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Proteins interacting with membranes via a single hydropho-
bic segment can be classified as either monotopic or bitopic.
Here, we probe the topology of a membrane-attached enzyme,
the € isoform of human diacylglycerol kinase (DGKe), when
inserted into rough microsomes and compare it with the mono-
topic membrane protein mouse caveolin-1. In contrast to previ-
ous findings, the N-terminal hydrophobic stretch in DGKe
attains a bitopic rather than a monotopic topology in our exper-
imental system. In addition, we find that charged flanking resi-
dues as well as proline residues embedded in the hydrophobic
segment are important determinants of monotopic versus
bitopic topology.

A fundamental characteristic of all membrane proteins is
their topology, i.e. the number of times they span the mem-
brane and their overall orientation relative to the membrane.
According to the terminology introduced by Blobel in 1980,
proteins that integrate into membranes with a single “re-en-
trant” hydrophobic segment, entering and exiting on the same
side of the membrane, are called monotopic; those that span the
membrane once are termed bitopic; and polytopic proteins
span the membrane multiple times (1). Unfortunately, current
bioinformatics tools distinguish poorly between monotopic
and bitopic proteins (2), and not many experimental studies
address the sequence determinants for the two kinds of
topologies.

One well studied example of a protein with a single hydro-
phobic segment is the e isoform of diacylglycerol kinase
(DGKe),? an enzyme that catalyzes the phosphorylation of di-
acylglycerol to phosphatidic acid (3) and plays a role in modu-
lating neuronal signaling linked to synaptic activity in mam-
mals (4). The enzyme has one predicted N-terminal

* This work was supported by Human Frontiers Science Program Grant
RGP0039/2007, European Research Council Grant ERC-2008-AdG 232648,
grants from the Swedish Foundation for Strategic Research and the Swed-
ish Research Council, the Swedish Cancer Foundation (to G. v. H.), and Nat-
ural Sciences and Engineering Research Council of Canada Grant 9848 (to
R.M.E).

" Supported by a grant from the Lundbeck Foundation.

2To whom correspondence should be addressed. Tel.: 46-8-162590; E-mail:
gunnar@dbb.su.se.

3 The abbreviations used are: DGKEe, € isoform of diacylglycerol kinase; bis-tris,
bis(2-hydroxyethyl)aminotris(hydroxymethyl)methane; cyt, cytosolic; Lep,
leader peptidase; lum, luminal; RM, dog pancreas rough microsome; TM,
transmembrane.

25284 JOURNAL OF BIOLOGICAL CHEMISTRY

transmembrane (TM) segment and should therefore be bitopic,
but experimental data suggest a monotopic topology: a peptide
mimicking the hydrophobic segment of DGKe shows only a
moderate degree of helicity when embedded in a phospholipid
bilayer (5), and the intact enzyme seems only loosely attached
to membranes because it can be extracted by a mild treatment
with KCl (6, 7). Furthermore, a FLAG epitope fused to the N
terminus of DGKe expressed in NIH-3T3 cells is only accessible
from the inside of the cells upon permeabilization with deter-
gent. Modeling of the conformational preference of the hydro-
phobic segment in a membrane-like environment suggests that
the peptide can take up two different stable conformations,
both a straight (corresponding to a TM) helix and a bent, mono-
topic form (7).

A well studied example of a monotopic protein is caveolin,
known for its role in forming caveolae, invaginations in the
plasma membrane involved in important cellular processes
such as vesicular trafficking, cholesterol homeostasis, signal
transduction, tumor suppression, and as buffers against acute
mechanical stress (8, 9). Due to the prominent role of caveolin
in forming caveolae, the nature of the membrane-integrated
state is likely of great importance, and this is supported by the
high degree of conservation in the primary sequence of hydro-
phobic segments from different caveolins (10). Several studies
establish a monotopic topology for caveolins (11-14), in agree-
ment with in silico analysis that suggests a single stable,
U-shaped, conformation of the hydrophobic segment, entering
and exiting on the same side of the membrane (14).

Although the available evidence points to a similar mem-
brane-embedded structure for both the DGKe and caveolin
hydrophobic segments, there is no obvious sequence similarity
between the two (7), except that both sequences feature a cen-
tral proline residue that is conserved within the two different
protein families. Proline is well known for its helix-breaking
propensity in soluble proteins, and although this has been
shown to be less prominent in a membrane environment (15),
two recent studies suggest a crucial role for prolines in defining
the monotopic topology of DGKe and caveolin-1 (7, 14). In
these studies, single mutations turning the membrane-embed-
ded prolines into alanines converted both DGKe and caveolin-1
into bitopic proteins.

Here, using in vitro translation in the presence of dog pan-
creas rough microsomes (RMs), we explore the conditions that
contribute to the stabilization of a monotopic membrane pro-
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tein topology and address the relative impact on topology of
prolines versus the residues that flank the hydrophobic seg-
ments in DGKe and caveolin. In contrast to previous results,
our data strongly support a bitopic topology for wild-type
DGKe, and we additionally show that flanking residues can
have a large impact on whether the protein adopts a mono- or
bitopic topology, as can the proline residue located near the
middle of the hydrophobic segment.

EXPERIMENTAL PROCEDURES

DNA Constructs—pGEMu, pGEMulLep-H3, pGEMulLep-
H2, and pGEMuLep-H1 plasmids were prepared as previously
described (16). Human DGKe, DGKe (P33A), mouse caveo-
lin-1, and P110A caveolin-1 DNA were amplified from the cor-
responding p3XFLAG constructs (7) with PfuX7 DNA poly-
merase as described previously (17). DNA encoding the DGKe
wild-type and P33A hydrophobic segment was amplified with
the oligonucleotides DGKeLEPins5 (5'-ACCAGGdUGGCC-
TGTTTGCGGAC-3') and DGKeLEPins3’ (ACCCGGdUCC-
CCGGCGCGACC) and cloned into pGEMulLep-H2 and
pGEMulLep-H3 by uracil-excision (17, 18).

DGKe DNA, including or excluding the 5’- and 3’-flank-
ing residues, was amplified with the oligonucleotides
DGKeE2F (ACCAGGAUGAAGCGGAGAGGCGGC) and
DGKeD66R (ACCCGGAUCCGTCCGTGTCGCGCCACC);
DGKeG20F (ACCAGGAUGGGCACCTGATCTTGTG-
GAC) and DGKeL42R (ACCCGGdUCCGAGGCTACACC-
AGAAGGTGATGAAC); DGKeE2F and DGKeL42R; or
DGKeG20F and DGKeD66R. Similar, differently flanked
versions of mouse caveolin-1 were made by combining the
oligonucleotides mCavK5F (ACCAGGdUAAATACGTAG-
ACTCCGAGGGACATC) and mCavE177R (ACCCGGdU-
CCCTCTTTCTGCGTGCTGATGCGGATG); mCavK96F
(ACCAGGAUAAATATTGGTTTTACCGCTTGTTGTC)
and mCavI139R (ACCCGGdUCCAATCAGGAAGCTCT-
TGATGCACG); mCavK5F and mCavI139R; or mCavK96F and
mCavE177R. All of these PCR products were then cloned into
pGEMuLep-H1 by uracil excision.

DNA of the different N-terminal versions of DGKe was con-
structed by PCR with the three oligonucleotides pPGEMFLAGF
(AGCCACCAdUGGACTACAAAGACCATGACGGTG),
pGEMdgkF (AGCCACCAdUGGAAGCGGAGAGGCG), and
pGEMglydgkF (AGCCACCAdUGGAAGCGAACTCCACAG-
AGAGGCGGCCQG), in all combinations with the DGKeD66R
or DGKeL42R oligonucleotides and cloned into pGemuLep-
H1, or in combination with pGEMdgkR (AAGATGGCdUAT-
TCAGTCGCCTTTATATCTTCTTGATC) and cloned into
pGEMu. Full-length mouse caveolin-1 constructs were ampli-
fied with the oligonucleotides pGEMcavF (AGCCACCAdJ-
UGTCTGGGGGCAAATACGTAGAC) and pGEMglycavF
(AGCCACCAXGTCTGGGAACTCCACAGGCAAATACG-
TAGACTCCGAG) in combination with pGEMcavR (AAGA-
TGGCAUATATCTCTTTCTGCGTGCTGATG) and cloned
into pGEMu.

Membrane Topology Assays—In vitro protein expression was
performed using the TNT SP6 Quick Coupled SP6 Transcrip-
tion/Translation System (Promega) in the presence or absence
of RMs as described previously (19). Briefly, 9 ul of reticulocyte
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FIGURE 1. Evaluation of the membrane integration properties of the
hydrophobic segment of DGKe in the Lep-H3 and Lep-H2 constructs.
A, residues 15-47 of the DGKe primary sequence and the P33A (residue itali-
cized) DGKe mutant, termed the H-segment, were selected for analysis based
on results from the AG predictor of transmembrane segments (27) (predic-
tion highlighted in bold). B, H-segments were introduced into the Lep-H3 and
Lep-H2 model proteins. In Lep-H3, two N-terminal TM regions (TM1, TM2) and
a C-terminal soluble domain (P2) originate from E. colileader peptidase (Lep).
Membrane integration of the H-segment leads to a singly glycosylated spe-
cies (a glycosylated site, G1 or G2, is indicated with a ¥, an unglycosylated site
is indicated with a crossed-over Y). Lep-H2 has only one Lep-derived trans-
membrane segment (TM1), and membrane-integrated H-segments lead to
doubly glycosylated species. C, DNA constructs were transcribed in vitro and
translated in the presence of RMs. Control reactions were performed in the
absence of RMs. Unglycosylated proteins are indicated with an open circle. In
Lep-H3, membrane insertion efficiency was quantified as the ratio gs/(gs+gd)
where gs is the amount of singly glyvcosylated (one closed circle) and gd the
amount of doubly glycosylated (two closed circles), [**S]Met-labeled proteins
on SDS-polyacrylamide gels. In Lep-H2, insertion was quantified as the ratio
gd/(gs+gd). Representative gels are shown. The percent insertion values are
averages of three independent experiments with S.D.

lysate was mixed with ~200 ng of pGEM plasmid DNA,
[**S]methionine, and 0.5 l of RMs. The reaction was incubated
for 30 min at 30 °C and then mixed with NuPage loading buffer
(Invitrogen) and subjected to SDS-PAGE using NuPage 12%
bis-tris gels (Invitrogen). Gels were dried and analyzed by expo-
sure on Phosphorlmager screens using standard techniques.
All samples were run in triplicate, and relative amounts of sin-
gly and doubly glycosylated species were quantified using the
ImageGauge Version 3.45 and the Qtiplot 0.9.3-rc2 softwares
(20).

RESULTS

Insertion of the DGKe N-terminal Hydrophobic Segment into
RMs—The membrane topology of human DGKe was previ-
ously assayed in cultured cells by determining the localization
of a FLAG tag attached to the N terminus. This approach sug-
gested a monotopic topology of the wild-type enzyme with both
the N and C terminus in the cytosol (N,-C.,,), whereas a single
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FIGURE 2. Membrane integration properties of Lep-H1-DGKe constructs
with different flanking residues. A, schematic outline of the Lep-H1-based
membrane insertion assay. Lep-H1 constructs with H-segments inserting
with the N terminus in the lumen become singly glycosylated, due to the NST
site residing in the Lep-H1 N terminus (sequence shown in upper right corner),
whereas the opposite topology leads to double glycosylation of two NST sites
residing in the Lep P2 soluble domain (a glycosylation site, G1, G2, or G3, is
illustrated with a Y'in the panel). Monotopically inserted H-segments will not
be glycosylated (crossed-over Y). B, schematic representation of the DGKe pri-
mary sequence highlights the hydrophobic segment and flanking sequences
and the different positions fused to Lep-H1. The predicted hydrophobic seg-
ment is in light gray, hydrophilic flanking regions in dark gray, and the differ-
ent H-segments in red. C, glycosylation assay of DGKe (upper panel) and the
P33A mutant (lower panel) with different flanking residues fused to the
Lep-H1 model protein is shown. Controls were performed in the absence of
RMs. Unglycosylated proteins are marked with an open circle, singly glycosy-
lated proteins with one closed circle, and doubly glycosylated proteins with
two closed circles. Representative gels are shown. The percent double glyco-
sylation values are averages of three independent experiments with S.D.

proline-to-alanine (P33A) mutation in the predicted mem-
brane-embedded segment converted the topology to bitopic

with the N-terminal FLAG tag facing the outside of the cell
(corresponding to the lumen in the endoplasmic reticulum;

Nlum—Ccyt) (7)
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FIGURE 3. Membrane integration properties of Lep-H1-caveolin-1 con-
structs with different flanking residues. A, schematic representation of the
DGKe primary sequence, highlighting the hydrophobic segment and flanking
sequences and the different positions fused to Lep-H1. The predicted hydro-
phobic segment is in light gray and the hydrophilic flanking regions in dark
gray. B, glycosylation assay of caveolin (upper panel) and the P110A mutant
(lower panel) with different flanking residues fused to the Lep-H1 model pro-
tein. Controls were performed in the absence of RMs. Unglycosylated pro-
teins are marked with open circles, singly glycosylated with one closed circle,
and doubly glycosylated with two closed circles. All experiments were done in
triplicate, and representative gels are shown.

Given the predicted bitopic topology of wild-type DGKe, we
decided to study its membrane-insertion properties in more
detail using in vitro translation in the presence of RMs (19). In a
first set of experiments, the wild-type and P33A mutant N-ter-
minal DGKe hydrophobic segments (including 5-7 hydrophilic
flanking residues, Fig. 1A) were inserted into two different
Escherichia coli leader peptidase (Lep) model membrane pro-
teins (Fig. 1B). In these constructs, the DGKe hydrophobic seg-
ments (H-segments) are flanked by glycosylation sites that can
be used as topological markers, because they can only be glyco-
sylated by the oligosaccharyl transferase enzyme if translocated
into the lumen of the RMs. The degree of membrane insertion
of H-segments can therefore be quantified by comparing the
ratios of singly and doubly glycosylated species after resolution
of in vitro translated, **S-labeled protein on SDS-polyacryl-
amide gels. The amount of unglycosylated species cannot be
used as a quantitative measure of membrane integration prop-
erties because the efficiency of membrane targeting (i.e. the
amount of unglycosylated versus glycosylated species) is differ-
ent for different constructs and is somewhat sensitive to varia-
tions in the experimental conditions.
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FIGURE 4. Effect of adding a FLAG tag on the topology of DGKe-Lep-P2 constructs. A, sequence of the 3XFLAG tag. The NSS glycan acceptor site is
highlighted. B, FLAG tag shown in A (highlighted in blue) fused to the DGKe N-terminal segment, with and without C-terminal flanking residues (highlighted in
dark gray at the right side of the light gray hydrophobic segment) and to the Lep P2 soluble domain. The FLAG-tagged constructs were compared with
constructs with a native-like DGKe N terminus, with and without an engineered NST glycosylation site in position 3 (illustrated with a Y). C, glycosylation assay
of DGKe and the P33A mutant with the different N termini and different C-terminal flanking residues fused to the C-terminal P2 part of the Lep-H1 model
protein. In the assay, noninserted and monotopic proteins are unglycosylated, N,,,-C.,. orientated proteins are singly glycosylated (except for the native
controls without an N-terminal glycosylation site), and N,-C,,,,, orientated proteins are doubly glycosylated. Controls were performed in the absence of RMs.
Unglycosylated proteins are marked with an open circle, singly glycosylated proteins with one closed circle, and doubly glycosylated proteins with two closed
circles. Representative gels are shown. The percent double glycosylation values are averages of three independent experiments with S.D. D, schematic
interpretation of the effect of the FLAG tag (highlighted in blue) and the P33A mutation. Upper, FLAG tag preventing translocation of the N terminus leading to
an unglycosylated protein. Lower, P33A mutation allowing the FLAG tag to be translocated. The protein becomes singly glycosylated.

In the Lep-H3 constructs (Fig. 1B, left), singly glycosylated
proteins have their H-segment inserted in the membrane in an
Njum-Cey. orientation, whereas doubly glycosylated proteins
have a noninserted H-segment. Both the wild-type and P33A
DGKe segments were >90% singly glycosylated (Fig. 1C), dem-
onstrating that DGKe inserts as a TM helix in the Lep-H3
model system. In the Lep-H2 system (21) (Fig. 1B, right), mem-
brane insertion of the H-segment leads to translocation of the C
terminus and double glycosylation. In this orientation, the
P33A mutation was necessary for efficient insertion as it
increased the relative amount of doubly glycosylated protein
from 25% to 88% (Fig. 1C). Possibly, the DGKe wild-type seg-
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ment inserts as a re-entrant-loop structure (N,-C,,,) in the
Lep-H2 context (Fig. 1B, right).

Flanking Residues Can Influence the Topology of the DGKe
and Caveolin Membrane-interacting Segments—The efficient
transmembrane insertion of the DGKe H-segment in the N ,..-
C,,. orientation encouraged us to assay its topology in the
absence of Lep TM segments (Lep-H1) (21) (Fig. 2A), i.e. ina
context similar to the DGKe wild-type protein. In Lep-H1,
most of the Lep-derived N-terminal domain (including both
transmembrane segments) has been omitted, and glycosyla-
tion sites have been engineered so that single-spanning pro-
teins with an Nj,,,,-C.,. topology will be singly glycosylated

cyt
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whereas the opposite topology (N_,-C,,,,) will give a doubly
glycosylated protein (Fig. 24). Proteins inserting with an
N,,-C,,, re-entrant loop structure will not be glycosylated
(Fig. 24, right).

We noted that the predicted N-terminal TM segment in
DGKe is flanked by a number of charged residues and specu-
lated that these could be important determinants of the mem-
brane topology as previously shown for multispanning mem-
brane proteins (22). Therefore, several versions of the DGKe
N-terminal segment, including or excluding flanking charged
residues (Fig. 2B; cf. Fig. 6), were engineered into the Lep-H1
construct. As noted above for the Lep-H2 and Lep-H3 con-
structs, the amount of unglycosylated protein cannot be used as
a quantitative measure of membrane integration, and the
Lep-H1 derived constructs were mainly used for a qualitative
assessment of topology.

When including the C-terminal hydrophilic residues (con-
structs E2-D66 and G20-D66, Fig. 2B), both the wild-type and
the P33A mutant were nearly 100% singly glycosylated (versus
doubly glycosylated) and therefore inserted almost exclusively
with Nj,,,,-C, topologies (Fig. 2C). In contrast, including the N
terminus, but excluding the flanking C-terminal residues (E2-
L42) led mainly to double glycosylation and thus an N,,-C,,,
topology for both wild-type and P33A. Finally, the absence of
both flanking sequences led to mixed topologies for both wild-
type and P33A, though with a clear preference (77% for wild-
type and 72% for P33A) for the N,,-C,,,,, orientation. These
results show that the intact DGKe N-terminal segment E2-D66
is inserted with an Ny,,-C.,, topology. In addition, flanking
residues on both sides of the hydrophobic segment are essential
topology determinants: when the C-terminal flanking residues
43— 66 are removed, the protein inverts to the N ,-C,,,,,, topol-
ogy, and this is also the case when both flanking regions (resi-
dues 2-19 and 43-66) are removed. The N,,,,,-C,.,, topology is
preserved upon removal of residues 2—19 alone. Finally, the
results obtained with the P33A mutant versions are indistin-
guishable from the wild-type constructs in all cases.

For comparison, similar experiments were performed with
the monotopic membrane protein caveolin. The membrane-
interacting segment of caveolin-1 is located near the middle of
the protein. Similar to DGKge, it is flanked by hydrophilic
regions (Fig. 34; ¢f. Fig. 6). We tested differently flanked caveo-
lin segments in Lep-H1 essentially as outlined for DGKe. In
contrast to DGKGe, all caveolin-derived constructs were poorly
glycosylated (compare glycosylated with unglycosylated pro-
teins in Fig. 2C versus Fig. 3B), possibly due to a predominant
monotopic N,-C,,, topology in all cases, although inefficient
membrane targeting cannot be ruled out. Caveolin is known to
form multimers (11), and this, combined with the hydrophobic
and hairpin-like nature of the protein, may cause the ladder-like
migration behavior of the in vitro synthesized products
observed in Fig. 3B, as previously described for similar protein
segments (23). Due to the low degree of glycosylation and the
complex patterned gels, the assay can in this case be used only
as a qualitative indicator of topology. However, in clear contrast
to DGKGe, glycosylation was completely absent when expressing
the near-full-length wild-type or P110A caveolin-1 constructs
(K5-E177) that include the flanking sequences on both sides of
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FIGURE 5. Probing the topology of full-length DGKe and caveolin-1 with
engineered glycosylation sites. A, glycosylation assay of DGKe and caveo-
lin. Native and proline-to-alanine mutants of DGKe and caveolin were tested
with and without an added NST glycosylation site in position 3,and DGKe was
tested with and without an N-terminal 3XFLAG tag. In the assay, noninserted
and monotopic proteins are unglycosylated, and N,,,,-C.,, orientated pro-
teins are singly glycosylated. Controls were performed in the absence of RMs.
Unglycosylated proteins are marked with an open circle and singly glycosy-
lated proteins with a closed circle. The gel is representative of three indepen-
dent experiments. B, graphic representation of DGKe full-length sequences
with different N termini illustrating the topologies observed in A. The native-
like N terminus with an engineered NST glycosylation site becomes glycosy-
lated, suggesting that the wild-type protein attains an N,,,,-C.,,. TM topology.
In contrast, in the native protein context, the FLAG tag prevents membrane
translocation even in the presence of the P33A mutation.

the hydrophobic segment (Fig. 3B). Upon removal of N-terminal
hydrophilic residues (construct K96-E177), a part of the synthe-
sized protein became singly glycosylated and therefore has an
Nium-Ceye topology, whereas removal of the C-terminal hydro-
philic residues (construct K5-1139) led primarily to a doubly gly-
cosylated protein with an N,-C,,,, topology. When only the
hydrophobic segment was included (construct K96-1139), both
singly and doubly glycosylated proteins were produced, indicative
of a mixed topology. As observed with DGKg, there were no sig-
nificant differences between the wild-type and the P110A mutant
constructs. These experiments show that when residues that flank
a monotopic hydrophobic segment are removed, the segment can
be converted into a bitopic TM segment.

A Peptide Tag Can Change the Topology of a Membrane
Protein—The results obtained with the Lep-H1 system on the
topology of the N-terminal DGKe membrane-interacting seg-

pCEVEN
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FIGURE 6. Primary amino acid sequences of DGKe and caveolin-1. Membrane-integrated hydrophobic regions, predicted with the AG predictor software
(27), are highlighted in light gray. Positively and negatively charged residues within a distance of 50 residues flanking the hydrophobic segments are high-
lighted in light blue and red, respectively. The flanking regions included in the Lep-based model constructs are highlighted in dark gray. A cryptic glycosylation

site in DGKe, predicted with the NetNGlyc software (24), is highlighted in blue.

ment are in contrast to the previously reported monotopic
membrane topology (7). We noted that in the previous study a
highly charged FLAG tag was fused to the N terminus of DGKe
(Fig. 4A) to assess the membrane topology, and we speculated
that this might have caused the conflicting results. We there-
fore interchanged the Lep-H1-derived N terminus of the con-
structs described above with either the native DGKe N termi-
nus, a native DGKe N terminus with an engineered NST
consensus N-glycosylation site, or with the FLAG tag used pre-
viously (7) (Fig. 4B). Importantly, the FLAG tag contains a con-
sensus glycosylation site (NSS) (Fig. 44). These constructs
again allowed us to assess the membrane topology by compar-
ing singly and doubly glycosylated species. The FLAG-tagged,
wild-type DGKe Lep-H1 construct with C-terminal flanking
residues (FLAG-DGKe-D66) was only very inefficiently glyco-
sylated, indicating either absent membrane insertion or a
monotopic topology (Fig. 4C, upper panel). In contrast, when
introducing the single P33A mutation, both the singly and dou-
bly glycosylated species were produced (Fig. 4C, lower panel),
although the latter to a lesser degree (26%), indicating a prefer-
ence for the Nj,,,,-C, orientation. Again, deleting the C-termi-
nal flanking residues (all L42 constructs) imparted an N, -C,,,,,
orientation, both for the wild-type and P33A mutants and inde-
pendent of the nature of the N terminus, as indicated by the
dominating doubly glycosylated species. The two constructs
(with and without the P33A mutation) with a wild-type-like N
terminus harboring an engineered glycosylation site and,
including the C-terminal flanking residues (NST-DGKe-D66),
showed a clear preference for the singly glycosylated Ny,,,,,-C..,,
orientation, which was confirmed by the lack of glycosylation of
the corresponding controls with no N-terminal glycosylation
site (DGKe-D66).

In summary, and in agreement with the previous cell culture
experiments (7), the results indicate that the FLAG-tagged,
DGKe N-terminal segment adopts a monotopic topology but
that a fraction of the molecules span the membrane with an
Nium-Cey Orientation in the P33A mutant version (Fig. 4D). In

yt
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contrast, DGKe with a native-like N terminus appears to attain
a bitopic Nj,,,-C,,, topology. The experiment also demon-
strates, in agreement with previous observations (7, 14, 19), that
proline residues buried in hydrophobic segments can signifi-
cantly affect membrane topology.

Probing the Topology of Full-length DGKe and Caveolin—Fi-
nally, we studied the native, full-length DGKe sequence with
the three different N-terminal modifications described above.
Expressing both the wild-type and the P33A mutant version
with an N-terminal, engineered glycosylation site resulted pri-
marily in a species shifted in mobility on the gel, corresponding
to a glycosylated protein, although an unglycosylated species
was also visible (Fig. 54, constructs NST-DGKe and NST-
DGKe(P33A)). Translation in the absence of RMs and of
the glycosylation-site-less constructs served as controls and
showed no mobility shift. If DGKe were to adopt an N,,-C,,,,,
topology, the potential NDT glycosylation site downstream of
the hydrophobic segment (Fig. 54; cf. Fig. 6) is predicted to be
glycosylated (24), but this was not observed (Fig. 5A constructs
DGKeand DGKe(P33A)). In contrast to the native-like versions
of DGKGe, the corresponding FLAG-tagged constructs showed
no differences in mobility on the gel. These results again sug-
gest that wild-type DGKe attains a bitopic Ny,,,,-C..,, topology
but that translocation of the N terminus of the hydrophobic
segment is inhibited by the addition of the highly charged
FLAG tag (Fig. 5B). We also noted that the native-like DGKe
constructs expressed poorly in our in vitro system compared
with, e.g. the FLAG-tagged proteins and caveolin (Fig. 5A4),
which we have also observed in mammalian cell culture before.
We speculate that this phenomenon may be caused by the very
high GC content in the 5'-region of the DGKe nucleotide
sequence (data not shown).

Similar to DGKe, the caveolin-1 membrane topology was
recently probed with a FLAG-tag accessibility assay (14), show-
ing that the hairpin loop structure could be turned into a TM
segment by mutation of a single proline residue in the hydro-
phobic segment. We decided to test whether we obtained sim-
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ilar results in our experimental system. Thus, essentially as
described above for DGKe, native and P110A caveolin were
expressed in the presence or absence of engineered N-terminal
glycosylation sites (Fig. 5A4). In contrast to results obtained with
DGKe, none of the different caveolin constructs showed any
sign of glycosylation, and thus, in our experimental system, the
P110A mutation does not result in a detectable level of protein
with a bitopic topology.

DISCUSSION

In some cases, the topology of a membrane protein can
depend on a delicate balance between multiple topological
determinants in the sequence and can be significantly affected
by a single mutation, even for multispanning membrane pro-
teins like the small multidrug transport protein EmrE (25).
Thus, it is not surprising that a highly charged epitope like the
FLAG tag can have a strong impact on the topology of a protein,
as demonstrated here.

Our results show that the N-terminal hydrophobic segment
in wild-type DGKeinserts withan N,,,,,-C.., bitopic topology in
RMs and that the P33A mutation in the hydrophobic segment
only marginally affects the insertion and topology in the con-
text of the native protein. This is in contrast to previous results
obtained with N-terminally FLAG-tagged DGKe constructs
expressed in mammalian cell lines (7). However, when probing
the topology of a similar FLAG-tagged construct in our in vitro
system we see a monotopic topology for FLAG-DGKe. There-
fore, even though we cannot completely rule out that wild-type
DGKe attains different topologies when expressed in vitro and
in vivo, DGKe is most likely a bitopic protein. A monotopic
topology was also suggested in a study of a DGKe-derived
hydrophobic peptide flanked by several lysine residues (5), but
it is likely that the added charged residues affected the observed
topology in a similar way as the FLAG tag.

The contrasting results between the topology of the caveolin
P110A mutant expressed in cell culture and in vitro is more
puzzling. In cell culture the mutant version is bitopic, whereas a
monotopic topology is seen in our in vitro system. One possible
explanation is that the topology of P110A caveolin is indeed
different in different expression systems. Another possible
explanation is more technical: in the glycosylation assay, the
unglycosylated, singly and doubly glycosylated products serve
as internal controls for each other, whereas the epitope-tagging
strategy compares the signal from the antigenic tag before and
after permeabilization with detergent, i.e. under different
experimental conditions.

In the experiments described here, wild-type DGKe and
caveolin have different topologies in the membrane. What
could be the reasons for this? The most obvious differences
between the two proteins are (i) that the length of the N-termi-
nal tail upstream of the hydrophobic region is much shorter and
contains fewer charged residues in DGKe, and (ii) that the
hydrophobic region is longer in caveolin (Fig. 6). Presumably,
the short N-terminal tail in DGKe translocates more easily
across the membrane than the long, highly charged N- and
C-terminal tails in caveolin. Moreover, the hydrophobic seg-
ment in caveolin is about 39 residues long compared with only
about 21 residues in DGKe. The caveolin segment is sufficiently
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long to form a tight helical hairpin in the membrane (26), lead-
ing to a monotopic topology, whereas the DGKe segment is
only long enough to span the membrane once, favoring a
bitopic topology.

In summary, for the two proteins we have studied there
appears to be a fine balance between the stability of the mono-
topic and bitopic topologies so that relatively small changes,
such as addition/removal of charges in the flanking regions or
replacement of Pro for Ala in FLAG-DGKe, can favor one
topology over the other.
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