive GFP reports the oxidizing state of the
endoplasmic reticulum (ER) when tag orientation is lumenal
and a reducing potential when it is cytoplasmic [15].

We reported the pH-dependent absorbance and fluores-
cent emission of some Aequorea victoria-derived FP and
their use as indicators of organelle pH [16]. Swarup et al.
[17] used this property to confirm the topology of the Aux1
auxin carrier in Arabidopsis thaliana root cells. The pH in
the apoplastic space is approximately 5, and would cause
complete quenching of the YFP tag; thus, the bright fluo-
rescence of an N-YFP-Aux1 fusion indicated cytoplasmic
localization of the Auxl N-terminus.

Here we describe a simple PEA to ascertain membrane
protein topology in living cells. By selectively modifying
pH at either side of the PM, FPs fused to PM proteins show
a pH-dependent change in fluorescence, indicating the
extracellular/cytosolic orientation of the domain into which
the FP was inserted. Use of PEA helped to establish that
sst5c locates in the plasma membrane with a four-TM
domain configuration and an extracellular C-terminus. In
contrast to the methods described above, PEA allows
quantification of the relative proportion of extracellular/
cytosolic orientation for proteins with multiple topological
forms. Comparative analysis of PrP¢ with PEA thus dem-
onstrated the existence of the elusive NtmPrP form in
living cells and that this form reaches the plasma
membrane.

Materials and methods
Reagents

We purchased 2',7'-bis-(2-caboxyethyl)-5-(and-6)-carboxy-
fluorescein, acetoxymethyl ester (BCECF-AM) from
Molecular Probes and Lipofectamine 2000 from Invitrogen.
Nigericin, monensin and carbonyl cyanide p-(trifluorometh-
oxy) phenylhydrazone (FCCP) were from Sigma-Aldrich, and
polyethylenimine was from Polysciences, Inc.
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Plasmid constructs

GFP-TM was generated by cloning the regions encoding
amino acid sequences 1-131 of human cytokine granulo-
cyte-macrophage colony-stimulating factor and 239-272
of the human CD25 (IL-2-receptor alpha chain) into the
Nhel/Hindlll and BsrGl/Xbal sites, respectively, of the
pEGFP-N1 vector (Clontech). YFP-TM was generated by
substituting EYFP from pEYFP-N1 (Clontech) for EGFP
in GFP-TM, using the Hindlll/BsrGl restriction sites.
TM-YFP was produced by inserting the entire open reading
frame of the chemokine receptor CXCR4 (a seven-trans-
membrane GPCR) into the multiple cloning site of pEYFP-
N1 using HindlIll and Agel sites [18, 19]. Acyl-GFP was
generated by cloning the 12 N-terminal amino acid resi-
dues of human lymphocyte-specific protein tyrosine kinase
(Lck) into the Sacl/Kpnl sites of pEGFP-N3. In Cit-acyl
(previously termed mCit-HRASwt) [20], citrine, a YFP
variant with a pK, = 5.7 [21], was fused upstream of full-
length Ha-Ras. The PrP-YFP plasmids encoding wtPrP-
YFP and mutPrP-YFP (with mutations A2R-N3R-A120L)
[10] were produced using multiple cloning steps to insert
the N-terminal 1-223 and the C-terminal 220-254 amino
acid regions of SHaPrP (Syrian hamster prion protein) into
the Nhel/Agel and the BspE1/EcoRI target sites of pEYFP,
respectively, then corrected for reading frames. For the
somatostatin receptor sstSc-YFP plasmid, the sequence
coding for human somatostatin receptor sst5TMD4 [7] was
amplified by PCR to remove the TAA stop codon, and
inserted N-terminally into the HindIll and BamHI sites of
YFP(F46L) [22]. The 81 N-terminal amino acids from
human membrane-anchored galactosyltransferase were
fused with EYFP in pcDNA3 mammalian expression
vector (Invitrogen) to generate GT-EYFP [16]. GPBPy;-
YFP was a kind gift of Dr. Juan Saus (CIPF, Valencia,
Spain). GPBPA102, a cDNA encompassing the entire
coding sequence of GPBP [23] and part of its 5UTR open
reading frame (starting in Alal02) [8], was amplified by
PCR and inserted into the pEYFP-C1 multicloning site
(Clontech), in-frame relative to EYFP. All constructs were
verified by nucleotide sequencing.

Cell culture and transfection

Cells were cultured in DMEM (HeLa and Be2C) or F-12
(CHO-K1) supplemented with heat-inactivated 10% FBS
(fetal bovine serum; Cambrex Bioscience), 2 mM L-gluta-
mine and penicillin/streptomycin (100 U/ml) (Cambrex) at
37°C with 5% CO,. Cells were plated on coverslips (24 h),
then transfected with 1 pg plasmid DNA and 2 pl Lipofect-
amine 2000, and incubated (24-36 h). PrP-YFP were
transfected with 3 pl polyethylenimine, as fluorescent fibers

appeared on the coverslip when Lipofectamine 2000 was
used. For image acquisition at 22°C, coverslips were trans-
ferred to an Attofluor microscopy chamber (Molecular
Probes), and medium was replaced with Hanks’ balanced salt
solution (HBSS).

Buffers for extracellular pH exchange experiments

The HBSS used contained (in mM) 1.26 CaCl,, 5.36 KClI,
0.44 KH,PO,, 0.5 MgCl,, 0.4 MgSQO,, 4.16 NaHCO3;, 0.34
Na,HPO,, 137 NaCl, 5 glucose and 10 HEPES (HBSS pH
7.4) or MES (HBSS pH 6). In cells perfused with pH 6
extracellular solution, pH; decreased by 0.1-0.2 pH units,
as determined with the pH indicator BCECF (imaging
details are provided in Supplementary Materials and
Methods).

Buffers for intracellular pH exchange experiments

pH; can be clamped to a value that is a function of the
concentration ratio of permeant acid (A) and base (B) and
of pH, [24]:

pH; = pH, — 0.5log{[A]/[B]}

Null buffered saline solutions were: (1) HBSS,.; pH;
7.4 contained (in mM) 1.26 CaCl,, 5.36 KCI, 0.44
KH,PO,, 0.5 MgCl,, 0.4 MgSO,, 4.16 NaHCO;, 0.34
Na,HPO,, 100.5 NaCl, 5 glucose, 10 PIPES, 5 butyric acid
and 31.5 trimethylamine, (2) HBSS,,; pH; 6.6 contained
(in mM) 1.26 CaCl,, 5.36 KCl, 0.44 KH,POy,, 0.5 MgCl,,
0.4 MgS0,, 4.16 NaHCO3, 0.34 Na,HPO,, 100.5 NaCl, 5
glucose, 10 PIPES, 31.5 butyric acid and 5 trimethylamine,
and (3) HBSS oot pPHo 7 contained (in mM) 1.26 CaCl,,
5.36 KCl, 0.44 KH,PO,, 0.5 MgCl,, 0.4 MgSQ,, 4.16
NaHCOs3, 0.34 Na,HPO,, 100.5 NaCl, 5 glucose, 10 PIPES
and 36.5 Na'-p-gluconate (to substitute for chloride).
These buffers for intracellular pH exchange were adjusted
to pH 7. Some caution must be taken when using null
buffers with membrane-anchored YFP. Control and null
buffers wused here contained the same chloride
concentration to avoid potential artifacts derived from the
halide sensitivity of YFP [25], which is not shared by GFP,
citrine [21] or Venus [26]. We loaded cells with the pH
indicator BCECF to verify that null buffers changed pH;
(Fig. S1).

Cell superfusion

To exchange solutions completely from the cell chamber
during imaging experiments, we used a saline superfusion
system; input was driven by gravity, and output was
obtained by suction from a fishtank pump (inverted flow).
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Imaging setup

An epifluorescence inverted microscope (DMIRE-2,
Leica) with a N.A. 1.25 40x oil immersion objective, and
a polychromator (C7773, Hamamatsu) for excitation
(500 nm) were used [27]. FP construct-transfected cells
were imaged with (filtercube BrightLine HC-YFP
(Semrock 500/24 nm exciter, 520 nm dichroic and a 542/
27 nm emitter, center wavelength/bandwidth). The
detector was an electron-multiplying CCD (EMC9100-13,
Hamamatsu). The polychromator and camera were con-
trolled and images were acquired using AquaCosmos 2.6
software (Hamamatsu). Regions of interest (ROI) were
selected manually on areas of cytoplasm or cell mem-
brane. Pixel intensities were averaged spatially and
corrected for background.

Orientation quantification

The topology standards for 100% cytoplasmic (TM-YFP)
and 100% extracellular (YFP-TM) orientation showed
fluorescence reductions of 10% and 82% after pH,
exchange, respectively (Fig. le). The fluorescence inten-
sity reduction with pH, exchange for each protein under
study can be converted to % inside/outside topology by
comparison with the quenching observed for these stan-
dards in our setup, as follows:

Extracellular (%) = [Quenchyy ¢(%) — 10] x 100/72

Statistical analysis

Error bars represent SD of the mean. Student’s ¢ test was
used to evaluate the statistical significance of the changes.

Results

Design and construction of topology standards: integral
and membrane-associated proteins

To obtain a battery of PM-targeted pH-sensitive FPs with
varying extracellular/cytoplasmic (or organelle lumen/
cytoplasmic) locations, we designed several constructs
containing GFP (pK, near 6), YFP (pK, 7.1) or its mutant
citrine (pK, 5.7) fused to sequences encoding signal pep-
tides, TM segments or membrane-anchoring motifs
(Fig. 1a). As a model of a single-spanning TM protein with
an extracellular FP (GFP-TM and YFP-TM), we designed a
fusion protein containing residues 1-131 of granulocyte-
macrophage colony-stimulating factor (with the signal
sequence), followed by GFP/YFP and the CD25 238-272
sequence (including its TM region).

To model the cytosolic topology of the tag, we used
TM-YFP, which consists of the fusion of EYFP and
CXCR4, a chemokine receptor with seven TM domains
and a cytoplasmic C-terminus. In acyl-GFP, the FP was
fused C-terminally to Lck residues 1-12, which bear the
acylation motifs for PM attachment at the cytoplasmic side.
Citrine-acyl consists of the YFP variant citrine fused to
Ha-Ras [20].

As a model for FP location at the Golgi lumen, we used
GT-YFP, composed of the 1-81 N-terminal region of
galactosyltransferase (containing the single TM domain and
the Golgi targeting signal) and followed by the EYFP
sequence [16]. We also included EYFP, a freely diffusible
intracellular protein, as a control. These models were
transiently expressed in HeLa cells and representative
fluorescence images recorded (Fig. 1b). GFP-TM, YFP-
TM, TM-YFP, acyl-GFP and citrine-acyl were observed
abundantly on the PM, particularly at cell-cell contact areas.

Topology standards of membrane proteins
and site-specific pH exchange: modifying extracellular,
cytosolic or organelle pH

To verify the applicability of this method, we selectively
modified extracellular or cytosolic pH in cells expressing
the standards described (Fig. la, b). Change in extracel-
lular pH (pH,) would exclusively affect emission by FP
facing the extracellular medium, whereas altering intra-
cellular pH (pH;) would only be sensed by FP facing the
cytoplasm. The extent of fluorescence change would
depend on the pK, of the FP. As predicted, the fluorescence
intensity of GFP-TM in the ROI on the PM decreased after
cell perfusion with extracellular solution at pH 6 (HBSS
pH 6) (Fig. lc, top). For YFP-TM, HBSS pH 6 led to a
greater fluorescence decrease (Fig. 1c, middle), consistent
with its pK, value of 7. Fluorescence decreased only
slightly on the PM of TM-YFP-expressing cells superfused
with HBSS pH 6 (Fig. 1c, bottom), compatible with cyto-
plasmic tag orientation.

To modify intracellular pH without extracellular change,
we used the null buffer method [24, 28]. pH; can be
clamped using a mixture of permeant weak acid and base,
while extracellular medium is maintained at physiological
pH. After cell perfusion with low pH HBSS,,;, the fluo-
rescence intensity of GFP-TM and YFP-TM on the PM was
almost unaltered, confirming the extracellular orientation
of these tags (Fig. 1d, top and middle); in contrast,
TM-YFP emission decreased with the same pH manipu-
lation (intracellular tag).

We correlated the fluorescence quench of the standards
with their predicted orientation (and pK,) following change
in pH, and pH; (Fig. le). Lowering pH, from 7.4 to 6
produced <10% change in membrane fluorescence of
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Fig. 1 Fluorescent protein topology standards with their predicted
membrane orientations. a Construct scheme, nomenclature and
predicted membrane orientation of the topology standards. b Repre-
sentative fluorescence images of HeLa cells expressing topology
standards. The cells (bottom right) were cotransfected with GT-YFP
and mitochondrially targeted CFP (mitCFP). ¢, d PEA to determine
the orientation of membrane protein fluorescent tags. Fluorescence
images of living cells used in representative extracellular (pH,; ¢) or

fusion proteins designed for cytoplasmic FP orientation
(acyl-GFP, Cit-acyl, TM-YFP). Cytoplasmic, freely
diffusible EYFP decreased 6% in pH, 6 buffer. Intracel-
lular pH is maintained constant by the action of many
mechanisms, but we observed that pH, = 6 causes a pH;
decrease of 0.1-0.2 (measured by BCECF), which is
sensed by cytoplasm-oriented FP. In contrast, YFP-TM
decreased by 82% after pH, exchange from 7.4 to 6
(Fig. le). As predicted by pK, values, GFP-TM fluores-
cence decreased less (33% drop) than YFP-TM; the
qualitative result is nonetheless the same, regardless of the

1 min

intracellular (pH;; d) PEA experiments. ROI for intensity quantifica-
tion on the PM are shown in red. The time course for average
intensity during perfusion with the indicated buffer is shown.
e Percent fluorescence decrease of topology standard proteins after
change in pH,, (open bars) or pH; (filled bars) (note scale difference).
pH, change was from 7.4 to 6; pH; change was from 7.4 to 6.6.
Acidification of extracellular buffer provides a more sensitive readout
of topology than pH; change. Scale bars 10 pm

FP variant used. These results were mirrored when pH; was
decreased with null buffers; TM-YFP fluorescence
decreased by 11%, and YFP-TM was unaffected (2%
drop). The fluorescence decrease was greater with pH,, than
with pH; exchange, and null buffers should thus be used
only to confirm pH, results.

We used the PEA to analyze the topology of intracel-
lular membrane-associated proteins in organelles with a
pH gradient across the membrane. The secretory pathway
downstream of the ER is progressively acidified, as are
endosomes/lysosomes, whereas the mitochondrial matrix is
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alkaline with respect to cytosol. Organellar pH can be
manipulated in live cells; inhibitors of the V-type proton
ATPase cancel out the pH gradient of the Golgi by H*
diffusion [29], and protonophores disrupt the H* gradient
across all membranes [16]. GT-YFP-transfected HeLa cells
show Golgi staining (Fig. 1b), and fluorescence over Golgi
ROI doubled within 1 min of FCCP protonophore appli-
cation (Fig. 2e), confirming localization at the Golgi lumen
[16].

Distinguishing between alternative predicted topologies
of a short somatostatin receptor splice variant

Having demonstrated the method with standards of known
orientation, we used it to distinguish between alternative
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Fig. 2 Application of PEA to assess topology of membrane proteins
with unknown orientation: the truncated somatostatin receptor sst5c
(a—c) and protein kinase GPBPy; (d, e). a Construct scheme and
fluorescence images of live CHO-KI1 cells expressing sst5c-YFP or
control cytoplasmic EYFP. b Time course of average fluorescence
intensity in PM ROI of either sst5c-YFP or EYFP transfected cells
during cell superfusion from pH, 7.4 to 6. ¢ Analysis of sst5c-YFP
orientation by quantifying fluorescence decrease (%) and comparison
with controls EYFP and YFP-TM (dotted lines). For sst5c-YFP versus
EYFP, ***P < (0.0001. d YFP-GPBPoy; and GT-CFP construct
scheme. Fluorescence of YFP-GPBPy,-transfected HeLa cells shows

predicted topologies of a truncated isoform of sst5.
Canonical GPCRs have a well-conserved topology con-
sisting of an extracellular N-terminal domain, seven TM
regions and an intracellular C-terminus involved in signal
transduction and desensitization [30]. For a specific splice
variant of human sst5 (sstSc), the hydrophobicity profile
obtained using different algorithms predicted either three
or four membrane-spanning segments, implying alternative
location of the C-terminus. For GPCR, tagging with FP has
been widely used in the study of dynamic processes, such
as interaction to form homo- and heterodimers, internali-
zation or binding affinity. We generated a C-terminal YFP
fusion of sst5c (Fig. 2a). CHO-K1 cells transfected with
the expression vector showed mostly intracellular fluores-

cence, with some PM staining (Fig. 2a) [7]. This
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Golgi staining plus some punctate labeling (/eff). Cotransfection of
YFP-GPBPy, plus the Golgi-targeted GT-CFP (right). YFP-GPBPy,
is coded in red and GT-CFP in green. The perinuclear fluorescence of
YFP-GPBPy,, but not its punctate staining, colocalized (yellow) with
GT-CFP. One cell (*) expressed GT-CFP alone. e Fluorescence image
and average intensity over the Golgi region in GT-YFP- or YFP-
GPBPy,-expressing cells during addition of 1 uM FCCP. GT-YFP,
but not YFP-GPBPy; was sensitive to the FCCP-induced increase in
lumenal pH, indicating that YFP is lumenal only in GT-YFP-
expressing cells. Scale bars 10 pm
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subcellular localization was similar to that found for the
endogenous receptor in paraffin sections of human pituitary
tumors, as was determined by immunochemistry [7].
Acidification of the extracellular medium quenched 75% of
initial sst5c-YFP fluorescence at the PM (Fig. 2c), whereas
intensity of cells transfected with cytoplasmic EYFP was
reduced by 7% (Fig. 2b, c), comparable to a 10% decrease
of cytoplasmic tag TM-EYFP (Fig. le). Thus, sst5c-YFP
present at the plasma membrane has the C-terminal YFP
tag 100% extracellular. This sstS variant is a 4-TM domain
receptor with an extracellularly oriented C-terminus and is
henceforth referred to as sst5TMD4. We have not investi-
gated sst5c receptor found intracellularly.

Localization of the N-terminus of a protein associated
to Golgi membranes (GPBPy,)

Alternate translation initiation can also change the membrane
interaction properties of some gene products, as is the case of
GPBPy;, a 91-kDa intracellular variant of the extracellular
Ser/Thr kinase Goodpasture antigen-binding protein (GPBP)
[8, 23]. This variant was YFP-tagged (YFP-GPBPy,) to define
its topology (Fig. 2d). YFP-GPBPy,-transfected HeLa cells
showed perinuclear staining, as well as punctate staining that
extended from the nucleus (Fig. 2d). The perinuclear labeling
colocalized with the cyan version of GT-YFP, as shown in
cotransfection experiments, and thus corresponds to Golgi
apparatus. Fluorescence intensity on Golgi ROI in YFP-
GPBPy,-expressing cells remained unchanged after applica-
tion of the protonophore FCCP, in contrast to results with the
Golgi luminal standard GT-YFP (Fig. 2e). YFP-GPBPy, is
thus Golgi-associated in HeLa cells, and its N-terminus
resides on the cytoplasmic side of Golgi membranes. This
result also serves as proof of concept of intracellular mem-
brane topology assignment by PEA in acidic organelles.

Distinction between two isoforms of a protein: SecPrP
and NtmPrP

In addition to mechanisms that modify the covalent struc-
ture of the polypeptide chain, its interaction with the
translocon components can also alter final topology. Pro-
teins displaying multiple topologic forms arising from the
same mRNA will thus elude computational prediction
programs [3]. Biogenesis studies of the cellular prion
protein (PrP%) (structure shown in Fig. 3a) show that it can
adopt three membrane-bound conformations: a glycosyl-
phosphatidylinositol (GPI)-anchored form resulting from
full translocation in the ER (SecPrP) and two membrane-
integrated forms with opposite orientation (NtmPrP, with
a cytosolic C-terminus, and CtmPrP, with a cytosolic
N-terminus) [31] (Fig. 3b). We constructed the fusion
proteins wtPrP-YFP and mutPrP-YFP (containing the

A2R-N3R-A120L mutations, previously shown to favor the
NtmPrP conformation in in vitro biochemical assays) [10]
by inserting the tag between the C-terminal globular
domain and the signal for GPI addition (Fig. 3a). This
insertion site yields a fusion product that undergoes normal
maturation and processing and behaves as a dominant-
negative inhibitor that binds to the infectious conformer
PrP%° [32-34]. The wild-type (wt) chain is predicted to
yield predominantly SecPrP (extracellular YFP), whereas
mutPrP would be enriched in NtmPrP (cytoplasmic YFP)
[10] (Fig. 3b). Both proteins showed abundant PM labeling
with some intracellular punctate and occasional perinu-
clear, Golgi-like staining (Fig. 3c). Decreasing pH, from
7.4 to 6.0 reduced PM fluorescence by 71 and 64% for
wtPrP-YFP and mutPrP-YFP, respectively (Fig. 3d). This
distribution was confirmed in human Be(2)C neuroblas-
toma cells (Fig. S2). The topology standards for 100%
inside (TM-YFP) and 100% outside (YFP-TM) orientation
showed fluorescence reductions of 10 and 82% after pH,
exchange, respectively. Comparison of these values with
fluorescence change for PrP variants showed that the
C-terminus of wtPrP-YFP and mutPrP-YFP are 85 and
75% extracellular, respectively (Fig. 3e), in accordance
with data from pH; change using null buffers (Fig. 3d). The
A2R-N3R-A120L mutations thus led to 10% higher
NtmPrP expression at the PM compared to the wtPrP
sequence in live HeLa cells. These results also confirm the
existence of the NtmPrP form in cells and show its distri-
bution at the plasma membrane.

Discussion

Several approaches that address membrane protein topol-
ogy in living systems rely on constructing fusion proteins
with FP and have been used to clarify inconclusive topol-
ogy predictions obtained by computational methods. The
Arabidopsis thaliana ER retention receptor ERD2 has
seven hydrophobic domains in its primary sequence and
algorithms predicted from none to seven TM domains [15].
Although seven TM domains were proposed for the human
ERD2.1 and S. cerevisiae K/HDEL receptors, experimental
validation with a redox-based topology assay demonstrated
that A. thaliana ERD2 has six TM domains. The A. thali-
ana auxin permease Auxl was likewise predicted to have
from 7 to 11 TM domains, with a consensus of 10 TM
domains using the ARAMEMNON database [17]. pH
sensitivity studies using YFP-tagged Auxl nonetheless
demonstrated that the first hydrophobic region spanned the
membrane not once, but twice, and that Aux1 therefore has
11 TM domains. In this case, prediction programs failed
because of the close proximity of the first two TM regions,
separated only by a single amino acid residue. These
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Fig. 3 Determination of cellular prion protein (PrP) topology in
living cells. a EYFP-labeled chimeric PrPS, showing the relative
position of domains. SS signal sequence, ND N-terminal domain, GD
globular domain. Asterisks mark point mutations in mutPrP b Scheme
showing possible PrP-YFP topologies: SecPrP-YFP, CtmPrP-YFP
and NtmPrP-YFP. ¢ Fluorescence of HeLa cells expressing wtPrP-
YFP or mutPrP-YFP (bearing point mutations A2R, N3R and A120L)

examples reinforce the need to experimentally confirm
topology conclusions obtained with other methods.

We propose a method to verify the topology of PM
integral proteins with one or more putative TM domains,
membrane-associated proteins and compartmentalized
proteins of acidic/alkaline organelles in living cells. As
proof of concept, we constructed cytoplasmic and extra-
cellular topology standards based on well-characterized
PM proteins. We studied three proteins that pose prob-
lems commonly encountered in topology assignment.
First, a truncated GPCR generated by splicing of cryptic
introns at the sst5 mRNA [7] was shown to have four
TM domains (sstSTMD4) and a C-terminus that cannot
participate in signaling to G proteins because it is
extracellular, at difference from canonical seven-TM
GPCR. Ascertaining the topology of these domains is
essential before functional characterization of a novel
receptor, first because it defines its putative ligand-bind-
ing pocket using homology modeling and second because
it gives some information about downstream signaling
pathways [35]. Clarification of structure-function rela-
tionships in these GPCR with less than seven TM
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[10]. d Fluorescence decrease of PrP constructs induced by pH,, (7.4—
6, open bars) or pH; exchange (7.4-6.6, filled bars) compared to
topology standards TM-YFP (intracellular tag) and YFP-TM (extra-
cellular tag). e Using TM-YFP and YFP-TM standard values as 100%
intra- or extracellular, respectively, the proportion was estimated for
PrP forms with a cytoplasmic or an extracellular C-terminus.
*P = 0.0167. Scale bar 20 pm

domains is of pathophysiological importance, because of
their appearance in pituitary tumors and their intriguing
ligand sensitivity [7].

The canonical 77-kDa GPBP has been observed as a
soluble protein in the extracellular medium, where its
phosphorylation target (a domain in type IV collagen) is
found [8, 23]; both GPBP/CERT and its splice variant
GPBPA26/CERT are cytosolic non-vesicular ceramide
transporters between the ER, its synthesis site, to the Golgi
apparatus, where it is converted to sphingomyelin [36]. In
addition to these forms, 91-kDa GPBPy, was recently
proposed to arise by non-canonical translation initiation,
and it was not detected in the soluble fraction, but in
mitochondrial/lysosomal and microsomal fractions [§8]. We
found YFP-GPBPy, to be Golgi-associated, and PEA
analysis revealed that its N-terminus (the YFP-tagged
domain) was cytoplasmic. It is conceivable that YFP tag-
ging or enhanced expression interfered with correct
targeting or topology of GPBPy; nevertheless, our data are
consistent with GPBP function in ceramide transport from
the ER to Golgi [36], and with the finding that GPBPy; is
membrane-associated [8].
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Our third example was PrPC. Although it is viewed as a
single protein, it is indeed a family of proteins derived from
a single mRNA that differ in their capacity to segregate
outside and inside the secretory route and in their mem-
brane binding mode [9-12]. Of these, NtmPrP is a
transmembrane form observed in cell-free systems that
recalls a translocation-stalled intermediate [10], but whose
presence in cells was unknown. PEA analysis of wtPrP and
mutPrP (bearing mutations shown in vitro to favor the
NtmPrP conformation) identified differences that support
the existence of the NtmPrP form in cells and its location at
the PM. These findings will help to elucidate PrP® func-
tions such as interpretation of proteolytic post-translational
processing (o-/f-cleavage), as well as adaptor molecules
involved in the related signal transduction and availability
of C-terminal domains for PrP¢ conversion into PrP5¢ [31].

What are the advantages of PEA over other methods for
establishing membrane protein topology? It employs the
widely used Aequorea-derived GFP or YFP (or other
pH-sensitive variants). In contrast, both bimolecular fluo-
rescence complementation [14] and redox-based topology
assays [15] require very specific FPs (split YFP and roGFP,
respectively). PEA does not require potentially deleterious
treatments such as cell permeabilization or proteolysis. The
fluorescent protease protection assay [13] depends on fine
adjustment of digitonin concentration for sufficient PM
permeabilization, while preventing perforation of intracel-
lular membranes. In PEA, fluorescence intensity is
measured in small ROIs, so it might be affected by cell
movement or defocusing upon pH exchange during imag-
ing. This was avoided by doing short time courses
(3-5 min, Figs. 1, 2, 3) and by using a gravity-driven per-
fusion system that eliminates vibrations. Ratiometric
imaging is less influenced by cell movement, so PEA could
easily be adapted by using the pH sensor ratiometric
pHluorin [37]. PEA could also be used to test the membrane
orientation of multiple-TM domain proteins by their suc-
cessive deletion, as reported for ERD2 with the redox-based
topology assay [15], or by stepwise insertion of a YFP tag in
each of the putative loops between TM domains.

The PEA is a minimally invasive method with which to
verify protein topology in living cells, provides binary (in/
out) information and can indicate the percentage of each
topology for proteins with multiple orientations, as shown
here for PrPC. Production of the FP fusions is straightfor-
ward; as hundreds of functional fusions with GFP or YFP
variants are available, the assay is immediately applicable
for confirmation or disclosure of the topology of a large
number of membrane proteins.
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