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Abstract

A number of studies using chimeric constructs made by fusing endoplasmic/sarcoplasmic reticulum calcium pump (SERCA)
sequences with those of the plasma membrane located calcium pump (PMCA) have suggested that the retention/
retrieval signal responsible for maintaining SERCA in the endoplasmic reticulum (ER) is located within the N-
terminus of these pumps. Because of the difficulties in identifying the presence of constructs at the plasma membrane we
have used a trans-Golgi network (TGN) marker to evaluate whether chimeric proteins are retained by the ER or have lost their
retention/retrieval sequences and are able to enter the wider endomembrane system and reach the TGN. In this study, attempts
to locate this retention/retrieval sequence demonstrate that the retention sequences are located not in the N-terminus, as
previously suggested, but in the largely transmembranous C-terminal domain of SERCA. Further attempts to identify the
precise retention/retrieval motif using SERCA1/PMCA3 chimeras were unsuccessful. This may be due to the fact that
introducing SERCA1 sequences into the C-terminal PMCA3 sequence and vice versa disrupts the organization of the closely
packed transmembrane helices leading to retention of such constructs by the quality control mechanisms of the ER. An
alternative explanation is that SERCAs have targeting motifs that are non-linear, being made up of several segments of

sequence to form a patch that interacts with the retrieval machinery.
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Introduction

Proteins required for the functioning of the endoplas-
mic reticulum (ER) are maintained in this organelle
following their synthesis by a process involving reten-
tion and/or retrieval. The maintenance of soluble
proteins, such as protein disulphide isomerise
(PDI), in the ER by the process of retrieval is well
characterized. PDI carries a C-terminal KDEL
retrieval sequence (Munro and Pelham 1987)
reviewed in (Pelham 1990), and any KDEL-tagged
proteins that have escaped the ER and entered the
ER-Golgi intermediate compartment (ERGIC) en
route for the secretory pathway are recognized by the
ERD2 receptors and returned to the ER (Lewis
and Pelham 1990; Lewis et al. 1990; Tang et al.
1993). A similar strategy exists for transmembrane
proteins carrying a cytoplasmic C-terminal KKXX
motif or a cytoplasmic N-terminal double arginine
motif (Nilsson et al. 1989; Jackson et al. 1990;

Schutze et al. 1994). Binding of the KKXX motif
to COPI ensures ER retrieval (Letourneur et al.
1994). COPI binding also appears to play a role in
the retrieval of double arginine motifs, though the
interactions appear more complex (O’Kelly et al.
2002; Yuan et al. 2003; Brock et al. 2005; see
review Beck et al. 2009). Not all proteins are main-
tained by a process of retrieval; for example, it appears
that the chaperone calnexin does not exit the ER at a
significant rate under most circumstances (although
see Okazaki et al. 2000) and is largely kept in the ER
by retention rather than retrieval (Hammond and
Helenius 1994).

The mechanism of retrieval has not been identified
for all ER-retrieved proteins. ER calcium pumps,
for example, contain no canonical ER retrieval sequ-
ences. Although human SERCA3 has a C-terminal
KDEL sequence, homologues from other mammals
do not contain this motif. In addition to the SERCAs,
retrieval signals have not yet been identified in the
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Sec6la, B and 7y proteins or in the calcium pump
regulators phospholamban and sarcolipin, even
though these transmembrane proteins are retrieved
from the ERGIC (Greenfield and High 1999; Newton
et al. 2003; Butler et al. 2007). Attempts have been
made to identify potential targeting sequences within
SERCA structures, all of them involving the charac-
terization of chimeras built from SERCA sequences
and sequences from the plasma membrane located
calcium pumps (PMCAs) or of truncated PMCA
(Foletti et al. 1995; Zvaritch et al. 1995; Fresu et al.
1999; Guerini and Carafoli 1996; Guerini et al. 2000;
Newton et al. 2003). These studies are difficult to
interpret because mis-folded proteins are detected
by ER quality control mechanisms that lead to ER
retrieval and ultimately to protein degradation by
the proteosome (see reviews: Ellgaard et al. 1999;
Cobbold et al. 2003).

In this study we have generated 20 SERCA1/
PMCA3 chimeras in an attempt to identify the
sequence(s) responsible for targeting. Previous stud-
ies have had difficulties in identifying constructs as
being either plasma membrane or ER located on the
basis of visualization of confocal images. Specific
SERCA/PMCA chimeras result in apparent ER local-
ization or PM localization in the same cell type within
individual experiments (Foletti et al. 1995; Guerini
et al. 2002). It is also difficult to show with certainty
that PMCA/SERCA chimeras are located in the
plasma membrane. In order to circumvent this diffi-
culty, in this study chimeras that have lost their ER
retrieval signals have been identified through their
co-localization with a marker of the trans-Golgi
network (TGN) (Banting and Ponnambalam 1997)
indicating that such proteins have escaped the
ER/ERGIC and entered the wider endomembrane
system en route to the plasma membrane.

Materials and methods

Construction of chimeric calcium pumps from

SERCA1 and PMCA3

Calcium pump chimeras were constructed from
cDNAs encoding rabbit SERCA1 and rat PMCA3,
provided by Dr P. Adams and Prof. G. Shull as
in Newton et al. (2003). The human SERCA2b con-
struct was a gift from Prof. F. Wuytack (Eggermont
etal. 1989). All constructs were built in pcDNA3.1 (+)
(Invitrogen) and were positioned upstream of the
EGFP gene, producing a C-terminal fluorescent
tag. Where possible, sections of SERCAIl or
PMCA3 were amplified using the polymerase chain
reaction (PCR) and flanked by restriction sites,
allowing ligation of the inserts into either SERCA1
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or PMCA3 sequences. Multi-step PCR was employed
to build chimeras in which smaller sections of
sequence were exchanged (Grandori et al. 1997).
Using this approach, inserts were built from two or
three PCR products using further rounds of PCR in
which products were combined. Inserts were then cut
using the appropriate restriction enzymes and cloned
into SERCA1 or PMCA3.

CD8 reporter constructs

The original CD8 construct was a gift from Dr M. N.
J. Seaman (Seaman 2004). The CD8 gene was ampli-
fied from this construct using PCR and inserted into
the pcDNA3.1 (+) vector upstream of EGFP, result-
ing in a C-terminally tagged CD8-EGFP construct.
CD8 SERCA M10 and CD8 PMCA M10 were then
built, in which the transmembrane domain of
CD8 was replaced by the SERCAl1 or PMCA3
M10 sequence. Multi-step PCR was used to insert
the short sequence encoding SERCA1 or PMCA3
transmembrane domains into the CD8 sequence.

COS-7 cell culture and transfection

COS-7 cells were harvested at 80% confluency and
seeded onto cover-slips in 24-well plates. Cells were
then transfected with vector DNA encoding the
appropriate construct using FuGENE-6 (Roche)
according to the manufacturer’s instructions. Cells
were left for two days before cover-slips were removed
and viewed.

Localization of the trans-Golgi by immunofluorescence

Following transfection and incubation for two days,
COS-7 cells were treated with 5 pg/ml brefeldin A
(Sigma-Aldrich) for 1 h, to improve separation and
visualization of the trans-Golgi network from the
ERGIC (see Banting and Ponnambalam 1997;
Greenfield and High 1999). Cells were fixed for
15 min in ice-cold methanol and pre-incubated in
PBS Triton X-100 (0.01%) supplemented with 2%
low fat dried milk for 30 min. Primary antibody (sheep
anti-human TGN46; Serotech) was added at a
1:50 dilution and cells incubated for 1 h. Cells
were then washed and then treated with secondary
antibody (rabbit anti-sheep IgG conjugated to Texas
Red; Abcam) diluted 1:100, for 1 h. Cover-slips were
washed and mounted in mowiol (0.1% citifluor).

Permeabilization of COS-7 cells

Characterization of constructs containing the
C-terminus of SERCA2b was carried out by a
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selective permeabilization protocol modified from
(Butler et al. 2007). Two days after transfection in
24-well plates, COS-7 cells expressing the appropriate
constructs were washed in PBS and fixed with 4%
formaldehyde (in PBS) for 15 min. Cells were
washed with PBS alone (no membrane permeabiliza-
tion), or supplemented with 0.01 mg/ml saponin
(for plasma membrane permeabilization) or 0.1%
Triton X-100 (for entire membrane permeabiliza-
tion). Blocking was carried out with PBS supple-
mented with 2% low fat dried milk and either no
detergent, saponin or Triton X-100 (buffer P) for
30 min. Mouse anti-GFP antibodies (Roche) were
added at a 1:100 dilution in the appropriate buffer P
for 1 h at 37°C. Antibody was removed, and cells
washed in buffer P. Anti-mouse Texas Red conju-
gated secondary antibody (GE healthcare) was added
at 1:50 in Triton X-100 buffer P and incubated for 1 h
at 37°C. Secondary antibody was removed and cells
washed in Triton X-100 buffer P and once in PBS
before being mounted with mowiol.

Confocal microscopy

Samples were viewed with a Leica TCS SP2 confocal
microscope under oil with a 40x objective and pin-
hole diameter of Airy 1. Leica LCS software was used
for image acquisition and analysis. EGFP was excited
at a wavelength of 488 nm and emission measured
between 500-600 nm and Texas Red was excited
at 594 nm and emission measured between 605
and 700 nm. All emission bandwidths were freely

adjustable with the acousto-optical beam splitter
(AOBS™). Ar458, 476, 488, 496, 514, and HeNe
594 lasers were used to excite fluorescence. Confocal
images were analysed using Image] software from
NIH (http://rsbweb.nih.gov/ij/)

Results and discussion

Previous studies by a number of investigators have
suggested that the ER retrieval sequence of SERCA1
is located in the N-terminal segment of SERCA1
(Foletti et al. 1995; Guerini and Carafoli 1996;
Guerini et al. 1998; Newton et al. 2003). Using
PMCA3/SERCAI1 chimeras the requirement of the
N-terminal 211 amino acids of SERCA for ER
retrieval was reported (Foletti et al. 1995; Newton
et al. 2003) and using a similar approach showed that
the first 85 amino acid residues of SERCA were
sufficient to retain a PMCA/SERCA chimera in the
ER. Guerini et al. (1998) suggested that a retention/
retrieval sequence was located in the first 28 residues
of SERCA; however, these authors pointed out that
additional retrieval signals might occur elsewhere
since ER retention was demonstrated only in 50%
of the transfected cells; in the others the construct
appears to be located in the plasma membrane.

In this study, to clarify the location of a potential
N-terminal ER retrieval sequence, eight chimeras
were constructed in which N-terminal segments of
SERCA1 were replaced with the cognate sequences of
PMCA3 and vice versa (see Figure 1). Since it is not
possible to discern from a protein’s location in the ER

SERCA PMCA

SERCA T ¥ + Tt ER 1-1001

PMCA —t —t PR —— PM 1-1220
S/PNterm — — Ap A n_n_A ER 56-1001 1-104

S/PM1  pannt T3 O AR s ER 1-55,83-1001 105-148
S/PM2 . | f—n e ER 1-82,119-1001  149-184
P/SNterm e f—b ==t ER 1-55 105-1220
P/SM1 P | =ttt PM 56-82 1-104,149-1220
P/SM2 b —t =ttt PM 83-118 1-148,185-1220
S/PM1-2 —t f—=n pn—n_n_nn ER 1-55,119-1001  105-184
P/SM1-2 o= f—t =il PM 56-118 1-104,185-1220

Figure 1. Summary of chimeras used to clarify the role of the N-terminus of SERCA1 in ER retrieval. All of the chimeras were tagged with
EGFP at their C-termini. The designated names are provided in the left column and their proposed locations, from analysis of
co-localization studies, are indicated as well the precise sequences making up the chimeras. The filled horizontal lines represent
PMCA3 sequence and the unfilled lines SERCA1 sequence. The vertical lines indicate the approximate locations of the transmembrane

sequences.



whether it is there because it contains an ER retrieval/
retention sequence or because it is aberrantly folded
and has been detected and retained by the quality
control apparatus of the ER the most informative
chimeras are those that escape the ERGIC en route
for the plasma membrane. These chimeras must lack
retention signals and thus help to identify where
retention signals are located.

The classical technique for the detection of surface-
exposed proteins relies on labelling cell surface
exposed residues with biotin and detecting them using
labelled streptavidin (Sargiacomo et al. 1989). In the
context of these chimeras, using such an approach to
demonstrate that chimeras are located in the plasma
membrane is problematic; this is because insufficient
sequence is exposed on the extracellular surface.
To provide an alterative method of discriminating
between ER-retained constructs and constructs
bound for the plasma membrane, we have used co-
localization of constructs with a TGN marker to
indicate whether the chimeras have been retained
by the ER by a process of retention/retrieval as occurs
for SERCAI1, or whether they are en route for the
plasma membrane via the TGN, as occurs for
PMCA3 (Newton et al. 2003). This has led us to
recategorize the location of three of our constructs
that were studied previously (Newton et al. 2003) (see
below for further details). However, because it is
possible to say with certainty whether a construct
has moved into the TGN, this method of categorizing

e
—
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location is a more objective way of discriminating
between constructs maintained in the ER and those
which escape from the ERGIC to enter the wider
endomembrane system than a method simply based
on a comparison with confocal images of fluorescently
tagged SERCA1 and PMCA3.

The expression patterns of SERCA1-EGFP and
PMCA3-EGFP in COS-7 cells show what would
be expected of a protein retained in the ER and a
protein that has escaped the retention machinery and
is en route for the plasma membrane respectively (see
Figure 2). The SERCA-EGFP construct shows the
reticular pattern (Figure 2a) demonstrated by other
studies for this particular construct (Newton et al.
2003; Butler et al. 2007). The TGN, revealed by anti-
TGN46 antibodies demonstrated a perinuclear loca-
tion (Figure 2b) that does not co-localize with
SERCA-EGFP (Figure 2c). This shows, as has
been demonstrated previously (Newton et al. 2003)
that although SERCA-EGFP can enter the ERGIC it
does not progress to the TGN and is retrieved. By
contrast PMCA3-EGFP, as well as showing a retic-
ular pattern in the cytoplasm, appeared at the cell
boundary indicating that it was targeted to the plasma
membrane (Figure 2d). That the construct had
escaped the retrieval mechanisms of the ERGIC
and cis-Golgi was demonstrated by its co-localization
with the TGN marker, TGN46, (Figures 2e, 2f).

Eight constructs were produced swapping the
transmembrane domains TM1 or TM2 of SERCA1

Figure 2. Expression of EGFP-tagged SERCA1 and PMCA3 by COS-7 cells. COS-7 cells were transfected with DNA encoding for
SERCA1-EGFP (a—c) and PMCA3-EGFP (d—f) in the expression vector pcDNA3.1(+). After two days the cells were treated with brefeldin A,
fixed in methanol, permeabilized with triton X100, before treating with antibodies directed against TGN46, followed by a Texas Red
conjugated secondary antibody. Laser scanning confocal images of EGFP are shown in panels a and d, Texas Red in b and e and overlaid

images in ¢ and f. Scale bars are indicated.



220 H. R. Watson et al.

or PMCA3 with those from its cognate partner
(Figure 1). Of these, five (S/PNterm, S/PMI,
S/PM2, P/SNterm and S/PM1-2) were retrieved to
the ER. The location of S/PM1-2 (which is typical of
this group) is shown in Figure 3g where the location
of this construct is similar to that of SERCA-
EGFP in Figure 2a and additionally, the construct
was not co-localized with the TGN marker (Figure 31)
indicating that it has been retrieved from the
ERGIC. In contrast the three constructs (P/SMI,
P/SM2 and P/SM1-2) have a similar localization to

PMCA3 (Figure 3 panels a, d and j) and show
co-localization with the TGN marker (Figure 3 panels
¢, fand 1) indicating that they have escaped from the
ERGIC. These three constructs that have evaded
retrieval from the ERGIC and entered the endomem-
brane system en route for the plasma membrane dem-
onstrate that the retrieval sequence cannot be located
in either of the first two transmembrane domains of
SERCA, because replacement of PMCA3 sequences
with either TM1 or TM2 or TM1-2 from SERCA did
not lead to retrieval of the construct, indicating that

Figure 3. Location of chimeras used to examine the role of the N-terminus of SERCAL in ER retrieval. COS-7 cells were transfected with
the chimeric constructs all tagged at their C-terminus EGFP: P/SM1 (panels a—c); P/SM2 (panels d—f); S/PM1-2 (panels g-i); P/SM1-2
(panels j-1). After two days the cells were treated with brefeldin A, fixed in cold methanol, and permeabilized with triton X100 before
incubating with antibodies against TGN46, visualized with Texas Red conjugated to a secondary antibody. Confocal images of EGFP
fluorescence are shown in panels a, d, g, j, m, p, s and v. Texas Red images are shown in panels b, e, h, k, n, q, t and w. The merged images are

shown in panels ¢, f, i, ], 0, 1, u and x.
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SERCA PMCA
P/SNtermM1-2 e : . L ER 1-211 265-1220
S/PNtermM1-2 — P — Annnonon ER  212-1001 1-264
S/PM3—4 G —t e I Sy ER 1-211,712-1001  265-802
P/SM3-4 _— B e ] PM  212-711 1-264,803-1220
S/PM5-10 = Lo Loty e PM 1-711 803-1220
S/PM5-10 — 3 5 Al 3 ER 712-1001 1-802
S/IPM7-10 n__n  S— O S - ER 1-826 919-1220
SPM7-10 —s bt L ER  827-1001 1-918
S/PM9-10 ‘ = == G ER  1-918 971-1220
P/SM9-10 —t —t == ER 919-1001 1-970

Figure 4. Summary of chimeras used to examine the role of SERCA1 C-terminus in ER retrieval. All of the chimeras were tagged with EGFP at
their C-termini. The designated names are provided in the left column and their proposed locations, from analysis of co-localization studies, are
indicated as well the precise sequences making up the chimeras. The filled horizontal lines represent PMCA3 sequence and the unfilled lines
SERCALI1 sequence. The vertical lines indicate the approximate locations of the transmembrane sequences.

the retrieval sequence must have been absent from
these SERCA sequences.

It is not possible to say whether the retention signal
is located in the N-terminal 55 residues of SERCA
before TMI1 because although replacing the first
104 N-terminal residues of PMCA3 with the 55
N-terminal residues of SERCA (construct P/SNterm)
resulted in retention by the ER (showing a similar
pattern to that shown for S/PMI1-2 in Figure 3
panels g-i), so did replacement of the N-terminus
of SERCA with the N-terminus of PMCA3
(S/PNterm). This suggests that joining SERCAI
and PMCA3 at this point leads to a construct that
is recognized by the ER quality control machinery,
leading to retention. Thus it is not possible to assert
with any certainty, based on this information, whether
a retrieval signal is located in this N-terminal segment
of SERCA.

Interestingly, Foletti et al. (1995) assigned the
SERCA retrieval signal to the first 85 residues of
the protein based on the observation that replacing
the cognate sequence of PMCA with the first 85 resi-
dues of SERCA resulted in a construct that was
located in the ER. However, they did not rule out
that this was the result of retention of mis-folded
protein. Similarly Guerini et al. (1998) reported
that grafting the first 28 residues of SERCA onto
the complete sequence of PMCA also resulted in
ER retention. Again however, it is not possible to
argue definitively that the ER retention signal is
located at the N-terminus of SERCA because
mis-folding of the construct cannot be ruled out.
Zvaritch et al. (1995) identified what they referred

to as a possible masked retention signal at the
C-terminus of PMCA which was revealed when
PMCA was truncated at residue Argl087, but as
with all the other constructs, it is not possible to
exclude retention due to mis-folding. In addition,
this sequence is unlikely to be of relevance to SERCA
targeting because there is no analogous sequence in
SERCA; it is located in the cytoplasmic C-terminus of
PMCA, a domain which is absent from SERCA.
Six further chimeras were produced to investigate
the possible location of a retrieval sequence in the
C-terminal half of SERCA (Figure 4). Of the six
constructs four (P/SNtermMI1-2, S/PNtermMI1-2,
S/PM3-4 and P/SM5-10) were located in the ER
(Figure 5 panels a, d, g and p, respectively) and failed
to reach the TGN (Figure 5 panels c, f, i and r,
respectively) indicating that these constructs were
retrieved from the ERGIC. To further demonstrate
the absence of these constructs from the TGN the
data were evaluated using Image] software (http:/
rsbweb.nih.gov/ij/). The profile of fluorescence inten-
sity across the TGN, shown by the line scan, falls
dramatically for the EGFP signals from constructs
P/SNtermM1-2, S/PNtermM1-2, S/PM3-4 and
P/SM5-10, consistent with the failure of these con-
structs to reach the TGN (Figure 5 plots adjacent
to panels a, d, g and p, respectively). Constructs
P/SM3—4 and S/PM5-10 appeared to be located in
the plasma membrane (Figure 5 j and m, respectively)
and were co-localized with the TGN marker (Figure 5
1 and o, respectively) indicating that these constructs
have escaped from the ERGIC into the wider endo-
membrane system en route for the plasma membrane.
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Figure 5. Location of chimeras used to examine the role of the C-terminus of SERCALI in ER retrieval. (a) COS-7 cells were transfected with
the chimeric constructs all tagged at their C-terminus with EGFP: P/SNtermM1-2 (panels a—c); S/PNtermM1-2 (panels d—f); S/PM3—4
(panels g-i); P/SM3—4 (panels j-1); S/PM5-10 (panels m—o0); P/SM5-10 (panels p-r). After two days the cells were treated with brefeldin A,
fixed in cold methanol, and permeabilized with triton X100 before incubating with antibodies against TGN46, visualized with Texas Red
conjugated to a secondary antibody. Confocal images of EGFP fluorescence are shown in panels a, d, g, j, m and p. Texas Red images are
shown in panels b, e, h, k, n and q. The merged images are shown in panels ¢, f, i, 1, 0, and r. The images from panels 5 ¢, f, i, |, 0 and r were
analyzed using Image] software from NIH (http://rsbweb.nih.gov/ij/). The profiles of fluorescence intensity across the TGN for EGFP and

Texas Red fluorescence are plotted in green and red respectively.

In this case the profile for the EGFP fluorescence is
maintained across the TGN indicating that it is not
excluded from this organelle (Figure 5 plots adjacent
to panels j and m, respectively).

These data indicate that the retrieval sequence
cannot be located in the N-terminal segment of
SERCA as suggested previously as S/PM5-10 which
contains the first 711 residues of SERCAI1 escapes
retrieval from the ERGIC to reach the TGN
(Figure 50). The proposal that residues 212-711 of

SERCA1 do not contain the retrieval sequence is
supported by the observation that P/SM3—4 has the
same cellular distribution as S/PM5-10 (Figure 5i)
and PMCA (Figure 2d). These two observations
suggest that the retrieval sequence has to be located
in the C-terminus of SERCAI1 (residues 712-1001).
The ER location of constructs in this group contain-
ing the PMCA3 C-terminus can be explained by the
retrieval of mis-folded proteins. For example, if the
C-terminus of SERCA1 contains a retrieval signal,



construct P/SNtermM1-2 would be expected to be
located in the plasma membrane, since it contains the
C-terminus of PMCA3, but it is found in the ER.
Presumably mis-folding of the construct has led to
its retention by the quality control apparatus of
the cell. In a previous paper (Newton et al. 2003)
S/PNtermM1-2 and P/SM5-10 were assigned
to the PM and S/PM5-10 to the ER, but here
S/PNtermM1-2 and P/SM5-10 are re-assigned to
the ER and S/PM5-10 to the PM. The reason for
the differences between these studies is unclear. As
discussed above, there are examples in the literature
of specific SERCA/PMCA chimeras that result in
apparent ER or PM localization in the same cell
type within individual experiments (Foletti et al.
1995; Guerini et al. 1998, 2002). We have found
the identification of chimeras at the PM challenging.
To overcome this problem we have utilized the TGN
marker to determine whether chimeric proteins have
escaped from the ERGIC into the wider endombrane
system. This provides a more reliable method for
detecting ER retention of chimeric proteins rather
relying on the resemblance of the localization to
that demonstrated by unmodified SERCA or
PMCA. In view of this we believe that the current
study provides a more accurate evaluation of the
targeting of these chimeras. We cannot however
exclude the possibility that the constructs used pre-
viously (Newton et al. 2003) may have contained
spurious mutations that may have led to apparent
mis-targeting.
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A further series of constructs were produced to
attempt to identify the location of the retrieval sequ-
ence within the C-terminus of SERCA1 (Figure 4).
In these constructs the transmembrane domains of
the SERCA1 and PMCA3 C-terminus (TMs 5-10)
were swapped. However swapping TM 7-10 and
TM 9-10 (S/PM7-10, P/SM7-10, S/PM9-10 and
P/SM9-10) resulted in constructs that were all located
in the ER (see Supplementary Figure 1, panels a, d, g
and j, respectively, available online) and did not
co-localize with the TGN marker (see Supplementary
Figure 1, panels ¢, f, i and 1, respectively, available
online) indicating that they were all retrieved from the
ERGIC. Since none of the constructs escaped from
the ERGIC to reach the TGN it is not possible to say
from these data where the retrieval sequence is
located. Presumably some of these constructs are in
the ER because they are mis-folded and not because
they contain an ER retention signal.

To determine whether the C-termini of SERCA1
and PMCAS3 in isolation could act as retention signals,
the N-terminal domain of SERCAL1, including trans-
membrane domains TM1 and TM2, was attached via
a flexible amino acid linker (Gly-Gly-Gly-Gly-Ser),
to the C-terminus (starting at TM9) of SERCA1 and
PMCA3 (constructs SM1-2M9-10 and SM1-2/
PM9-10, Figure 6). Domain M1 was included to
ensure that the construct was targeted to the ER
and M2 was added to ensure the correct topology
of M9 and M10. Both constructs were located in the
ER and neither co-localized with the TGN marker

SERCA PMCA
SM1-2M9-10 - P ER  1-111, linker

931-1001
SM1-2/PMO-10 il ER  1-111,linker  989-1220
P/S2bM5-11 — TI— S S ER 7121042 1-802
P/S2bM11 +—t —t =t ER  985-1042 1-1042
cD8 o PM  CD81-235

(-1

CD8 SERCA M10

CD8 PMCA M10

ER CD81-182,204-235
SERCA 965-985

ER CD81-182,204-235
PMCA 1035-1056

Figure 6. Summary of other constructs used to identify the location of the C-terminal ER retrieval sequence of SERCAL1. All of the constructs
were tagged with EGFP at their C-termini. The designated names are provided in the left column and their proposed locations, from analysis of
co-localization studies, are indicated as well the precise sequences making up the chimeras. The filled horizontal lines represent
PMCA3 sequence and the unfilled lines SERCA1 sequence. The vertical lines indicate the approximate locations of the transmembrane
sequences. The exceptions are construct CD8, which contains the human CD8 sequence and CD8-SERCA M10 and CD8-PMCA M10
in which the transmembranous domain of CD8 is replaced by M10 of SERCA1 and PMCA3, respectively. The dashed lines in constructs
SM1-2M9-10 and SM1-2/PM9-10 represent flexible linkers between the SERCA1 and PMCA3 sequences.
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(see Supplementary Figure 2a—c and Figure 2d-f,
respectively, available online) and thus provide no
further information about the location of the ER
retrieval sequence. In addition, the single transmem-
brane domain of CD8 (a plasma membrane located
protein (see Supplementary Figure 3a—c, available
online) was exchanged with M10 of SERCAI1l or
PMCA3 (Figure 6 and Supplementary Figures 3d-f
and Figure 3g-I, respectively, available online) to
determine whether M10 of SERCA1 would result
in the ER retention of this construct. Since substitut-
ing M10 of PMCA3 or SERCAI for the CD8 TM
domain resulted in location in the ER, the most likely
explanation is that this is the result of the ER quality
control mechanism retaining an aberrant protein.
SERCAZ2b contains an additional transmembrane
helix, designated MI11 (Campbell et al. 1992).
MI11 was added to the C-terminus of PMCA3 to
explore the possibility of producing constructs that
would have their EGFP tag located in the extra-
cellular environment and hence provide an additional
means to demonstrate plasma membrane location.
For example anti-EGFP antibodies should bind to
non-permeabilized cells expressing such constructs if
they were located in the plasma membrane. Two
constructs were made; one in which M5 to M11 of
SERCA2b was used to replace the cognate sequence
of PMCA3 (P/S2bM5-11) and another where M11
of SERCA2b was added directly after PMCA3
M10 (P/S2bM11) (Figure 6). Permeabilization
studies revealed that, as expected, the EGFP tagged
PMCA3 was detected by immunofluorescence micro-
scopy only after the plasma membrane had been
permeabilized with saponin allowing access of the
anti-EGFP antibodies to the cytoplasm (see Supple-
mentary Figure 4, panels a-h, available online).
However, neither P/S2bM5-11 nor P/S2bM11 was
detectable using anti-EGFP antibodies with intact
cells, demonstrating that the EGFP tag of these
constructs was not expressed on the cell surface.
Neither was permeabilization of the plasma mem-
brane by saponin sufficient to allow anti-EGFP anti-
bodies access to the EGFP tag. The EGFP tag was
only accessible after permeabilization of the ER by
Triton X-100 (Supplementary Figure 4, panels i—o
and p-v, available online). This shows that both
P/S2bM5-11 and P/S2bM11 were located in the ER
with the EGFP tag in the ER lumen, which is the
topology expected for SERCA2b. P/S2bM11 failed to
reach the plasma membrane and thus was unsuitable
for the purpose for which it was designed. The addi-
tion of SERCA2b M11 to PMCA3 clearly leads to
retention of the sequence though it is not evident
whether this is the result of protein mis-folding or
whether M11 contains retrieval information.

Overall, this study demonstrates that the ER retrie-
val sequence of SERCAL is located in M5-M10 or the
short cytoplasmic C-terminus. However, it seems that
the helices M5-M10 of SERCA1 and PMCA3 are
sufficiently dissimilar to lead to mis-folding when they
are reorganized into chimeras. For example in con-
struct S/PM7-10 (Figure 4) where SERCA1 M5 and
M6 are substituted into the PMCA3 C-terminus,
M5 of SERCAL1 can interact with M7 and M8 of
PMCA3 and M6 will interact with M9 and M8 of
PMCA3 as shown by scrutinizing the X-ray structure
of SERCA1 (Figure 7). There are numerous possi-
bilities in such interactions that might lead to non-
native folding of chimeras involving helices M5-10
resulting in retention by the quality control machin-
ery. A similar effect on protein folding may explain
why S/PM7-10 and S/PM9-10 are also located in
the ER.

It is possible that binding of SERCA to proteins
such as scaffolds or chaperones in the ER may con-
tribute to the maintenance of the calcium pump in this
organelle. Such binding may be disrupted in some of
the chimeras in this study, resulting in detection of
the protein at the plasma membrane. In this study it
has been assumed that proteins localized to the
plasma membrane have lost the ER retrieval signal
of SERCA. Whether a chimera is at the plasma

Figure 7. The organization of the transmembrane helices of
SERCAIL. A space fill model of the transmembrane domains of
SERCAI1 produced using the coordinates deposited in the Protein
Data Base (ID 1SU4). The helices have been colour-coded M1 light
blue, M2 light green, M3 purple, M4 dark green, M5 grey,
M6 pink, M7 blue, M8 orange, M9 yellow, M10 red. The view
is from the ER lumen.



membrane due to its inability to bind a scaffold, a
chaperone, or a retrieval receptor, its maintenance in
the correct organelle is still compromised and there-
fore these chimeras can be considered to have lost at
least a part of the sequence required for the ER
localization of SERCA.

Of course the fact that SERCA, as well as other ER
located proteins such as Sec6lo have none of the
canonical ER localization signals may indicate that
their targeting motifs are non-linear and instead are
made up of several segments of sequence, forming a
patch on the surface of the protein. These signals
therefore may only become apparent once the bind-
ing partner involved in the retrieval mechanism is
characterized. Considering the findings presented
here, it seems unlikely that more information about
the SERCA retrieval signal will be obtained from
studies with SERCA/PMCA chimeras, and instead
focus should be shifted to the elucidation of the
mechanism of retrieval and the protein machinery
involved.
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