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ABSTRACT. Apoptosis regulators of the Bcl-2 family associate with intracellular membranes from
mitochondria and the endoplasmic reticulum, where they perform their function. The activity of these
proteins is related to the release of apoptogenic factors, sequestered in the mitochondria, to the cytoplasm,
probably through the formation of ion and/or protein transport channels. Most of these proteins contain
a C-terminal putative transmembrane (TM) fragment and a pair of hydrophdi®tices (5—a6) similar

to the membrane insertion fragments of the ion-channel domain of diphtheria toxin and colicins. Here,
we report on the membrane-insertion properties of different segments from antiapoptotic &udx
proapoptotic Bax and Bid, that correspond to defimetlelices in the structure of their soluble forms.
According to prediction methods, there are only two putative TM fragments in Belrd Bax (the
C-terminala helix ando-helix 5) and one in activated tBidi{helix 6). The rest of their sequence, including

the second helix of the pore-forming domain, displays only weak hydrophobic peaks, which are below
the prediction threshold. Subsequent analysis by glycosylation mapping of eiffitgix segments in a

model chimeric system confirms the above predictions and allows finding an extra TM fragment made of
helix al of Bax. Surprisingly, the amphipathic helice6 of Bcl-x. and Bax andx7 of Bid do insert in
membranes only as part of tlked—o6 (Bcl-x. and Bax) ora6—a7 (Bid) hairpins but not when assayed
individually. This behavior suggests a synergistic insertion and folding of the two helices of the hairpin
that could be due to charge complementarity and additional stability provided by turn-inducing residues
present at the interhelical region. Although these data come from chimeric systems, they show direct
potentiality for acquiring a membrane inserted state. Thus, the above fragments should be considered for
the definition of plausible models of the active, membrane-bound species of Bcl-2 proteins.

The large group of proteins named Bcl-2 family (pB&l2) and endoplasmic reticulum membranes, as in the case of
are regulators of the release of apoptogenic factors from theBcl-2 (3, 4, 5), or specifically to the mitochondrial outer
mitochondria ). Members of this family can be divided in  membrane (MOM), as in the case of Bgl{6). In contrast,
three types, depending on their function and on the presenceypical proteins from the two proapoptotic types, like Bax
of different Bcl-2 homology domains, known as BHBH4 and Bid, are normally found soluble in the cytoplasm but,
(1, 2). Type-l pBcl2s, like Bcl-2 and Belx contain all four  at the onset of apoptotic stimuli, migrate to the MOM and
BH domains and have an antiapoptotic function. Type-Il, promote the release of cytochromand other apoptogenic
like Bax and Bak, promote apoptosis and present domainsfactors {—9).

BH1, BH2, and BH3, while type-Ill, like Bid and Bad, have

also a proapoptotic effect but contain only domain BH3.
Multiple lines of evidence connect the function of these
proteins to their subcellular localization and their association
with membranes. Thus, antiapoptotic, type-I pBcl2s are tail-
anchored at the cytoplasmic side of mitochondrial, nuclear,

The molecular mechanism of apoptosis regulation by
pBcl2s is largely unknown, although there are a few well-
accepted ideas in most proposed models. First, the antago-
nistic effect between pro- and antiapoptotic members of the
family is thought to be connected to their ability to interact
with each other through the BH3 domain of types Il and Il
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Bid involves processing by caspase 8 to produce a C-terminaldirected and deletion mutants prove the implication of the
active form (tBid) @3, 24). Third, once in the mitochondrial  a-helices 5 and 6 in the ion-channel activity, cytotoxicity,
membrane, the type-Il pBcl2s form oligomers, which may release of cytochromg and apoptosis induction/regulation
function as transmembrane (TM) pores and allow exit of of pro- and antiapoptotic proteind, 62—64). However,
cytochromec to the cytoplasm45—27). the generally assumed colicin-like model implies TM-
Together with these established ideas, there are importanispanning insertion of both theb ando6 fragments, of which
opened questions. The mechanism of activation, targeting,there is only indirect or incomplete eviden@&@3{66). This
and insertion of type-Il pBcl2s is unknown. Thus, there is is especially important because the above segments contain
controversy about the mitochondrial targeting signal of Bax, a significant number of (potentially) charged residues, which
which has been reported to be both at the N5, £8) and should in principle impose restrictions to a membrane-
C-terminal (7, 29) regions. Activated BH3-only proteins, inserted state 63). It is also unknown whether other
like tBid, and the mitochondria-specific lipid cardiolipin seem fragments participate in the formation of the channel.
to collaborate in the translocation proce36,31), but how Undoubtedly, a better knowledge of the interaction of pBcl2s
this is achieved is still not known. Also, the existence of with lipid bilayers is needed to define consistent models of
specific protein receptors at the mitochondrial membrane hasthe functional structures of these proteins.
been proposed but not yet demonstrat&?l 83). When the In this paper, we have studied the membrane-insertion
fact that oligomeric type-1l pBcl2s form pores in the MOM  properties of different fragments from Bcl;XBax, and Bid.
is admitted, it is not clear whether these pores are made onlyWhen the sequences of these proteins are analyzed, TM
of pBcl2s @5, 34—37) or a combination of them with other  character of various degrees can be predicted for different
mitochondrial pores, like components of the permeability hydrophobic segments, which correspond to definéelices
transition pore (PTP) compled8—41). Additionally, Bax in the structure of their soluble forms. Among them, we find
and Bak have been found recently at the ER membrane,the first o helix of the proposed pore-forming hairpins of
where they control apoptosis initiation dependent on the Bcl-x,, Bax, and Bid, but not the secord helix of these
activation of caspase 127%). This new apoptotic pathway domains, which appears to be too polar to be defined apriori
appears to be connected with the regulation of intracellular as a TM fragment. However, a transcription/translation/
calcium fluxes 43, 44). With respect to the molecular insertion assay by glycosylation mapping in fusions of an
mechanism of inhibition of apoptosis by type-l pBcl2s, itis engineered model membrane protein derived from leader
also a matter of debate, and various schemes, apart from theeptidase oEscherichia coli(Lep) manifests the capacity
already mentioned BH3-dependent heterodimerization, haveof the complete helical hairpin to insert across biological
been proposed. These include inhibition of mitochondrial membranes, while we also find insertion for other fragments

pores through direct proteirprotein interaction 40, 45), of low hydrophobicity. This paper provides the first evidence
countering the effect of Bax channelgf, and control of that hydrophobic segments, other than the C-terminal tail of
C&" homeostasis at the level of the ER7( 48). Bcl-x., from paradigmatic pBcl2 proteins, can indeed insert

To answer these open questions, structural information across the membrane. The information reported here is a step
about the pBcl2s in the membrane is needed. The structuregorward toward the definition of reliable molecular models
of water-soluble forms of Bclx(49, 50), Bcl-2 (51), Bax for the active structures of regulators of apoptosis from the
(52), and Bid 63, 54) have been solved. Despite the opposing Bcl-2 family.
roles of these proteins, they all show a remarkably similar,
predominantlyo-helical structure. Moreover, this structure EXPERIMENTAL PROCEDURES
resembles that of the pore-forming domain of colicins and  pagiction of TM SegmentShe sequences of Bcl-xBax,
diphtheria toxin, where two central predominantly hydro- o4 gig were analyzed for possible TM segments with the
phOb'CO.L helices,a5 anqu of Bel-2, Bel-x, and Bax (6 help of TopPedIl §7) and DAS €8). A search for possible
anda in the case of Bid), are surrounded by a group of gjgna| pentidase cleavage sites was made with the help of
am_phlpathlc ones4@, 59). By a_nalogy with the COI!C'n‘Qf’ for SignallP 69). These programs were used via the Internet
Wh'c.h the mec_hanlsm_ of action has been studied in morethrough available serverand using standard parameters.
detail 65, 56), it was immediately proposed that the two Enzymes and ChemicaRlasmid pGEMZ, RiboMAX SP6
centrala helices might be responsible of the formation of RNA polymerase system, and rabbit retiCl’JIocyte lysate were
TM pores @9), and this idea was indeed supported by g, Promega (Madison WI)318]Metwas from Amersham
measurements of ion-channel activity _in synthetic lipid BioSciences. The PCR burifi.cation and RNeasy RNA clean
membranes for Belx Bcl-2, Bax, and Bid §4-36, 57). up kits were from Qiagen (Hilden, Germany). The PCR

Subsequent data support pore formation as part of themutagenesis kit QuikChange was from Stratagene (La Jolla,
regulatory mechanism of the pBcl2s. Thus, oligomeric pores CA). The oligonucleotides were from the Isogen Bioscience
made by Bax are able to conduct the exit of cytochrame (Maarssen, The Netherlands)

from large lipid vesicles31, 58). Additionally, the possible Construction of Lep/pBcl2 Fusionkep/pBcl2 chimeras

importance of pore formation in the regulation of apoptosis were constructed through replacement of the H2 TM frag-

redistovery of connections between the regulation of apo- e OFLep (aino acd residues 591 by fragments from
ptosis and ER C4 homeostasisd2, 44, 59—61). Bcl-x., Bax, or Bid. The plasmids encoding LepQf, and

Despite the wealth of circumstantial evidence in favor of — — _
2URL localization of prediction methods used for this study:

the TM Cha.nr?el hyp.OtheSIS.’.lt has not bgen possible to TopPredll, http:/bioweb.pasteur.fr/seqanallinterfaces/toppred.html; DAS,
conciliate this idea with a unified model, valid for pro- and  http:/amww.sbe.su.se/miklos/DAS/maindas.html; SignallP, http://

antiapoptotic functions. A number of studies based on site- www.cbs.dtu.dk/services/SignalP.
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the Lep*t! version of this proteinq1) were obtained from
G. von Heijne (Stockholm University). DNA sequences
encoding human Bclixand mouse Bax were obtained from
G. Nufez (University of Michigan Medical School), and a
construct of human Bid was provided by X. Wang (Univer-
sity of Texas Southwestern Medical Center). Selecte

Garéa-Saz et al.

buffer, followed by vortexing, incubation on ice for 30 min,
and phase separation as before. The proteins present in the
aqueous and detergent-rich fractions were finally precipitated
in acetone and analyzed by 12% SBSAGE.

g RESULTS

hydrophobic fragments of these proteins were amplified by  Prediction of TM Fragments of Bcl-xBax, and Bid.

PCR using forward and backward primers containing ap-

Interaction of pBcl2s with lipid membranes most likely

propriate restriction sites. The PCR products were purified, involves insertion of hydrophobic protein segments, apart
digested, and ligated to the corresponding Lep vectorsfrom the already well-characterized C-terminal tail of Bcl-
digested with the same enzymes. All constructs were x; and the analogous C-terminal segment from Bax. To

confirmed by DNA sequencing.

In Vitro MutagenesisFor the Bcl-x “>6[FE8] fragment, the
nucleotide codons for residu&$lle-Ala-Ala®® (numbering
from the full-length human Bcl¥} were changed to Glu
codons. For the Bcl#SC15Wl and Bcl-x ®5e6IEEEICISIW]

localize all possible TM fragments, the sequences of Bcl-
XL, Bax, and Bid were analyzed by using two prediction
methods based on different principles. TopPréd, (78)
performs essentially a hydropathy plot and requires no
statistical parametrization. DA%®), on the other hand, is

fragments, the codon corresponding to C151 was changedbased on the comparison of the query sequence with a set
to a Trp codon. The QuikChange kit (Stratagene) was usedof known, nonhomologous membrane proteins and relies on
according to the protocol of the manufacturer. Mutations the principle that the amino acid composition of TM

were confirmed by DNA sequencing.
In Vitro Transcription and Translation in Reticulocyte

fragments is more conservative than their sequence itself.
The results of the predictions made with these two methods

Lysate.In vitro transcription of Lep constructs was done as for the three pBcl2s studied in this paper are shown in Figure

previously reported 742, 73). The reaction mixtures were
incubated at 37C for 2 h. The mRNAs were purified using

1. Using the standard cutoff values of TopPred and the Kyte
and Doolittle hydrophobicity scal@9), this program predicts

a Qiagen RNeasy clean up kit and verified on a 1% agarosetwo certain TM segments in the case of Bcl-Xresidues

gel.

136-156 and 212232, Figure 1A), twocertain TM

In vitro translation of the synthesized mRNA was done segments in the case of Bax (residues-10Z7 and 176

in the presence of reticulocyte lysaté®J]Met, and dog
pancreas microsomes as described previoudgy73). After
translation, the samples were analyzed by 10% SPAGE.

190, Figure 1B), and oneertain (residues 145165) and
oneputative (residues 16:30) TM segments in the case of
Bid (Figure 1C). The qualifications asertain or putative

Assays were repeated in the presence of either a glycosylatiorcorrespond to the standard output of TopPred and depend

acceptor tripeptide Ac-Asn-Tyr-Thr-NH AP, or a non-
acceptor tripeptide Ac-GIn-Tyr-Thr-NkINAP (33 uM in
both cases)73). For the Lep/Bcl-x*>, Lep/Bax®, Lep/BidS,
and Lep/Bcl-x*>[EEE] constructs, the inhibitor of the
mammalian signal peptidagé-methoxysuccinyl-Ala-Ala-
Pro-Val-chloromethyl ketone, ISP (2 mM), from Sigma
Chemical (St. Louis, MO) was used in control-reaction
mixtures {4).

Alkaline Wash, Urea Treatment, and Triton X114 Parti-
tioning. Alkaline extractions were performed according to

on the default cutoff hydrophobicity values of the program
(67) (see the Experimental Procedures and Figure 1). When
predictions were made with DAS (parts1B of Figure 1),
most probable TM segments were found to include residues
140-150 and 216-229 for Bcl-x, residues 118122 and
172-185 for Bax, and residues &5 and 148-157 for

Bid, which basically coincide with the TopPred prediction.
The DAS profile is better resolved and shows an additional
peak with significant TM propensity for a segment centered
around residue 170 in the case of Bel-Rdditionally, there

ref 75, and urea treatments were performed according to ref are five peaks with DAS score values below the lower cutoff,
76. Briefly, after translation, mixtures containing microsomes although they are probably still significant. These are

were added to 4 volumes of either 100 mM,8&; (pH
11.5) @ 4 M urea (in 35 mM Tris-HCI at pH 7.4 and 140
mM NaCl buffer). The NagCO; and urea samples were
clarified by centrifugation at 30@and 4°C for 10 min,

centered around residue 12 for Bgl-xesidues 27 and 139
for Bax, and residues 106 and 174 for Bid.

Interestingly, all hydrophobic fragments mentioned above
almost coincide with defined. helices in the structures of

and membranes were collected by layering the supernatansoluble forms of Bcl-x, Bax, and Bid (Figure 2). Thus, the

onto a 50«L sucrose cushion and centrifugation at 100900
for 20 min at 4°C. Finally, the pellet and supernatant were
analyzed by 10% (N&Os-treated samples) or 12% (urea-
treated samples) SDSAGE.

The Triton-X114 partitioning experiments were performed
according to ref76. A total of 15uL of hydrated Triton-
X114 were added to 14&L of the translation reactions

hydrophobic C-terminal segment of Bax corresponds to
o-helix 9 in the structure of this protein. Bc|-xhas an
analogous C-terminal fragment, which was absent in the
modified form of this protein used for the structure deter-
mination @9). This C-terminal tail is considered to form a
TM anchor that, together with flanking basic amino acids,
direct specific association of Bcl-xo the MOM ). The

containing microsomes, and the mixtures were incubated for second probable TM segment of Bax and Bckgrresponds
30 min on ice. The incubated Triton-X114 samples were to the central hydrophobie-helix 5, found in the structure

equilibrated at 37C for 10 min to allow development of
aqueous and organic phas&§)( These phases were then
separated by centrifugation at 10@0& room temperature.

of both proteins. Adjacent to itge-helix 6 is much less
hydrophobic, especially in the case of Bax, because of the
abundance of charged residues, which gives these segments

Subsequently, the lower, detergent-rich fraction was washedan amphypathic character. With respect to Bid, the first
two times by addition of 10 volumes of fresh detergent-free hydrophobic segment of this protein is the fisshelix found
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Ficure 1: TM potency of the sequences of BglyBax, and Bid as determined by prediction methods. (A) B¢lfB) Bax, and (C) Bid

are hydrophobicity plots made by using TopPreda@r)(with default parameter settings. The horizontal lines indicate cutoff values for
“certain” (—) and “putative” (- - -) TM fragments. (D) Bclx (E) Bax, and (F) Bid are DASE6@) score profiles. Horizontal lines in this
case correspond to score values of 2A) éand 1.7 (- - -), which indicate high and low potential, respectively, in TM segments.

in its structure and the second correspondsxtbelix 6, function as an anchoring tail that attaches this protein to the
which is analogous ta-helix 5 from Bcl-x and Bax. Each ER and outer mitochondrial membran&sg). As expected,
of these two segments belongs to a different fragment amongwhen we assay the C-terminal putative TM segment from
the two formed after processing of Bid by caspase 8. Finally, Bcl-x,. (Lep/Bcl-x ¢t construct) in the presence of ER
we will consider four additional fragments that show low microsomes, we observe the appearance of a new-SDS
but probably significant DAS TM propensity. These roughly PAGE band corresponding to an increased molecular weight
coincide with a-helix 1 from both Bcl-x and Bax and  of the protein (lane 2 of Figure 4A). This band shift is due
a-helices 4 and 7 from Bid. to glycosylation of Lep P2 at the lumenal side, because it
Testing Membrane Insertion of pBcl2 Fragments: Mem- attenuates with the use of a specific inhibitor of the
brane Insertion of Single Helix Bck¥ragmentsGlycosy-  microsomal glycosyltransferase (acceptor peptide, AP; lane
lation mapping in a transcription/translation/insertion assay 3 of Figure 4A), demonstrating TM insertion of the assayed
has been employed before to study insertion and topology cl-x, ¢t sequence in the context of the Lep/BeRschimera.
of putative TM fragments in ER microsomal membranes Notably, modification of the fusion protein was not quantita-
(80). It consists on the use of a model, engineered TM protein tjye which we attribute to incomplete or heterogeneous
derived from the leader peptidasef coli (Lep), with an  gfficiency of the translocation/glycosylation machinery. No
N-terminal TM fragment (H1) followed by a highly posi- gy antitative modifications are often observed in these types
tively charged loop (P1), a second TM segment (H2), and & 4t gy periments for putative TM fragmentgd—74, 82). We
soluble C-terminal domain (P2) with an engineered glyco- g,,14 also keep in mind that physiological membrane
sylation acceptor site (F'gl.“'re SA)' The flanklng reg|0ns'of insertion of Bcl-2 proteins occurs post-translationally through
the H1 fragment direct the insertion of the protein according a hitherto unknown mechanism independent of the ER

:)Or';rr:tee dﬁgs'g\rlg theSIld?ne:]ue{?S%L’ (;I;”ttﬁetrr;e'crNos:)enr*nne“sm{rsh S translocon 83), which can be an additional reason for
! W u ; : - ' incomplete modification in this case. Nevertheless, because

_the protein will be glycosylated on!y when the fragment H2 the TM character of this fragment offers no doubt §),
inserts in the membrane, exposing the P2 glycosylation ; . )
; : the results of Figure 4A can be considered as an internal
domain toward the lumen (Figure 3A). In such a system, " .
. . positive control throughout this paper.

the potential of a sequence to function as a TM segment _ o '
can be tested by using it in place of the H2 fragment of Lep, ~ When a fusion containing the-helix 5 from Bcl-x_ (Bcl-
in vitro transcribing and translating the corresponding X.*°) was assayed, a band corresponding to a slightly lower
chimera in the presence of ER microsomes, and finally molecular weight was obtained in the presence of mi-
checking for possible glycosylation through the observation crosomes (lane 2 of Figure 4B). This behavior suggest that
of a ~2-kDa increase of expected molecular weight by digestion of the Lep/Bcl¥* chimera is taking place.
SDS-PAGE (Figure 3B). Treatment with AP allows the observation of an even lower

On the basis of the predictions made by TopPred and DAS, molecular-weight band, demonstrating that the processed
different peptide segments from Bgl;xBax, and Bid were  protein was also glycosylated (lane 3 of Figure 4B) and
selected for their analysis of membrane insertion using Lep indicating that the domain P2 was translocated to the lumen
chimeras (see Figures 1 and 2). The C-terminal hydrophobicof the microsomes through insertion of the Betxsegment
segment of type-l1 Bcl2s has been previously shown to across the membrane.



10934 Biochemistry, Vol. 43, No. 34, 2004 Garca-S&z et al.

Bel-x,
al as
______ (909000008990 090.0 08
'MSQSNRELVVDFLSYKLSQKGYSWSQFS®® ———————————
ab ab'
- PTKEMQVLVSRIAAWMATYLNDHLEPWIQEN?®® ————— POFPNRWFLTGMTVAGVVLLGSLFSRK?3? —
.|
Bax ol
— ®QIMKTGAFLLQGFIQDRAGRMAG"Y ————————————— MOy VALFYFASKLVLKALCTKVEE!? —
o6 a6’ of
OO0 ... L [09909060.58080 8080010
12LIRTIMGWTLDFLRERLLVWIQDY® ——— - —— IESGTPTWQTVT IFVAGVLTASLT IW*®®
I
Bld ol o3 o4 s
..... SO ... Q... ... R0
— PRDECITNLLVFGFLQSCSDNSF* —-——————————— “*DRSIPPGLVNGLALQLRNTSRSEED'® —
I
o o7
AAAAA COOLLLLLLO0OLN0 ... OO0OOACOAE0 ... Q
— MKEKTMLVLALLLAKKVASHTP'®* 8T, **LRDVFHTTVNF INQNLR'® —
|

FIGURE 2: Schematic representation of the sequences lnélical segments from Bclrx Bax, and Bid. Only the segments studied in this

paper are represented, with numbers in superscript indicating the first and last residue of assayed fragments (numbering corresponds to the
full-length proteins). Positions af helices are as reported for the structures of water-soluble forms of these prd@ibg,(53). In the

case of the C-terminal tail of Bclrx the a-helix structure is hypothetical, because this fragment was deleted in the protein used for the
structure determinatiord@). Possible TM segments, according to the TopPre®T) &nd DAS 68) predictions, are indicated below the
corresponding sequences as gray (TopPred Il) and black (DAS) horizontal bars.

Observation of cleaved Lep chimeras in a similar assay latter cases, neither glycosylation nor cleavage was observed
has been previously reported, and it has been attributed to(parts D and E of Figure 4), indicating that none of the
the activity of the microsomal signal peptidag&,(82). In corresponding assayed fragments inserts across the microso-
agreement with this possibility, using an inhibitor of the mal membrane. This result is especially significant in the
mammalian signal peptidase (ISP) abolished digestion of case of Bcl-x®6, because according to the colicin-like model,
Lep/Bcl-x *5, and a faint band corresponding to full-length it is part of the proposed membrane-insertion domain.
glycosylated Lep/Bcl-x*® is now observed (lanes 5 and 7 Testing TM Insertion of the5—a6 Hairpin from Bcl-x.
of Figure 4B). Interestingly, glycosylation is much more ajthough the absence of insertion for Bglekis in agreement
efficient after protein cleavage, because it has been observegyith the predicted low-TM propensity (see Figure 1), it
before for a similar case3@). Although processing sites for  prompted us to question whether the surrounding protein
signal peptidases usually contain low stringent sequencescontext had an influence in the insertion tendency of this
SignallP 69) allowed us finding a possible cleavage motif sequence. To test this possibility, a fragment corresponding
within the Bcl-x*> segment, consisting on the sequence tg the a5—a6 hairpin (Bcl-x%5%) was assayed. As shown
ALC*VE (numbering corresponding to full-length Ba)x in Figure 4F, no glycosylation is observed for the Lep/Bcl-
Involvement of this motif in the processing of Lep/BeltX  x asas chimera. This result is ambiguous, because both the
was tested by site-directed mutagenesis. As shown in Figuresimultaneous absence of insertion (Figure 4l) and the
4C, replacement of C151 by a tryptophane allows the simultaneous insertion (Figure 4J) of the two helices of the
observation of a normal-length glycosylation band, while hairpin can give rise to the observed pattern. The second
processing is now almost completely impaired. All together, possibility was challenged by assaying a mutant of Lep/Bcl-
these data indicate that Bc[® can act as a TM fragment,  x «56 where three hydrophobic residues from the center of
at least in the context of the Lep/Bcl#® chimera. a-helix 6 were replaced by glutamates (Lep/Bct6IEEE]

The sequences corresponding todtikelices 1 and 6 from ). Such a mutation should avoid insertion afhelix 6,
Bcl-x. (Figure 2) were also tested for insertion in the Lep/ without affecting insertion oft-helix 5 (73). In this case, a
Bcl-x ! and Lep/Bcl-x®® fusions. However, in these two pattern similar to the one obtained for Lep/BgkX is
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Ficure 3: Topology of Lep and scheme of a glycosylation-mapping F — . Lep / Bel-x*5%6
experiment. (A) TM fragment H1 inserts with the N terminus toward i L
the lumen of microsomes. Assayed putative TM fragments are o :
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Lep / Bel-x{*

s [EEE
Lep / Bel-x2526 [EEE]

Lep / Bcl-)(fmé [EEE][C151W]

Membrane Expected
insertion pattern SDS-PAGE pattern
observed (Figure 4G), consisting of lower molecular-weight
bands because of cleavage and glycosylation of the trans-  lumen N — 4+ microsomes
located C-terminal domain. Again, a C151W mutant of the | H1 —_
latter construct (Figure 4H) proves that cleavage occurs at P2
the ALCWE motive of a-helix 5, most likely by the
microsomal signal peptidase, and the pattern represented ir o5 06
Figure 4K is observed. These data indicate that the absence  wmen "
of glycosylation in the case of the Lep/Bal*)*® chimera J nill osh b s ‘ —_—
was due to the simultaneous insertionoohelices 5 and 6 :
(Figure 4J). Although with this topology, the ALEVE P2

motive could be accessible for processing, the different
protein context, with respect to the single-fragment construct
or the Lep/Bcl-x*>*6[EEEl mutant, or structural restrictions
imposed by a tight turn in the hairpin might render this case  lumen
unfavorable for signal peptidase cleavage. K ‘

Additional support for the capacity of the Bc|#%*5
hairpin to insert into microsomal membranes came from the
use of a modified version of Lep, where the H1 TM fragment FIGURE4: SDS-PAGE analysis of Lep/Bclxconstructs. Fusions
has been deleted and a second glycosylation site has beelyere expressed and labeled witfPSimethionine in vitro in

. 1 e . reticulocyte lysate in the absence (lane 1) and presence (largs 2

added in the P1 loop (Lég", Figure 5A) (71). In this case,  of gog pancreas microsomes. Glycosylation gives rise to a higher
when H2 is replaced by a hairpin of two potential TM molecular-weight band (marked with an arrowhead), which intensity
fragments, the insertion of only one of them can be clearly is substantially reduced in the presence of an AP (lanes 3 and 6).

distinguished from the insertion of the two (parts-B of A NAP is used as a control (lanes 4 and 7). In B andGndicates

; . . 506 £ 1ci a processed and glycosylated product @nitidicates a processed
Figure 5). The transcnptlon of the Lé’.ﬁ/E.’CI ).(La ’ qu|or_1 and nonglycosylated product. Processing is prevented in the
gave no glycosylation (not shown), indicating that neither presence of an inhibitor of the signal peptidase, ISP (lares&

the P1 nor the P2 glycosylation sites were accessible at theB) or by mutating residue C151 into a tryptophane (C and H). |
inside of the microsomes. To rule out the possibility that represent possible membrane-insertion and expected-8B&E
the Le¢H1/BC|_XLu5a6 fusion does not bind at all to the pzﬁgsrns for the assays of wild-type and mutant double-helix Bcl-
membranes, the microsomes were pelleted after a sodiunt® fragments (shown in £H).
carbonate wash. Under these conditions, the nonglycosylatedrifugation, shows again that the protein appears mostly
protein was retained in the membrane fraction (lanes 1 andassociated with the membrane fraction (lanes 1 and 4 of
2 of Figure 5E), suggesting that it binds tightly to the Figure 5F), as expected for an integral-membrane protein.
microsomal membranes through the B¢t%® hairpin. The nonionic detergent Triton-X114 separates in aqueous
Binding of Lep*HY/Bcl-x,*%¢ as an integral-membrane and detergent-rich phases above the so-called “cloud point”
protein was further supported by treating the microsomes temperature (20C) (77). It has been shown that membrane
with urea and Triton-X114 76, 77). Incubation of the lipids and hydrophobic proteins partition to the detergent-
microsomal samples wit4 M urea, followed by ultracen-  rich phase, and this has been used to specifically isolate
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P2

/@ 1 2 3 4 5 6 7 lane
-+ + + + + + microsomes (1pL)
A - - — — % + + IsP@mM)
)
N assayed hairpin - - + - - 4+ - AP (1 mM)
Membrane Expected NAP (1 mM)
insertion pattern SDS-PAGE pattern Lep! Bax<®
lumen M @ — + microsomes Lep!‘ Baxﬂi

B Ll il [ ~4xDa
C oo o ' Lep / Bax®!
lumen — + microsomes

c L D — Lep / Bax“¢

N E emdb Lep / Baxse¢

N Ficure 6: SDS-PAGE analysis of Lep/Bax constructs. In vitro
lumen — + microsomes translation products labeled witB>§]methionine, in the absence
(lane 1) and presence (lanes? of dog pancreas microsomes.
For lanes 3 and 6, an AP was added in the reaction mixture, and
N for lanes 4 and 7, this was substituted by a NAP. Laneg &re

from translation reactions containing an ISP. Marks indicate
glycosylated products (arrowhead), processed and glycosylated
products #), and processed and nonglycosylated produ@s (

‘ ‘__‘1~2kDa

1 2 3 4 5 6 lane

i by incubation at 37C and centrifugation, allows detection
E -+t - + - + microsomes of LeprHY/Bcl-x, %6 mostly in the hydrophobic fraction
- i (lanes 1 and 4 of Figure 5G). The latter three stringent
- - treatments of the microsomes are consistent with tight
binding of the chimera to the lipid membranes, as expected
1 2 3 4 5 6 lane for TM insertion. Additionally, the absence of glycosylation
of the membrane-associated protein means that insertion
F _ involves both helices of the5—oa6 hairpin.
. e Membrane Insertion of Bax Fragmen#sccording to the
o predictions made above, the sequence of Bax contains various
. hydrophobic segments, which are analogous to similar
G H A fragments from Bcl-x (see Figure 1). Among them, the
- - C-terminal tail corresponding to tleehelix 9 in the structure
FIGURES: Schematic representation of possible membrane-insertion Of Soluble Bax (Ba%’) shows important hydrophobicity and
patterns and results of SB®AGE analysis of double-helix hairpins DAS score peaks and is expected to function as a TM
inserted in Lep™*. (A) Two glycosylation sites are presentin this  fragment. When the sequence of this fragment (Figure 2)

construct, placed N and C terminal with respect to the assayed i ;
double helix. (B) Simultaneous insertion of bathhelices should replaces Lep H2, the Lep/B#fusion is glycosylated in

give rise to a doubly glycosylated product with-@-kDa molecular-  the presence of microsomes (laneslof Figure 6A), which
weight increase or (C) to a normal-size nonglycosylated product. agrees with membrane insertion of the assayed*Bax
(D) Band shift corresponding to-a2-kDa mass increase is due to  fragment. With respect to the hydrophohiehelix 5 from

the insertion of only one-helical segment. E shows the results of gy (BaxS, Figure 2), it behaves as its analogous fragment

in vitro expressions of3fS]methionine-labeled LéyY/Bcl-x %506 . ;
(lanes 1 aﬁd 2. Le}ﬁﬂ/ngl&lﬁ (lanes 3 and 4), angﬁLébl/BiéaW from Bcl-x_. Thus, the Lep/B&® chimera gives a processed

(lanes 5 and 6) in reticulocyte lysate in the absence (lanes 1, 3,2nd glycosylated protein when translated in the presence of
and 5) or presence (lanes 2, 4, and 6) of dog pancreas microsomesnicrosomes (Figure 6B), which indicates that Bagan

All samples were alkaline-washed and pelleted before loaded ininsert into the microsomal membrane. A possible cleavage
the gel. The band of glycosylated protein in lane 6 is marked with gjte made of the sequence AFETK can also be found in

an arrowhead. In F, the pellet and supernatant after treatment of . .
the microsomal samples Wit M urea are shown for the L&Y/ the fragment Ba%®, and processing can be prevented in the

Bcl-x,%56 (lanes 1 and 4), Leép/Bax56 (lanes 2 and 5), and  Presence of an inhibitor of the microsomal signal peptidase
Lep*HyBid*®’ (lanes 3 and 6). The SDSAGE analysis of (Figure 6B). Additionally, as we have seen before, the full-
hydrophobic (lanes 43) and aqueous (lanes-#) phases after  |ength Lep/Ba%® protein is barely glycosylated.

Triton X114 treatment is shown in G, for L&/Bcl-x, %56 (lanes ; ; ;
1and 4), LepHY/Baxe® (janes 2 and 5) angplfébl/Bi(Lqu Elanes As a difference with respect to Bcl-xthe N-terminal
3 and 6)’_ ' o-helix 1 of Bax (Bax'), which showed a modest hydro-

phobicity and DAS score (Figure 1), can adopt a TM

position, as we deduce from the band of glycosylated protein
integral-membrane proteing&, 77, 84). Preincubation of  that appeared when the L&a#x*' chimera was assayed
microsomal samples with 1% Triton-X114 atQ, followed (Figure 6C).
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1 2 3 4 5§ lane assaying the corresponding Lep chimera resulted in a pattern
similar to the one found for Bcl%® and Bax® (see above),
- 4+ + 4+ + microsomes (1plL) although the amount of full-length glycosylated chimera is
- - - - % ISP somewhat higher. Thus, in this case, both lower and a higher
(2 mM) . .
molecular-weight bands were observed in the presence of
- - 4+ - - AP (1 mM) microsomes (lane 2 of Figure 7C). Treatment with the AP
- - -+ = NAP (1 mM) inhibitor shows that the two new bands correspond to
glycosylated proteins (lane 3 of Figure 7C). Additionally,

Lep / Bid®! treatment with the signal peptidase inhibitor shows that the
lower molecular-weight band was a processed chimeric

protein (lane 5 of Figure 7C). A possible cleavage site

(VAS!®HT) was also found in the sequence of Biavith

the help of SignallPg9).

Finally, we assayed the hairpic6—o7 from Bid, which

Lep / Bid= despite the low hydrophobicity of the fragment is also

considered as a colicin-like insertion domain. A Lep fusion

containing this sequence (Lep/Bf¥’) gave rise to a higher
Le s dabo? molecular-weight glycosylation band (Figure 7D), indicating

p/ Bid : . ) - :

insertion of onlya-helix 6. Similar to the previous cases,
Ficure 7. SDS-PAGE analysis of Lep/Bid constructs. Lep Fhe modificatic.)n' was notquantitative,'which we attribute to
chimeras containing Bid hydrophobic fragments in place of TM incomplete efficiency of the translocation process. However,
domain H2 were translated in vitro using reticulocyte lysate and because here we are assaying a double-helix fragment,
[*>S]methionine in the absence (lane 1) and presence (lanBs 2  chances are that the pool of unmodified protein contains
of dog pancreas microsomes. AP and NAP tripeptides were addedspecies where both helices were successfully inserted (see

in the reactions corresponding to lanes 3 and 4, respectively. Lane_: . P .
5 is from translation reactions containing an ISP. Marks indicate Figure 4J). To test this possibility, a chimera of the £'¢p

glycosylated products (arrowhead), processed and glycosylatedmodel protein was assayed. The result is shown in lanes 5
products #), and processed and nonglycosylated produ)s ( and 6 of Figure 5E. Part of the protein appears as a band

_ . ~ corresponding to glycosylation of one site, which is due to
With respect too-helix 6 of Bax, when assayed alone in  the TM insertion of just one fragment (Figure 5D), most

Lep / Bid=

the corresponding Lep fusion (Lep/Bé it did not insert  |ikely the more hydrophobi-helix 6. However, most of
across the membrane, because no glycosylation was observeghe LepHY/Bid*®7 fusion retained after alkaline wash is not
(Figure 6D). glycosylated, corresponding to insertion of batthelix 6

Also in this case, we investigated the insertion behavior and 7. The urea and Triton-X114 treatments (lanes 3 and 6

of the double-helix fragment B&a%®. As shown in Figure of parts F and G of Figure 5) support that the £&pBid=c7
6E, the Lep/Ba%*® chimera is neither glycosylated nor chimera is an integral-membrane protein.

processed when translated in the presence of microsomes.

Because, again, this result is ambiguous (see parts | and DISCUSSION

of Figure 4), we prepared and analyzed a 4&{Bax®>*6

chimera. After translation in the presence of microsomes, Although the association of pBcl2 proteins with intracel-

the pe”et of alkaline-washed membranes shows on|y thelular I|p|d membranes is crucial for their fUnCtion, little is
nonglycosylated Le}"/Bax®> protein (lanes 3 and 4 of known about the characteristics of this interaction. Activation

Figure 5E). Similar to the case of L&H/Bcl-x %56 (see of Bax is accompanied by translocation to the mitochondrial
above), the urea and Triton-X114 treatments also agree withouter membrane, an extensive structural change, membrane
tight association of the Bax chimera with the membrane insertion, and oligomerization9( 16, 17, 26). This is
(|anes 2 and 5 of parts F and G of Figure 5), which Supports facilitated by tBid 22), which also translocates and inserts
the simultaneous insertion of the two helices of the®#x  into the MOM @, 85). With respect to antiapoptotic Bcl-x
hairpin. it constitutively resides at the MOM, anchored through a
Membrane Insertion of Bid Fragment§he hydropathy ~ C-terminal tail §). However, also in this latter case, a more
profile of this BH3-only protein is clearly different from  extensive membrane insertion should be hypothesised to
those of Bcl-x and Bax (see Figure 1). Here, two possible €Xplain the ion-channel activity observed in viti@4) and
TM segments can be found, madeoshelices 1 (BidY) and the heterodimerization-independent regulation of cell survival
6 (Bid*) of the structure of the soluble protein (Figure 2), reported in vivo 46). Indeed, a change of membrane
although only the second of them belongs to the active topology that implies insertion af-helix 5 has been recently
fragment tBid. Additionallya-helix 4 (Bid®%) also displays ~ Observed in the case of Bcl-2 as a consequence of apoptosis
appreciable hydrophobicity (Figure 1). induction @©5). One way to gain knowledge about the
When the Lep/Bidlt chimera is assayed, a faint higher Structures of the active, membrane-bound species of pBcl2s
molecular-weight band is observed in the presence of is by defining those segments that can be directly involved
microsomes (Figure 7A). This is due to glycosylation of the in membrane insertion.
protein, because it is not observed in the presence of AP Prediction of TM fragments of possible membrane proteins
and indicates a weak tendency of the Biflagment to insert ~ can be performed by using a number of different algorithms.
into the membrane. The weakly hydrophobic Biftagment In the absence of known membrane proteins, which are
does not act as a TM (Figure 7B). With respect to the*Bid  homologous to the query sequence, the choice is restricted
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to methods that use single sequence information. In this The sequence odi-helix 1 from the structure of water-
study, we have used two of the such methods based onsoluble Bax and the B&k fragment analyzed here (Figure
different principles. TopPred takes into account apriori 2) overlap with a proposed N-terminal mitochondrial-
principles, like hydrophobicity of the target sequence, and targetting region (residues 2@7) (28) Association of
extra information in the form of the distribution of positively ~ chimeric proteins containing this N-terminal segment with
charged residues (the “positive inside” rul&@g). On the mitochondria was found to be alkaline-sensitive, suggesting
other hand, the analysis of DAS is of statistical nature, that this sequence does not function as a TM domain but
because it involves an indirect comparison of the query rather as a targeting sequence that interacts peripherally with
sequence with a collection of nonhomologous, known TM the MOM (28). However, it starts to become cledigf that
proteins 68). The good agreement that we find in the output the activation/membrane insertion of Bax is a multistep
of both methods is significant and suggests a possible TM process, where both peripherally bound and membrane-
character, of different degrees, for various segments of Bcl- inserted forms may be intermediate species (see below).
X., Bax, and Bid, corresponding to definachelices of their TM Bcl-x*%6, Bax*>6, and Bid®*” Hairpins: Evidence
soluble structures (Figures 1 and 2). These predictions areof a Synergistic InsertiorBecause of structural analogy with
tested through glycosylation-mapping experiments, revealingthe ion-channel-forming domains of diphtheria toxin and
that some weakly hydrophobic segments (below the thresholdbacterial colicins, the's5—oa6 helical hairpin ¢6—o.7 of Bid)

of prediction) can also act as a TM fragment. Notably, among is regarded as a pore-forming domain. Site-directed mu-
these latter fragments are those corresponding to the seconthgenesis and deletion studies support this idea and show
o helix of the proposed pore-forming domains, which insert that thea5—oa6 hairpin of Bcl-x (or its homologous Bcl-2)

in the membrane only as part of a double-helix hairpin. is important for the ion-channel activity of this protein in

TM Insertion of C- and N-Terminal HeliceShe C- vitro (36) and for its cytoprotective and antiapoptotic

terminal part of type-1 and type-Il pBcl2 proteins contain a activities, independent of BH3 binding, in vivé§ 62). In
canonical TM fragment. In the case of Bgl;xhis has been the case of Bax, similar studies show the importance of this

reported to form a TM-anchoring tail, where specific domain for mitochondrial localization and interaction with

targetting to the MOM depends on the presence of, at least,Bcl-xL (63), as well as for the insertion to the mitochondrial
two basic residues in the flanking end.(Here, we confirm ~ Membrane and the release of cytochroer(@4).

across the ER microsomal membrane in a Lep chimera.  ¢-helical hairpin, which apart from hydrophobic residues,
also contains a significant number of acidic and basic

residues (Figure 8). Here, we find that the firts helices of
the hairpin,a5 from Bcl-x. and Bax and its analogouss

from Bid, can be predicted as clear TM fragments. However,
if we were to consider sequence data alone, the accompany-
ing a helix from the proposed pore-forming domaing( of
Bcl-x. and Bax anda7 of Bid) would only qualify as a
potential TM (although mildly) in the case of Bcl-Xsee
Figure 1). The analysis of Lep chimeras shows that Bcl-

The C-terminal region of Bax, that includeshelix 9 and
the upstream connecting loop, has been shown to be
necessary and sufficient for this protein to target the MOM
during apoptosis29). The loop residue Pro168 controls the
conformational change that is necessary to release-tredix
9 from its firmly stabilized position in a hydrophobic cleft
of the inactive soluble structure of the protein. We find that
Bax*®, including the residues of the preceding loop, can

function as a TM-spanning fragment, at least, in a Lep X%, BaxeS, and Bid® can act as TM fragments. In these

chimera. ; , .
) ) . cases, glycosylation occurs together with processing by the

At the N-terminal part of the three pBcl2 proteins studied microsomal signal peptidase. Nevertheless, this modification
here, the mpst hydrophqblc fragment corresponds lbelix . appears to be dependent on the protein context because it is
1 of Bid (Figure 1), which does not belong to the active not found in the case of the double-helix constructs (Figures
fragment, tBid, formed after caspase-8 cleavage. However,4p, 6E, and 7D). Thus, the observed cleavage is most likely
glycosylation mapping shows that TM propensity of Bid 5 coincidence of no physiological significance, similar to that
is very weak (Figure 7A) In a.greement with this result, no observed in other g|ycosy|ation_mapping experimeﬁa,(
membrane binding has been reported for the N-terminal piecethat anyhow implies membrane insertion.
of caspase-8-processed Bid. The function of the*Bid |, agreement with membrane insertion of Be it has
hydrophobic fragment is most probably controlling the peen recently reported that Cys158 of Bcl-2, that belongs to
accessibility of the hydrophobic surfaces of the domain BH3 the g-helix 5 of this tail-anchored antiapoptotic protein, is
and the putative TM fragment Biéi (53). protected from chemical modification upon induction of

On the other hand, the main difference between the apoptosis and in response to BH3 peptid#s).(These data
membrane-insertion analysis of Bax and Bcl-is the strongly indicate that Bcl-2 is activated through a topology
behavior of the firstr helix of these two proteins. From an  change that involves TM insertion ab. Moreover, because
NMR structural study of Bcl-xin detergent micelles, Bcl-  the protein remains anchored through the C-terminal@a)], (
X . was proposed to be able to interact with lipid membranes the simultaneous insertion of6 can also be implied. This
(86). However, we found no evidence of membrane insertion is in line with a preliminary solid-state NMR investigation
from the analysis of the Lep/Bcl%* chimera. Conversely,  on Bcl-x, which suggests that-helices 5 and 6 insert in
fragment Bag! is found to insert across the membrane. The the membrane6g).
reason for the different behavior of the Bgl*k and Bax* In our study, evidence for insertion of the second helices
fragments might be the larger number of charged residuesof the hairpins, Bcl-x¢, Bax*6, and Bid’, was only found
and the shorter stretch of consecutive hydrophobic residueswhen the complete hairpins were assayed. Moreover, a rough
in the first one (see Figure 2). comparison of the amounts of inserted protein in the Lep
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ab < 2 - Y Ficure 9: Turn-inducing propensity at the interhelical regions of
A ‘éﬂ;& hairpins Bcl-x 56, Bax*>6 and Bid®*’, according to the scale of
H e :'f A von Hejne and co-worker88). Stretches of 15 residues are shown,
) o v o low] with the numbers for the first and last residue as superscript
Ris )/ 'r;:r«J'- o (numbering corresponds to the full-length proteins). Residues
h p1se N e written in plain black characters are nonturn-inducers (normalized
o ” gli turn potential< 1). Residues written in bold white characters are

£15s —— turn-inducers. They are highlighted according to their turn potential
as follows: light green for a potential between 1.1 and 1.6 (Trp,

' B Ser, Tyr, Thr, and Cys), medium green for a potential between 2.1
D154 and 2.3 (His, GIn, Lys, and Glu), and dark green for a potential
between 2.5 and 2.7 (Pro, Asn, Arg, and Asp). Glycine (potential
=1.9), normally abundant in turns of water-soluble and membrane
proteins, is not present in these sequences. The blue bars on top of
the sequences represent their secondary structure as determined for
the full-length proteins in solution. The thick light-blue bar
corresponds to the helix, and the thin dark-blue bar corresponds
to the connecting turn.

chimeras of Bcl-x®®, Bax*>, and Bid, with respect to the
Lep*H! fusions of their corresponding hairpins, indicates an
increased insertion efficiency in favor of the hairpins. These
results suggest the existence of complementarity or a
synergistic insertion, between the twehelix fragments of
each hairpin. One possible source for such a complementarity
might be favorable electrostatic interactions between charged
residues from each of the twohelices of the hairpin, which
would help in stabilizing both fragments in a TM state.
Looking at the structures represented in Figure 8, one can
find that charge complementarity may indeed exist. This can
be more clearly envisioned in the cases of Bclfkigure

8A) and Bax (Figure 8B), although it does not seem to be
obvious in the case of Bid (Figure 8C).

An additional source of stability of the TM hairpin can
be the turn between the two helices. It has been shown that
charged and polar residues plus Pro and Gly display turn
induction in a poly(Leu) stretck8{, 88). In our case, we do
not know exactly which are the amino acid residues that
make the turn in the membrane-bound hairpins, although to
a good approximation, we may assume that such turns are
placed at positions similar to the ones found in solution. In

) _ _ Figure 9, we show a 15-residue extract of the interhelical
Ficure 8: Ribbon structures and helix-wheel representations of

a-helices 5 and 6 of Bclix(A) and Bax (B) andx-helices 6 and region of Bcl-x, Bax and_ Bid, _Wher_e the reSId_ues are
7 of Bid (C). The hairpin structures are part of the determined 3D hlghllghte_d according to t_helr tl_Jm-Indl_JCIng prOpenSI_tw.(
structures of soluble forms of human Bgl{PDB ID 1MAZ (49)], The dominance of turn-inducing residues (normalized turn
human Bax [PDB ID 1F1652)], and human Bid [PDB ID 2BID  potential> 1) over noninducing ones (turn potentiall) is
(54)]. The a5—0a6 hairpin sequence of mouse Bax, used by usin clearly noticeable. Among them, more than half have a high

this study, differs from that of human Bax by only V&lto Gly - . :
replacement. The colors red, blue, green, and yellow in the ribbon turn potential ¢2), and there are at least two residues in

figures correspond to acidic, basic, polar, and hydrophobic residues,€ach region of the group with the highest turn-inducing
respectively. The side chains of acidic and basic residues arepotential (Pro, Asn, Arg, and Asp, with potential2.5). In
represented as bonds, with colors red, blue, and gray used foressence, the highest turn promoters concentrate close to the
oxygen, nitrogen, and carbon, respectively. For the helix wheels, gea1 turn of the hairpins found in the structures of the

only the 18 most central residues are represented. Potentially . . . .
charged residues, both acidic and basic, are written with bold white soluble proteins, although we can predict slight shifts toward

characters over a red (acidic) or blue (basic) background. Residuesgroups of consecutive highly turn inducers. Thus, in the
are numbered according to the corresponding full-length proteins. membrane-bound form, we can expect the turn of Bep®
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Ficure 10: Models of membrane insertion, as simplified, two-step processes, Bekapresented in A, with the C-terminal hydrophobic

tail colored in yellow andx helices 5 and 6, in red. Bax is represented in B, with helicegolored in greeng5 anda6, in red; ando9,

in yellow. Bid is drawn in C, where the caspase-8 cleavage site is indicated with an arrow, the N-terminal fragment is colored in orange,
and helicesu6 anda7 are colored in red. Column 1 corresponds to the constitutive inactive species, in the absence of apoptotic stimuli.
Upon apoptotic signal triggering, the latter evolves into a membrane-inserted species, represented in column 3, passing through a hypothetical
intermediate, represented in column 2. The models in 1 are based on the experimental structures of water-soluble forms of these proteins
(49, 52, 53). The models in 3 are based on data from this paper, in agreement with the literature data in the case (3B@ex. The

models in 2 are proposed by analogy with the mechanism of insertion of the pore-forming domain of coli€i6),BEaking also into

account the data from refis8, 65, and91. The transitions > 2 and 2— 3 are most likely regulated processes, with the expected interplay

of other proteins not shown in the figure (see the text).

to be centered around®DKES8 while in the Bax®6 and the assayed hairpins contribute the only two TM fragments,
Bid“7 hairpins, the turn is expected to leave the Pro residue which are present in the chimera.
at the N terminus of the second helix (88). Although in Models for Membrane Insertio®n the basis of the above

view of the short hydrophobic stretches of these TM results and data from the literature, we propose schematic
fragments, we must consider as well the positioning of the membrane-insertion models for the three proteins studied in
charged residues at both ends of thaelices. In any case,  this paper (Figure 10). The models start with constitutive
it seems clear that the turns may play a significant role for inactive forms, found in the absence of apoptotic signals
the stability of the membrane-bound hairpins. (column 1 of Figure 10) and assume the existence of
Despite the latter considerations, we notice that driving intermediate species, peripherally bound to the membrane
such charged fragments into a membrane environment shouldcolumn 2 of Figure 10), previous to tleetive membrane-
involve an important energetic cost that is expected to imposeinserted forms (column 3 of Figure 10). Stepwise mecha-
restrictions on the membrane-inserted state of the protein.nisms of insertion have been proposed before in the cases
Because these helices are markedly amphipathic (Figure of Bax and Bcl-2 to explain different degrees of membrane/
8), it is normally assumed that charges may be shielded fromprotein interaction and provide multiple levels of regulation
the lipid bilayer through the formation of oligomeric water- (18, 29, 65).
filled pores 9). The latter structural requirement would also  Solid-state NMR data indicate that the interaction of Bcl-
hold here, although we have no evidence about the formationy, (depleted of its C-terminal hydrophobic tail) with synthetic
of such structures. lipid membranes involves insertion of th&—a6 hairpin,
Despite the fact that these data were obtained with fusion while the rest of the protein lays parallel to the bilayd6) (
proteins, the synergistic effect found for the insertion of the Thisumbrella-likemodel (part A3 of Figure 10) agrees with
o-helical hairpins support the capacity of these domains to the data reported here and with cysteine modification studies
act as TM fragments in their natural context. Moreover, it of Bcl-2 (65). In this latter case, interaction with a BH3
should be noticed that in the case of the t!&pconstructs domain might work as a trigger for the change of topology
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from the tail-anchored form (part A1 of Figure 10). However, peaks that would not qualify as TM fragments according to
insertion ofa5 appears to require additional proteins, because most prediction algorithms.
it is not observed in liposome membrané§)( This suggest In this paper, we have analyzed in detail the sequences of
the existence of an intermediate state, similar to the case ofthree paradigmatic proteins of the pBcl2 family. Guided
the pore-forming domain of colicin E19(), where it has initially by two TM prediction methods, we selected all
been proposed that prior to the integral-membrane state thepossible TM fragments, including some with score values
protein arranges in the membrane interfacial layer as anbelow the lower cutoff. Careful analysis by glycosylation
extended mobile helical array (part A2 of Figure 10). mapping allows us to conclude that, apart from the C-
A multistep mode of insertion may also apply to Bax. As terminal o helices from Bcl-x and Bax, various weakly
a consequence of activation of apoptosis, cytoplasmatic Baxhydrophobic fragments from these two proteins and Bid can
(part B1 of Figure 10) relocalizes at the MOM. Targeting to insert across microsomal membranes in a model chimeric
mitochondria is accompanied by structural changes andsystem. In total, three TM fragments were found for Bgl-x
strong association to the lipid membrane, ending with the consisting of C-terminal helicas5 anda6; four were found
formation of an oligomeric pore. In this sequence of events, in Bax, namelyal, o5, a6, anda9; and two in the case of
a change in conformation of the inactive, water-soluble form, tBid, a6 anda7. The fragments that constitute a putative
controlled at the level of Pro16829), would act as a pore-forming domain in these three proteins, namely, the
preliminary step that releases the @9} and N-terminal ~ double-helicesu5—a6 from Bcl-x. and Bax ando6—a7
(a1) hydrophobic helice29). This partially open intermedi- ~ from Bid, display a singular behavior, because the second
ate would be capable of targeting to membranes, where thehelix of these domains inserts only together with the first
structural transition proceeds to give membrane associatedone, as part of a hairpin. It appears thahelix 5 (@6 for
though neither inserted nor oligomerized, species (part B2 Bid) helps in stabilizing the less hydrophokhiehelix 6 (.7
of Figure 10). Evidence for a peripherally bound intermediate for Bid) in a TM state. Charge complementarity and
is provided in a recent in vitro studyl®). In a subsequent  stabilization of the turn by relatively abundant turn-inducing
step, probably mediated by tBid, TM insertion of fragments residues can help explain the observed synergism. These
Bax*!, Bax®9, and the Bas® hairpin may happen (part B3  results show the importance of the protein context in
of Figure 10), followed by oligomerization and pore forma- determining the stability of the TM state of individual
tion. fragments, a factor that can be critical in the case of weakly

With respect to Bid, membrane targeting must be precededhydrophobic segments, especially those that contain polar
by an apoptosis activation signal, provided by the caspase-8res'dues- We sqggest_ that msertlon_of ™ _halrplns can be a
digestion of the inactive cytoplasmatic Bi@3 24) (part usefu_l model to investigate cooperative folding of membrane
C1 of Figure 10). Interaction of the active C-terminal Proteins.
fragment, tBid, with synthetic lipid membranes has been
recently studied by solid-stafé1/®N NMR (91). Surpris- ACKNOWLEDGMENT
ingly, all o helices appear to interact with the membrane in  We thank G. von Heijne (Stockholm University) for
a parallel fashion, without TM helix insertion, which providing the pPGEM-Lep-NST and pGEM-L& plasmids,
apparently contradicts the data presented here and previouss, Nutez (University of Michigan Medical School) for
reports claiming that tBid behaves as an integral-membraneproviding plasmids containing human Bgl-and mouse Bax,
protein 85). However, insertion of tBid in the membrane and X. Wang (University of Texas Southwestern Medical
may require the presence of specific mitochondrial lipids, Center) for a plasmid construct of human Bid.
like cardiolipin (30), or the assistance of proteins present in
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