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Structure of the BH3 Domains from the p53-Inducible
BH3-Only Proteins Noxa and Puma in Complex
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Pro-survival proteins in the B-cell lymphoma-2 (Bcl-2) family have a defined
specificity profile for their cell death-inducing BH3-only antagonists.
Solution structures of myeloid cell leukaemia-1 (Mcl-1) in complex with
the BH3 domains from Noxa and Puma, two proteins regulated by the
tumour suppressor p53, show that they bind as amphipathic α-helices in the
same hydrophobic groove of Mcl-1, using conserved residues for binding.
Thermodynamic parameters for the interaction of Noxa, Puma and the
related BH3 domains of Bmf, Bim, Bid and Bak with Mcl-1 were determined
by calorimetry. These unstructured BH3 domains bind Mcl-1 with affinities
that span 3 orders of magnitude, and binding is an enthalpically driven and
entropy–enthalpy-compensated process. Alanine scanning analysis of Noxa
demonstrated that only a subset of residues is required for interaction with
Mcl-1, and these residues are localised to a short highly conserved sequence
motif that defines the BH3 domain. Chemical shift mapping of Mcl-1:BH3
complexes showed that Mcl-1 engages all BH3 ligands in a similar way and
that, in addition to changes in the immediate vicinity of the binding site,
small molecule-wide structural adjustments accommodate ligand binding.
Our studies show that unstructured peptides, such as the BH3 domains,
behave like their structured counterparts and can bind tightly and
selectively in an enthalpically driven process.
© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Inmammals, a group of approximately 20 proteins
in the B-cell lymphoma-2 (Bcl-2) family regulates
mitochondria-initiated apoptosis, or programmed
cell death, a process critical in development, homeos-
tasis and disease for removing unwanted, damaged
or diseased cells. At a molecular level, the mecha-
ess:

mphoma-2; BH, Bcl-2
gle quantum
calorimetry; IUP,
cl-1, myeloid cell
ser enhancement;
ement spectroscopy;
, surface plasmon

lsevier Ltd. All rights reserve
nism of action of Bcl-2 proteins is still poorly defined,
but they control the integrity of the mitochondrial
outer membrane and modulate release of factors,
such as cytochrome c, that induce a proteolytic
cascade that destroys the cell.1 Members of the Bcl-2
family are classified as either pro-survival or pro-
apoptotic, and the balance between these opposing
factions determines whether a cell lives or dies.2
Interactions between the pro- and anti-survival Bcl-2
proteins are central to apoptosis regulation, and
these protein–protein interactions are mediated by
regions of conserved sequence known as Bcl-2 ho-
mology (BH) domains, of which there are four, BH1
to BH4. Multiple BH domain-bearing Bcl-2 proteins
include the pro-survival proteins Bcl-2, Bcl-xL, Bcl-w,
myeloid cell leukaemia-1 (Mcl-1) and A1 and the
structurally homologous pro-apoptotic proteins Bax
and Bak, each having two to four BH motifs. In
contrast, the pro-apoptotic ‘BH3-only’ proteins,
which include Bim, Bad, Bmf, Bid, Bik, Hrk, Puma
d.



Fig. 1. Sequences and structures of BH3 domains:
Sequence alignment of BH3 domains showing the extent
of the helices (pink bars) of the BH3 domains when in the
bound form [mmBcl-xL:mmBim, Protein Data Bank (PDB)
code 1PQ19;mhMcl-1:hsBim, PDB code 2NL910; mmMcl-1:
mmPuma, PDB code 2ROD; mmMcl-1:mmNoxaA, PDB
code 2ROC; mmMcl-1:mmNoxaB, PDB code 2JM610;
mmA1:mmBmf, PDB code 2VOG19; mmBcl-xL:mmBad,
PDB code 2BZW;mmA1:mmBad, PDB code 2VOI19; hsBcl-
xL:hsBak, PDB code 1BXL7; mmA1:mmBak, PDB code
2VOH19; mmBcl-xL:mmBeclin, PDB code 1P1L20]. Key
consensus residues that define the BH3 domain are
indicated; Φ1–Φ4 are hydrophobic residues, Σ and Σ′ are
small residues, Z is usually an acidic residue, Γ is a
hydrophilic residue capable of forming an intermolecular
helix cap and X is any residue.Φ2 is the conserved leucine,
and D the conserved aspartate. The sequence position of
the C-terminal residue is indicated on the right. hs, Homo
sapiens; mm,Mus musculus; mh, mouse–human chimera.10
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and Noxa, bear only BH3 domains.3 Interactions
between BH3-only proteins and their pro-survival
counterparts are pivotal to apoptosis regulation.4,5

The BH3-only proteins act as cellular sentinels and
after an apoptotic stimulus are activated to bind and
neutralise the pro-survival Bcl-2 proteins, allowing
Bax and Bak to compromise the integrity of mito-
chondria.6 Structural studies have shown that the
BH3 domain of BH3-only proteins binds as an
amphipathic helix in a surface-exposed hydrophobic
groove of the pro-survival protein.7 The core of the
BH3 domain is formed by the sequence motif
LXXXGDE (X is any residue),8 and the conserved
leucine and aspartic acid form key interactions with
the cognate pro-survival protein. The leucine is
buried in the protein–protein interface and packs
against conserved residues provided by the pro-
survival protein, while the solvent-exposed aspar-
tate forms an ionic interaction with a conserved
arginine in the BH1 domain of the pro-survival pro-
tein.5 Other binding interactions arise from three
other hydrophobic residues that project into pockets
provided that they are part of the exposed hydro-
phobic groove on the pro-survival protein. All pro-
survival proteins use the equivalent interface to bind
multiple BH3 ligands,7,9,10 but they have distinct
BH3 binding profiles.11

Mcl-1 is a pro-survival Bcl-2 protein that plays a
critical role in development and tissue homeostasis,
is expressed in a range of tissues in the adult and
blocks apoptosis induced by a variety of stimuli.12

Gene knockout studies showed that Mcl-1 is re-
quired for embryonic and immune cell develop-
ment,13,14 while its overexpression is implicated in
cancer and resistance to treatment.12 Earlier struc-
tural studies showed that the C-terminal region of
Mcl-1 has a topology similar to that of other multi-
domain Bcl-2 family members and binds BH3-only
proteins in its surface-exposed hydrophobic groove,
while the N-terminal region (∼150 residues) was
predicted to be unstructured; in addition, when the
latter region is deleted, Mcl-1 retained binding to
BH3-only proteins.15 In vitro binding studies estab-
lished the BH3-only binding profile for Mcl-1, show-
ing that it binds tightly to the BH3 domains of Bim,
Bid, Puma and Noxa but not to those of other BH3-
only proteins.11 However, the structural basis of this
BH3-only selectivity is not well understood.
A detailed analysis of the interactions ofMcl-1 with

its BH3-only protein partners not only is of interest to
understand the molecular basis of apoptotic signal-
ling through Mcl-1 but also may lead to the deve-
lopment of new cancer therapies aimed at directly
activating apoptosis in tumour cells.16 Herewe inves-
tigated the binding interactions of peptides spanning
the BH3 domains of pro-apoptotic proteins with Mcl-
1 using a combination of structural, thermodynamic
and biochemical approaches. The BH3 domain
proteins are intrinsically unstructured in the absence
partners,17 but solution structures show that they
couple folding with binding of the hydrophobic
groove of Mcl-1. Mapping the BH3-only binding site
on Mcl-1 using 1H,15N heteronuclear single quantum
coherence (HSQC) spectra and amide chemical shift
data shows that Mcl-1 undergoes a similar conforma-
tional change on binding any of its ligands. We also
demonstrate that the association of the BH3 domains
withMcl-1 is dominated by the enthalpic contribution
and that the process is enthalpy–entropy compen-
sated, which are both features typical of other
protein–protein interactions18 but not widely appre-
ciated for interactions of intrinsically unstructured
proteins (IUPs). Consistent with entropy–enthalpy
compensation for these interactions, our chemical
shiftmapping experiments indicate a redistribution of
internal non-covalent interactions within Mcl-1 upon
ligand binding. Using alanine scanning, we demon-
strated the ability ofMcl-1 to accommodatemutations
in the BH3 domain of Noxa but retain its high-affinity
binding, a finding compatiblewith the role ofMcl-1 in
binding IUPs, such as Puma, Noxa and Bim, and the
intrinsic conformational flexibility of Mcl-1 and its
partners.

Results

Solution structures of Noxa and Puma BH3
domains bound to Mcl-1

We determined the solution structures of the C-
terminal Bcl-2 domain of mouse Mcl-1 bound to the
BH3 domains of mouse Puma and NoxaA, the N-
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terminal BH3 domain of dual-BH3 domain-bearing
mouse Noxa that differs in sequence from its C-
terminal counterpart, NoxaB (Fig. 1). The Bcl-2 do-
main of Mcl-1 and BH3 domain peptides were pre-
pared as outlined previously.10,15,17 For each Mcl-1
complex, two samples consisting of 13C,15N-labelled
peptide in the presence of unlabelled Mcl-1 and the
complementary sample of unlabelled peptide with
labelled Mcl-1 were prepared. These samples,
combined with X-filtering and editing methods,
allowed intermolecular and intramolecular nuclear
Overhauser enhancements (NOEs) to be separated.21

Essentially complete resonance assignments were
achieved for both Mcl-1 complexes using a standard
array of multi-dimensional NMR techniques.21

Structures were calculated using CYANA and re-
fined with Xplor-NIH as previously described15

(Fig. 2). The structures are energetically reasonable,
display acceptable covalent geometry and do not
have any distance violation N0.2 Å or any angle
violation N5° (Table 1). Mcl-1 has a similar structure
in both cases and is composed of eight α-helices in
which the central hydrophobic helix, α5, is envel-
oped by the other seven helices (Fig. 2).15 The
secondary structure for each complex was deter-
mined by consensus over the final 20 structures
using PROCHECK_NMR.22 The consensus second-
ary structure for the Mcl-1:NoxaA complex is com-
posed of helices on Mcl-1 α1 (residues 153–172), α2
(185–204), α3 (206–214), α4 (222–234), α5 (242–261),
α6 (265–281), α7 (284–289) and α8 (293–300) as well
as the NoxaA BH3 helix (residues 22–39). The
secondary structure of the Mcl-1:Puma BH3 com-
plex followed that for Mcl-1:NoxaA except for the
extent of helix α1 (residues 154–172), helix α3 (resi-
dues 206–215) and the Puma BH3 helix (residues
132–153). In both Mcl-1 complexes, the BH3 domain
peptides of NoxaA and Puma form amphipathic
helices, with their hydrophobic faces lying in a shal-
low groove formed from residues located on helices
α2–α5 and α8 in Mcl-1 (Fig. 2).
When bound to a BH3 domain, Mcl-1 has a con-

formation that is close to that observed in the absence
of ligand. The rmsdbetween the free andbound forms
of Mcl-1 is 1.42±0.13 Å when compared over the
secondary structural elements α2–α8 of free Mcl-1.15

The main conformational change on binding in-
volves translation of the C-terminus of α4 away
from the α2–α3 kink, such that the width of the
groove accommodating the BH3 domain helix is
Fig. 2. Ribbon and backbone
diagrams of Mcl-1 complexes of
NoxaA and Puma BH3 domains.
(a) Mcl-1:NoxaA BH3 complex
(PDB code 2ROD). The helices are
labelled α1–α8, and the N- and C-
termini of Mcl-1 are labelled as N
and C forMcl-1 and as N′ and C′ for
NoxaA. (b) Mcl-1:Puma BH3 ribbon
(PDB code 2ROC). The BH domains
of Mcl-1 are coloured as follows:
BH1, green; BH2, orange; BH3, pink;
Puma BH3, pink. (c and d) Back-
bones of the 20 NMR-derived struc-
tures of Mcl-1 complexes (c) NoxaA
BH3 and (d) Puma BH3. For the
ribbons in (a) and (b), the structure
closest to average was chosen and
the secondary structure depicted is
the consensus. Residues 152–304 of
Mcl-1, residues 17–43 of NoxaA and
residues 132–154 of Puma are
shown, and sequence numbers are
indicated. The same orientation is
shown in each case, and the second-
ary structure depicted by ribbons is
that listed in Results.



Table 1. Summary of restraints and structural statistics for the 20 lowest energy structures of Mcl-1ΔNC23:NoxaABH3
and Mcl-1ΔNC23:PumaBH3 at pH 6.7 and 25 °C

Mcl-1:NoxaA
(2ROD)

Mcl-1:Puma
(2ROC)

Experimental constraints
Total 3355 3667
Intraresidue 849 788
Sequential (|i− j|=1) 543 611
Short range (1b∣i− j∣b5) 545 591
Long range (∣i− j∣≥5) 542 756
Intermolecular 183 197
Hydrogen bonds 184 188
Dihedral angles (ϕ, 175; ψ, 150)

(ϕ, 174; ψ, 174)
325 348

rmsd from experimental distance restraints (Å) 0.0102±0.0009 0.01003±0.0009
rmsd from experimental dihedral restraints (°) 0.38±0.06 0.44±0.06

rmsd from idealised covalent geometry
Bonds (Å) 0.00478±0.00005 0.00496±0.00003
Angles (°) 0.43±0.01 0.43±0.01
Impropers (°) 0.44±0.01 0.46±0.01

Measures of structural quality
ELJ (kcal mol−1) −772±23 −737±25
PROCHECK percentage of residues in regions of the

Ramachandran plot (for residues with S(ϕ) and S(ψ)≥0.9)
Most favourable 87.6 (92.4) 90.2 (92.2)
Additionally allowed 11.9 (7.4) 9.5 (7.8)
Generously allowed 0.5 (0.2) 0.1 (0)
Disallowed 0.0 (0) 0.3 (0)
Angular order
Residues with S(ϕ)≥0.9 177 173
Residues with S(ψ)≥0.9 163 173

Violations
Experimental distance constraints N0.2 Å 0 0
Experimental angle constraints N5° 0 0

Coordinate precision
Mean pairwise rmsd (Å) Cα, C, N All heavy Cα, C, N All heavy
All residues 2.74±0.48 3.13±0.36 2.30±0.57 2.76±0.40
Regular secondary structure α1–α8, α-BH3 0.73±0.10 1.59±0.11 0.78±0.11 1.65±0.11
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increased. In contrast, α3 is almost invariant in
disposition in all structures. The distance between
the Cα atoms of residues H205 at the α2–α3 kink and
H233 at the C-terminus of α4 increases from 14.1 Å in
unliganded Mcl-1 to 19.4±0.5 Å in the complexes,
but the α4–α6 helix crossing angle (30.7±3.1°) is
Fig. 3. Comparison of backbone conformations ofMcl-1:Pum
Puma (PDB code 2ROC) is shown in gray in all panels, and th
Unliganded Mcl-1 (PDB code 1WSX15) in gold. The positions
1PQ19) in pink (BH3 ligands not shown). (c) A1:Puma (PDB
1PQ09) in blue.
unchanged (Fig. 3a). These values attest to the
relatively minor structural adjustments associated
with BH3 ligand binding. Although the overall
topology is maintained, other pro-survival Bcl-2
proteins undergo greater conformational changes on
binding that remodels the groove.5
awith other Bcl-2 proteins. The backbone ribbon ofMcl-1:
e orientation of the Mcl-1 is the same as that in Fig. 2b. (a)
of H205 and H233 are shown. (b) Bcl-xL:Bim (PDB code
code 2VOF19) in green. (d) Unliganded Bcl-xL (PDB code
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Structural comparison of Mcl-1 complexes with
other Bcl-2 proteins

Superimpositions of the Mcl-1:Puma structure
with those of Bcl-xL:Bim, A1:Puma and Bcl-xL are
depicted in Fig. 3b–d, and a structure-based sequence
alignment of the Mcl-1:Puma complex with Bcl-xL:
Bim and A1:Puma is shown in Fig. 4. Bcl-xL differs
from Mcl-1 and A1 by the presence of a long loop
connecting α1 and α2 (Fig. 4) that is absent from the
crystal structure9 andwas shown byNMR relaxation
studies to be highly mobile.24 Sequence comparison,
excluding loop residues 24–74 of Bcl-xL and Mcl-1,
shows that they share 25.6% identity and 40.0%
similarity. The rmsd between Bcl-xL:Bim and Mcl-1:
Puma complexes over the backbone atoms (Cα, N,C′)
of residues with secondary structure elements com-
mon among the complexes of Bcl-xL, Mcl-1 and A1
(Fig. 4), after structural alignment,23 is 1.5 Å. In
comparison, superposition of unliganded Mcl-1 and
Mcl-1:Puma over the backbone atoms gives an rmsd
of 1.1 Å when aligned over the shared secondary
structural elements. The most notable structural
differences between the Mcl-1 complexes and the
Bcl-xL:Bim complex are the changes in location of the
helices of the binding groove, as Bcl-xL only has a
single turn of α3 helix, and the little defined secon-
dary structure in this region (Fig. 3b), while Mcl-1
retains this helix on binding (Fig. 3a). A1 and Mcl-1
share 25.4% identity and 46.2% similarity over their
helical bundles, have an rmsd of 1.6 Å over the
backbone atoms of structurally identical residues
and are most similar in their binding profiles. The
locations of the groove-defining helices, α3 and α4,
are similar in the Puma complexes of Mcl-1 and A1
(Fig. 3c).19 The main difference between Mcl-1 and
unliganded Bcl-xL (Fig. 3d) is the disposition of
helices α3 and α4, in that they are almost parallel in
Bcl-xL and α3 translated towards the N-terminus of
helix α5 when compared with the position of α3 in
Mcl-1. This results in a closed groove for unliganded
Bcl-xL.

15
Fig. 4. Sequence and secondary structure comparison of Bcl
structure-based sequence alignment of Mcl-1:Puma (PDB cod
Coloured bars on the sequence represent the positions of he
shown is the N-terminal sequence of Mcl-1. For Mcl-1, the BH
sequence. The basic patch onMcl-1 formed by R214 and K215 a
asterisks.
The role of the NWGR motif and BH3 domain
binding

Conserved sequence motifs play a role in forming
the BH3 binding sites in the pro-survival Bcl-2 family,
and one such pattern is the NWGR motif that cha-
racterises the BH1 domain. This sequence forms anN-
terminal helix-capping motif at the initiation site of
helix α5 and is highly conserved in the multi-domain
Bcl-2 family including Mcl-1, Bcl-xL and A1 (Figs. 2
and 4). N-terminal helix-capping motifs arise to
satisfy the hydrogen bonding needs of amides in the
first turn of helices, and the residues at the initiation
site of a helix follow a pattern, …N‴–Nʺ–N′–Ncap–
N1–N2–N3…, where the first residue of the helix, N1,
is preceded by the N-capping residue, Ncap, and a
turn (N‴–N′).25 Typically, a polar side chain hydrogen
bond acceptor, such as serine, threonine, aspartic acid
or asparagine, is located in the first four residues,
frequently the Ncap residue, and forms hydrogen
bondswith the amidedonor located at helical position
N1–N3.25 In Mcl-1, the asparagine of the NWGR
motif forms the Ncap residue and the side chain
carbonyl of this residue is a hydrogen bond acceptor
for the amide of arginine at the N3 position (Fig. 5a),
while the tryptophan is the first helical residue. In
addition to its role as an intramolecular N-capping
motif, the NWGRmotif also interacts with the ligand
BH3 domain, and an intermolecular N-capping
interaction is formed between polar residues on the
BH3 ligand (e.g., N37 in Fig. 5a) and the N-terminal
residues of α5 (G262 in Fig. 5a).
The change in accessible solvent area of Mcl-1 on

binding a BH3 ligand is 960±146 Å2, and the site
measures about 40×20 Å. Mcl-1 presents a similar
surface for BH3 binding in all complexes, with 30%–
40% of the BH3 domain binding surface provided by
residues conserved among the pro-survival Bcl-2
family.15 Hydrophobic contacts contribute 40%–50%
of the buried surface, and the conserved leucine of
Noxa and that of Puma are buried in a hydrophobic
pocket that is formed from the side chains of residues
-2 domains fromMcl-1, Bcl-xL and A1 complexes. Pairwise
e 2VOF19) and Bcl-xL:Bim (PDB code 1PQ19) using TOP.23

lices α1–α8, underlined are C-terminal deletions and not
1–BH3 domains are shown by the yellow bars above the
nd the acidic patch by D57 and D58 in A1 are indicated by



Fig. 5. BH3 domains are unstructured in solution.
(a) Detail of NoxaB binding Mcl-1 (PDB code 2NL910)
showing the NWGR motif of the BH1 domain α5 and the
N-capping interaction. The side chain of N260 forms a
hydrogen bond with R263 HN, and an intermolecular N-
cap occurs between the side chains of N70 and G262. The
BH3 helix is coloured yellow, and the key side chains are
illustrated. (b) CD spectra of the BH3 domains for Puma
(orange), NoxaA (blue), NoxaB (red) and Bim (green) are
shown in the presence (square/line) and in the absence
(line only) of 30% trifluoroethanol.
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M212, V230, V234, T247 and F251. With the excep-
tion of T247, which is substituted for alanine in Bcl-2,
Bcl-xL and Bcl-w, the residues that surround this
leucine are either conserved or conservatively sub-
stituted across the pro-survival family.15 On the
other hand, Mcl-1 is distinguished from other pro-
survival proteins by the presence of a basic patch
formed by R214 and K215 in the α3–α4 loop. Acidic
residues E136, E32 and E74 from Puma, NoxaA and
NoxaB, respectively,10 (Fig. 1) are in close proximity
to K215, and this charge complementaritywithMcl-1
differentiates these three BH3 domains from others.

The consensus BH3 domain binding motif

Circular dichroism (CD) analysis of the BH3 do-
main peptides in isolation, in contrast to their bound
form, showed that the NoxaA, Puma, NoxaB and
Bim BH3 domains have CD spectra typical for un-
structured peptides (Fig. 5b). In the presence of
trifluoroethanol, the helix content increased, demon-
strating the helical propensity of these isolated BH3
domains (Fig. 5b).
We performed detailed sequence and structural
analyses of BH3 domain pro-survival complexes in
order to identify more clearly the features that define
this interaction. In addition to contributing four
residues that are buried in the hydrophobic pockets
of Mcl-1, optimal packing of the BH3 helix in the
binding groove may be aided by the presence of two
small residues (G, A, S or C, labelledΣ andΣ′ in Fig.
1) adjacent to the first and third hydrophobic resi-
dues. These residues potentially provide a flatter
binding surface, a common feature of helical bundle
proteins,26 and T247, or the equivalent alanine in
other pro-survival proteins, makes conserved inter-
actions with Σ′ (Fig. 1). Again, the NWGR motif
plays a role here, as theΣ′ residue, typically a glycine
of the BH3 ligand, packs against the glycine of this
BH1motif. The other small residue (Σ) packs against
V230, H233 and V234 on α4 of Mcl-1, and these
residues are conservatively substituted in pro-survi-
val proteins. A phylogenetic analysis of BH3 do-
main-containing proteins suggested the minimal
consensus motif LXXXGDE for the BH3 domain.8

After structural analysis of all BH3 complexes cur-
rently available, including those of Mcl-1, a more
general 13-residue motif that covers approximately
two heptads of the α-helix of the BH3 domain can be
described: Φ1ΣXXΦ2XXΦ3Σ′DZΦ4Γ, where Φ
represents a hydrophobic residue (Φ2 is usually
leucine);Σ is a small residue (G, A, S); Z is usually an
acidic residue; andΓ is a hydrophilic residue capable
of forming the intermolecular N-cappingmotif (Figs.
1 and 5a). The Γ position of BH3-only proteins is
occupied by a hydrophilic residue (N, H, D or Y) and
is located immediately after the fourth hydrophobic
residue (Fig. 1), and this residue forms an inter-
molecular N-capping interaction with the glycine
residue that occupies the N2 position in the NWGR
motif. Proteolysis of Bim bound to Bcl-xL

9 or Bcl-w17

gave a peptide fragment that spanned the core 13-
residue BH3 region. Collectively, these features
define the basis of the interactions that underpin
binding of the amphipathic BH3 domains to pro-
survival proteins.

Chemical shift perturbation monitoring of Mcl-1
complexes

The sensitivity of the chemical shift to structure
and structural change makes it of utility in mapping
interaction interfaces and assessing binding.27 In
order to survey the interaction between BH3 ligands
and Mcl-1, we undertook a screening approach
using chemical shift perturbations in 1H,15N HSQC
spectra as an indicator of binding. If chemical shifts
are unperturbed on ligand addition, then the affinity
is negligible. By performing a set of titrations and
monitoring the positions of HN resonances in a
series of 1H,15N HSQC spectra of Mcl-1, we deter-
mined whether there was an interaction with the
BH3 domain peptides from mouse Bim, Bid, Bmf as
well as Bak, human Noxa and the related BH3-like
ligands Mule28 and Beclin-1.20 As expected from our
binding studies, all ligands except Beclin-1 bound



Fig. 6. Comparison of the 1H,15NHSQC spectra of 15N-
labelled Mcl-1 in the presence of unlabelled BH3 domain
peptides. Superimposed HSQC spectra of Mcl-1 bound to
BH3 ligands: unliganded Mcl-1 (black contours); Puma
(orange); and Bak (purple). Only the glycine region of the
spectrum is shown.
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tightly to Mcl-1, on the NMR timescale, while the
Beclin-1 BH3 domain left resonances unperturbed,
indicating that any affinity for Mcl-1 was extremely
weak (Fig. 6 and other data not shown). Although
the nature of these data is qualitative, some reso-
nances (e.g., G173) show little or no movement
from their position in unliganded Mcl-1, indicating
areas of local structural invariance. Many HN reso-
nances common between spectra move upon
binding (e.g., T282), indicating that the Mcl-1 struc-
ture accommodates each BH3 ligand in a similar
manner, as our structural studies show. As a conse-
quence of the lack of sequence conservation bet-
ween the BH3 domains, the exact atomic
interactions between the BH3 and Mcl-1 will be
unique, and this in part accounts for the chemical
shift differences between the complexes, particu-
larly in the binding groove.
Fig. 7. Chemical shift perturbations of Mcl-1 resonances i
differences between free and bound Mcl-1 for NoxaA, Noxa
indicated by the colours of the bars. (b) Chemical shift pertu
accessible surface of Mcl-1. (c) Chemical shift perturbations for
(c), chemical shift differences N ∣0.5∣ ppm are displayed in mage
Tomore fully define the interaction betweenMcl-1
and the Bak BH3 domain, we assigned the backbone
resonances (Cα, N, HN, C′) of Mcl-1 in the presence
of one equivalent of the Bak BH3 domain peptide
and determined the chemical shift differences bet-
ween free and boundMcl-1 for the Cα atoms ofMcl-1
(Fig. 7a). The patterns of chemical shift changes
induced by binding BH3 domains from mouse
NoxaA, NoxaB,10 Puma and Bak are strikingly
similar and indicate that all four ligands induce a
similar conformational change inMcl-1. In the case of
the Bak and Puma BH3 domains, chemical shift
perturbations greater than ∣0.5∣ ppmwere plotted on
the solvent-accessible surface ofMcl-1 (Fig. 7b and c).
The larger chemical shift perturbations are chiefly
confined to residues that immediately encircle the
binding site. Only small shifts are seen in α3, sug-
gesting that it remains helical, as the chemical shift
indices29 and structures indicate, and is essentially
invariant among the complexes. Of the chemical shift
differences seen in α3, the largest arises from residue
V197, whose side chain projects into the binding
interface. The largest chemical shift changes are
localised to the C-terminus of α4 that forms part of
the binding site and is consistent with α4 moving to
accommodate the Bak BH3 domain, as observed in
the other complexes (Fig. 3a).
The chemical shift differences for the Cα resonan-

ces of C-terminal residues differ between the com-
plexes. This region is poorly ordered in Mcl-1, and
the C-terminal shift differences observed on NoxaB
binding may reflect the more hydrophobic nature of
its C-terminus relative to other BH3 domain peptides
studied (Fig. 1). Electrostatic effects of the charged
BH3 domain C-terminus may also play a role. How-
ever, any interaction must be transient in nature, as,
consistent with the absence of any stable structural
elements, there is no intermolecular NOE in this
region. Besides these differences, a number of small
chemical shift perturbations occur in resonances
derived from residues remote from the binding site.
These small perturbations are similar in magnitude,
n the presence of BH3 peptides. (a) Plot of chemical shift
B, Puma and Bak complexes. The secondary structure is
rbations for Bak BH3 binding displayed on the solvent-
Puma on theMcl-1 surface in the Puma complex. In (b) and
nta. The view is identical with that for the ribbon in Fig. 3.



Table 2. Thermodynamic parameters for BH3 domain
peptides binding Mcl-1 determined by ITC at 25 °C

BH3 Kd (nM)
ΔH

(kcal mol−1)
ΔS

(cal mol−1 K−1)

NoxaA 39.5 −20.7 −35.5
NoxaB 126.0 −32.6 −77.9
LNoxaB 72.5 −23.6 −46.6
NoxaB E74F 73.0 −20.2 −34.9
Puma 1.8 −24.5 −42.3
Puma M144I 0.69 −14.3 −5.9
Bmf 328.9 −11.5 −8.9
Bak 2.6 −22.1 −34.8
Bim 2.10 −19.2 −24.1
Bid (34-mer) 9.8 −17.5 −21.9

Details of the peptides are given in Materials and Methods.
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sign in all complexes and point to small conforma-
tional changes in the helical bundle to accommodate
the ligand. Together, the chemical shift differences
indicate that similar contacts mediate interactions
between all BH3 peptides and Mcl-1.

Mcl-1 binding selectivity

We determined the binding constants for peptides
that span the BH3 domains of BH3-only proteins for
Mcl-1 by isothermal titration calorimetry (ITC); the
thermodynamic parameters are given in Table 2.
Typical ITC curves are plotted in Fig. 8a, and the
entropy–enthalpy plot in Fig. 8b illustrates that there
is a strong degree of entropy–enthalpy compensation
for binding of the BH3 domain ligands to Mcl-1. The
pointswere fittedusing linear regression, giving a line
of slope of 0.93 and a regression coefficient,R2, of 0.96.
Entropy–enthalpy compensation is common in pro-
tein–ligand interactions and has the effect of mini-
mising the variation in the free energy of binding by
balancing the entropic and enthalpic contributions.30
The origins of this effect lie in the adjustments of non-
covalent interactions in the receptor-to-ligand bind-
ing31 and contributions fromsolvent reorganisation.32
Fig. 8. Isothermal titration calorimetric measurements for M
PumaBH3, corresponding to a Kd of 1.8 nM. (b) NoxaA BH3 bi
of the titrations are given in Materials and Methods and Table 2
the injection volume close to the inflection point of the bi
compensation is demonstrated for Mcl-1 BH3 domain binding
The Kd values for BH3 domain binding Mcl-1 span
approximately 3 orders of magnitude, and the uni-
versal pro-survival protein binders Bim, Puma and
the Puma mutant Puma M144I bind Mcl-1 with high
affinity (Kd values of 2.1, 1.8 and 0.69 nM, respec-
tively). Bmf, on the other hand, has a comparatively
low affinity, with an observedKd of 329 nM,making it
uncertain if this protein initiates apoptosis by binding
Mcl-1.
Each Noxa BH3 domain has a distinct binding

profile. Mcl-1 binds both NoxaA and NoxaB, al-
though NoxaA has a 3.2-fold greater affinity for
Mcl-1, but it is still 19-fold lower than for Bim and
22-fold lower than for Puma. In contrast, A1 binds
NoxaA, but its interaction with NoxaB is not de-
tectable by surface plasmon resonance (SPR).11

NoxaA and NoxaB have different sequences, and
a phenylalanine residue in NoxaA occupies the first
conserved hydrophobic residue, Φ1, that is replaced
by a glutamate in NoxaB (Fig. 1). The NoxaB mu-
tation E74F improves its affinity 1.7-fold for Mcl-1,
and this BH3 domain now binds A1. The human
Noxa peptide (Fig. 1) binds both A1 and Mcl-1 and
behaves more like NoxaA.11 The presence of two
BH3 domains with distinct binding profiles in
mouse Noxa differentiates it from other species
and potentially allows it to control different signal-
ling pathways. Notably, inactivation of A1 in the
mouse may be of increased significance as there are
four A1 variants in the mouse genome.33 Analysis
by SPR showed that A1 binds NoxaB E74F with an
IC50 of 24 nM and that Mcl-1 does with an IC50 of
11 nM.

Mapping the Mcl-1 binding site on Noxa by
phage display

In order to determine the contribution of indivi-
dual residues to binding, we probed the Mcl-1:
NoxaA interaction by alanine scanning the BH3
domain of NoxaA using phage display. These
studies indicate that only residues (L27, I30, G31,
cl-1 BH3 domain complexes at 25 °C. (a) ITC titration for
nding Mcl-1, corresponding to a Kd of 39.5 nM. The details
. The step in the injection profile arises from a reduction of
nding curve for greater accuracy. (b) Entropy–enthalpy
by the plot of ΔH versus −TΔS (Table 2).
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D32 and V34) within, or immediately adjacent to,
the central LXXXGDE sequence (for Noxa, Glu is
substituted by Lys in this sequence; see Fig. 1) of the
BH3 domain are critical (Fig. 9). A separate assay
using an anti-FLAG antibody confirmed that the
low signal was not due to poor expression (data not
shown). The contribution of individual residues was
also demonstrated using synthetic peptides. Each
mutant tested in solution competition assays using
SPR gave IC50 values significantly lower than the
IC50 value obtained for the wild-type mouse NoxaA
sequence (Fig. 9b). Importantly, the IC50 of the wild-
type peptide sequence was almost identical with
that obtained using phage display (42 versus 39 nM).
Surprisingly, replacement of the phenylalanine F23,
a residue that binds in the first binding pocket of
Mcl-1, with alanine did not affect binding signifi-
cantly. This contrasts with the observations of Sattler
et al., in which the spatially equivalent residue in Bak
BH3 (V81) was shown to be important for binding
Bcl-xL.

7 Together with the results of Czabotar et al.,10
these data indicate that interaction of NoxaB with
Mcl-1 depends on the central region of the BH3
domain, as deletion of five N-terminal residues from
NoxaB had little effect on binding. Likewise, NoxaB
with seven additional C-terminal residues, poten-
tially two turns of helix, bound to Mcl-1 with
approximately the same affinity (Kd values of 126
and 58 nM for NoxaB and long NoxaB, respectively;
Table 2).
The strong effect seen in the phage assays fol-

lowing substitution of G31 to glutamic acid prob-
ably arises from a combination of steric and
electronic effects occurring from the need to bury a
larger charged residue. This residue of the BH3-only
protein is normally buried packing against the
conserved glycine in the NWGR motif of the BH1
domain of the pro-survival protein.
Discussion

Apoptotic signalling pathways that proceed
through mitochondria are critically dependent on
the interaction between BH3-only proteins and their
pro-survival Bcl-2 counterparts.1 Each BH3-only
protein is able to bind multiple pro-survival Bcl-2
proteins, and while some (e.g., Bim, Bid, Puma) bind
n=2 assays. (b) Synthetic peptides corresponding to most of the
tested in competition assays using SPR. All bound with affinities
all pro-survival members with approximately equal
affinity, others have a more defined specificity, bind-
ing only subsets of these proteins (e.g., Noxa).11 To
help unravel the molecular basis of these interac-
tions, we determined the structure, binding and
thermodynamic properties of the interactions bet-
ween the pro-survival Bcl-2 family member Mcl-1
and the binding domains of BH3-only proteins Noxa
and Puma.

Structures of Puma and Noxa bound to Mcl-1

Although in isolation the Puma and NoxaA BH3
peptides are unstructured in solution, when bound
to Mcl-1, they form well-ordered α-helices that pack
in a hydrophobic groove formed in part by the BH1–
BH3 domains and residues located on helices α2–α5
and α8 of Mcl-1 (Figs. 2, 3 and 7). The NoxaA and
Puma BH3 peptides provide approximately 1000 Å2

of buried surface area in the Mcl-1:BH3 interface,
while the total accessible solvent area buried on
forming the complex is about 2000 Å2, values typical
of non-obligate protein complexes.34 The ‘helix-in-
groove’ mode of binding of NoxaA and Puma is
similar to that of other pro-survival BH3 comple-
xes,7,9,10 and the conserved ‘anchor residue’35

leucine, together with other hydrophobic residues,
forms one face of an amphipathic BH3 helix that is
buried in a tightly packed interface. On the periphery
of the groove, polar and ionic residues of the BH3
domain contribute to binding interactions. Such sol-
vent-accessible interactions are maintained among
the Mcl-1 complexes; for example, Puma, NoxaA
and NoxaB10 have acidic groups located at the N-
terminal end of the BH3 domain (Fig. 1) that lie in
close proximity to a basic patch provided by R214
and K215 on the surface of Mcl-1.

Mcl-1 undergoes minimal conformational
change on binding

The pro-survival protein undergoes structural
transition on binding. Chemical shift deviations
between unliganded and liganded Mcl-1 showed
that all ligands perturb Mcl-1 backbone resonances
in a similar way and indicated that each ligand gives
rise to similar conformational changes in Mcl-1 on
binding (Figs. 6 and 7). Small but consistent chemical
Fig. 9. Binding affinities of
mNoxaA mutants. (a) The affinities
of phage-displayed mouse NoxaA
BH3 domain and NoxaA BH3
mutants were measured in a solution
competition assay. Mutants indicated
with a cross are those that bound too
weakly in an initial phage titration to
allow an accurate IC50 to be deter-
mined. The error bars indicate the
standard deviation from the mean of

weak binding sequences identified in the phage assays were
significantly lower than those for the wild-type peptide.
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shift differences occur outside the direct binding
residues, indicating conformational changes in the
helical bundle on accepting a ligand. Irrespective of
the BH3 ligand, these resonance changes occur in
similar regions of the helical bundle in each case (Fig.
7a), indicating only relatively minor differences in
the binding modes of BH3-bearing proteins.

Structural comparison with other Bcl-2 family
members and their complexes

The most striking structural difference between the
BH3 complexes of Mcl-1 and Bcl-xL and their unli-
ganded forms is the behaviour of residues in α3 and
α4, which flank the groove and provide contact resi-
dues for the ligand.15 In Bcl-xL, α4 undergoes a rota-
tion to alter the α4–α6 helix crossing angle from 60° to
be almost parallel with α6, and the residues of α3
become less ordered on binding (Fig. 3). These ligand-
induced changes in Bcl-xL have the effect of develop-
ing the binding site by exposing residues that are
buried in the closed conformation and creating space
for the ligand. In contrast, α3 of Mcl-1 is essentially
unperturbed on ligand binding (Fig. 2), and while α4
undergoes a translation to widen the groove, the
movement of α4 in Bcl-xL is larger. One caveat for
these conformational changes in pro-survival Bcl-2
proteins is that onlyC-terminally truncatedmolecules
have had their structures determined. It has been
shown with Bcl-w that the C-terminal tail lies in the
groove in a reverse orientation to the BH3 ligand.36

Functional studies on Bcl-xL and Bcl-w36 and binding
studies on Mcl-115 indicated that the C-terminal
residues slow access to the binding groove but do
not prevent BH3 binding. The significance of the
conformational change in the α3 and α4 helices of C-
terminally truncated Bcl-xL

9 is therefore unclear.
However, it is apparent that the helical bundles of
the pro-survival proteins are dynamic and structural
transitions of the pro-survival proteins are important
in their binding interactions.

The BH1 and BH3 motifs: partners in binding

Pro-apoptotic proteins are defined by the presence
of a BH3 domain.3 BH3 domains bear conserved
leucine and aspartic acid residues in a simple se-
quence motif, LXXXGDE,8 although neither the Gly
nor the Glu residues are strictly conserved (Fig. 1).
We noted earlier the presence of four hydrophobic
groups,11 Φ1–Φ4, that are spaced to form the hydro-
phobic face on a BH3 helix. However, again, there is
no strict conservation, as the first hydrophobic resi-
due, Φ1, is replaced by an acidic (Glu) residue in
NoxaA (Fig. 1). Key binding interactions occur
between the BH3 ligand and the BH1 domain of
the pro-survival protein. Themulti-BH domain Bcl-2
proteins, including Mcl-1, bear an NWGR sequence
motif that defines the initiation site of helix α5 and
forms a helix-capping motif, with the side chain
carbonyl of the asparagine hydrogen bonded to the
arginine amide. The arginine of the NWGR sequence
forms a key polar interaction with the aspartate of
the BH3-only ligands; an intermolecular hydrogen
bond with the side chain of a residue C-terminal to
the fourth hydrophobic residue (Γ and Φ4 in Fig. 1,
respectively) of the ligand fulfils the hydrogen
bonding needs of the glycine. Two small residues
(Σ, Σ′) separated by a heptad, and therefore on the
same face of a helix, are required for tight packing of
the helical BH3 domain into the groove of the pro-
survival protein. Together, these structural and
sequence analyses suggest a more accurate general-
ised motif for BH3 domains that is composed of 13
residues, Φ1ΣXXΦ2XXΦ3Σ′DZΦ4Γ.

Binding characteristics of Noxa and Puma with
Mcl-1

In order to understand the contributions of indivi-
dual residues to binding to Mcl-1, we performed a
mutational analysis of NoxaA using alanine scan-
ning. Interestingly, although the NoxaA alanine scan
showed substantial reduction in affinity when the
key BH3 leucine was replaced by alanine (N25,000-
fold reduction over wild-type NoxaA; Fig. 9b), trun-
cation of the BH3 domain N-terminus by five
residues10 or extension of the C-terminus of NoxaB
BH3 had relatively little effect on binding (Table 2),
consistentwith the relative insensitivity of binding to
mutations outside the core Φ2XXΦ3Σ′DZΦ4 region
of the BH3 domain (Fig. 9). These observations echo
those of Lee et al.,37 who showed that the conserved
leucine (Φ2) of Bim could be replaced with any
residue, except a charged residue, and retain mea-
surable Mcl-1 binding and that mutation of Φ4 had
little effect. In contrast, although Bcl-xL could bind a
variety of Bim mutants tightly, it was more sensitive
to residue type; however, Bim binding may be less
sensitive than Noxa to point mutations due to its
inherently higher binding affinity.
The two BH3 domains of mouseNoxa, NoxaA and

NoxaB (Fig. 1), differ at the first hydrophobic
residue, Φ1, and consistent with the decreased
significance of this position, NoxaB, which bears an
acidic residue at this position (E74), bindsMcl-1 with
only threefold lower affinity than NoxaA, which has
a hydrophobic residue (F23). The NoxaB mutant
NoxaB E74F gained affinity for Mcl-1 by less than
twofold (Table 2). Structurally, the two Noxa BH3
peptides bind in slightly different modes; in the Mcl-
1:NoxaB complex, E74 is in close proximity to a basic
patch (R214 and K215 as outlined above) unique to
Mcl-1, while in the Mcl-1:NoxaA complex, F23 of
NoxaA folds away from the basic patch and makes
hydrophobic contacts.10 The basic patch could be
potentially used by other BH3 domains, such as
Mule, which has an acidic residue at the appropriate
sequence position, while others, such as Bad and
Hrk, cannot make the same interaction. Interest-
ingly, NoxaA but not NoxaB binds A1, and in
contrast toMcl-1, A1 has an acidic patch provided by
two aspartates (D57 and D58) in a position structu-
rally equivalent to the basic patch onMcl-1 (Fig. 4).19

The A1 acidic patch would potentially make
unfavourable contacts with E74 in NoxaB, and,
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notably, the NoxaB E74F mutant gains affinity for
A1. Together, these results show that the Φ1 residue
has reduced significance for Mcl-1 and that this
residue may act as a selectivity filter, differentiating
Mcl-1 from other pro-survival Bcl-2 proteins.

BH3 binding thermodynamics

Despite being unstructured in solution, the BH3-
only peptides can bind tightly toMcl-1,with affinities
down to, or below, the 1 nM range (Table 2). Asmight
be expected for proteins that bind in a hydrophobic
groove, the entropic contribution to the free energy
for BH3 domain binding Mcl-1 is unfavourable and,
although both binding partners undergo conforma-
tional change, the association is exothermic as well as
being strongly entropy–enthalpy compensated.
These features place BH3 binding among other
protein–protein interactions in which the free energy
of binding is typically dominated by the enthalpic
contribution.18 Entropy–enthalpy compensation has
been linked to the rearrangement of internal non-
covalent interactions of the protein on binding, and
Williams et al. proposed that a ‘structural tightening’
is associated with a positively cooperative binding
and a ‘loosening’ is associated with a negatively
cooperative process.31 Such a mechanism would
predict long-range chemical shift changes that we
observe with Mcl-1 on ligand binding. The impor-
tance of contributions from receptor dynamics and
conformational entropy to binding interactions has
been demonstrated for calmodulin, which, like Mcl-
1, binds a number of peptide targets as helices.38 A
significant redistribution of the fast side chain
dynamics in calmodulin occurs on ligand binding,39

and this change in internal protein dynamicsmakes a
significant contribution to the free energy of binding
and formation of high-affinity interactions.38 Fur-
thermore, the internal dynamics of peptide-bound
calmodulin is highly ligand dependent and varies
considerably with the ligand, suggesting that altera-
tion in internal conformational entropy tunes the
ligandaffinity.38 Together, these results are consistent
with our findings for Mcl-1, as the BH3 ligand binds
to form a compact α-helix and resonance positions in
1H,15N HSQC spectra are altered for amides remote
from the binding site.

Biological relevance and conclusions

Breakdown in apoptosis regulation is a common
feature in cancer and is frequently characterised by
loss of p53 regulation of Bcl-2 proteins.40 In turn,
overexpression of pro-survival proteins, such asMcl-1,
prevents cells from responding appropriately to
apoptosis-promoting molecules as Noxa and Puma.
Defining the specificity and key interactions of BH3-
only proteins for their targets not only is necessary to
describe the apoptotic pathways that they signal but
also may have practical application in the design of
new cancer therapeutics that target specific Bcl-2
family members.16 Current approaches using BH3
mimetics to neutralise pro-survival Bcl-2 proteins to
initiate apoptosis in cancer cells only target Bcl-2, Bcl-
xL and Bcl-w,41 and cells that are dependent on Mcl-1
for survival are resistant to treatment.42 NoxaB BH3
specifically targets Mcl-1 and exploits a basic patch
unique to the Mcl-1 sequence; also, in the mouse, it
suggests that Noxa, with its two BH3 domains, may
have unique signalling pathways through A1 and
Mcl-1. Exploiting the unique molecular features of
Mcl-1, as demonstrated by its interaction with NoxaB,
may provide a means to design specific inhibitors for
Mcl-1.
The structures ofMcl-1 in complexwith theNoxaA

and Puma BH3 domains presented here elucidate
features important for Mcl-1 binding to BH3-only
antagonists. A core 13-residue motif accounts for the
BH3 domain binding interactions, and we also show
that the binding energetics of these unstructured BH3
domains conforms to that typical of other protein–
protein interactions. Although van der Waals and
hydrophobic forces are the dominant interactions
between IUPs, such as the BH3-only proteins, and
their receptors,43–45 we showed that polar interac-
tions play an important role in determining binding
and specificity of these proteins.
Materials and Methods

Expression and purification of proteins

Mouse Mcl-1 (accession number AA31790) with 151 N-
terminal residues and 23 C-terminal residues truncated,
Mcl-1ΔNC23,was expressed as a glutathione S-transferase
fusion protein in Escherichia coli BL21(DE3) and purified as
described previously.15 Mouse NoxaA and Puma BH3
domain peptides [NoxaABH3: residues 16–42 of mouse
Noxa (sequence AELPPEFAAQLRKIGDKVYCTWSAPD),
accession number NP_067426; PumaBH3: residues 130–
155 of mouse Puma M144I (sequence EEEWAREIGAQL-
RRIADDLNAQYERR),19 accession number NM_133234]
were prepared using the pET-31b expression vector
(Novagen) as outlined previously.17 Mass spectrometry
was used to confirm peptide homogeneity. Isotopically
labelled proteins were prepared by growth in minimal
media using 15NH4Cl and U13C D-glucose as the sole
nitrogen and carbon sources, respectively, as previously
described.46 BH3 complexes were prepared by titration
using NMR to detect the end point. For each structure, two
samples were prepared, 13C,15N-labelled Mcl-1/unla-
belled BH3 peptide and unlabelledMcl-1/13C,15N-labelled
BH3 peptide. NMR samples contained∼0.5 mMprotein in
50mM sodium phosphate, pH 6.7, 70 mMNaCl and 0.04%
sodium azide in H2O:2H2O (95:5).

NMR spectroscopy and spectral assignments

Spectra were recorded at 25 °C on a Bruker DRX 600
spectrometer equipped with triple-resonance probes and
pulsed-field gradients operating at 600 MHz or with AV-
500 andAV-800 spectrometers equippedwith cryogenically
cooled probes operating at 500 and 800 MHz, respectively.
A series of heteronuclear three-dimensional NMR experi-
ments was recorded using either 15N- or 13C,15N-doubly
labelled Mcl-1ΔNC23.21 Spectra were processed using
TOPSPIN (Bruker AG) and analysed using XEASY.47
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Distance and dihedral angle restraints

Distance restraints were measured from the 120-ms-
mixing-time three-dimensional 15N-edited nuclear Over-
hauser enhancement spectroscopy (NOESY), 13C-edited
NOESY and two-dimensional NOESY spectra. Hydrogen
bond constraints were applied within α-helices at a late
stage of the structure calculation.36 ϕ and ψ backbone
torsion angles were derived using TALOS.48 Dihedral
angle restraints for ϕ and ψ angles were used as sum-
marised in Table 1. 3JHNHα constants were derived from a
three-dimensional HNHA spectrum.49

Structure calculation and analysis

Initial structures were calculated using CYANA 2.1,50

optimised to obtain low target functions and then refined
with Xplor-NIH 2.1451 using the OPLSX non-bonded para-
meters in explicitwater.52 Structural statistics for the final set
of 20 structures, chosen on the basis of their stereochemical
energies, are presented in Table 1. PROCHECK_NMR22 and
MOLMOL53 were used for the analysis of structure quality.
The final structures had no experimental distance violation
greater than 0.2 Å or dihedral angle violation greater than
5°. Structure superimposition was based on residues
chosen with the program TOP.23 Structural figures were
generated in MOLMOL.53

Binding studies

Binding constants were determined using ITC. Experi-
ments were performed using a VP-ITC (MicroCal). BH3
domain peptides were dissolved at between 1–3 mM in
water and quantitated using the absorbance at 205 nm.
Mcl-1 was dialysed into phosphate buffered saline (PBS)
and quantitated using the absorbance at 280 nm. The pep-
tides were diluted to the desired concentration using PBS,
while Mcl-1 was diluted using PBS and water to match the
peptide buffer. For weakly interacting ligands, Mcl-1 was
diluted to 10 μM and the BH3 domain peptide was diluted
to 120 μM with 10-μL injections of peptide. In the case of
high-affinity interactions, Mcl-1 was diluted to 5 μM and
the peptide was diluted to 40 μM, and two injection
volumes were used to obtain more points during satura-
tion. Injections of 10 μL were used, except for a ligand
stoichiometry of 0.8–1.2, in which 4-μL injections were
used. The data were analysed using Origin and fitted to a
single-site binding model. SPR analyses of A1 and Mcl-1
were performed according to earlier methods.11

Solution competition assays

Solution competition assays using the Biacore optical
biosensor were performed as described previously,11 using
synthetic BH3 peptides (Mimotopes) based on the wild-
type mouse Noxa BH3 sequence (amino acids 16–41:
RAELPPEFAAQLRKIGDKVYCTWSAP) and 10 nM
mouse Mcl-1ΔN151ΔC23. For the phage binding assays,
the wild-type Noxa BH3 domain 26-mer (as above) and
mutants were displayed as FLAG-tagged fusions to gene
3p on M13 phage, as previously described for other BH3
sequences.37 Phage particles were then tested at a
subsaturating dilution in a solution competition ELISA,
in which soluble mouse Mcl-1ΔN151ΔC23 was used to
compete phage-displayed Noxa BH3 from binding to Mcl-
1 immobilised on a 96-well plate (Nunc). Binding was
determined by using a horseradish peroxidase-labelled
anti-M13 antibody. A corresponding titration ELISA using
an anti-FLAG antibody was also performed to ensure
adequate expression of all mutants.

PDB accession codes

Atomic coordinates and experimental constraints have
been deposited in the PDB: Mcl-1:Puma with PDB code
2ROC and Mcl-1:NoxaA with PDB code 2ROD.
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