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pp. 132-1 51 : B. Rost, In Tlie Third lnter\iational 
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rylated pVT102-U [T Vernet D. Dignard. D. Y 
Tiomas. Gene 52. 225 (1987)l. As w e  as restorng 
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Structure of Bcl-xrBak Peptide Complex: 
Recognition Between Regulators of Apoptosis 

Michael Sattler, Heng Liang, David Nettesheim, 
Robert P. Meadows, John E. Harlan, Matthias Eberstadt, 

Ho Sup Yoon, Suzanne B. Shuker, Brian S. Chang, 
Andy J. Minn, Craig B. Thompson, Stephen W. Fesik* 

Heterodimerization between members of the Bcl-2 family of proteins is a key event in the 
regulation of programmed cell death. The molecular basis for heterodimer formation was 
investigated by determination of the solution structure of a complex between the survival 
protein Bcl-x, and the death-promoting region of the Bcl-2-related protein Bak. The 
structure and binding affinities of mutant Bak peptides indicate that the Bak peptide 
adopts an amphipathic a helix that interacts with Bcl-x, through hydrophobic and 
electrostatic interactions. Mutations in full-length Bak that disrupt either type of inter- 
action inhibit the ability of Bak to heterodimerize with Bcl-x,. 

Programmed cell death (apoptosis) occurs 
during the  course of several physiological 
processes, and n-hen dysregulated contrib- 
utes to many diseases, including cancer, 
autoimmunity, and neurodegenerative dis- 
orders ( I ) .  T h e  Bcl-2 family of proteins 
plays a central role in  the  regulation of 
apoptotic cell death induced by a wide va- 
riety of stimuli (2 ) .  Some proteins within 
this family, including Bcl-2 and Bcl-xL, in- 
hibit programmed cell death, and others, 
such as Bax and Bak, can promote apopto- 
sis. I i~teractions between these two groups 
of proteins antagonize their different func- 
tions and modulate the  sensitivity of a cell 
to apoptosis (3 ,  4 ) .  Several regions of the  
death-inhibiting proteins participate in  
their antiapoptotic activity and hetero- 
dimerization with the  death-promoting pro- 
teins, including the  Bcl-2 homology 1 
(BH1) and BH2 regions (3, 5, 6 ) .  In  con- 
trast, only a relatively small portion of the  

M. Satter, H. Lang, D. Netteshem, R. P. Meadows, J. E. 
Harlan, M. Eberstadt. H. S. Yoon. S. B. Shuker, S. W. 
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Hughes Medlca nsttute and Depaflments of Medicne. 
Molecular Genetcs, and Cell Boogy  Unversty of Chi- 
cago. Chcago, L 60637, USA. 
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death-promoting proteins encompassing 
the  BH3 region is critical for the ability to 
promote apoptosis (7- 10).  For example, 
small, truncated forins of Bak are necessary 
and sufficient both for promoting cell death 
and binding to  Bcl-xL (7) .  

T h e  three-dimensional (3D) structure of 
the  cell survival protein Bcl-xL coilsists of 
two central hydrophobic cr helices sur- 
rounded by five arnphipathic helices (1 1 ). 
T o  understand how Bak interacts with Bcl- 
XL and inhibits the  ability of Bcl-xL to  
promote cell survival, we determined the  
solution structure of Bcl-xL complexed with 
a 16-residue peptide derived from the  BH3 
region of Bak. W e  also ineasured the  bind- 
ing affinities of Bcl-xL to alanine mutant 
Bak peptides and to peptides corresponding 
to  the  BH3 regions of other Bcl-2 family 
members (1 2, 13) .  

T h e  minimal region of Bak requ~red to 
bind to Bcl-xL was examined in a fluores- 
cence-based assay (14) .  A 16-amino acid 
peptide derived from the  BH3 region of Bak 
(residues 72 to 87)  bound tightly to Bcl-xL 
(Table 1 ) .  In  contrast, smaller peptides 
from this region, such as a n  11-amino acid 
peptide corresponding to  residues 77 to  87, 
did no t  bind (Table 1 ) .  T h e  16-amino acid 
peptide of Bak corresponds precisely to the 
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region of Bcl-x, that forms the second a 
helix (1 1). 

The structure of the 16-amino acid pep- 
tide (1 5) complexed with a biologically ac- 
tive deletion mutant of Bcl-x, (16) was 
determined by nuclear magnetic resonance 
spectroscopy (NMR). The structure was de- 
termined from a total of 2813 NMR-derived 
restraints and is well defined by the NMR 
data (Fig. 1A) (1 7). The atomic root-mean- 
square deviation (rmsd) about the mean 
coordinate positions for residues 1 to 205 of 
Bcl-x, and 7; to 87 of the Bak peptide was 
0.79 0.15 A for the backbone and 1.21 ? 
0.13 A for all heavy atoms. 

Overall, the structure of the truncated 
form of Bcl-x, when complexed to the Bak 
peptide is similar to the x-ray and NMR 
structures of uncomplexed Bcl-x, (1 1, 18). 
The Bak peptide binds in a hydrophobic 
cleft formed by the BH1, BH2, and BH3 

regions of Bcl-x, (Figs. 1 and 2). Although 
a random coil when free in solution (19), 
the Bak peptide forms an a helix when 
complexed to Bcl-xL. The NH2-terminal 
residues of the peptide show numerous nu- 
clear Overhauser effects (NOES) to residues 
in the BH1 region of Bcl-x, G ~ u ' ~ ~ ,  
Leu130, and Phe146), whereas the COOH- 
terminal portion of the Bak peptide inter- 
acts predominantly with residues in the 
BH2 and BH3 regions (Phe97, ArglOO, 
TyrlO1, and Phelo5). The hydrophobic side 
chains of the peptide Leu7', Ile81, 
and Hes5) point into a hydrophobic cleft of 
Bcl-x, (Fig. 2) and stabilize complex forma- 
tion. In addition to these hydrophobic in- 
teractions, the charged side chains of the 
Bak peptide (Arg76, Asps3, and AspB4) are 
close to oppositely charged residues of Bcl- 
x, ( G ~ u ' ~ ~ ,  Arg139, and Arg1O0, respective- 
ly) (Fig. 2). 

Table 1. Binding affinities (74) of peptides to Bcl-x,. Residues of Bak peptide substituted with alanine 
are in boldface. Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I ,  Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; 
W, Trp; and Y,  Tyr. 

Peptide Sequence 

Bak 

Bcl-2 
Bax 
Bik 
Bcl-X, 

GQVGRQLAIIGDDINRRYDSEFQ 94 
GQVGRQLAIIGDDI NR....... 87 
..... QLAIIGDDINR . . . . . . .  87 
GQAGRQLAIIGDDINR . . . . . . .  
GQVGAQLAIIGDDINR . . . . . . .  
GQVGRQAAIIGDDI NR....... 
GQVGRQLAAIGDDI NR....... 
GQVGRQLAIAGDDI NR....... 
GQVGRQLAIIADDI NR....... 
GQVGRQLAIIGADI NR....... 
GQVGRQLAIIGDAI NR....... 
GQVGRQLAIIGDDANR . . . . . . .  

91 PVVHLALRQAGDDFSR . . . . . . .  106 
57 KKLSECLKRIGDELDS . . . . . . .  72 
55 DALALRLACIGDEMDV . . . . . . .  70 
84 AAVKQALREAGDEFEL . . . . . . .  99 

0.20 -+ 0.02 
0.34 2 0.03 
No binding 

1 5 2 3  
3.3 2 1 
270 2 90 
1 .o 2 0.2 
1 7 + 6  

0.50 2 0.1 
41 -+4  

0.14 2 0.02 
93 -+ 20 

To identifv the interactions that are im- 
portant for complex formation, we mea- 
sured the bindine affinities of mutant Bak - 
peptides containing alanine substitutions 
(Table 1) (14). A decrease in binding af- 
finity by a factor of 800 was observed for the 
Bak peptide in which Leu7' is substituted by 
an alanine. This can be explained by the 
loss of extensive interactions between the 
side chain of Leu7' of Bak and the hydro- 
phobic pocket formed by TyrlO1, Leu1'', 

and Phe146 of Bcl-x, (Fig. 2B). Mu- 
tation of other hydrophobic residues of Bak 
(Ile8', Ile81, and to alanine also re- 
sulted in reduced binding to Bcl-x, (Table 
I) ,  which further demonstrates the impor- 
tance of hydrophobic interactions in com- 
plex formation. The hydrophobic residues 
at these positions are largely conserved in 
the Bcl-2 family of proteins (Table 1). In 
contrast. Ile80 is not conserved and is locat- - -  ~ 

ed on the surface of the complex (Fig. 2), 
consistent with the negligible loss in bind- " "  
ing affinity observed when this residue was 
changed to an alanine. 

Analysis of the structure (Fig. 2) suggest- 
ed that the interaction between Asps3 of 
the Bak peptide and Arg139 of Bcl-xL would 
stabilize complex formation. Indeed, AspB3 
is completely conserved within the Bcl-2 
family o f  proteins, and when substituted 
with alanine in the Bak peptide, markedly 
reduced the binding of this peptide to Bcl- 
xL (Table 1). Moreover, Arg139 is highly 
conserved, and mutation of Arg139 to Gln 
in Bcl-xL inhibits its antiapoptotic activity 
and binding to the Bax protein (20). It was 
also expected from the structure (Fig. 2) 
that electrostatic interactions between 
Arg76 of Bak and Glu129 of Bcl-x, would 
contribute to complex formation. This is 
supported by the observed decrease in bind- 
ing to Bcl-x, of a Bak peptide in which 
Arg76 is mutated to alanine (Table 1). 

Fig. 1. (A) Stereoview of the backbone (N, Ca, C') of 15 superimposed averaged minimized NMR structure for the complex. The BH1, BH2, and 
NMR-derived structures of Bcl-x, (shown in black) complexed with the 16- BH3 regions of Bcl-x, are shown in yellow, red, and green, respectively. The 
amino acid Bak peptide (shown in red). (B) Ribbons (21) depiction of the Bak peptide is shown in magenta. 
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However, the potential charge-charge in- 
teraction between Aspa4 of Bak and Arg'Oo 
of Bcl-xL does not appear to be critical for 
complex stabilization as a negligible effect 
on binding to Bcl-xL was observed when 
Aspa4 was substituted by an alanine (Table 
1). 

Interactions within the Bcl-2 family of 
proteins exhibit a defined selectivity and 
hierarchy (12, 13). To investigate whether 
this selectivity is conferred by the BH3 
regions from other Bcl-2 family members, 
we measured the binding affinities of a se- 
ries of BH3-containing peptides to Bcl-xL 
(14). Subtle differences in the amino acid 
sequences of the BH3 regions among mem- 
bers of the Bcl-2 family give rise to distinct 
differences in the affinities of these peptides 
for Bcl-xL (Table 1). The Bak peptide binds 
to Bcl-xL with greater affinity than any of 
the other peptides, including the peptides 
derived from the other death-promoting 
proteins, Bax and Bik. The Bcl-xL peptide 
binds with the weakest affinity to Bcl-xL, 
consistent with the monomeric nature of 
this protein (1 1). The selectivity of Bcl-xL 
that we observed for the peptides from 
different Bcl-2 family members is consis- 
tent with the selectivity for heterodimer 
formation amongst the Bcl-2 family of 
proteins and suggests that the BH3 region 
plays a central role in defining the binding 
specificity of the Bcl-2-related proteins 
for Bcl-xL. 

The molecular interactions that stabilize 
the Bcl-x,-Bak peptide complex likely re- 
flect the important interactions that occur 
between the full-length proteins. The wild- 
type Bak peptide can inhibit the interaction 
of Bcl-xL with full-length Bak or Bax in a 
concentration-dependent manner (20). 
Furthermore, Bak peptides containing ala- 
nine substitutions for Leu7' and Aspa3, 
which markedly reduced their binding to 
Bcl-xL (Table I) ,  were unable to block het- 
erodimer formation between-full length 
Bcl-x, and Bak (Fig. 3A). When these two 
residues (Leu7' and Aspa3) were mutated in 
the full-length Bak protein, the mutant Bak 
proteins failed to coprecipitate with Bcl-xL 
even though they were expressed at levels 
comparable to that of the wild type protein 
(Fig. 3B). Thus, the reduction in binding to 
Bcl-xL observed with the full-length mutant 
Bak proteins resembles the loss in binding 
to Bcl-xL measured for the mutant Bak pep- 
tides. These data are consistent with previ- 
ous reports (7-10) on the functional impor- 
tance of the BH3 region of the death-pro- 
moting proteins. This region of Bak and 
similar sequences in Bax and Bik (Bipl) 
promote apoptosis and interact with Bcl-x, 
(7,8). In addition, neither the BH1 nor the 
BH2 region of Bax is necessary for binding 
to Bcl-2 or for promoting cell death (9, 10). 

Using the structure of the Bcl-xL-Bak 
peptide complex and a homology model of 
the Bak protein, we modeled the structure 
of the heterodimer of the full-length pro- 
teins. In the structure of Bak based on its 
homology to Bcl-xL, the hydrophobic side 
chains of the amphipathic 012 helix con- 
taining the BH3 region point toward the 
interior of the Bak protein, making these 
residues unavailable to interact with Bcl-x,. 
Thus, binding to Bcl-xL would necessitate a 
conformational change in the Bak protein 
to expose the hydrophobic surface of 012. 
One possibility is a rotation of the 012 helix 
along the helix axis that would allow the 
formation of the same hydrophobic and 
charge-charge interactions observed in the 
NMR structure of the Bcl-xL-Bak peptide 
complex. It is of interest that based on the 
structure of Bcl-x, this helix is predicted to 
be flanked by highly flexible loops on both 
ends that could allow such a rotation. 

In summary, our structure of the Bcl-xL- 
Bak peptide complex reveals the structural 
basis for the requirements of the BH1, BH2, 
and BH3 regions for heterodimer formation 
among ~ c l - 3  family members. These data 
suggest that the formation of a hydrophobic 
binding cleft and properly positioned 
charged residues are required for the anti- 
apoptotic functions of Bcl-x,. Indeed, a va- 
riety of mutations that would be predicted 
to alter the accessibility or binding proper- 
ties of this region in Bcl-xL and Bcl-2, in- 
cluding G138A (3), R139Q (20), Y lOlK  
(20), and L130A (ZO), have been shown to 
inhibit the function of this   rote in. For 
proteins that promote cell death, only the 
BH3 region is required for activity (7-lo), 
which as shown here forms an amphipathic 
01 helix and binds with high affinity to the 
hydrophobic groove in Bcl-xL. Some pro- 
teins that promote cell death-such as 
Bik-have homology to other Bcl-2 pro- 

:?<..:- > 
' I . .  

-*, - 
> -  . 

Fig. 2. (A) Surface representation of the binding pocket of Bcl-x, bound to the Bak peptide. Hydropho- 
bic residues showing NOEs to the peptide are colored in yellow, whereas Arg139/Arg100 and GlulZ9 are 
colored in blue and red, respectively. Residues of Bcl-x, are labeled in white and the Bak peptide in 
black. (6) Depiction of the side chains in the binding site of Bcl-x,. Hydrophobic side chains of the protein 
showing NOEs to the peptide are colored in yellow. Side chains of positively and negatively charged side 
chains interacting with the peptide are colored in blue and red, respectively. The peptide side chains are 
colored by atom type. Residues of Bcl-x, and the Bak peptide are labeled in black and green, 
respectively. 

Fig. 3. (A) Mutations of - Y 

critical residues in the translation Bcl-$ lP 
Bak BH3 peptide abolish ' . ' Bak BH3 
its ability to inhibit Bcl-x, u w t  
heterodimerization with 
Bak. In vitro-translated 

-8d-xl Bcl-x, and Bak were -8d-'k 
combined together with -Bak -Bak 

100 pM of the indicated 
Bak BH3 DeDtide. The 
reaction was /mmunoprecipitated with an antibody to Bcl-x (anti-Bcl-x), and the immunoprecipitated 
products were resolved by SDS-polyacrylamide gel electrophoresis (PAGE). (6) Mutations in Bak BH3 
residues that are predicted to be involved in Bcl-xL-Bak interactions abolish heterodimerization. In 
vitro-translated Bcl-x,, Bak, or mutants of Bak were combined as indicated and immunoprecipitated 
with anti-Bcl-x. The immunoprecipitated products were resolved by SDS-PAGE. Bak mutation 1 
contains a glutamic acid in place of arginine at amino acid 76 and an arginine in place of aspartic acid 
at amino acid 83. Bak mutant 2 contains an alanine in place of leucine at amino acid 78. 
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rein, onl7- within the  6 H 3  repion. In  con- ,2;lv;P 4, 871 ( -  95411. To ass g i the NlviR esol-at-ces oated by more than 3 n at-y o' the f r a  s t l ~c t l ~ res  
cf tr-e pep:de an3 ozrair~ ~ " r a  at-d r~:erl?ioIec~la~ Fcr the er~selible r i e  res13~1aI tcrslolial r12isd was 

trast, other Bcl-?-related proteini such as ,iu, acqL, .ed 2D 3D ..,-- 
- . . 

,. - -  ,. = 0,C'S'aici theE ,,,,was 2.- = 0.: kca rno -'. 
"L, 

6al; or Bas are predictec-1 to have more f te*ed exoe*~merts o r  a sa1;icie v,A- i ~ - ' j N  ? " '  - t -  Ti-e ~ o ~ ~ a l e n t  aeonetres v,'ere ~ v e  I satlslfied as ~PUI- 

estenaix-e structural similarities to Bcl-s,. 
For tlhe,e protein., our studies iuggeht that a 
itructural change may be reiqulrecl for the  
BH3 region to part~cipate in ciimerization. 
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A Protein-Counting Mechanism for Telornere 
Length Regulation in Yeast 

Stephane Marcand," Eric Gilson, David Shore-I- 

In the yeast Saccharomyces cerevisiae, telomere elongation is negatively regulated by 
the telomere repeat-binding protein Raplp, such that a narrow length distribution of 
telomere repeat tracts is observed. This length regulation was shown to function inde- 
pendently of the orientation of the telomere repeats. The number of repeats at an 
individual telomere was reduced when hybrid proteins containing the Rapl p carboxyl 
terminus were targeted there by a heterologous DNA-binding domain. The extent of this 
telomere tract shortening was proportional to the number of targeted molecules, con- 
sistent with a feedback mechanism of telomere length regulation that can discriminate 
the precise number of Rapl p molecules bound to the chromosome end. 

Telomere i ,  the  ends of linear eukaryotic 
chromoiomes, are essential itrilcturei 
formed by specific prote111-DNA co~npleses  
that protect chromoso~llal termilli from 
degradation and fusion ( 1  ). O n e  of the  es- 
sential f ~ ~ ~ n c t i o n s  of telonleres 15 t o  allox\- the  
complete replication of chromoso~lle encli, 
\~-ll ich cannot be accompli i l~e~j  by- kno\rn 
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D K A  polymeraiei (2). T h e  progreislve loii 
of L3NA that would occur after each round 
of replicaticin is halanced by a rihoni~cleo- 
protein terminal transferase enzyrue called 
telomerase. \vhich specifically exteniis the  
3 '  G-rich telorneric strand in an  RNA-  
ternplated reactio11 (3) .  111 ~l los t  organiims. 
teloilleric D N A  consiits of a tandem array 
of ihort  reneats. In veast. the  telorneric 
D N A  ii organized in  a non~~ucleosomal  
itructure baied o n  an  array of the  telomere 
repeat-bincling proteln R a p l p  (4,  5) .  

In the  human germline, cells express 
telonlerase and rnalntaln a constant average 
teloinere length. This initial size appear5 to 
cletermine the replicative life-ipan of so- 
matic cells, in  which telomerase actlvity is 
uiually i~niletectable and telomere repeats 
are progresi~.r-ely lost at each cell cllvision 
(6) .  In  ~ ~ n i c e l l ~ ~ l a r  organislus like S .  ce~ezi- 
sine, telonlere lellgth is kept rvithin a narrotl- 
size distribution, specific for a given strain, 
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