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ABSTRACT. Subcellular localization of proteins with carboxyl-terminal insertion sequences requires the
molecule be both targeted to and integrated into the correct membrane. The mechanism of membrane
integration of cytochrombs has been shown to be promiscuous, spontaneous, nonsaturable, and independent
of membrane proteins. Thus endoplasmic reticulum localization for cytochibguiepends primarily on
accurate targeting to the appropriate membrane. Here direct comparison of this mechanism with that of
three other proteins integrated into membranes via carboxyl-terminal insertion sequences [vesicle-associated
membrane protein 1(Vampl), polyomavirus middle-T antigen, and Bcl-2] revealed that, unlike cytochrome
bs, membrane selectivity for these molecules is conferred at least in part by the mechanisms of membrane
integration. Bcl-2 membrane integration was similar to that of cytochriogrexcept that insertion into

lipid vesicles was inefficient. Unlike cytochront® and Bcl-2, Vampl binding to canine pancreatic
microsomes was saturable, ATP-dependent, and abolished by mild trypsin treatment of microsomes.
Surprisingly, although the insertion sequence of polyomavirus middle-T antigen was sufficient to mediate
electrostatic binding to membranes, binding did not lead to integration into the bilayer. Together these
results demonstrate that there are at least two different mechanisms for correct membrane integration of
proteins with insertion sequences, one mediated primarily by targeting and one relying on factors in the
target membrane to mediate selective integration. Our results also demonstrate that, contrary to expectation,
hydrophobicity is not sufficient for insertion sequence-mediated membrane integration. We suggest that
the structure of the insertion sequence determines whether or not specific membrane-bound receptor proteins
are required for membrane integration.

Integral proteins are inserted into membranes through (1993)]. The carboxyl-terminal location of insertion se-
several different types of mechanisms. In eukaryotes thequences dictates that these proteins are targeted to and
best characterized of these is the signal recognition particle-integrated into the bilayer of membranes posttranslationally
(SRP-} dependent pathway (Walter & Johnson, 1994), in (Enoch et al., 1979; Rachubinski et al., 1980; Sabatini et
which membrane targeting is initiated cotranslationally by al.,1982). Therefore, neither SRP nor SRP receptor is
a signal sequence encoded near the amino terminus of thénvolved in the targeting of proteins via insertion sequences
nascent peptide. For these proteins integration occurs via a(/Anderson et al., 1983).

complex multistep process ending with release of the Very little is known about the mechanisms involved in
polypeptide into the lipid membrane coincident with the insertion sequence-mediated membrane integration. An
completion of protein synthesis (Andrews & Johnson, 1996). important unresolved aspect of the process is the mechanism-
Another small, but rapidly growing, class of membrane (s) that regulate membrane selectivity. Previous studies of
proteins, lacks an amino-terminal signal sequence and insteadnembrane integration of the endoplasmic reticulum form of
is targeted by a carboxyl-terminal hydrophobic domain cytochromebs (Cb5) suggested that membrane integration
termed an insertion sequence [reviewed in Kutay et al. is spontaneous and promiscuous (Enoch et al., 1979; Ra-
chubinski et al., 1980; Anderson et al., 1983; Takagaki et
T This work was funded by a grant and a scientist award from the al., 1983a’b_)' Neve_rtheless,_V\_/hen eXpressed in cells, .bOth
MRC Canada to D.W.A. and by a grant from NSERC to W.T. F.J. Cb5 and fusion proteins containing the Cb5 carboxyl-terminal
was a postdoctoral fellow of the NCIC. insertion sequence accumulate specifically in the ER mem-

* Corresponding author: tel 905-525-9140 X 22075; fax 905-527- prgne (Mitoma & Ito, 1992). Therefore, Cb5 insertion
9033; E-mail andrewsd@fhs.mcmaster.ca. ’ '

# Department of Biochemistry, McMaster University. sequence_—mediated subcellular localization must be rt_egulated

S Present address: Department of Chemistry and Biochemistry, by targeting the molecule to the endoplasmic reticulum
University of Oklahoma, Norman, Oklahoma 73019. membrane. Subsequent to correct targeting, membrane

- Hospital for Sick Children. integration probably occurs spontaneously. Although it is

U Department of Medicine, McMaster University. . 9 . P y p o Y- . 9

® Abstract published if\dvance ACS Abstractsiuly 1, 1997. widely believed that other molecules with insertion sequences

! Abbreviations: SRP, signal recognition particle; ER, endoplasmic are targeted to and integrate into subcellular membranes by
reticulum; Cbs, endoplasmic reticulum specific rat liver cytochrome - jachanisms similar to that of Cb5, currently published results
bs, mT, polyomavirus middle-T antigen; Vamp, vesicle-associated difficul . b ’ b bl h
membrane protein; DTT, dithiothreitol; IASD, 4-acetamidefdo- are difficult to interpret because membrane assembly of these

doacetyl)amino]stilbene-2Zlisulfonic acid; OAc, acetate. molecules has not been directly compared using the same

S0006-2960(97)00090-1 CCC: $14.00 © 1997 American Chemical Society



8874 Biochemistry, Vol. 36, No. 29, 1997 Kim et al.

assay system. Therefore, we have examined the mechanismiilayer of ER membranes but not into lipid vesicles. We
of membrane integration for four different proteins for which also show that although Cb5, Bcl-2, and Vampl synthesized
there is published evidence for insertion into endoplasmic in reticulocyte lysate all insert into ER membranes, ATP and
reticulum. We have used this information to determine the a trypsin-sensitive membrane protein are required for mem-
relative importance of targeting and membrane integration brane integration of Vampl.
in subcellular localization of these proteins. Finally, quantitative measurements for the binding of Cb5,
Based on sequence comparisons, membrane proteins othdBcl-2, and Vampl synthesized in reticulocyte lysate to ER
than Cb5 that are predicted to contain insertion sequencegnicrosomes revealed that binding of Vamp1 to microsomes
include middle-T antigen (mT), the transforming protein of IS saturable, with ER containing roughly 20 fmol of Vamp1l
polyomavirus (Treisman et al., 1981; Rassoulzadegan et al.,binding sites/100 fmol of signal recognition particle receptors.
1982), the protooncogene product Bcl-2 (Vaux et a|_7 1988, In contrast, blndlng of both Bcl-2 and Cb5 to ER microsomes
Chen-Levy et al., 1989; Lui et al., 1991), and v-snares such @ppears to be nonsaturable. Thus, our results suggest that,
as the Synaptinesic|eassociatedrembraneproteins' Vampl unlike Cb5, the meChanlsm$ of membrane |ntegrat|0n for
and Vamp2 (synaptobrevin) (Elferink et al., 1989; Sollner Vampl, 'BcI—2, and mT cor_1tr|bute to the correct subcellular
etal., 1993; Bennet et al., 1994). All of these proteins have localization of these proteins.
been suggested to interact with ER membranes by a
mechanism similar to that of Cb5 (Kutay et al., 1993). EXPERIMENTAL PROCEDURES
Although mT, Bcl-2, and Vampl may be initially targeted  p|a5migs and Membranesall of the plasmids used were
to ER membrane(s), the final destinations of the_se proteins .o nstructed in the vector pSPUTK, which contains an SP6
are not the same. Both plasma membrane and mtracellularpromoter and a high-efficiency’ &intranslated region for
membrane locations have been reported for mT (lto et al,, gfficient translation in reticulocyte lysate (Falcone & An-
1977; Segawa & Ito, 1982; Zhu et al., 1984; Dilworth et al., grews, 1991). The plasmids containing the coding regions
1986_3). The subcellular localization of B_cl—2 is also cqntro— for Cb5, mT, Bcl-2, and Vamp-1 were described previously
versial. Bcl-2 is aberrantly expressed in human folll_cul_ar (Elferink et al., 1989; Andrews et al., 1993; Janiak et al.,
lymphoma and has been shown to prevent apoptosis in a1994a,b). We used a polypeptide called gPA as a passenger
wide variety of cell types (Vaux et al., 1988; Hockenbery et gomain because the unmodified sequence behaves as a
al., 1990). In experiments with cell-free systems, Bcl-2 has cytosolic protein yet gPA has been demonstrated to be
been reported to insert into the ER (Chen-Levy et al., 1989; passive to translocation across membranes. Thus, gPA can
Chen-Levy et al., 1990), the outer membrane of mitochondria pe targeted to a variety of subcellular organelles by adding
(Nguyen et al., 1993), or to both ER and mitochondria the appropriate targeting information to either the amino or
(Janiak et al., 1994b). Recent functional studies suggest thathe carboxyl terminus (Janiak et al., 1994a). The construc-
dual localization (ER and mitochondria) increases the rangetion of the plasmid encoding gPA by fusing coding regions
of targets that Bcl-2 can interact with to prevent apoptosis for the first 27 amino acids of chimpanzeeglobin to the
in transfected cells (Zhu et al., 1996). Finally, Vampl and N-terminus of the IgG binding domains &taphylococcus
Vamp2 appear to cycle between the plasma membrane andureus protein A (amino acids 23271) was described
synaptic vesicle membranes (Grote et al.,1995; Grote & previously (Janiak et al. 1994a). To fuse the putative
Kelly, 1996). However, data obtained using transfected cells insertion sequences from Bcl-2, Cb5, and mT to gPA the
(Grote et al., 1995) and cell-free systems (Kutay et al., 1995) corresponding coding sequences were added to the plasmid
suggests that Vamp2 is first targeted to the ER and thenencoding gPA using a uniquganH! site at the 3end of
transported along the secretory pathway to synaptic vesiclesthe coding region of gPA and axhd site 3 of the gPA
Membrane integration has not been examined for the VampZ2termination codon. In the resulting fusion proteins gPABcl-
homologue, Vampl. Therefore, we have examined targeting2, pPACb5, and gPAMT, the coding sequences for putative
of Vampl to determine whether homologous proteins such insertion sequences (nucleotides 6437 from the coding
as Vampl and Vamp2, that are normally expressed inregion of Bcl-2, nucleotides 323427 of the coding region
different cell types (Elferink et al., 1989; Trimble et al., 1991; of Cb5, and nucleotides 1158277 of the coding region of
Rossetto et al., 1996), are targeted by the same or a differentnT) replace the coding sequences for the last 14 amino acids
mechanism. To determine whether subcellular localization of gPA. Thus as shown in Figure 1, the junction between
is established by the initial targeting of these molecules to gPA and the putative insertion sequences is identical in all
an appropriate membrane (similar to cytochrobggor if of the fusion proteins. The Bcl fusion proteins were
they will integrate into only a&ona fidetarget membrane  constructed similarly, except using a unigiil site within
(suggesting that prior to membrane integration they could the coding region for Bcl-2 instead &antH1. All of the
diffuse freely in the cytoplasm), we have compared directly fusion junctions and coding regions for the putative insertion
the mechanism(s) of membrane binding of Cb5, mT, Bcl-2, sequences were confirmed by DNA sequencing. Space
and Vamp1 using a cell-free system supplemented with eitherconstraints make a complete description of the construction
microsomes or liposomes. Furthermore, we determined theof all 11 of the plasmids impractical; however, the plasmids,
role of the putative insertion sequences from these proteinsconstruction details, and the complete sequence for each
in membrane integration by fusing them to common pas- plasmid is available from the authors upon request.
senger proteins. We show that fusion proteins containing Salt-extracted canine pancreatic ER microsomal mem-
the mT insertion sequence bind electrostatically to, but do branes (microsomes) were prepared as described by Walter
not insert into, either ER microsomes or liposomes. In and Blobel (1983). Each batch of microsomes was tested
contrast, the insertion sequence of Bcl-2 is sufficient to for cotranslational translocation of preprolactin before use
integrate both the native protein and fusion proteins into the (Andrews, 1989). In addition, batches of microsomes were
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Ficure 1: (A) Amino acid sequences of the putative insertion

sequences are given in one-letter code. mT, polyomavirus virus

middle-T antigen; Cb5, the endoplasmic reticulum-specific form
of rat liver cytochroméos. The hydrophobic core of each sequence
is underlined. The junction for the fusion proteins is indicated by
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Microsomes were added to terminated translation reactions,
and the samples were incubated at & for the times
indicated. Following the incubation, the reactions were
mixed with translation buffer (50 mM KCI, 2 mM Mggl
10 mM Tris-HCI, pH 7.5, and 1 mM DTT) and layered over
a 0.5 M sucrose cushion in polyallomer tubes. Microsomes
were pelleted by centrifugation for 10 min at 20 psi
(11000@) at 4 °C in an airfuge. Gradients were divided
into two aliquots [top (T) and middle (M) fractions]. The
bottom (B) fraction containing the microsomes was obtained
by solubilizing the pellets in 7aL of 1% SDS and 0.1 M
Tris, pH 9.0, at 70C for 10 min. Amounts of each fraction
corresponding to equivalent amounts of the original transla-
tion reaction were separated by SBBAGE using a Tris
tricine buffer system (Schaegger & von Jagow, 1987), and
radioactive proteins were visualized and quantified using a
phosphorimager (Molecular Dynamics).

To assay membrane binding quantitatively, 1 or 2 equiv
of microsomes was added to translation reactions containing
different amounts of the molecules being assayed. To set
up binding reactions with different amounts of in vitro
translated molecules, a single large translation reaction for
the molecule of interest was incubated at &l for 1 h.

an arrowhead. The sequence of the carboxyl terminus of the control Translation was then terminated by adding cycloheximide
molecule gPA is also indicated. For gPA the arrowhead indicates gng aliquots of different volumes were removed from this

the fusion point at which the insertion sequences were added

thereby replacing the last 14 amino acids of gPA. (B) Post-
translational binding of mT, Bcl-2, Cb5, and Vamp1 to microsomes.
Rabbit reticulocyte lysate translation reactions (D) were

'reaction and added to sufficient mock translation (translation

reaction mix containing cycloheximide but without mRNA)
to adjust the final volume of each aliquot to 6.

incubated with 2 equiv of canine pancreatic microsomes for 20 Microsomes were added to these reactions and the samples

min at 24°C. The reactions were then layered on top of a 0.5 M
sucrose cushion (100L) and the microsomes were pelleted by
centrifugation. The gradients were divided into top (T), middle (M),

were incubated at 24C for 1 or 2 h asindicated. Two
1-uL calibration aliquots were removed for later analysis.

and bottom (B) fractions. The top fraction contains soluble proteins The remaining 5&L of the translation reaction was diluted
and the bottom fraction contains microsomes and microsome-boundto 90xL with translation buffer and layered on top of a 110-

proteins. An aliquot of each fraction equivalent to L0 of the
translation reaction was analyzed by SBFSAGE. Lanes 1612

are from a longer exposure of the same gel. Migration positions of
molecular mass markers (in kilodaltons) are indicated at the left of

the figure.

uL 0.5 M sucrose cushion in a polyallomer airfuge tube.

The membranes were pelleted as above and gradient fractions
were analyzed by SDSPAGE. To determine the total
amount of radioactive protein synthesized, the radioactivity
in one of the 1uL calibration aliquots was measured by

standardized by measuring the amount of signal recognitionscintillation counting after precipitation with 10% trichlo-

particle recepton-subunit by western blotting. One equiva-
lent of microsomes is defined as containing 100 fmol of
signal recognition particle-subunit and typically processes
greater than 50% of the preprolactin synthesized in al20
reticulocyte lysate translation reaction (Andrews, 1989).

Phospholipid vesicles (7:8:1:4 phosphatidylcholine/phos-

roacetic acid on GF/C filters (Whatman). To calibrate the
storage phosphor screen used to analyze the gradient frac-
tions, the other luL calibration aliquot was analyzed on
the same SDSPAGE gel as the gradient fractions. A
correction factor used to convert phosphorimager units into
counts per minute was obtained by dividing the phospho-

phatidylethanolamine/phosphatidylserine/cholesterol) wererimager units for the calibration aliquot by the counts per

prepared by extrusion in 10 mM Tris-HCI buffer, pH 7.5,
or in buffer containig 1 M NaCl (Hope et al., 1985).

minute measured for the other calibration aliquot. Thus
guantification of the radioactivity recorded on the storage

Transcription of the plasmids using SP6 polymerase was asphosphor screen from the calibration samples permits

described by Gurevich et al. (1991).
Translation and Membrane Bindingl'ranscription-linked

guantification of the protein in the other lanes. To convert
these values to femtomoles of protein, the total radioactivity

translation reactions were performed as described previouslyin counts per minute was divided by the number of

using rabbit reticulocyte lysate (Andrews et al., 1989). After
incubation at 24C for 60 min, cycloheximide was added
to 20ug/mL to inhibit further translation and the ribosomes
were removed by centrifugation at 30 psi (170,g0@r 15
min in a 30 A-100 airfuge rotor (Beckman).

ATP was removed from translation reactions after the
addition of cycloheximide by incubation with 5 units of
Apyrase (Sigma) at 24C for 20 min. Nucleotides and other

methionines in the molecule and the specific activity of the
isotope was used to convert the radioactivity [after conversion
of counts per minute to disintegrations per minute using the
measured counting efficiency of the scintillation counter
(88%)] into femtomoles. The unlabeled methionine in the
reaction (22«uM) was measured by HPLC. The radiochemi-
cal purity of the labeled methionine was greater than 98%;
thus the total unlabeled methionine in the reaction is

small molecules were removed by passing the translationnegligible. To determine the amount of protein specifically

reaction twice through a 600L Sephadex G-25 (Sigma)
spin column.

bound to membranes, the amount of protein pelleted in a
duplicate tube without added membranes was subtracted from
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the total amount of protein in the bottom fraction. The posttranslationally albeit with lower efficiency (61% and
number of binding sites was determined by Scatchard 20%, respectively) than Cb5 (82%; Figure 1, compare lanes
analysis (Scatchard, 1949). 7—9 with lanes 46 and 16-12). When membranes were
Liposome Binding.Samples containing liposomes were resuspended in translation buffer and incubated for 20 min
analyzed as described previously (Janiak et al., 1994a;in buffer containig 1 M salt, only mT was observed to be
Andrews et al., 1989), except that the gradient steps werereleased from the membranes, demonstrating that for the
composed of 7@L of 0.86 M sucrose in translation buffer, experimental conditions used here membrane binding is
110uL of 0.34 M sucrose in translation buffer, and 40 irreversible (data not shown). Extraction of the resuspended
of translation buffer. The gradient was fractionated into five membranes with 0.1 M sodium carbonate (pH 11.5) con-
fractions (55uL each), with the pellet, solubilized as above, firmed that for Cb5, Bcl-2, and Vampl the molecules
as the bottom fraction. observed to bind to membranes were integrated into the
Gel-Shift Assay.Cysteine residues in the polypeptides Mmicrosomal membranes (data not shown). Although extrac-
were modified by incubation with IASD [4-acetamido-4 ~ tion with sodium carbonate is the standard assay for
[(iodoacetyl)amino)stilbene-22lisulfonic acid] purchased ~membrane integration, there are exceptional examples of
from Molecular Probes. The gel-shift assay was adapted carbonate-resistant peripheral membrane proteins (Young et
from that described by Krishnasastry et al. (1995). Following al., 1996). Therefore, membrane integration was also
termination of translation, 10L of the translation reaction  assayed for Bcl-2 and Vamp1 using the sulfhydryl-modifying
was diluted to 4QuL with 0.3 M Tris-HCI (pH 8.5) and 1  reagent IASD. The putative insertion sequences from Bcl-2
mM DTT or with 0.3 M Tris-HCI (pH 8.5), 1 mM DTT and  and Vampl both contain a single cysteine residue that in
8 M urea buffer. IASD was added to a final concentration the absence of membranes can be modified by IASD. This
of 10.5 mM from a 100 mM stock solution in 18 ™ modification results in a change in electrophoretic mobility
resistance deionized filtered water. As a controlL6of on SDS-PAGE. Although IASD has been reported to not
the diluted reaction was removed before adding IASD. cross the plasma membrane (Krishnasastry et al., 1995), it
Aliquots containing equivalent amounts of the original rapidly crosses the ER membrane. In control experiments
starting material were quenched with DTT at the indicated we have labeled both lumenal proteins and the lumenal
time points and then separated by SEFAGE on either 16%  domains of integral membrane proteins with this reagent
or 12—-18% gradient polyacrylamide gels (Laemmli, 1970). (Falcone and Andrews, unpublished results). However,
The radioactive proteins were visualized and quantified as residues buried in the lipid bilayer of the membrane are not

above. modified, presumably due to the two negative charges on
IASD. After membrane binding, the cysteine residue in the
RESULTS Bcl-2 and Vamp1 insertion sequences was not labeled by

IASD (data not shown), consistent with our other evidence
Microsomal Membranesln cells Cb5 targets specifically that these sequences integrated into the bilayer. Finally, to

to endoplasmic reticulum membranes (Mitoma et al., 1992: confirm that all of the molecules were processed correctly
Zhu et al., 1996), yet in aim »itro assay containing a single ' by our _CeII-free system,.t_he topology of the molecules was
membrane target, Cb5 will integrate into a variety of different determined by accessibility to added protease. After mem-

membranes including liposomes (Enoch et al., 1979). The bgijned binding, all O:; the morllecules Lemzijineqhacr::essible tod
promiscuous membrane integration of Ch5 sé&eniitro added protease and were thus anchored with the expecte

appears to be due to an uncoupling of targeting and topology such that the bulk of the molecule faced the cytosol

integration in cell-free assays because they contain only aldata not shown; see also Janiak et al., (1994a,b)].
single type of membrane. When both ER and mitochondria  Effect of ATP on Membrane Targetinginding of Vamp2
are added together into the same cell-free assay, Cb5(synaptobrevin) molecules synthesized in reticulocyte lysate
accumulates preferentially in ER membranes (Janiak et al.,was previously reported to be ATP-dependent (Kutay et al.,
1994b). Therefore, by providing only a single target 1995). Membrane binding of purified cytochrorbe has
membrane in a cell-free assay, it is possible to examine not been reported to depend on ATP. However, ATP
insertion sequence-mediated membrane integration independependence was not examined when membrane binding was
dent of targeting. previously analyzed for Cb5 synthesized in reticulocyte lysate
The four proteins Cb5, mT, Bcl-2, and Vamp1 share no (Rachubinski et al., 1980; Anderson et al., 1983). Therefore,
sequence homology, but all contain a single contiguous it is equally possible that ATP is a general requirement for
sequence of hydrophobic amino acids near the carboxylinsertion sequence-mediated membrane integration of mol-
terminus of the polypeptide, characteristic of an insertion ecules synthesized in reticulocyte lysate or is specifically
sequence (Figure 1A). When these proteins were translatedequired for Vamp2 membrane binding. To distinguish these
in a reticulocyte lysate cell-free system with 2 equiv of ER possibilities, we investigated whether ATP is required for
microsomes added cotranslationally (data not shown) or membrane binding of Vampl, Cb5 or Bcl-2 molecules
posttranslationally (Figure 1B), all but mT pellet with synthesized in reticulocyte lysate. To remove ATP from the
microsomes during centrifugation over a sucrose cushion.in vitro translation reaction, 5 units of Apyrase was added.
The small amount of mT detected in the bottom fraction After incubation with Apyrase, Vampl membrane binding
(Figure 1B, lane 3) represents only 5% of the total mT used was reduced from 30% to 7% (Figure 2, compare lane3 1
and can be attributed to electrostatic binding to the mi- with lanes 4-6). Furthermore, when all nucleotide triph-
crosomes (see below). As expected, the control moleculeosphates were removed by passing the reaction mix through
Cb5 bound to microsomes very efficiently (Figure 1, lanes a column of Sephadex G-25, binding of Vamp1 was severely
7—9). Bcl-2 and Vampl also bound to ER membranes impaired (3% bound) (Figure 2, lanes-102). Binding was

Binding of Proteins with Putatie Insertion Sequences to
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FiIGure 2: Only Vampl membrane binding requires ATP and a
trypsin-sensitive membrane component. Reticulocyte lysate transla- B
tion reactions (1@:L) for Vampl, Bcl-2, and Cb5 were incubated
with 2 equiv of ER microsomes for 20 min at 2€ (untreated) or
treated as follows. (a) Apyrase: after translation for 1 h, 5 units of
apyrase was added to the translation reactions. After another 30
min incubation, 2 equiv of microsomes was added. (b) Trypsin:
microsomes were digested with/§/mL sequencing grade trypsin

for 1 h onice. Then trypsin was inactivated with PMSF and the
microsomes were washed with high salt before 2 equiv was added
to the translation reactions. (c) G-25: after translation was
completed, small molecules were removed from the translation
reactions by centrifugation through a column of Sephadex G-25.
(d) —mbs: microsomes were not added to the translation reaction.
Microsomes were isolated from the incubations by centrifugation
on sucrose gradients and the gradients were divided into top (T),
middle (M), and bottom (B) fractions.

Bound / Free

Bound (fmoles)

Ficure 3: Binding of Vampl to microsomes. (A) Increasing
also abolished for Vampl when the membranes were amotl)mtts dOf :Eez indi\_/idufal proteins in%rﬁnstlgﬂoog rTerZ%tis?;‘t?O‘r’]"ere
: , . incubated with 2 equiv of microsomes @ h a :
preincubated .Wlth a small amount of trypsflnp_(ﬁlmL) for buffer (30uL) wasqadded to the reaction mixtures and they were
1 h at 0°C (Figure 2, lanes 79). The similarity of these  |ayered on top of a 0.5 M sucrose cushion (%10. Microsomes
results to those previously reported for Vamp2 (Kutay et al., were separated from the reactions by centrifugation at 20 psi
1995) suggests that the mechanism of membrane integratior{11000®) for 10 min at 4°C in an A10-300 rotor in an airfuge
may be similar for Vamp1 and Vamp2. In contrast, neither (Beckman Instruments). After the different factions were separated

leotide triph hate depleti idt in digesti by SDS-PAGE, the total amount of the specific protein loaded
nucleotide triphosphate depletion rmrid trypsin digestion g4 the amount recovered with the pelleted microsomes was

affected membrane binding for either Bcl-2 or Cb5 (Figure measured using a phosphorimager and converted to counts per
2). These results indicate that membrane integration of minute by scintillation counting of duplicate samples after trichlo-

Vamp proteins differs from that of Bcl-2 and Cb5. roacetic acid precipitation of the proteins in the translation reaction.

L . : : B) Scatchard analysis of the binding data. One of two independent
The characteristics O_f Vamp protein membrane integration (ex?oeriments is sho)\//vn. The numbergof binding site was ca?culated
strongly suggest the involvement of a membrane-bound o e 20+ 13 fmol/equiv of microsomes.
receptor protein. If Vamp proteins remain bound to such a
protein, membrane binding of Vampl should be saturable. are expected to result in a slight underestimate of total
To examine saturation of membrane binding and to measureradioactive protein.
the number of binding sites for Vampl, aliquots of Vampl  Given the requirement for both ATP and a trypsin-sensitive
were incubated with 2 equiv of microsomes (approximately ER membrane component for Vamp1 binding to microsomes
200 fmol of SRP receptor). Preliminary control experiments (Figure 2), it was not surprising that binding of this molecule
demonstrated that afte2 h of incubation, binding had to microsomes was saturable (Figure 3). Near the saturation
reached equilibrium, was irreversible, and was diagnostic of point of the binding curve, only 6% as many Vampl
membrane integration (data not shown). Therefore, we molecules bound to 1 equiv of microsomes when compared
assayed Vampl for membrane binding rather than integrationto Cb5 (see below). The reticulocyte lysate used for these
to limit the number of processing steps that unavoidably experiments was depleted of endogenous methionine by gel-
increase the amount of error in the measurements. Tofiltration chromatography prior to use. The unlabeled free
measure membrane binding the molecules were incubatednethionine in the lysate is negligible (22) and the only
with microsomes fp2 h before the microsomes were pelleted other source of methionine in the extracts is the small amount
through sucrose step gradients as above. To permit directof methionyl-tRNA in the nuclease-treated lysate. For this
comparison of the binding characteristics of Cb5, Vampl, reason, measurement of the amount of methionine incorpo-
and Bcl-2 (see below), the radioactivity recorded on the rated into the molecules can be used to calculate a rough
phosphorimager plate was normalized for the number of (under)estimate of the number of binding sites for these
methionines in each molecule. These values were convertednolecules on microsomes. Using this approximation and
to femtomoles of protein by calibrating the phosphor screen Scatchard analysis of two independent data sets (one of which
by scintillation counting of TCA-precipitable material (pro- is shown in Figure 3), we determined that 1 equiv of
tein) in a duplicate sample. The assumptions made to convertmicrosomes contains approximately 2.3 fmol of Vamp1l
counts per minute to femtomoles (see Materials and Methods)binding sites. Although the data clearly demonstrate satura-
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examined for saturable binding to microsomes (Kutay et al., El——l—l--l-lj--l--l
—

1995). Nevertheless, our results suggest that the mechanism i R e e i
of membrane integration of the two Vamp proteins is similar G 1y gt g 1

tion, we were unable to synthesize enough Vamp1 in vitro A
to extend the Scatchard analysis far enough-and there is too

much noise to rule out an additional low-affinity binding

site. In the previous study that reported that Vamp2
membrane binding was ATP-dependent, Vamp2 was not

-
0
0

% of Total
Proteln

0

but unllke_that of Cb5 or Bcl-2. o _ Eclion ST RTE. M BT T M B
Comparison of Membrane Binding Properties of the Proteln gPA GPAMT gPABcl2 QPACDS

Putative Insertion Sequencesin contrast to the other lane 1 2 3 4 5 6 7 89 101 12

molecules examined (Figure 1), mT did not stably bind to

ER microsomes. If the mechanism of membrane integration B

of mT is similar to that of Cb5, we would expect that when
microsomes were the only membranes added to the reaction,
that mT would integrate into the microsomes even if they

--em G-ep-

are not an authentic target membrane for mT. However, if Fracton T M B T M B T MB TBN'I TB'
i i P i i Protein Bcl-2 Bcl BcICbb clm
the mechanism of mT membrane integration is similar to boe 123 485 67806 101112

that of Vampl, it would integrate only into an authentic target pgure4: The carboxyl-terminal hydrophobic sequence of mT will
membrane. Alternatively, if mT binding does not lead to not bind fusion proteins to microsomes. (A) Membrane binding
integration and is reversible, there may be significant assays for gPA and the gPA fusion proteins. As a convenient
cisociaon during the time needed for isolatin of the [CTETCIAAE or i e protene, e T par of i reme
microsomes by centrlfugatlpn. For t_h's reason inefficient reBresents the proteinpfrom which the insertior? sequence was
pelleting cannot be unambiguously interpreted as lack of gerived. Thus, gPACD5 consists of the passenger protein gPA fused
binding. Nevertheless, if transient binding occurs, it does to the insertion sequence from cytochrobaeTranslation reactions
not lead to detectable membrane integration. Finally, mT (10 L) were incubated with microsomes (2 equiv) and analyzed
molecules synthesized in reticulocyte lysate may fold such Py Sedimentation in sucrose step gradients as above. The percentage
that the insertion sequence is not available for membraneOf the total protein synthesized in the translation reaction that was
s ) . ¢ : . recovered from each fraction is shown on the histogram above the
binding or integration. To determine if masking of the autoradiogram. (B) Membrane binding assays for Bcl-2 and Bcl-2
carboxyl terminal sequence is likely within the context of fusion proteins. The cytoplasmic domain of Bcl-2 (amino acids
W||d-type mT' the Carboxy| terminus of mT was rep|aced 1-213, BC|) was fused to the inserti_on sequence from Cb5 (BC|Cb5)
with the corresponding region derived from either Bcl-2 or or mT (BcImT). Translation reactions for these molecules were
. - . analyzed for membrane binding as above.
Cb5. These fusion proteins bound tightly to ER membranes
(data not shown), suggesting that the lack of binding betweennegligible amount but did not reduce membrane binding of
the carboxyl terminus of mT and microsomes is not due to gPABcI-2, gPACb5, Bcl-2, Vampl, or Cb5 (data not shywn
inaccessibility of the sequence in the wild-type molecule. Comparison of the amount of material pelleted (Figure 4A,
To examine this possibility further, we constructed gPA lanes 3 and 6) suggests that pelleting of gPAMT with
fusion proteins containing the putative insertion sequence membranes depends on the presence of the putative mT
from mT, Bcl-2, or Cb5 (Figure 1A). The gPA fusion insertion sequence. Therefore, itis likely that gPAMT folds
partner was selected for this purpose because it has beersuch that the carboxyl-terminal sequence from mT is exposed
shown previously that gPA contains no intrinsic targeting and available for membrane binding. This result suggests
information and that targeting signals placed at the carboxyl that mT membrane integration is not promiscuous and that
terminus are efficiently presented and processed by a varietyfER may not be an appropriate target membrane for mT.
of membrane systems (Janiak et al., 1994a). As expectedNevertheless, it remains possible that gPAmMT folds such that
the control molecule gPA (without an insertion sequence) part of the carboxyl-terminal sequence from mT is masked
did not bind to microsomes (Figure 4A, lanes-3). and membrane integration is thereby prohibited.
Addition of the putative insertion sequence from either Bcl-2  To demonstrate in yet another context that the carboxyl
or Cb5 to the carboxyl terminus of gPA resulted in efficient terminus of mT does not mediate membrane binding of a
membrane binding of the fusion proteins, 73% and 61% fusion protein, we replaced the insertion sequence on Bcl-2
pelleted, respectively (Figure 4A, lanes¥2). Furthermore,  with that of mT (Figure 4B, lanes 1012). The cytoplasmic
membrane binding resulted in integration of these moleculesdomain of Bcl-2, here termed Bcl, can present a functional
as determined by carbonate extraction and IASD labelling insertion sequence, as both Bcl-2 and Bcl-Cb5 bound to
(data not shown). In contrast, the fusion protein with the membranes efficiently, 44% and 41% of molecules pelleted
mT hydrophobic tail bound very poorly to microsomes, with membranes, respectively (Figure 4B, lanes3land
(17%; Figure 4A, lanes46). Thus, the insertion sequences 7—9 compared to lanes4). Nevertheless, Bcl-mT bound
of Bcl-2 and Cb5 are sufficient for membrane integration, to membranes only poorly, 19% pelleted (Figure 4B, lanes
whereas in the same context the carboxyl terminus of mT 10—12). Therefore, unlike Cb5 and Bcl-2, it appears that
binds gPA to microsomes very poorly. the mT sequence itself is not compatible with spontaneous
The small amount of gPAMT pelleted with microsomes membrane insertion. Furthermore, increasing the amount of
appears to be bound to the microsomes electrostatically rathemicrosomes in the reactions from 2 to 4 equiv did not result
than inserted into the lipid bilayer because raising the ionic in an appreciable increase in binding of mT, gPAMT, or
strength of the buffera 1 M NaCl at the end of the BclmT to microsomes. Increasing the amount of microsomes
incubation reduced membrane binding of gPAMT to a in the reactions did increase membrane binding for Vamp1,
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were transferred to airfuge tubes and 1d0of 0.34M sucrose in
translation buffer and 40L of translation buffer were sequentially 120 LI E B B E R R L

layered on top. For binding assays in high salt the phospholipid
vesicles were made in the presenté M KOAc and the translation
reactions and gradient steps were adjustedl M KOAc prior to

the addition of phospholipid vesicles. After centrifugation in an
A100—30 rotor fa 2 h at 30 ps{(17000@®) in an airfuge (Beckman
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Bcl-2, and Cb5 (see below). Taken together, these data

suggest that t.he small ‘amount of gPAmT. and BCIm.T. Ficure 6: Binding of Cb5 and Bcl-2 to microsomes. Translation
observed FO _b|nd tq membranes does so via nOI’]Spec'f'creactions (6QuL) cgontaining increasing amounts of the individual
electrostatic interactions. proteins were incubated with either 1 equid)(or 2 equiv @) of
Binding of gPAMT to Phospholipid Vesicle®ur results microsomes fo2 h at 24°C. Membrane binding was assayed as
suggest that the carboxyl terminus of mT differs from the described above (Figure 3).
Cb5 insertion sequence in that it binds electrostatically to we conclude that the mechanism of mT membrane integra-
microsomes rather than integrating into the lipid bilayer. The tion is different than that of Cb5 or Bcl-2.
small amount of electrostatic binding to membranes seen Mechanism of Membrane Integration of Bcl-2 Is Similar
above may result from binding of the insertion sequence to to, but Distinct from, That of Cb5Unlike Vamp1 and mT,
ER proteins or to membrane lipids nonspecifically. Although the membrane binding characteristics revealed here for Bcl-2
unIiker, it is also possible that proteins on the ER surface (Figures 1, 2, and 4) are very similar to those determined
block access of the mT insertion sequence to the lipid bilayer previously for Cb5 (Enoch et al., 1979; Takagaki et al.,
and thereby prevent spontaneous integration. To examine1983a,b; Janiak et al., 1994b). Previously it was reported
these possibilities, liposomes were added directly toithe  that binding of purified Cb5 to microsomal membranes was
vitro translation reactions and vesicles and vesicle-bound not saturable (Strittmatter et al., 1972To examine satu-
proteins were recovered from the translation reactions by rability of membrane binding for Bcl-2 and Cb5 synthesized
flotation in a sucrose gradient. in reticulocyte lysate, membrane binding curves were
In a buffer of physiologic ionic strength, gPAMT, but not determined as above for Vampl. Binding of these molecules
the control molecule gPA, comigrated with vesicles, con- to microsomes was relatively inefficient with only 23% and
firming that the mT tail sequence can mediate lipid binding 10% of Cb5 and Bcl-2 molecules added to the incubation
(Figure 5). However, when these proteins were incubated bound to membranes after 2 h, respectively. It was possible
with lipid vesicles h 1 M KOAc (Figure 5), very little to synthesize only about 1400 and 550 fmoles of Cb5 and
gPAmMT bound to the liposomes. The sensitivity to ionic Bcl-2 in 100uL of reticulocyte lysate, respectively. There-
strength of the binding of gPAMT to both liposomes and fore an analysis of saturation for even moderately abundant
microsomes strongly suggests that stable binding is due tobinding sites for these molecules is not feasible using
an electrostatic interaction between the insertion sequencereticulocyte lysate. However, binding increased linearly for
of mT and the lipids. Furthermore, electrostatic binding of Cb5 when as little as 40 fmol of Cb5 was added to
gPAmMT to lipid vesicles demonstrates that at least some of membranes (9 fmol bound), up to 330 fmol bound/equiv of
the residues from the carboxyl terminus of mT are suf- membranes (Figure 6). Similarly Bcl-2 binding increased
ficiently exposed to mediate vesicle binding. In these assayslinearly from 4 to 55 fmol (Figure 6). Therefore, it is
only a small amount of gPAMT pellets and is recovered from possible that either the number of Bcl-2 binding sites on the
the bottom of the tube, suggesting that lack of membrane microsomes is in excess of 55 fmol/equiv or that, similar to
binding is not due to the formation of large gPAmMT Cbb5, the binding of Bcl-2 to microsomes is not saturable.
aggregates. These experiments and the microsome bindind o our surprise, the slope of the binding curves for Cb5 and
experiments described above (Figure 4) suggest that the lackBcl-2 doubled when binding was assessed with 2 equiv
of membrane binding observed for gPAmMT is unlikely to instead of 1 equiv of microsomes added to the translation
result from folding of the protein such that the mT carboxyl- reactions (Figure 6). This result suggests that either mem-
terminal sequence is masked by the gPA domain. Hence,brane insertion is a bimolecular event and neither the

Total Bcl-2 (fmoles)
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membranes nor the Cb5 or Bcl-2 molecules are in sufficient

excess to drive the reaction to completion or that an ZZ:

additional equilibrium exists between molecules that are

competent (presumed to be monomeric) and not competent as

(presumed to be oligomeric or aggregated) for membrane 27- g

binding. If the amount of membranes in the reaction affects ——
the equilibrium between molecules competent and noncom- A

petent for membrane assembly, then the slope of the binding 14-

curves would depend on the concentration of microsomes.

Because the microsomes are present in what we assume to

be a large excess of potential integration sites for these F'P‘:EI';’I: T s B T cora B

molecules, we favor the latter possibility. However, it is e 7+ Cb5 but not Bel-2 binds to bhospholivid vesicles

H : H H IGURE [ ut no Cl- Inas to pnospnolip .
also pO.SS'ble that both processes Contrlbut_e to the bmd.mgPhospholipid vesicles were added to translation reactions and
curves in Figure 6. Consistent with there being a competing jncypated at 24C for 15 min. Sucrose was added to a final
equilibrium in the binding reaction, oligomeric forms of Cb5  concentration of 0.86 M, the samples (ZD) were transferred to
were detected in the translation reactions by gel-filtration airfuge tubes, and 116L of 0.34 M sucrose in translation buffer

chromatoaraphy (data not shown) and an equilibrium be- and 40uL translation buffer were sequentially layered on top. After
graphy ( ) d entrifugation in an A10630 rotor fa 2 h at 30 ps{17000@®) in

tween octamers and monomers has been reported prewouslgn airfuge (Beckman Instruments), gradients were fractionated from
for Cb5 molecules in solution (Calabro et al., 1976). the top (T) into five fractions (5%L each), with the solubilized
Furthermore, gel-filtration chromatography suggests that both pellet as the bottom (B) fraction. Translation reactions for the
monomeric and pentameric forms of Bcl-2 are present in proteins are identified below the relevant panels.
reticulocyte lysate tran;latlon re.actlons_('data not shown). DISCUSSION
Nevertheless, aggregation state is not critical for the studies
reported here as both Cb5 and Bcl-2 efficiently bind to  Current models for the membrane integration of proteins
microsomes and comparison of the data in Figures 3 and 6with insertion sequences suggest that these proteins spon-
strongly suggests that the mechanism of membrane integrataneously insert into the target membranes by a mechanism
tion of Bcl-2 is more similar to that of Cb5 than to that of similar to that of Ch5 (Kutay et al., 1993). The driving force
Vampl. Experiments to address membrane binding of for integration is believed to be hydrophobicity. This view
oligomeric and monomeric Cb5 and Bcl-2 molecules are in is largely based on the observation that insertion sequences
progress. are of similar overall hydrophobicity and are invariably

Previous work with Cb5 has shown that the carboxyl- located near the carboxyl terminus of the polypeptide. The
terminal insertion sequence integrates into lipid vesicles carboxyl-terminal location of the sequence dictates that
(Enoch et al., 1979; Takagaki et al., 1983a,b); thus, spon- membrane binding occurs posttranslationally. However, with
taneous insertion into a lipid bilayer in the absence of other the exception of Cb5 there is very little direct experimental
membrane proteins is another characteristic of the prototypicdata on the mechanism(s) of membrane binding for these
insertion sequence. Therefore, we compared binding of Cb5molecules. Here we have used microsomes prepared from
and Bcl-2 synthesized in reticulocyte lysate to liposomes by canine pancreatic ER and phospholipid vesicles to examine
adding the liposomes directly to the itro translation targeting and membrane integration for four proteins with
reactions. As above, vesicles and vesicle-bound proteinsputative insertion sequences: Cb5, mT, Vampl, and Bcl-2.
were recovered from the translation reactions by floatation For at least three of these (Cb5, Bcl-2, and Vampl) there is
in a sucrose gradient. good evidence that ER is laona fidesite for membrane

In a buffer of physiologic ionic strength (Figure 7) or in insertion in vivo (Kutay et al., 1995; De Silvestris et al, 1995;
buffer containig 1 M NaCl (data not shown), Cb5 floated Zhu et al., 1997). While there is evidence to suggest that
upward with lipid vesicles while Bcl-2 did not bind to the mT also binds to ER membranes, this result is controversial
vesicles. Similar results were obtained with liposomes with (Ito et al., 1977; Segawa & Ito, 1982; Zhu et al., 1984;
different lipid compositions (data not shown). Therefore, Dilworth etal., 1986). Our results suggest that, despite these
unlike Cb5, Bcl-2 does not spontaneously insert into lipo- similarities, the mechanisms for membrane integration of
somes. This result suggests that the posttargeting mechanisrnthese four proteins are quite different. The archetypal
of Bcl-2 membrane integration differs from that of Cb5. molecule, Cb5, is the only one for which integration into
Moreover, the lack of binding of Bcl-2 to liposomes brings phospholipid vesicles is efficient (Figures 5 and 7). More-
into question the ultimate disposition of the Bcl-2 insertion over, Vampl and Bcl-2 differ in both the number of binding
sequence. Previously it was suggested that Bcl-2 integratessites on microsomes (Figures 3 and 6) as well as in the
into the bilayer of ER microsomes as it has been shown to requirement for ATP and a highly trypsin-sensitive mem-
be resistant to extraction from membranes with sodium brane component (Figure 2). These results clearly indicate
carbonate, pH 11.5 (Janiak et al., 1994b), the standard testhat membrane integration of Vampl occurs at unique sites
for membrane integration. As described above, we have alsoon the ER membrane rather than at a generic insertion
shown that the cysteine residue in the putative insertion sequence binding site (such as a protein that interacts
sequence is protected from labelling with IASD when the transiently with a variety of insertion sequences to mediate
molecule binds to membranes. Therefore, we think it is integration or a patch of accessible lipid).
unlikely that the carboxyl-terminal insertion sequence of In contrast to these molecules, only electrostatic binding
Bcl-2 binds unusually tightly to an abundant ER resident to microsomes was observed for mT (Figure 2). Our results
protein (in excess of 55 fmol/equiv) rather than integrating also demonstrate that the carboxyl terminus of mT is
directly into the lipid bilayer. sufficient to mediate electrostatic binding to ER microsomes
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and phospholipid vesicles (Figures 4 and 5). In addition, binding, suggesting that the putative Vamp receptor is very
we provide two lines of experimental evidence that suggest sensitive to the protease. Moreover, Vampl receptors are
that the lack of membrane integration for mT and fusion moderately abundant as the number of Vamp1 binding sites
proteins containing the hydrophobic carboxyl terminus of on ER microsomes was roughli that of signal recognition

mT is unlikely to result from masking of an otherwise particle receptors on the same membrane (Figure 3). Al-
functional insertion sequence by the rest of the molecule. though the number of binding sites has not been determined
First, when other insertion sequences were used to replacdor Vamp2, comparison of our results with those previously
this segment of mT, the resulting fusion proteins (mTBcl-2 published for Vamp2 suggests that both Vamps may be
and mTCDb5) bound to microsomal membranes (data notintegrated into microsomes by a common pathway that is
shown). Thus it seems improbable that (mis)folding of the distinct from that used to integrate other proteins with
cytoplasmic domain of mT masks the hydrophobic carboxyl insertion sequences. It is possible that Vampl and Vamp2
terminus of the protein. Second, when fused to gPA or the define what may be a larger family of proteins that share a
cytoplasmic domain of Bcl-2 the mT insertion sequence did common receptor on the ER membrane. Studies to address
not mediate membrane binding of the fusion proteins. this possibility are underway.

Nevertheless, the insertion sequences of Cb5 and Bcl-2,

integrated into membranes in the same context, suggestingCcONCLUSIONS

that lack of integration of g°PAmT and BclmT was not due
to the rest of the molecule interfering with membrane binding

via the mT hydrophobic domain (Figure 4). . o .
The simplest explanation for all of this data is that, unlike responsible for correct subcellular localization of proteins
' with carboxyl-terminal insertion sequences. At one extreme,

Cb5 and Bcl-2, the hydrophobic carboxyl terminus of mT i
does not directly inse?{[ intE)J membranes.yThe mT sequencefexempIIerd by Cb5 (and to a lesser extent Bcl-2), membrane

is more hydrophobic than that of either Bcl-2 or Cb5 [59 integration occurs spontane(_)usl_y and nonsaturably. There-
compared to 37 and 31, respectively, using the Kyte fore, correct subcellular localization of these molecules must

: I ; ; be determined primarily by targeting. If Cb5 molecules were
Doolittle hydropathy indices (Kyte & Doolittle, 1982)]. This . :
result is not consistent with the conclusion of Whitley et al. to diffuse freely in the cytoplasm, they would undoubtedly
(1996) that hydrophobicity alone governs the membrane integrate into many subcellular membranes. At the other

integration. In those experiments the membrane binding of extre:ner,n L/amp mncilercr:]lélresn Ci(rjlfrjldr c:ilffrl:iser fre?'}(’ dm Tt::er i
Vamp2 was shown to be insensitive to substitution mutations cytoplasm because membrane integration is regulated. There

in the hydrophobic portion of the insertion sequence. fore, active targeting may improve the efficiency but is

However, saturation of membrane binding was not examined predicted not to be essential for correct subcellular localiza-
for Vamp2 or for the mutants. Therefore, it is not clear if tion of Vamp molecules. We suspect that mT targeting falls

the mutants used the same membrane assembly mechanismt0 thi; latter category and that ER microsomes are not an
as the wild-type molecule. authentic target for mT molecules.

Another difference between the mT sequence and the other Proper intrace'llula'r .Iocalization as mediated by the inser-
insertion sequences is that the mT sequence is flanked withfion seéquences is critical to the function of mT, Bcl-2, and
positively charged amino acids (four amino- and three Vampl. Truncation of_th_e mT insertion sequence abt_)ll_shes
carboxyl-terminal of the hydrophobic core of the putative both membrane association and the tra_nsformmg activity of
insertion sequence, Figure 1A). In contrast, Vamp1 containsthe protein in transfected cells (Carmichael et al., 1982).
six positively charged amino acids at the amino terminus, Furthermore, relocalization of mT to the ER by replacing
while Cb5 has three charges (two negative and one positive)the insertion sequence with that from Cb5 abolishes the
at the carboxyl terminus of the insertion sequence. It is not transforming activity of mT (Zhu, Taylor, and Andrews,
clear what role any of these charged residues may have ingnpubllshed results). Similarly, delen_on_of the Bcl-2 inser-
mediating membrane integration. Nevertheless, it seemstion sequence abolishes membrane binding and dramatically
likely that either ER is not the appropriate target membrane "€dUces antiapoptosis activity (Hockenbery et al., 1990; Zhu
for mT and that a receptor on the correct target membrane®t @l-, 1996). Finally, in its role as a v-snare, appropriate
will facilitate insertion of mT directly into a lipid bilayer or ~ Subcellular localization of Vamp1 is believed to be critical
that a soluble protein not present in our translation systemfor its function in exocytosis [reviewed in Bennett & Scheller
is required to facilitate targeting and insertion of mT. (1994)].

However, testing these possibilities awaits unambiguous The role of specific localization of Cb5 is less obvious.
identification and isolation of the site of initial subcellular In rat liver, correct targeting of the ER- and mitochondrial
localization of mT (Zhu et al., 1997). specific cytochromédds isoforms is mediated by organelle-

Unlike mT, Vamp1 bound to microsomal membranes in SPecific insertion sequences present on the two molecules
vitro. Furthermore membrane-bound Vamp1 molecules were (De Silvestris et al., 1995). However, separate ER and
not extracted by sodium carbonate, pH 11.5, and membranemitochondrial isoforms have only been reported in rat liver.
binding protected the cysteine in the Vampl insertion Therefore, a certain amount of mistargeting of Cb5 may be
sequence from labelling with IASD (data not shown), tolerated in most cells and the selective pressure for
confirming that the insertion sequence is integrated into the regulation of localization required for the evolution of a more
lipid bilayer. Vampl membrane binding required both ATP  complex mechanism of membrane integration may be absent.
and a trypsin-sensitive membrane protein (Figure 2). Rela- By comparing directly the mechanisms of membrane
tively few ER proteins are sensitive to degradation with 0.5 integration of mT, Vampl, and Bcl-2 with that of Cb5, we
ug/mL trypsin at °C (Andrews et al., 1989), yet this amount have clearly demonstrated multiple mechanisms for mem-
of trypsin was sufficient to abolish Vampl membrane brane integration of these molecules. However, the similarity

Together our results suggest that, contrary to current
published models, there are at least two different mechanisms
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revealed for membrane integration of Vampl and Vamp2 Kutay, U., Ahnert-Hilger, G., Hartmann, E., Wiedenmann B., &

also suggests that families of proteins with insertion se-
gquences may follow common pathways. Elucidation of these
pathways may lead to new insights into a fundamental
cellular process and uncover new possibilities for therapeutic

intervention.
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