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Introduction

Physical interactions between proteins underpin all cellular
processes and provide opportunities for new research tools
and medicines. Despite the obvious importance of intracellular
protein–protein interactions, they have proven inherently diffi-
cult to target with small-molecule chemistry, due to the fact
that protein interfaces are extensive, shallow, and mainly hy-
drophobic, making them relatively uniform molecular land-
scapes with only limited opportunities for selective chemical
intervention. Protein surfaces have hence often been described
as “nondruggable”.[1–4] The development of peptide-based re-
agents that mimic nature’s strategy for protein recognition
provides an alternative, nature-like strategy to target protein–
protein interactions selectively.[5–17]

The B-cell leukaemia-2 (Bcl-2) family of proteins constitutes a
critical control point for the regulation of programmed cell
death. Family members such as Bcl-xL and Bcl-2 inhibit apopto-
sis, are over-expressed in many cancer cells and are involved in
tumor initiation and progression as well as resistance to thera-
py.[18, 19] Other family members including Bak and Bid can act as
promoters of apoptosis.[20, 21] The sensitivity of cells to apoptot-
ic stimuli has been shown to depend on the fine balance be-
tween pro- and anti-apoptotic proteins, which is mediated by
their heterodimerization.[22] Members of the Bcl-2 family are
characterized by the presence of up to four conserved Bcl-2
homology (BH) domains that contain a-helical peptide seg-
ments. The solution structure of the complex of Bcl-xL with a
short 16 amino-acid peptide derived from the BH3 region of
Bak revealed that the Bak peptide forms an amphipathic helix,
which binds to a hydrophobic groove on the surface of Bcl-xL

formed by the juxtaposition of Bak’s BH1, BH2, and BH3 do-
mains.[23] Peptides derived from BH3 domains bind to Bcl-xL

with high nanomolar to low micromolar affinities, and the a-
helicity of such peptides is known to be critical for high-affinity
binding.[24]

Inhibitors of the interaction of pro- and anti-apoptotic mem-
bers of the Bcl-2 family not only have significant potential as
therapeutics but should also facilitate the study and regulation
of the complex cellular processes leading to cell death or
tumor growth. Although several potent small-molecule and
peptide-based inhibitors of the Bcl-xL/Bak interactions have
been developed recently,[5–7, 25–35] none of these provides the
ability to program changes in discrete and critical intracellular
protein–protein interactions through external stimuli in a re-
versible manner.

We have previously described a strategy for using light to
control the DNA binding affinities and specificities of the tran-
scription factor MyoD and of HDH-3, which is a miniature pro-
tein derived from the homeobox protein engrailed.[34, 35] This

Photocontrol of Bcl-xL binding affinity has been achieved by
using short BH3 domain peptides for Bak72–87 and Bid91–111 alkylat-
ed with an azobenzene crosslinker through two cysteine residues
with different sequence spacings. The power to control the con-
formation of the crosslinker and hence peptide structure was
demonstrated by CD and UV/Vis spectroscopy. The binding affini-
ty of the alkylated peptides with Bcl-xL was determined in their
dark-adapted and irradiated states by fluorescence anisotropy
measurements, and use of different cysteine spacings allowed
either activation or deactivation of the binding activities of these
peptide-based switches by application of light pulses. Helix-stabi-
lized peptides exhibited high Bcl-xL binding affinity with dissoci-ACHTUNGTRENNUNGation constants of 42�9, 21�1, and 55�4 nm for Bak iþ7

72�87,

Bak iþ11
72�87, and Bid iþ4

91�111, respectively (superscript numbers refer to
the spacing between cysteine residues), and up to 20-fold en-
hancements in affinity in relation to their helix-destabilized
forms. Bak iþ7

72�87, Bak iþ11
72�87, and Bid iþ4

91�111 each displayed more than
200-fold selectivity for binding to Bcl-xL over Hdm2, which is tar-
geted by the N-terminal helix of the tumor suppressor p53. Struc-
tural studies by NMR spectroscopy demonstrated that the pep-
tides bind to the same cleft in Bcl-xL as the wild-type peptideACHTUNGTRENNUNGregardless of their structure. This work opens the possibility of
using such photocontrollable peptide-based switches to interfere
reversibly and specifically with biomacromolecular interactions to
study and modulate cellular function.
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approach relies on the introduction of an azobenzene cross-
linker through appropriately spaced cysteine residues. Photo-ACHTUNGTRENNUNGisomerization of the crosslinker can be used to switch peptides
between the a-helical and random coil-like conformations[34–42]

(Figure 1) and has also been applied to control of the confor-
mation of b-hairpins.[43–45] Significant stabilization of the a-heli-
cal conformation was observed when the crosslinker was in
the cis configuration for peptides linked through cysteine resi-
dues in i, i+7 and i, i+4 spacings, while the trans-configuration
was helix-stabilizing for i, i+11 spacing.[34–37] Here we demon-
strate the versatility of such photocontrollable peptide-based
switches for the control of protein–protein interactions and
report highly potent and specific examples that target the
anti-apoptotic protein Bcl-xL.

Results and Discussion

Design of photocontrollable peptides

Two Bak-based peptides—Bak iþ7
72�87 and Bak iþ11

72�87—based on the
structure of the Bcl-xL/Bak72–87 complex[23] were designed. Two
appropriately spaced residues on the solvent-exposed face of
the Bak72–87 helix, opposite the residues involved in Bcl-xL-bind-
ing,[23] were replaced with cysteines (Figure 2) to allow for the
introduction of the photo-activatable crosslinker 3,3’-bis ACHTUNGTRENNUNG(sulfo)-
4,4’-bis(chloroacetamido)azobenzene. The superscript numbers
in the peptide names indicate the spacings of the cysteine resi-
dues. Gln73 was changed to cysteine in Bak iþ11

72�87 and to alanine
in Bak iþ7

72�87. Asp84 was substituted by cysteine in Bak iþ7
72�87 and

by alanine in Bak iþ11
72�87. In addition, Ile80 was changed to alanine

in Bak iþ11
72�87 to prevent possible steric clash with the crosslinker,

and Ile81 was replaced with phenylalanine in both peptides
because of the higher hydrophobicity of phenylalanine, which
has been shown to increase the affinity of Bak72–87 for Bcl-xL.

[6]

Similarly, a peptide based on proapoptotic Bid was designed
to allow introduction of the azobenzene crosslinker for an
i, i+4 spacing of the cysteines to generate Bid iþ4

91�111. Two me-
thionine residues were substituted with isoleucine because of
its higher stability towards oxidation. To produce the three
photocontrollable peptide-based switches, Bak iþ11

72�87, Bak iþ7
72�87,

and Bid iþ4
91�111 were alkylated with 3,3’-bis ACHTUNGTRENNUNG(sulfo)-4,4’-bis(chloro-ACHTUNGTRENNUNGacetamido)azobenzene.

Absorption spectroscopy

UV/Vis spectroscopy was used to characterize the thermal iso-
merization of irradiated Bak iþ7

72�87, Bak iþ11
72�87, and Bid iþ4

91�111. The ab-
sorption spectrum of dark-adapted Bak iþ11

72�87, in which the azo-
benzene crosslinker is in the thermally stable trans-configura-
tion, was characterized by a strong maximum at 363 nm typi-
cal of the p–p* transitions in amide-substituted trans-azoben-
zenes (Figure 3).[46] Irradiation with 360 nm light led to the
disappearance of this maximum and the appearance of a new
maximum at 262 nm. Irradiated Bak iþ11

72�87 reverted to the dark-
adapted state in a nonphotochemical process characterized by
isosbestic points at 250, 317, and 434 nm with a half-life of
22 min at 15 8C. This was similar to the half-life of FK-11, a pre-
viously reported peptide developed as a model system to test
helix stabilization by crosslinkers,[36] but significantly shorter
than the 150 min observed for the thermal reversion from the
irradiated state of HDH-3, an 18-residue peptide derived from
the homeobox protein engrailed linked to the azobenzene
crosslinker in an i, i+11 configuration. The UV/Vis spectra of
dark-adapted and irradiated Bak iþ7

72�87 were similar to those ob-
served for Bak iþ11

72�87 (Supporting Information), but the thermal
reversion from the irradiated states of Bak iþ7

72�87 and Bid iþ4
91�111 oc-

curred with significantly longer half-lives of 174 and 190 min at
15 8C. Comparison of the reversion rates of Bak iþ7

72�87 with those
measured for Photo-MyoD (t1/2 = 193 min at 15 8C)[35] and a
synthetic peptide, designed for high helical propensity (t1/2 =

37 min at 18 8C),[38] in which the crosslinkers were also in i, i+7

Figure 1. A) Modification of a peptide with the azobenzene crosslinker to
form a photocontrollable peptide-based switch. B) Structural change upon
isomerization of the azobenzene crosslinker attached to a peptide in an
i, i+7 spacing. The same structural change is observed with the crosslinker
in an i, i+4 spacing, except that only one helical turn is stabilized. C) Struc-
tural change upon isomerization of the azobenzene crosslinker attached to
a peptide in an i, i+11 spacing.
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spacings, indicated that the rates of thermal reversion depend
on both sequence and cysteine spacing.

The extent of light-induced isomerization was determined
from the absorbance at 363 nm, by using the difference be-

tween the extinction coefficients for the cis- and trans-azoben-
zene crosslinkers;[36] 69 %, 76 %, and 80 % of the irradiated ma-
terial was found to be in the cis configuration for alkylated
Bak iþ11

72�87, Bak iþ7
72�87, and Bid iþ4

91�111, respectively. These values are
typically observed in the photoisomerization of azoben-
zenes.[34, 47]

CD spectroscopy indicated significant differences in the con-
formations of noncrosslinked Bak iþ11

72�87 and its alkylated dark-
adapted form (Figure 4). The unalkylated peptide displayed the
characteristic spectrum of a mostly unstructured peptide, with
a minimum at 203 nm and mean residue ellipticity at 222 nm
([V]r, 222) of �4752 deg cm2 dmol�1 (Figure 4). For the trans-con-
figuration of the crosslinker, the CD spectrum revealed almost
complete helix formation with a [V]r, 222 value of
�30 600 deg cm2 dmol�1. This value is significantly higher than
had been observed previously for both HDH-3 and FK-11.[34, 36]

Interestingly, the mean residue ellipticity at 208 nm was higher
(�22 250 deg cm2 dmol�1), suggesting contributions to the CD
spectrum from the crosslinker as previously described by Flint
et al.[37] Irradiation with 360 nm light led to a significant in-
crease in [V]r, 222 to �13 458 deg cm2 dmol�1, indicating a reduc-
tion in the amount of the peptide that adopts an a-helical
structure as would have been predicted on the basis of previ-
ous studies.[34–40] Even in this state, however, the amount of a-
helical character was approximately 44 %, which is at least in
part due to the presence in the irradiated state of Bak iþ11

72�87 of
approximately 31 % of the trans-configured peptide (Figure 3).

In contrast, the CD spectra of alkylated Bak iþ7
72�87 (Figure 4)

and Bid iþ4
91�111 (Supporting Information) were only slightly differ-

ent in the dark-adapted and irradiated states. Both irradiated
and dark-adapted Bak iþ7

72�87 displayed only small amounts of
a-helicity, with [V]r, 222 values of �8808 and
�6056 deg cm2 dmol�1, respectively. This is similar to the be-
havior previously reported for Photo-MyoD. In this case, DNA
binding affinity could be modulated through an azobenzene
linker introduced into the DNA recognition helix of MyoD by
way of two cysteines in an i, i+7 spacing. Irradiated Photo-
MyoD showed only a modest increase in a-helicity in relation

Figure 2. A) Model of Bak iþ11
72�87 in complexation with Bcl-xL. The model was

generated from the structure of the complex with the wild-type Bak72–87

peptide.[23] Helical wheel representations of B) Bak iþ7
72�87 and Bak iþ11

72�87, and
C) Bak iþ4

91�111. Dark gray: residues shown to result in > tenfold loss of binding
affinity for Bcl-xL upon individual substitution with alanine. Light gray: cys-
teine residues introduced to allow crosslinking. Light gray stripes: residues
replaced by an alanine unit to avoid steric clash with the azobenzene cross-
linker. Where two labels are given for a single residue, the left-hand label
refers to Bak iþ7

72�87 and the right-hand label to Bak iþ11
72�87.

Figure 3. UV/Vis spectra of alkylated Bak iþ11
72�87 at 5 8C. Spectra were acquired

on a) the dark-adapted state, b) the irradiated state, and in 15-minute inter-
vals after irradiation (15, 30, 45, 60, 75, 90, 105 and 120 min).
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to its dark-adapted and unalkylated forms.[35] However, upon
addition of the DNA target sequence, the full conformational
change was induced.[35] Addition of Bcl-xL to irradiated Bak iþ7

72�87

and Bid iþ4
91�111 may have a similar helix-inducing effect.

The dominant contribution from the elements of secondary
structure of Bcl-xL precluded us from studying this effect by
CD spectroscopy. Hence, to probe the tendency of the pep-
tides to adopt a-helical structures, 2,2,2-trifluoroethanol (TFE)
was used as a co-solvent. This led to the typical CD spectra of
predominantly a-helical peptides ([V]r, 222 values of �24 100
and �17 100 deg cm2 dmol�1 for irradiated Bak iþ7

72�87 and
Bid iþ4

91�111, respectively). Addition of TFE to solutions of either
dark-adapted Bak iþ7

72�87 or Bid iþ4
91�111, on the other hand, resulted

in only marginal reductions in mean residue ellipticity. These
observations suggest that although irradiation of Bak iþ7

72�87 did
not lead to a predominantly a-helical peptide, it nevertheless
generated a form that upon addition of an a-helix-inducing
cosolvent was able to form the a-helical structure required for
tight binding to Bcl-xL, while dark-adapted Bak iþ7

72�87 did not
have this potential.

Fluorescence polarization assays

Fluorescence anisotropy measurements[47] were carried out to
determine the affinities of Bak iþ11

72�87, Bak iþ7
72�87, and Bid iþ4

91�111 for
Bcl-xL in their non-crosslinked, dark-adapted, and light-induced

states. The addition of Bcl-xL to a solution of fluorescently la-
beled peptide resulted in a saturatable increase in the fluores-
cence anisotropy in each case (Figure 5). Titration curves were
fitted to the Langmuir isotherm FFit = {1 + (KD/ ACHTUNGTRENNUNG[Bcl-xL])

n}�1. For
all complexes, the best fits were obtained for 1:1 binding (n =

1), as was expected from previous results with the wild-type
peptide.[5, 23, 26, 27] These fits yielded the apparent dissociation
constants given in Table 1.

The dissociation constant for the complex of Bcl-xL and dark-
adapted Bak iþ11

72�87 (KD = 21�1 nm) was ~16 times lower than
that observed with the corresponding unalkylated peptide
(Table 1). The KD value of 328�19 nm obtained for the unalky-
lated peptide is similar to values previously reported for wild-
type Bak72–87.[5, 23] The stability of the Bcl-xL complex of irradiat-

Figure 4. CD spectra of A) Bak iþ11
72�87, and B) Bak iþ7

72�87 peptides at 5 8C. a) Un-ACHTUNGTRENNUNGalkylated peptide, b) dark-adapted, c) irradiated, d) dark-adapted in 20 %
TFE, and e) irradiated in 20 % TFE.

Figure 5. Typical binding curves for: A) Bak iþ7
72�87, B) Bak iþ11

72�87, and C) Bak iþ4
91�111.

The black line in each case corresponds to the dark-adapted state, and the
gray line to the irradiated state.
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ed Bak iþ11
72�87 was only decreased twofold relative to the complex

with dark-adapted Bak iþ11
72�87. This high stability is most likely

due to the incomplete cis- to trans-conversion of azoben-
zenes[36] and hence the presence of 31 % tightly binding trans-
configured peptide in the irradiated state (vide supra).

In contrast, both Bak iþ7
72�87 and Bid iþ4

91�111 showed significantly
different complex stabilities in their dark-adapted and irradiat-
ed forms. For these two peptides, the trans-configuration of
the crosslinker clearly prevented Bak iþ7

72�87 (KD = 825�157 nm)
and Bid iþ4

91�111 (KD = 1275�139 nm) from forming high-affinity
complexes (Table 1). These values were significantly higher
than those measured for the unalkylated parent peptides of
Bak iþ7

72�87 and Bid iþ4
91�111 (KD = 134�16 nm and 117�48 nm, re-

spectively). After irradiation, the stabilities of the complexes
formed between Bcl-xL and the irradiated forms of Bak iþ7

72�87 and
Bid iþ4

91�111 were increased approximately 20-fold, resulting in dis-
sociation constants of 42�9 and 55�4 nm for the two pep-
tides with the crosslinker in the helix-stabilizing cis configura-
tion.

Bak iþ11
72�87, Bak iþ7

72�87, and Bid iþ4
91�111 in their helix-stabilized forms

bound to Bcl-xL with much higher affinities than the wild-type
peptides or helical peptide mimetics,[23, 24, 28, 29, 49] whereas the
stabilities of the complexes of these peptides rivaled those of
the best designed Bcl-xL-targeting miniature proteins reported
so far.[5, 6, 27] However, unlike peptides in which the a-helical
conformation is stapled either through ruthenium-catalyzed
olefin metathesis of tethered amino acids[16, 27] or through their
introduction into a larger stable polypeptide fold, such as pan-
creatic polypeptide,[5] the activities of the photocontrollable
peptide-based switches described here can be switched be-
tween high and low Bcl-xL affinity states with external light
pulses.

A key issue for the potential use of photocontrollable pep-
tide-based switches to regulate cellular events is whether they
demonstrate selectivity between different helix-binding pro-
teins. We therefore determined the abilities of alkylated
Bak iþ11

72�87, Bak iþ7
72�87, and Bid iþ4

91�111 to bind to Hdm2, a target of
the tumor suppressor p53.[50] The stability of the complex be-
tween Hdm2 and p53 is the consequence of an a-helix of p53
binding to a deep cleft on the surface of Hdm2.[51] However,
no binding activity for Hdm2 was detected here in fluores-
cence anisotropy measurements for dark-adapted and irradiat-
ed Bak iþ11

72�87, Bak iþ7
72�87, and Bak iþ4

91�111 at concentrations up to
10 mm, indicating that the selectivity was more than 200-fold
in their helical state.

Chemical shift perturbation measurements

To determine whether dark-adapted Bak iþ11
72�87 interacted with

the binding groove of Bcl-xL,
1H–15N heteronuclear single-quan-

tum correlation (HSQC) NMR spectra were measured for free
15N-labeled Bcl-xL and complexes with wild-type Bak72–87 and
dark-adapted Bak iþ11

72�87. For these studies, Bcl-xL 1–212 (D45–84),
which lacks the flexible loop between residues 45 and 84, was
used. Previous studies have shown that this truncated version
of Bcl-xL has the same anti-apoptotic and peptide bindingACHTUNGTRENNUNGactivities as Bcl-xL 1–212.[23, 52] The HSQC spectra show compa-
rable chemical shift changes, indicating that the structural
changes of Bcl-xL upon addition of dark-adapted Bak iþ11

72�87 are
very similar to those obtained with wild-type Bak72–87

(Figure 6). The resonances in the HSQC spectrum for the com-
plex of Bcl-xL with dark-adapted Bak iþ11

72�87 were assigned from a
HSQC-TOCSY spectrum and by comparison with the published
assignments for the complex of Bcl-xL with a 25-residue pep-
tide corresponding to the BH3 helix of the proapoptotic pro-
tein Bad.[24]

Complexation with dark-adapted Bak iþ11
72�87 led to chemical

shift changes in most residues of Bcl-xL (Supporting Informa-
tion). Residues F57, E58, F65, T69, S82, F91, D93, G94, W97,
F106, T132, and Y133 in particular showed strong changes in
their chemical shifts (shown in red in Figure 7). These residues
lie in the region of Bcl-xL that had previously been defined as
forming the binding cleft for Bak and Bad.[23, 24] Many other resi-
dues showed medium chemical shift changes on binding to

Table 1. Dissociation constants of the complexes of Bcl-xL with Bak iþ7
72�87,

Bak iþ11
72�87, and Bid iþ4

91�111 in their parent (unalkylated), dark-adapted, andACHTUNGTRENNUNGirradiated forms at 15 8C.

KD [nm]
Peptide form Bak iþ7

72�87 Bak iþ11
72�87 Bid iþ4

91�111

parent 134�16 328�19 117�48
dark-adapted 825�157 21�1 1275�139
irradiated 42�9 48�10 55�4

Figure 6. 1H–15N HSQC NMR spectra of free Bcl-xL 1–212 (D45–84, green) and
in complexation (red) with A) wild-type Bak72–87, and B) dark-adapted alkylat-
ed Bak iþ11

72�87.
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dark-adapted Bak iþ11
72�87 (shown in yellow in Figure 7). While resi-

dues Q71, L72, Q85, A102, and L154 were in the direct vicinity
of the binding cleft on Bcl-xL and hence further confirmed that
Bak iþ11

72�87 bound to this region, several residues further away
from the binding cleft also showed medium chemical shift
changes, in agreement with a previous report in which such
long-range inductive effects had also been observed.[53] These
data indicated strongly that dark-adapted Bak iþ11

72�87 and wild-
type Bak72–87 target the same area on the surface of Bcl-xL.

Interestingly, the HSQC spectrum of Bcl-xL in complexation
with Bak iþ7

72�87 (Supporting Information) was almost identical to
that of the complex with Bak iþ11

72�87. In the dark-adapted state,
Bak iþ7

72�87 adopts a largely disordered structure and binds Bcl-xL

weakly, whereas Bak iþ11
72�87 is predominantly helical and binds

Bcl-xL more strongly (vide supra). The strong similarities be-
tween the HSQC spectra of the two complexes therefore show
that isomerization of the crosslinker affects only the affinity of
the peptide for Bcl-xL, rather than its preferred binding site.

Conclusions

In summary, a family of photocontrollable peptide-based
switches that target the anti-apoptotic protein Bcl-xL has been
developed, through the use of an azobenzene-derived photo-
activatable crosslinker to regulate the conformation of short
peptides based on the BH3 regions of the Bcl-xL-binding pro-
teins Bak[23] and Bid.[27] The binding mode was determined by
CD and NMR spectroscopy, which revealed that these peptides
bind to the same cleft of Bcl-xL that had been identified as the
target site of wild-type Bak and Bid. However, helix-stabilized
peptides showed significantly greater affinities for Bcl-xL than
the unalkylated and wild-type peptides, whereas the helix-de-
stabilized forms generally showed reduced affinity. The availa-
bility of such peptides should in the future provide the oppor-

tunity to activate apoptotic process in cellular systems through
the application of external light pulses.

The technology described here has a high level of generic
character, because many other protein–protein interactions
depend on a-helices. In addition, it can be extended to control
the conformation of b-strands. Applications in surface chemis-
try, imaging, particle physics, and medical diagnostics could
also be envisaged. The combined features of high affinity and
high specificity together with their stable peptide fold suggest
that these and similar peptides might be used to probe and
modulate specific protein function within the context of the
cellular proteome. While other peptide-based and small mole-
cule reagents have been developed to target specific protein–
protein interactions, our peptide-based switches are unique in
that their protein-binding activity can be controlled externally
by irradiation with light, opening the possibility of interfering
specifically with such interactions to study and modulate cellu-
lar function.

Experimental Section

Peptide synthesis and purification : All peptides were synthesized
by solid-phase peptide synthesis on a CEM peptide synthesizer
(Matthews, NC, USA), by standard 9-fluorenylmethoxycarbonyl
(Fmoc) group chemistry protocols. The C-termini were produced in
their amidated forms, and the N-terminal amines were acetylated
or labeled with carboxyfluorescein (FAM) for fluorescence anisotro-
py measurements. Wild-type Bak72–87 and Bak iþ7

72�87 were synthesized
on Rink amide resins. Bak iþ11

72�87 and Bak iþ4
91�111 were synthesized on

Rink amide 4-methylbenzhydrylamine resins. For FAM-labeling, the
resin-bound peptide was incubated at room temperature with
FAM (50 mg), N-hydroxybenzotriazole (20 mg), and diisopropylcar-
bodiimide (26 mL) in DMF (1.5 mL) for 2 h prior to cleavage from
the resin with TFA. Crude peptides were dissolved in acetonitrile/
water (1:1) and purified by reversed-phase HPLC on a Phenomenex
Luna 10 mm C18 100 � column (250 � 10 mm; Torrance, CA, USA) at
a flow rate of 5 mL min�1. A linear 0–60 % acetonitrile gradient
was run over 60 min. Peptide concentrations were obtained from
absorbance at 210 nm (e= 20 mL mg�1 cm�1).[54] Concentrations of
FAM-labeled peptides were determined at 494 nm (e=
83 000 m

�1 cm�1).[34]

Peptide alkylations : The crosslinker 3,3’-bisACHTUNGTRENNUNG(sulfo)-4,4’-bis(chloro-ACHTUNGTRENNUNGacetamido)azobenzene was synthesized as described previously.[36]

All reactions involving the crosslinker were performed in the dark.
The peptide (1 mg) was fully reduced prior to alkylation by incuba-
tion in Tris buffer (pH 8.3, 50 mm, 1 mL) containing tris(carboxy-
ethyl)phosphine (TCEP, 0.5 mm) at 4 8C for 15 min. For Bak72–87 pep-
tides, crosslinker solution (2 mm) in Tris buffer (pH 8.3, 50 mm) was
added to the reduced peptide in three 333 mL portions at 20 min
intervals. After 12 h the alkylated peptides were purified by re-
versed-phase HPLC as described above. The alkylation reaction for
Bak iþ4

91�111 was performed at 50 8C with 2 h incubation after each ad-
dition of the azobenzene. The elevated temperature and increased
reaction time were required because under the conditions used for
the Bak peptides, bis-alkylation of Bak iþ4

91�111 with two azobenzene
moieties was observed rather than crosslinking with a single azo-
benzene. This is likely to be due to the close proximity of the reac-
tive thiols, which disfavors intramolecular alkylation. By decreasing
the degree of peptide structure, elevated temperatures may in-
crease this distance and so favor intramolecular reaction. Purifica-

Figure 7. Surface representation of Bcl-xL showing residues that undergo
changes in NH chemical shift upon binding to Bak iþ11

72�87. Minimum chemical
shift changes were mapped onto the model of the Bcl-xL/Bak iþ11

72�87 complex.
Red: w>0.4wmax. Yellow: 0.4wmax>w>0.15wmax. Green: w<0.15wmax. The
modeled Bak iþ11

72�87 peptide is shown as white sticks.
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tion was performed immediately afterwards as described for
Bak72–87 peptides. Concentrations of alkylated peptides were calcu-
lated with an extinction coefficient at 363 nm of 24 000 m

�1 cm�1.[34]

Photoisomerization : Dark-adapted peptide-based switches were
photoisomerized by irradiating the peptide solution (typically
100 mm) for 4 min with a 250 W metal halide UV light point source
(UV-P280, Panacol–Elosol, GmbH, Oberursel, Germany) coupled to
a 360 nm band-pass filter.

Purification of Bcl-xL and Hd m2 : A plasmid containing the cDNA
for Hdm2 residues 1–188 was obtained from David Lane (University
of Dundee, UK). A fragment encoding amino acids 1–125 was ex-
pressed in E. coli and purified as previously described.[55] A plasmid
encoding human Bcl-xL was obtained from Marion McFarlane (Uni-
versity of Leicester, UK). The gene encoding Bcl-xL was amplified by
PCR with use of the primers bcl-xL fwd; 5’-GTA CGC ATA TGT CTC
AGA GCA ACC GGG AGC-3’ and bcl-xL rev; 5’-CTA GTA GAT CTT
CAG CGT TCC TGG CCC TTT CG-3’, designed to introduce NdeI and
BglII restriction sites (sequences underlined) flanking the gene and
to delete the C-terminal domain of the protein. The PCR product
was cloned into a PCR-Script vector using blunt end ligation. The
resulting plasmid was digested with the NdeI and BglII restriction
enzymes, and the 639 bp fragment coding for amino acids 1–212
of Bcl-xL was introduced into the NdeI and BamHI digested pET19b
expression vector, which codes for a N-terminal His-tag. DNA se-
quencing confirmed the presence and correct sequence of the bcl-
xL insert. This pET19b-bcl-xL (1–212) expression vector was trans-
formed into E. coli BL21 ACHTUNGTRENNUNG(DE3) cells, which were grown at 37 8C in
LB medium to an OD600 of 0.5 and expression induced with isopro-
pyl b-d-galactopyranoside (IPTG, 0.4 mm). Six hours after IPTG addi-
tion the cells were harvested, resuspended in sodium phosphate
buffer (pH 7.5, 100 mm) containing b-mercaptoethanol (100 mm),
and lyzed by sonication. Cell debris was removed by centrifugation
at 40 000 g for 20 min, and the clarified lysate was dialyzed against
sodium phosphate buffer (pH 7.5, 100 mm) containing b-mercap-
toethanol (5 mm) to allow purification on a Ni-sepharose column.
After loading the protein solution, the column was washed with
sodium phosphate buffer (pH 7.5, 100 mm) containing NaCl
(500 mm), b-mercaptoethanol (5 mm), and imidazole (50 mm), and
bound Bcl-xL was eluted with the same buffer containing imidazole
(500 mm). The purity of the resulting 26 kDa protein was analyzed
by SDS polyacrylamide gel electrophoresis (Supporting Informa-
tion) and the correct mass was verified by MALDI-TOF mass spec-
trometry (measured: 25 922 Da; calculated: 25 985 Da). The yield of
pure protein was 30 mg L

�1 of culture. For NMR experiments, trun-
cated-loop Bcl-xL was used because of its lower aggregation ten-
dency. A pET vector encoding residues 1–212 (D45–84) of Bcl-xL

with a C-terminal His-tag was transformed into E. coli BL21 ACHTUNGTRENNUNG(DE3)
cells, which were grown at 37 8C in M9 minimal medium contain-
ing 15NH4Cl. The protein was prepared as described for non-trun-
cated Bcl-xL. MALDI-TOF mass spectrometry showed a peak at m/z
21 428, in good agreement with the expected mass of 21 567 Da
for the labeled protein.

UV/Vis spectroscopy : All spectra were recorded in potassium
phosphate buffer (pH 8.0, 5 mm) at 5 8C with a Shimadzu UV-
2401PC UV-Vis spectrometer in a 5 mm or 1 mm pathlength cuv-
ette. The concentration of Bak iþ11

72�87 was 250 mm. First-order kinetics
for the thermal cis- to trans-reversion were assumed, because the
rate of reversion should only depend on the concentration of cis-
peptide (cis-P). The corresponding integrated first-order rate law is
given in Equation (1):

½cis-P� ¼ ½cis-P�0 e�kt ð1Þ

Since [cis-P] is directly proportional to the percentage of non-re-
verted irradiated peptide (%irrad), the rate constant (k) for the ther-
mal relaxation process could be calculated from a plot of ln %irrad(t)
versus t %irrad(t) is defined in Equation (2):

% irrad ðtÞ ¼ 100 A363ðtÞ=ðAdark
363�Airrad

363 Þ ð2Þ

where A363(t) is the measured absorbance at 363 nm at time t, and
Adark

363 and Airrad
363 are the values for the absorbance immediately

before and after irradiation.

Circular dichroism spectroscopy : All spectra were recorded in po-
tassium phosphate buffer (pH 8.0, 5 mm) in a 1 mm pathlength
cuvette at 5 8C with an Applied Photophysics Chirascan spectrome-
ter. The peptide concentration was typically 100 mm. Spectra were
also acquired in the presence of 2,2,2-trifluoroethanol (20 %), which
promotes helix formation.[56] Mean residue ellipticities were calcu-
lated according to Equation (3):

½V�r ¼ V=ð10 nclÞ ð3Þ

where V is the measured ellipticity in mdeg, n is the number of
backbone amide bonds, c is the concentration in m, and l is the
pathlength in cm. The percentage helical structure was calculated
from Equation (4):

% helicity ¼ �100 n ½V�r, 222=40 000 ðn�4Þ ð4Þ

where n is the number of amide bonds in the peptide.[36]

Binding experiments using fluorescence anisotropy measure-
ments : Fluorescence anisotropy measurements were carried out
on a Perkin–Elmer LS55 luminescence spectrometer at 15 8C (exci-
tation at 494 nm and emission at 525 nm; slit width 5 nm, integra-
tion time 5 s). All measurements were performed in a 1 mL fluores-
cence quartz cuvette with FAM-labeled peptide (10 nm). The assay
was performed in sodium phosphate buffer (pH 7.5, 100 mm) con-
taining NaCl (10 mm). Defined volumes of Bcl-xL solution (4 mm or
40 mm) were added to the FAM-labeled peptide, and the changes
in fluorescence anisotropy were measured. For experiments using
light-induced peptides the solution in the cuvette was re-irradiated
for 30 s every 5 min to keep the maximum amount of azobenzene
crosslinker in the cis form. The G factor (ratio of monochromator
sensitivity for horizontally and vertically polarized light) was calcu-
lated for each measurement by Equation (5)

G ¼ I?=Ik ð5Þ

where Ik and I? are the intensities of the fluorescence emission in
planes parallel and perpendicular, respectively, to the excitation
plane. Values for fluorescence anisotropy (A) were then determined
from Equation (6)[48]

A ¼ ðIk�GI?=Ik þ 2 GI?Þ ð6Þ

The fraction of bound peptide (F) was derived by normalizing the
anisotropy data. The resultant F values were fitted to the Lang-
muir equation [Eq. (7)] with use of the program Sigmaplot to
obtain KD

FFit ¼ f1þ ðK D=½Bcl-xL�Þng�1 ð7Þ

All binding curves were acquired independently four times, and
the resulting KD values were averaged. Errors are standard errors of
the mean at 2s.
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NMR experiments : All NMR experiments were performed in
sodium phosphate buffer (pH 7.3, 10 mm) containing b-mercapto-ACHTUNGTRENNUNGethanol (5 mm). 15N-Labeled Bcl-xL was concentrated to 300 mm,
and D2O (5 %, v/v) was added. 1H–15N HSQC spectra of free Bcl-xL

and its complexes with unlabeled wild-type Bak72–87 and dark-
adapted Bak iþ7

72�87 and Bak iþ11
72�87 (1:1.1 protein to peptide ratio) were

acquired on a Varian INOVA 600 MHz NMR spectrometer. For the
complex with dark-adapted Bak iþ11

72�87, a 1H–15N HSQC-TOCSY spec-
trum was also acquired. Spectra were processed by use of
NMRPipe[57] and analyzed by using the Analysis 1.0.15 software for
Linux.[58] HSQC peaks for the complex with dark-adapted Bak iþ11

72�87

were assigned by comparison with the published assignments for
the Bcl-xL/Bad complex,[24] and assignment of residue types were
verified by use of a three-dimensional 15N-edited HSQC-TOCSY
spectrum. When 1H–15N HSQC spectra of uncomplexed and com-
plexed Bcl-xL were compared, peak movements were calculated by
use of Eq. (8):

w ¼ fðDðdHÞÞ2þðDðdNÞ=5Þ2g1=2 ð8Þ

and were expressed as fractions of the maximum peak move-
ments. A significant change in chemical shift was defined as w>

0.4 wmax.

Modeling of the complex of dark-adapted-Bak iþ11
72�87 and Bcl-xL :

The model was generated from the NMR structure of the complex
of Bcl-xL and wild-type Bak72–87 (PDB 1BXL)[23] by use of the Molecu-
lar Operating Environment software for Linux. After the necessary
amino acid substitutions and incorporation of the crosslinker, the
forcefield MMFF94[59] was used to minimize the energy of the pep-
tide and a 4.5 � region around it.
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