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Role of single disulfide linkages in the
folding and activity of scyllatoxin-based
BH3 domain mimetics
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Anti-apoptotic Bcl-2 proteins are implicated in pathogenic cell survival and have attracted considerable interest as therapeutic
targets. We recently developed a class of synthetic peptide based on scyllatoxin (ScTx) designed to mimic the helical BH3
interaction domain of the pro-apoptotic Bcl-2 protein Bax. In this communication, the contribution of single disulfides in the
folding and function of ScTx-Bax peptides was investigated. We synthesized five ScTx-Bax variants, each presenting a different
combination of native disulfide linkage and evaluated their ability to directly bind Bcl-2 in vitro. It was determined that the
position of the disulfide linkage had significant implications on the structure and function of ScTx-Bax peptides. This study
underscores the importance of structural dynamics in BH3:Bcl-2 interactions and further validates ScTx-based ligands as potential
modulators of anti-apoptotic Bcl-2 function. Copyright © 2017 European Peptide Society and John Wiley & Sons, Ltd.
Additional Supporting Information may be found online in the supporting information tab for this article.
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Introduction
Proteins are a highly diverse class of biomolecules that perform a
vast array of essential functions within organisms. The tremendous
functional diversity of proteins arises, in part, from their ability to
interact with other biomolecules including small molecule
metabolites, nucleic acids, carbohydrates, lipids and other proteins.
Indeed, a growing body of evidence suggests that many
fundamental cellular processes are controlled not by individual
proteins, but by multimeric protein complexes that associate
though elaborate networks of intra- and intermolecular interactions
[1–3]. Modulators of such protein–protein interactions (PPIs) hold
tremendous potential as chemical genetics agents or as therapeutic
leads for targeting the enormous number of proteins in the human
proteome. Accordingly, there is now significant interest in the
development of molecules that can target discrete PPIs with high
precision [4–7]. Owing to large, shallow interaction surfaces, many
PPIs have proven difficult or impossible to target using traditional
small molecule approaches [8,9], and it is becoming increasingly
clear that modulation of such interactions requires molecules that
are capable of biomolecular recognition across large surface areas
[10,11]. In theory, peptides or small proteins that mimic the folded
structures at PPI interfaces can be developed as ligands for selective
targeting of proteins and as modulators of their biological function
[10,12,13].
Members of the B-cell lymphoma 2 (Bcl-2) protein family are
responsible for regulating the intrinsic apoptosis pathway though
a complex network of intermolecular PPIs [14]. The anti-apoptotic
series of Bcl-2 proteins, including Bcl-2 (proper) and Bcl-XL, promote
cell survival by sequestering the helical apoptosis-inducing Bcl-2
homology domain 3 (BH3) of pro-apoptotic Bcl-2 members, such
as Bax and Bak, on the surface of mitochondria. This survival
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mechanism is exploited in diseases such as cancer and autoimmune
disorders when cells overexpress anti-apoptotic Bcl-2 proteins
[15,16]. Anti-apoptotic Bcl-2 proteins bind pro-apoptotic family
members through a shallow, hydrophobic cleft that engages the
BH3 α-helix of pro-apoptotic Bcl-2 proteins. Disruption of this
interaction by other BH3 domains facilitates the oligomerization of
pro-apoptotic Bcl-2 proteins on the mitochondrial surface, allowing
the release of cytochrome c. The specificity of anti-apoptotic Bcl-2
proteins for discrete BH3 domains is conferred by the canonical
BH3-binding groove and the distinct amino acid sequence of the
corresponding BH3 α-helix [14,17]. However, the specificity of the
BH3:Bcl-2 binding interaction varies greatly among family members,
with some BH3 domains being able to engage with all anti-apoptotic
Bcl-2 proteins and others having more select interactions [18–20].
The differential binding capacity between native BH3 domains and
their anti-apoptotic partners has complicated efforts to survey the
downstream pathways controlled by these interactions. There is
now considerable effort aimed at developing small molecules [21],
native BH3 domains [22] and small proteins [23] to selectively target
and modulate discrete BH3:Bcl-2 interactions.
We have recently reported a miniature protein design strategy in
which residues of the BH3 domain of the pro-apoptotic Bcl-2
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protein Bax were grafted to the α-helix of scyllatoxin (ScTx) [24].
ScTx is a 31-amino acid protein that folds into an α/β structural
motif stabilized by three disulfide linkages between cysteines
C3―C21, C8―C26 and C12―C28 [25]. The relatively small size of
ScTx makes it synthetically tractable, facilitating its use in the
laboratory as a tool to evaluate biomolecular recognition [26,27].
In addition, the well-folded α/β motif of ScTx is capable of
presenting helical recognition elements that can be engineered
to target native biopolymer surfaces [26]. Furthermore, ScTx
contains three disulfides that contribute to its folded structure; each
of these disulfides can, in theory, be added or removed depending
on the structural requirements of the molecular interaction being
investigated. Surprisingly, we found that ScTx-based BH3 domain
mimetics containing three disulfide linkages did not bind Bcl-2
in vitro [24]. However, removing all three disulfides rescued the
ability for ScTx-based BH3 domain mimetics to target Bcl-2 proteins
with submicromolar affinity, indicating that an induced-fit binding
mechanism is required for favorable BH3:Bcl2 interactions [24,28].
These findings prompted us to explore how discrete structural
elements, such as individual disulfide linkages, affected the folding

and activity of ScTx-based BH3 domain mimetics. In this study, we
report the development of five ScTx-based BH3 domain mimetics
based on the pro-apoptotic Bcl-2 protein Bax (ScTx-Bax) that vary
in the number and position of their intramolecular disulfide bonds.
These variants were found to differ significantly in their solutionphase structures, as well as their ability to target Bcl-2 proteins
in vitro. Our findings suggest that the number and position of
intramolecular disulfide linkages influence the folded structure
and activity of ScTx-Bax peptides. Moreover, because the disulfide
bonds likely influence the inherent flexibility of the ScTx-Bax BH3
domain, these findings may help determine which regions of the
Bcl-2 binding pocket are receptive to complexing with intrinsically
disordered BH3 domains.
ScTx-Bax peptides were designed using a technique known as
protein grafting [29]. This method involved replacing residues
within the α-helix of ScTx with amino acids from the Bax BH3
domain important for Bcl-2 recognition (Figure 1a). Several possible
sequence alignments between the Bax BH3 domain (residues
54–74 of the full-length Bax protein) and the α-helix of ScTx were
initially considered. Each alignment was scored based on its ability

Figure 1. a) Protein grafting strategy for targeting Bcl-2-ΔTM proteins with ScTx-Bax BH3 domain mimetics. b) Sequence alignment of Bax-BH3 peptides and
ScTx-Bax structural variants used in this work. BH3 residues required for targeting anti-apoptotic Bcl-2 proteins are highlighted in red; structural Cys and Abu
residues are colored orange; conserved BH3 aspartic acid residue is cyan. c) CD spectra of Bax-BH3 domain mimetics (5 μM) in binding buffer. d) CD spectra of
Bax-BH3 domain mimetics (5 μM) in binding buffer supplemented with 30% (v/v) TFE. e) Results from FP direct binding experiments of BH3 domain mimetics
targeting Bcl-2-ΔTM in binding buffer. Data points represent an average of three independent experiments; error bars are standard deviation.
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to align Bax BH3 residues important for Bcl-2 recognition with
solvent-exposed residues of ScTx. Care was taken to ensure that
the structural cysteines of ScTx were aligned with Bax BH3 residues
that point away from the BH3:Bcl-2 interface [20]. This design
strategy produced ScTx-Bax peptides that were near-perfect
sequence mimetics of the Bax BH3 domain (Figure 1b). To mitigate
the possibility of unwanted disulfide formation during folding, all
ScTx-Bax variants were synthesized with an aminobutyric acid
(Abu, B) in the sequence position corresponding to C62 of the
Bax BH3 domain. Following the design of our ScTx-Bax sequences,
we performed structural alignments between the helical Bax BH3
domain [20] and ScTx-Bax to determine the backbone RMSD values
for the overlaid structures. PyMOL molecular modeling software
was used to generate a model of ScTx-Bax based on the solutionphase NMR structure of ScTx [25]. These experiments showed that
ScTx-Bax aligned with the helical Bax-BH3 domain with an RMSD
of 0.739 (data not shown), indicating that the Bcl-2 binding residues
of ScTx-Bax can adopt proper spatial orientations for favorable BH3:
Bcl-2 interactions.
We synthesized two fluorescently labeled Bax BH3 domain
peptides: FluBax-BH3ΔB and FluBax-BH3ΔΔPP for use as respective
positive and negative controls in direct binding assays against
Bcl-2. Both constructs contained slight sequence modifications
compared to the wild-type Bax BH3 domain. Wild-type Bax-BH3
domains contain a cysteine residue at corresponding position C62
[30,31] and were found by our laboratory to be inherently unstable
under standard storage conditions. To enhance the overall stability
of our Bax-BH3 peptides, we replaced the C62 cysteine with an Abu
residue. This peptide was designated FluBax-BH3ΔB to indicate the
single amino acid modification (Figure 1b). Replacing C62 with
Abu significantly enhanced the overall stability of FluBax-BH3ΔB
under standard storage conditions and did not affect its ability to
target Bcl-2 in vitro compared to wild-type FluBax-BH3 (Figure S1).
The negative control peptide FluBax-BH3ΔΔPP was designed with
two proline residues at corresponding positions E61 and R65
(Figure 1b). Previous results have shown that proline substitutions
perturb the ability for linear peptides to form helices in solution,
even in the presence of structure-inducing co-solvents [32].
Moreover, results from our lab have shown that proline mutations
effectively abolish the ability for isolated Bak BH3 domains to fold
and target Bcl-2 proteins in vitro [24]. Therefore, we hypothesized
that installing prolines into Bax BH3 sequences would preclude
Flu
Bax-BH3ΔΔPP from folding into a helix in solution and would
prevent favorable interactions with Bcl-2. Amino acids E61 and
R65 were chosen as proline mutation sites because they are not
known to directly participate in the BH3:Bcl-2 interaction [20,30].
Interestingly, FluBax-BH3ΔΔPP peptides were found by our laboratory
to be stable up to four months under standard storage conditions
despite the presence of an oxidizable C62 residue.
To evaluate the influence of disulfide linkages on ScTx-Bax:Bcl-2
interactions, we synthesized two ScTx-Bax structural variants:
Flu
ScTx-Bax and FluScTx-BaxΔΔΔ. These ScTx-Bax peptides had near
identical primary sequences, except that the Cys residues in
Flu
ScTx-Bax were replaced with Abu in FluScTx-BaxΔΔΔ (Figure 1b).
Replacement of Cys moieties by Abu residues is thought to preserve
the formation of the hydrophobic core of ScTx into which the
disulfide bridges are implicated [33]. Of these two sequence variants,
only FluScTx-Bax was anticipated to fold into a stable α/β motif
reminiscent of wild-type ScTx following the formation of three native
disulfides. Conversely, FluScTx-BaxΔΔΔ does not contain any cysteines
and was therefore not expected to be structured in solution.
Following synthesis, FluScTx-Bax was reacted in the presence of
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oxidized glutathione to form three disulfide linkages [33]. Fully
oxidized FluScTx-Bax was confirmed by observing a single product
peak by RP-HPLC and a loss in mass of six hydrogen atoms (Table S1).
Results from our previous work also confirmed the position of native
disulfides in ScTx-Bax peptides by mass analysis of enzymatically
digested products [24]. FluScTx-BaxΔΔΔ peptides were not subjected
to folding (oxidizing) reactions following synthesis.
The folding propensities of our Bax BH3 domain mimetics were
determined using wavelength-dependent circular dichroism (CD)
spectropolarimetry (Figures 1c and d). These studies were initiated
by dissolving each peptide in binding buffer (50 mM Tris, 100 mM
NaCl, pH 7.4) at a final concentration of 5 μM and collecting CD
spectra at 20 °C. Under these conditions, FluBax-BH3ΔB, FluBaxBH3ΔΔPP and FluScTx-BaxΔΔΔ each gave CD spectra that were
indicative of random coil structures, with negative maxima near
197 nm and slight shoulders around 222 nm (Figure 1c). The fully
oxidized FluScTx-Bax peptide gave a CD spectrum that was
indicative of a folded structure, with a negative maximum at
206 nm and a shoulder at 222 nm. These results are consistent with
previous studies reporting on the CD spectra of fully oxidized ScTxbased peptides, indicating that oxidized FluScTx-Bax does fold into a
structure similar to that of wild-type ScTx [24,33]. Percent helicity for
the folded species was calculated from the CD spectra using the
online calculation software K2D3 [34]. Using this method, it was
determined that FluScTx-Bax is approximately 10.3% helical under
these conditions (Table 1). We then tested the ability for the
peptides to fold in solution by incubating them with 2,2,2,trifluoroethanol (TFE) [35]. For these experiments, peptides were
dissolved at a final concentration of 5 μM in binding buffer
supplemented with 30% (v/v) TFE, and wavelength-dependent
CD spectra were collected at 20 °C. Notably, FluBax-BH3ΔB, FluScTxBax and FluScTx-BaxΔΔΔ each demonstrated enhanced helical
propensity in the presence of TFE. FluBax-BH3ΔB and FluScTx-BaxΔΔΔ
showed pronounced double minima at 205 and 216 nm, which
translated into a calculated helicity of 76.7 and 85.9%, respectively
(Table 1). FluScTx-Bax also showed a more pronounced negative
maximum at 206 nm and shoulder at 222 nm in the presence of
TFE, giving a calculated helicity of 55.0% (Table 1). These results
suggest that the folded nature of FluScTx-Bax becomes more
ordered in the presence of structure-inducing co-solvents. As
expected, FluBax-BH3ΔΔPP did not show any propensity to fold into
a helical structure, even in the presence of 30% TFE (Figure 1d). This
result further validates the postulation that proline residues inhibit
the ability for linear peptides to form helices in solution [32].
We next evaluated the ability for our Bax BH3 domain mimetics
to target Bcl-2 proteins in vitro using direct fluorescence
polarization (FP) binding assays. For these studies, recombinant

Table 1. Data from CD and direct binding experiments; N.D.: not
determined
BH3 domain mimetic
Flu

ΔB

Bax-BH3
ΔΔPP
Bax-BH3
Flu
ScTx-Bax
Flu
ΔΔΔ
ScTx-Bax
Flu
ΔΔ,3-21
ScTx-Bax
Flu
ΔΔ,8–26
ScTx-Bax
Flu
ΔΔ,12–28
ScTx-Bax
Flu

Helicity (%)

Kd (nM)

76.7a
3.6a
10.3, 55.0a
85.9a
N.D.
26.0
N.D.

99.2
N.D.
N.D.
105.7
>1,000
377.6
277.4

a

Helicity quantified from buffers containing 30% (v/v) TFE.
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His-tagged Bcl-2 was expressed and purified from competent BL21
(DE3) bacterial cells using methods described previously [24]. It
should be noted that His-tagged Bcl-2 was expressed without its
transmembrane domain (Bcl-2-ΔTM) to reduce aggregation and
facilitate purification [22,24]. Results from our direct FP binding
assays showed that FluBax-BH3ΔB bound Bcl-2-ΔTM with a Kd of
99.2 nM, while FluBax-BH3ΔΔPP was unable to complex with Bcl-2ΔTM under these conditions (Figure 1e, Table 1). These results
suggest that some degree of helical propensity within the Bax
BH3 domain is required for favorable interactions with Bcl-2
proteins. We also observed that fully oxidized FluScTx-Bax was
unable to bind Bcl-2-ΔTM, while the fully reduced (and
unstructured) variant, FluScTx-BaxΔΔΔ, targeted Bcl-2-ΔTM with a
Kd of 105.7 nM (Figure 1e, Table 1). Collectively, these data suggest
that ScTx-based Bax BH3 domain mimetics can be developed that
target Bcl-2 proteins with similar binding affinities as isolated Bax
BH3 domains.

To test the influence of individual disulfide bonds on the folding
and activity of ScTx-Bax BH3 domain mimetics, we turned our
attention to developing a series of fluorescently labeled ScTx-Bax
peptides containing a single disulfide bond. This class of ScTx-Bax
mimetic was designated ScTx-BaxΔΔ to signify loss of two disulfide
linkages. To further specify which disulfide was present, we
included the numbers of the cysteines in the final nomenclature.
For example, ScTx-BaxΔΔ,3–21 variants contain a disulfide linkage
between cysteines C3-C21, while being devoid of disulfide linkages
between C8-C26 and C12-C28 (Figure 2a). All ScTx-BaxΔΔ peptides
contained Abu residues in place of the removed cysteines.
Following synthesis, we attempted to react FluScTx-BH3ΔΔ peptides
in the presence of oxidized glutathione to form disulfide linkages
between the respective cysteines. Despite being a successful
method to form disulfide bonds in ScTx-based peptides with two
or three disulfides [33], this reaction did not result in fully oxidized
Flu
ScTx-BaxΔΔ peptides. Multiple side-products were observed from

ΔΔ

Figure 2. a) Sequence alignment of ScTx-Bax peptides used in this work. See Figure 1b for color-coded legend. b) Schematic representation of oxidative
ΔΔ
+
folding of ScTx-Bax peptides using [Pt(en)2Cl2] . Red: reduced; Ox: oxidized. Cys sidechains are represented as ball-and-stick. c) Preparative RP-HPLC traces
Flu
ΔΔ,8–26
monitoring the folding reaction of ScTx-Bax
. X-axes are offset by 2.5 min. Peaks marked with an asterisk are fully oxidized product. d) CD spectra of
ΔΔ
ΔΔ
ScTx-Bax peptides (5 μM) in binding buffer. e) Results from FP direct binding experiments of ScTx-Bax peptides targeting Bcl-2-ΔTM in binding buffer.
Data points represent an average of three independent experiments; error bars are standard deviation.
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this reaction, including multimeric species and FluScTx-BaxΔΔ
products conjugated to glutathione (data not shown). Attempts
to oxidize all three FluScTx-BaxΔΔ variants using glutathione failed,
indicating that the position of the disulfide does not affect
reactivity. We therefore reasoned that a stronger and more
selective oxidizing agent would be required to produce fully
oxidized ScTx-BaxΔΔ peptides. It has been documented that single
disulfides are often difficult to form in peptides and proteins using
standard glutathione-based oxidation reactions [36]. However,
platinum-based catalysts, such as [Pt(CN)4Cl2]2 and [Pt(en)2Cl2]2+,
have been shown to be powerful and selective oxidizing agents
to rapidly form single disulfide bonds in peptides containing up
to 20 amino acids [37,38]. We therefore attempted to oxidize our
Flu
ScTx-BaxΔΔ peptides using [Pt(en)2Cl2]2+ (Figure 2b). Notably, this
reaction was successful in forming fully oxidized products of all
three ScTx-BaxΔΔ disulfide variants. The time-dependent formation
of fully oxidized product was monitored using preparatory HPLC
(Figure 2c), with complete oxidation of the ScTx-BaxΔΔ variants
taking approximately 72 h (see Supporting Information for
experimental details). It should be noted that only one major
product was observed in each of these reactions (Figure S2),
indicating that minimal side products were generated during the
course of the oxidation. Although this reaction was not especially
rapid, it was relatively clean and led the generation of ScTx-BaxΔΔ
products with disulfide linkages between respective cysteines
C3―C21, C8―C26 or C12―C28. Disulfide formation was
confirmed by observing loss in mass corresponding to two
hydrogen atoms in each oxidized peptide (Table S1). The positions
of the disulfide linkages were mapped by digesting the oxidized
ScTx-BaxΔΔ peptides with trypsin and analyzing the product
fragments by mass spectrometry (Figure S3). Trypsin was
determined to be a suitable protease for mapping disulfide
connectivity because the digested proteolytic fragments result in
products that contain single disulfide linkages. Trypsin digests were
conducted as described previously [24,33], and observed product
masses correlated well with peptide fragments linked through
dicysteines C3―C21, C8―C26 or C12―C28 (see Supporting
Information for experimental details). Taken together, these results
indicate that single disulfides can be formed in peptides containing
up to 31 amino acids. To the best of our knowledge, cyclization of
peptides of this length using [Pt(en)2Cl2]2+ is unprecedented, and
this procedure may be used as a model reaction for forming single
disulfide linkages in peptides or proteins of even greater size.
The solution-phase structures of oxidized FluScTx-BaxΔΔ peptides
were evaluated using wavelength-dependent CD (Figure 2d). For
these measurements, FluScTx-BaxΔΔ peptides were dissolved in
binding buffer to a final concentration of 5 μM, and scans were
collected at 20 °C. Results from our CD experiments indicated that
Flu
ScTx-BaxΔΔ,3–21 and FluScTx-BaxΔΔ,12–28 each adopted random
coil structures under these conditions with minima at 197 nm and
slight shoulders at 222 nm. Interestingly, the FluScTx-BaxΔΔ,8–26
peptide was found to adopt a structure that was reminiscent of fully
oxidized FluScTx-Bax, with a minimum at 204 nm and a shoulder at
219 nm. This spectrum translated into a calculated helicity of 26.0%
for FluScTx-BaxΔΔ,8–26, indicating that FluScTx-BaxΔΔ,8–26 folded into
a structure that is slightly more helical than FluScTx-Bax (Table 1).
To further determine the influence of this disulfide linkage on the
folded structure of ScTx-Bax peptides, we evaluated the solutionphase structure of reduced and oxidized versions of FluScTxBaxΔΔ,8–26 by wavelength-dependent CD (Figure S4). It was
determined from these experiments that reduced FluScTx-BaxΔΔ,8–
26
adopted a random coiled structure in solution, while oxidized
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ScTx-BaxΔΔ,8–26 adopted a structure reminiscent of other folded
ScTx-based BH3 domain mimetics [24]. These data suggest that
the disulfide linkage between cysteines C8―C26 is perhaps the
most influential disulfide linkage in determining the folded
structure of ScTx-BaxΔΔ peptides.
The ability for FluScTx-BaxΔΔ peptides to target Bcl-2-ΔTM in vitro
was evaluated using direct FP binding assays (Figure 2e). BH3
domain mimetics FluBax-BH3ΔB and FluBax-BH3ΔΔPP were also
included in these experiments as respective positive and negative
controls. FluBax-BH3ΔB was found to bind Bcl-2-ΔTM with a Kd of
99.2 nM while FluBax-BH3ΔΔPP did not bind Bcl-2-ΔTM under these
conditions. Results from these experiments demonstrated that
Flu
ScTx-BaxΔΔ,8–26 and FluScTx-BaxΔΔ,12–28 bound Bcl-2-ΔTM with
respective Kds of 377.6 nM and 277.4 nM (Table 1). Interestingly,
Flu
ScTx-BaxΔΔ,3–21 was the only FluScTx-BaxΔΔ construct to
demonstrate weak binding against Bcl-2-ΔTM under these
conditions. These results suggest that isolated C3―C21 disulfide
linkages preclude FluScTx-BaxΔΔ mimetics from targeting Bcl-2-Δ
TM in vitro. From these results, it appears that single disulfides placed
near the C-terminus or middle of the FluScTx-BaxΔΔ BH3 domain do
not significantly impede binding to Bcl-2-ΔTM, while single
disulfides placed near the N-terminus of the BH3 domain inhibit this
interaction. In addition, because FluScTx-BaxΔΔ,8–26 is both structured
and able to target Bcl-2-ΔTM in vitro, it is now clear that folded ScTxBax BH3 domain mimetics can be engineered to target Bcl-2
proteins. To the best of our knowledge, this is the first demonstration
of an ordered ScTx-based BH3 domain mimetic targeting an antiapoptotic Bcl-2 protein in vitro. However, despite a strong indication
of ordered secondary structure in solution, the helicity of FluScTxBaxΔΔ,8–26 was calculated to be only 26.0% (Table 1). These
calculations suggest that is still likely a high degree of flexibility at
the terminal ends of the FluScTx-BaxΔΔ,8–26 BH3 domain, which may
help facilitate favorable interactions with Bcl-2 proteins [28].
In summary, we have developed a structural variant class of BH3
domain mimetic based on the miniature protein ScTx that is
capable of targeting anti-apoptotic Bcl-2 proteins in vitro. Due to
their intrinsic α/β structural fold and modular disulfide network,
ScTx-based peptides offer a unique and powerful platform for
studying the molecular nature of PPIs. Our systematic study
exploring the role of single disulfide linkages on the folding and
function of ScTx-Bax BH3 domain mimetics has illuminated various
structural elements required for favorable ScTx-Bax:Bcl-2
interactions. Specifically, we have identified three ScTx-Bax
structural variants that are capable of directly targeting Bcl-2
in vitro. Interestingly, two of these peptides, FluScTx-BaxΔΔΔ and
Flu
ScTx-BaxΔΔ,12–28, showed little evidence of folded structure in
solution, while FluScTx-BaxΔΔ,8–26 contained elements of secondary
structure reminiscent of wild-type ScTx. Our results indicate that the
position of the disulfide linkage within the BH3 domain has
significant impact on the ability for ScTx-Bax peptides to target
Bcl-2 proteins in vitro. Indeed, ScTx-Bax constructs containing one
disulfide seem to target Bcl-2 with higher affinity when the
disulfides are placed near the middle or C-terminus of the BH3
domain. Taken together, these observations suggest that, in the
context of a single disulfide linkage, the C3―C21 bond fixes the
ScTx-Bax peptide in a conformation that has almost no affinity for
the Bcl-2 protein, while the C8―C26 and C12―C28 bonds have
little destructive impact on favorable ScTx-Bax:Bcl-2 interactions.
Notably, these data stress the importance of judicious placement
of covalent linkages in ligands targeting BH3:Bcl-2 interactions.
These results may have implications on how future modulators of
Bcl-2 proteins are designed. For example, the precise placement
Flu
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of covalent linkages within the sequence of a BH3 domain mimetic
may be important to enhancing its affinity or specificity to other
paralogs within the Bcl-2 protein family. Efforts in our laboratory
are now focused on developing ScTx-Bax mimetics containing
two disulfide linkages, as well as studying residue specificity and
entropic differences between select ScTx-Bax:Bcl-2 interactions.
Furthermore, we are expanding our efforts to include binding
studies with other anti-apoptotic Bcl-2 members. We anticipate that
ScTx-Bax structural variants will prove valuable in the development
of BH3 domain mimetics that can target discrete anti-apoptotic Bcl2 proteins with high precision.
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Supporting information
Additional Supporting Information may be found online in the
supporting information tab for this article.
Table S1. Sequences and mass data of peptides used in this work.
Functional BH3 epitope is shown in red; conserved BH3 aspartic
acid is cyan.
Figure S1. Results from fluorescence polarization direct binding
assays of fluorescently-labeled Bax-BH3 domain peptides targeting
Bcl-2-ΔTM in binding buffer. Data points represent an average of
three independent experiments; error bars are standard deviation.
Kd values were 89.2 nM and 108.6 nM for FluBax-BH3ΔB and
Flu
Bax-BH3 respectively.
Figure S2. Preparatory reversed-phase HPLC chromatograms of
reduced and oxidized FluScTx-BaxΔΔ peptides. Time of folding
reaction is shown in each chromatogram. Peaks marked with an
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asterisk (*) are those of fully oxidized product. All spectra were
monitored at 214 nm. AU: normalized absorbance units. See text
for details regarding purification of oxidized products.
Figure S3. Mass spectra of peptide fragments isolated from trypsin
digests of FluScTx-BaxΔΔ peptides. Oxidized dicysteine linkages are
shown below the primary sequences; trypsin cut sites are indicated
by red arrows. Sequences of peptide fragments are shown adjacent
to corresponding mass peaks. Insets show zoom of (M + 2) / 2
product peak region. See text for experimental details.
Figure S4. Circular dichroism spectra of oxidized (Ox) and reduced
(Red) FluScTx-BaxΔΔ,8–26 peptide. Peptides were dissolved in binding
buffer (50 mM Tris, 100 mM NaCl, pH 7.4) at a final concentration of
5 μM. All solutions were allowed to equilibrate at 20 °C for 10 min
before being analyzed by CD. Wavelength scans were performed
on a Jasco J-715 spectropolarimeter at 20 °C. Each spectrum
represents a background subtracted (buffer only) average of four
scans. Data were processed using J-700 Software v1.5 (Jasco) and
KaleidaGraph v4.5 (Synergy Software).
Figure S5. Analytical reversed-phase HPLC spectra of peptides
used in this work. All spectra were monitored at 214 nm. AU:
normalized absorbance units.
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