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Protein�protein interactions are central to most biological
processes, including signaling, structure formation, and catalysis.1

Two important descriptors for any biomolecular interaction are
the affinity and the specificity of the interaction. The affinity, often
expressed as an equilibrium association or dissociation constant
(Ka or Kd, respectively), provides information about how strongly
the two binding partners interact, whereas specificity describes
whether a protein has only a single binding partner or many partners.
One class of interactions that is particularly ripe for asking
questions about affinity and specificity is the set of interactions
that occur between members of the Bcl-2 family of proteins.2�5

The Bcl-2 family consists of important regulators of apoptosis
and includes members that have pro-death (pro-apoptotic) and
pro-survival (anti-apoptotic) functions. The multidomain pro-
deathmembers of the family, exemplified by the proteins Bak and
Bax, induce apoptosis via permeabilization of the mitochondrial
outer membrane.6,7 The pro-survival members, including Bcl-xL,
Bcl-2, and Mcl-1, attenuate the function of Bak, Bax, and other
pro-death proteins via heterodimeric interactions.8 The binding
between a pro-death and a pro-survival protein is mediated by the
interaction between the highly conserved helical amphipathic
BH3 (Bcl-2 homology 3) domain of the pro-death protein and a
surface cleft on the pro-survival protein.9,10 Because of difficulties
in observing interactions between full-length pro-death and
pro-survival proteins in vitro, these interactions are most
commonly studied by binding a peptide corresponding to
the BH3 domain of the pro-death protein to a full-length pro-
survival protein.9,11�14

Previously, we demonstrated that the binding between a BH3
domain peptide and its pro-survival protein binding partners can
be recapitulated on the E. coli cell surface via display of the BH3
peptide on the engineered outer membrane protein eCPX.15 In
these experiments, cells displaying the BH3 peptide are treated
with biotin-labeled pro-survival protein. Following staining
with fluorescent streptavidin, the interactions between the BH3
domain and the pro-survival protein can be quantitatively assessed
using flow cytometry (Figure 1a). More recently, we have carried
out a survey of the binding of nearly all known BH3 domains in
the human genome to each of the five pro-survival proteins
(Bcl-xL, Bcl-2, Bcl-w,Mcl-1, andA1 (also known as Bfl-1)) using the
same techniques.16 This study confirmed and expanded upon prior
results12 showing that although some BH3 peptides bind promis-
cuously to all five pro-survival proteins, other BH3 peptides exhibit
selectivity and bind only to a subset of the pro-survival proteins.
Here we have selected a single, promiscuous BH3 peptide from the
pro-apoptotic protein Bak and subjected it to affinity maturation
toward both Bcl-xL andMcl-1 using eCPXmediated surface display
and fluorescence activated cell sorting (FACS). Two methods for
affinity maturation were evaluated: engineering of the hydrophobic
face of the amphipathic Bak peptide and engineering of the overall
helical propensity of the peptide. The rationale for carrying out this
work was 2-fold. First, we wanted to determine the extent of affinity
improvement that is possible in the Bak BH3 peptide. BH3 peptides
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ABSTRACT: The Bcl-2 family of proteins regulates apoptosis
at the level of mitochondrial permeabilization. Pro-death mem-
bers of the family, including Bak and Bax, initiate apoptosis,
whereas pro-survival members such as Bcl-xL and Mcl-1 antag-
onize the function of Bak and Bax via heterodimeric interactions.
These heterodimeric interactions are primarily mediated by the
binding of the helical amphipathic BH3 domain from a pro-
death protein to a hydrophobic cleft on the surface of the pro-
survival protein. Since high levels of pro-survival Bcl-2 proteins
are present in many cancers, peptides corresponding to pro-death BH3 domains hold promise as therapeutics. Here we apply a high-
throughput flow cytometry assay to engineer the Bak BH3 domain for improved affinity toward the pro-survival proteins Bcl-xL and
Mcl-1. Two strategies, engineering the hydrophobic face of the Bak BH3 peptide and increasing its overall helicity, are successful in
identifying Bak BH3 variants with improved affinity to Bcl-xL and Mcl-1. Hydrophobic face engineering of the Bak BH3 peptide led
to variants with up to a 15-fold increase in affinity for Bcl-xL and increased specificity toward Bcl-xL. Engineering of the helicity of Bak
BH3 led to modest (3- to 4-fold) improvements in affinity with retention of promiscuous binding to all pro-survival proteins. HeLa
cell killing studies demonstrate that the affinity matured Bak BH3 variants retain their expected biological function.
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from pro-death proteins hold great promise as cancer thera-
peutics,3,17,18 and improvements in the affinity of a BH3 peptide
for its targets may result in increased efficacy of such therapeutics.
Second, we were interested in whether improvements in the affinity
of the Bak BH3 peptide resulted in changes to its specificity in
binding pro-survival proteins. We find that both hydrophobic
face engineering and helical propensity engineering are useful
strategies for improving the affinity of BH3 peptides for their pro-
survival targets. Furthermore, we demonstrate that one of the
highest affinity Bak BH3 variants isolated from our screens is
more cytotoxic to HeLa cells than the wild-type Bak peptide.

’RESULTS AND DISCUSSION

Construction of Bak BH3 Peptide Libraries for Affinity
Maturation.The Bak BH3 domain corresponds to an amphipathic
α-helix, the hydrophobic face of which is buried in a cleft when
complexed with its binding partners including Bcl-xL and Mcl-1.9,19

Thus perhaps the simplest strategy for affinity improvement of the
Bak BH3 peptide toward its pro-survival partners is to mutagenize

the hydrophobic face residues. An alternative strategy is to attempt
to increase the overall helicity of the BH3 peptide via mutagenesis.
Single amino acid variants of the Bad BH3 peptide aimed at
increasing the helicity of the peptide resulted in improvements of
peptide affinity toward Bcl-xL.

11 Walensky and colleagues have also
demonstrated that locking a BH3 peptide into its helical conforma-
tion via hydrocarbon stapling results in increased BH3 peptide
affinity toward its pro-survival binding partners.17 Thus, the overall
helicity of a BH3peptide seems to correlate in a positive fashionwith
its affinity. To test these two trajectories for affinity maturation
independently, we created two separate libraries of the 16-mer Bak
BH3peptide thatwe15 and others9 have previously studied.Wehave
previously described a hydrophobic face library in which the four
hydrophobic positions (Val-74, Leu-78, Ile-81, and Ile-85; see
Figure 1b) were allowed to vary to other large, hydrophobic amino
acids.15 Here we have constructed a much larger library that allows
these four hydrophobic positions to vary to any of the 20 amino
acids. The librarywas encoded at the gene level using the degenerate
codonNNKwhereN is any of the four bases and K is either G or T.
For the helical propensity library, we chose four residues with low
helical propensity (Gly-72, Gly-75, Gly-82, and Asp-84; Figure 1b)
and mutagenized these positions with the NNG degenerate codon.
The NNG codon encodes for a set of 13 amino acids that is biased
toward amino acids with high helical propensity (Supplementary
Table S1).20 Arora and colleagues have found previously that
substitution of the Asp-84 position with acetyllysine led to an
increase in helicity in the Bak BH3 peptide with a concomitant
increase in its binding affinity to Bcl-xL.

21 The other positions
changed in this library are all glycines, an amino acid with very low
helical propensity.20 The hydrophobic face NNK library contained
4� 106 clones,whereas the helical propensityNNGlibrary contained
9 � 105 clones, allowing for a thorough sampling of the sequence
space encoded by the libraries. For the sake of simplicity in
nomenclature, we will refer to these libraries as the NNK and
NNG libraries for the remainder of the paper.
Affinity Maturation of the Bak BH3 Peptide by Hydro-

phobic Face Engineering. With the Bak BH3 NNK library in
hand, we sought to screen it for variants with improved affinity
toward either Bcl-xL or Mcl-1. We have previously determined
that the apparent Kd for the Bak BH3 16-mer bound to Bcl-xL is
275 nM,16 a value that agrees well with Kd values determined by
solution bindingmethods.9,11 Thus we treated cells with a sub-Kd

concentration of Bcl-xL (40 nM) to identify librarymembers with
improved affinity. The cells that exhibited the highest fluores-
cence within the library were sorted and regrown. Two additional
rounds of sorting were carried out with the Bcl-xL concentration
at 40 nM for round 2 and 4 nM for round 3. A total of 27
individual clones isolated from the round 2 and round 3 sorts
exhibited improved affinity toward Bcl-xL. These clones were
given the names XNNK1 to XNNK27 where the “X” refers to the
fact that the peptide was matured against Bcl-xL and the NNK
reflects the library from which the clone originated. DNA
sequencing of clones XNNK1 to XNNK27 revealed 9 distinct
sequences (Table 1), two of which (XNNK4 and XNNK7) had
been previously identified in our earlier screen for Bak BH3peptides
with improved affinity to Bcl-xL.

15 Several trends are apparent in
these sequences; the leucine in position 78 that is highly con-
served across different BH3 peptides (Supplementary Figure S1)
is unchanged in all clones. In all 9 sequences the isoleucine in
position 85 is changed to a larger aromatic amino acid with
phenylalanine predominating. There is more variability in the
amino acid substitutions at positions 74 and 81; the valine

Figure 1. Cell surface display of Bak BH3 peptide libraries.
(a) Schematic of the Bak BH3 peptide: pro-survival protein interaction
on the E. coli cell surface, not to scale. The Bak BH3 peptide (dark gray) is
tethered to the outer membrane protein eCPX and binds in a surface
cleft of the pro-survival protein (white). A biotin tag on the N-terminus
of the pro-survival protein interacts with streptavidin-phycoerythrin
(SAPE) allowing for detection of the interaction by flow cytometry.
(b) Sequence and structure of the Bak BH3 peptide. Residues muta-
genized in the hydrophobic face library are indicated by asterisks, and
residues mutagenized in the helical propensity library are underlined.
The positions of these residues are highlighted on the model of the Bak
BH3 peptide. Coordinates taken from PDB file 1BXL.
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residue in position 74 is either retained or replaced by another
aliphatic amino acid, while Ile-81 is replaced by an isosteric
aliphatic amino acid or a larger aromatic amino acid. Collectively,
these results indicate that increasing the size of the Ile-81 and Ile-
85 residues is an effective strategy for increasing the affinity of the
Bak BH3 for Bcl-xL. A previous study demonstrated that substitu-
tion of Ile-85 in the Bak 16-mer with several large aromatic
unnatural amino acids led to improvements in affinity of the
peptide with Bcl-xL,

22 consistent with our findings here. To
quantify the affinity improvements, we determined the apparent
Kd values for several of the affinity matured peptides using flow
cytometry (Table 1 and Supplementary Figure S4a�e). The
gains in apparent affinity were substantial with the best variant,
XNNK14, exhibiting an apparent Kd of 18.7 nM, a nearly 15-fold
improvement over the wild-type peptide.
Encouraged by our success in finding Bak BH3 variants with

improved affinity toward Bcl-xL in the NNK library, we next
screened the library against Mcl-1. The wild-type Bak BH3 16-
mer peptide has an apparent affinity of 103 nM toward Mcl-1,16

so we screened the library by incubating it with 50 nMMcl-1 for
one round and 25 nM Mcl-1 in a second round. In analysis of
sorted clones from the second round, only a single clone with
improved affinity to Mcl-1 emerged. This clone was named
MNNK1 since it originated from the NNK library screened with
Mcl-1. Sequencing of this clone revealed four unexpected amino
acid substitutions in the hydrophobic face residues: V74G,
L78M, I81S, and I85N (Table 1). These substitutions abolish
much of the hydrophobic character of the BH3 peptide, though it
has been demonstrated previously that Mcl-1 can retain binding
to BH3 ligands with nonconservative replacements in the four
hydrophobic positions.23 Binding isotherm analysis of theMNNK1
clone confirmed that this peptide has an apparent affinity of 26.3
nM toward Mcl-1 (Table 1 and Supplementary Figure S4p), a
4-fold improvement relative to the wild-type peptide. Overall the
experiments on the NNK library indicate that while hydrophobic
face engineering of the Bak BH3 peptide is an excellent method for
affinity maturation toward Bcl-xL, this method is not necessarily
generalizable to all of the pro-survival proteins including Mcl-1.
Affinity Maturation of the Bak BH3 Peptide by Helical

Propensity Engineering.TheNNG library, which targets residues
with lowhelical propensity, was screened against Bcl-xL andMcl-1 in
a similar fashion. After two rounds of sorting against 80 nM Bcl-xL,

six distinct clones emerged with improved affinity (Table 2). Sub-
sequently, we performed two sorts of the NNG library against Mcl-1,
first at 50 nM and then at 25 nM protein. Twelve distinct clones
were isolated from the screen againstMcl-1 (Table 2). Interestingly,
two of the clones that appeared from the screen against Bcl-xL
(XNNG8 and XNNG12) also appeared in the Mcl-1 screen
(MNNG1 and MNNG5). This indicates that helical propensity
engineering of BH3 peptides may be a more general solution for
affinity maturation toward their pro-survival binding partners.
Consistent with this notion, the same amino acid substitutions that
were beneficial for Bcl-xL binding appeared to also be beneficial for
Mcl-1 binding. In general, the glycines in positions 75 and 82 were
largely unchanged in affinitymatured variants. SinceGly-82 is highly
conserved across BH3 domains (Supplementary Figure S1), its
recalcitrance to substitution was expected. The Gly-75 residue,
however, is not strongly conserved, so it was somewhat surprising
that it was retained in all of the affinity matured variants. This result
is not completely unprecedented, however, since Gly-75 was
retained in the majority of variants obtained from an affinity selection
of miniature protein/Bak BH3 chimeras that bind to Bcl-2.24 The
Gly-72 position was frequently changed to glutamic acid in clones
from both screens while Asp-84 was replaced with a wide size range
of high-helical propensity amino acids, from alanine to tryptophan
(Table 2). There appears to be no clear consensus among the
substitutions at the Asp-84 position other than that the helical
propensity increases upon substitution. To confirm improvements
in affinity among these clones, we generated binding isotherms for
XNNG8 andXNNG12, the two clones that were isolated fromboth
screens. These variants exhibit a ∼3-fold decrease in apparent Kd

Table 1. Sequences of Variants Isolated from the NNK
Library

Bak BH3 74 78 81 85 Kd vs Bcl-xL (nM) Kd vs Mcl-1 (nM)

WT V L I I 275 103

clones selected against Bcl-xL

XNNK4 L L L F

XNNK5 L L Y F

XNNK6 I L W F 37.6

XNNK7 L L F F

XNNK12 I L M F 35.0

XNNK14 V L L F 18.7

XNNK17 L L W F 37.8

XNNK19 A L L F

XNNK20 L L Y Y

clones selected against Mcl-1

MNNK1 G M S N 70.9 26.3

Table 2. Sequences of the Variants Isolated from the NNG
Library

Bak BH3 72 75 82 84

Kd vs Bcl-xL
(nM)

Kd vs Mcl-1

(nM)

specificity

indexc

WT G G G D 275 103 2.67

clones selected against Bcl-xL

XNNG2 L G G A 68.0 88.3 0.770

XNNG4 G G A W

XNNG8a E G G V 88.0 39.1 2.25

XNNG10 G G G A

XNNG12b E G G E 99.5 30.0 3.32

XNNG16 E G A W 73.2 398 0.184

clones selected against Mcl-1

MNNG1a E G G V 88.0 39.1 2.25

MNNG2 E G G S

MNNG3 A G G W 59.3 25.3 2.34

MNNG4 A G G A

MNNG5b E G G E 99.5 30.0 3.32

MNNG7 Q G G L 41.9 39.6 1.06

MNNG8 E G G A

MNNG9 E G G T

MNNG10 E G G R 78.3 14.8 5.29

MNNG11 E G G W

MNNG12 M G G K 113 54.1 2.09
aXNNG8 and MNNG1 clones are identical and were isolated indepen-
dently from both libraries. bXNNG12 and MNNG5 clones are identical
and were isolated independently from both libraries. c Specificity index is
defined as Kd,Bcl‑xL/Kd,Mcl‑1
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toward both Bcl-xL and Mcl-1 relative to the wild-type Bak BH3
peptide (Supplementary Figure S4h,i,r,s) and thus have more
modest increases in apparent affinity as compared to the XNNK
variants.
Specificity of Affinity Matured Bak BH3 Peptides. Having

isolated affinity matured Bak BH3 variants from both the NNK
and NNG libraries, we next determined whether these variants
retained promiscuous binding to all five of the pro-survival
proteins. As mentioned above, some BH3 domain peptides, such
as the peptides from Bak and Bim, bind avidly to all five of the
pro-survival proteins.12,16 In contrast, some BH3 peptides exhibit
specificity toward a subset of the pro-survival proteins. The Bad
BH3 peptide binds well only to Bcl-xL, Bcl-2, and Bcl-w, while the
Noxa BH3 binds only to Mcl-1 and A1.12 We tested the affinity
matured XNNK clones for binding against Bcl-2, Bcl-w, Mcl-1,
and A1. The protein concentrations were chosen to be below
the apparent Kd value for the wild-type peptide such that we were
examining the linear portion of the binding isotherm. Each of the
XNNK clones exhibited improved binding toward Bcl-2 relative to
the wild-type, but each of the clones also exhibited diminished
binding toward Mcl-1 and A1 (Figure 2). Thus affinity maturation
via hydrophobic face engineering converted the promiscuous Bak
BH3 peptide into a peptide with “Bad-like” specificity to a subset of
the pro-survival proteins. Some variants, most notably XNNK19,
also lose affinity for Bcl-w (Figure 2), resulting in a peptide that has
specificity for only two of the five pro-survival proteins. It is
noteworthy that this specificity arose solely as a result of affinity
maturation; no counterselection against Mcl-1 or A1 was required.

In stark contrast to the XNNK clones, the single MNNK clone
exhibited improved binding to all five of the pro-survival proteins
(Figure 3, Supplementary Figure S4f,p). Since the amino acid
changes in the MNNK1 variant were so nonconservative, it was
important to establish that it still bound to the canonical BH3
binding cleft on Bcl-xL. We measured the equilibrium binding of
cell-surface-displayed MNNK1 in the presence of soluble wild-type
Bak BH3 peptide and soluble XNNK12 peptide (Supplementary
Figure S5). In these competition experiments, increasing the
concentration of soluble peptide led to a decrease in signal in the
flow cytometry assay, indicating that the MNNK1 clone does
bind to the canonical BH3 binding cleft.
The XNNG and MNNG clones displayed a similar pattern to

theMNNK1 variant with these variants nearly universally exhibiting
improved binding to all of the pro-survival proteins (Figure 2,
Figure 3, Supplementary igure S4). From these studies we can
conclude that both affinity and specificity can be engineered into
the Bak BH3 peptide via hydrophobic face engineering. In contrast,
helical propensity engineering toward a single pro-survival protein
results in affinity improvements toward all five pro-survival
proteins.
To more quantitatively analyze the specificity of the NNG

clones for Bcl-xL vs Mcl-1, we performed binding isotherm analysis
on more than half of the isolated clones (Table 2, Supplementary
Figure S4). The apparent Kd values we measured follow the
trends observed in the single point measurements presented in
Figure 3. Dividing the apparent Kd values of the variants for
Bcl-xL andMcl-1 (Kd,Bcl‑xL/Kd,Mcl‑1) provides a simple specificity

Figure 2. Binding profile of Bak BH3 variants affinity matured toward Bcl-xL. Variants matured toward Bcl-xL were tested for binding to each of the four
other pro-survival proteins. Binding was carried out at a single subsaturation concentration of pro-survival protein, and the median fluorescence is
reported. (a)Mcl-1 (20 nM), (b) Bcl-2 (100 nM), (c) Bcl-w (400 nM), (d) A1 (50 nM). Black bars represent the wild-type Bak BH3 peptide, white bars
are variants isolated from the NNK library, and gray bars are variants isolated from the NNG library. Since the XNNG8 and XNNG12 variants were also
isolated in screens against Mcl-1, data for these variants appear in Figure 3.



93 dx.doi.org/10.1021/sb200002m |ACS Synth. Biol. 2012, 1, 89–98

ACS Synthetic Biology RESEARCH ARTICLE

index with which the variants can be compared; larger values of
this index indicate specificity toward Mcl-1, while smaller values
correspond to Bcl-xL specificity. The specificity index for the
wild-type Bak peptide is 2.7, while this value ranges from 0.2 to
3.3 for the XNNG clones and from 1.1 to 5.3 for the MNNG
clones (Table 2). These data indicate that the XNNG and
MNNG clones have not made any radical shifts in specificity,
though in general there is some bias in affinity toward the pro-
survival protein used in screening. In other words, the MNNG
variants generally develop weak specificity toward Mcl-1 and the
XNNG variants develop weak specificity toward Bcl-xL.
Solution Binding Assays. A common concern when using

cell surface display techniques to determine apparent affinities is
whether these measurements agree with affinity measurements
from solution binding techniques. To confirm that the apparent
Kd values we measured using surface display correlate with
solution Kd values, we observed the binding of soluble BH3
peptide and soluble biotinylated pro-survival protein using flow
cytometry. In these assays, adapted from a protocol by Shusta
and co-workers,25 the pro-survival protein concentration is kept
constant, and soluble, label-free BH3 peptide is added at differing
concentrations and allowed to bind the protein. The amount of
unbound protein remaining is titrated by binding to E. coli cells
that display a ligand to which the protein binds tightly. Following
treatment with fluorescent streptavidin, the amount of protein
bound to the cells can be quantified using flow cytometry.
We tested the binding of the wild-type Bak BH3 and XNNK12
to Bcl-xL using this method and determined Kd values of 545 and
18 nM, respectively (Supplementary Figure S2). These solution
Kd values are within a factor of 2 of the apparent Kd values we
determined using surface display.

QSAR Analysis of Affinity Matured Bak BH3 Peptides. To
determine whether there were quantifiable trends in the affinity
matured Bak BH3 variants, we carried out a quantitative struc-
ture�activity relationship (QSAR) analysis using four chemical
descriptors (Figure 4). In addition to the widely used z1, z2, and
z3 descriptors suggested by Wold and colleagues,26 we calculated
an overall helical propensity energy using the helical propensity
scale of Pace and Scholtz (Supplementary Table S1).20 In this
helical propensity scale alanine, the amino acid with the highest
helical propensity, is assigned an energy of 0 kcal/mol and all
other amino acids have energies greater than 0 kcal/mol. Thus a
small value of the overall peptide energy corresponds to a peptide
with high helical propensity. Several trends are immediately
apparent in analyzing the QSAR data. Each of the NNG clones
has helical propensity higher than that of the wild-type Bak
peptide, demonstrating that the NNG library design worked as
planned. Two of the NNK clones (XNNK4 and XNNK19) also
have increased helicity relative to the wild-type peptide. The
helical propensity energy of the wild-type Bak peptide is 8.3 kcal/
mol, while the average helical propensity energy of the NNK and
NNG clones is 8.1 and 7.2 kcal/mol, respectively. The z1
descriptor, which measures the lipophilicity or hydrophobicity
of the peptide, is fairly constant across the XNNK clones. In
contrast, clone MNNK1 is much less hydrophobic than the
wild-type peptide and any of the other variants isolated from
either library. About half of the NNG clones exhibit increased
hydrophobicity (lower values of z1). This change can be ex-
plained by the fact that theNNG library involves the replacement
of glycine and aspartate, two amino acids with low hydrophobi-
city. The z2 descriptor accounts for the size of the amino acids
with higher values of z2 corresponding to larger amino acids.

Figure 3. Binding profile of variants affinity matured towardMcl-1. Binding to subsaturation concentrations of (a) Bcl-xL (50 nM), (b) Bcl-2 (100 nM),
(c) Bcl-w (400 nM), (d) A1 (50 nM) was carried out using the flow cytometric binding assay. The median fluorescence from these assays is reported.
As in Figure 2, black bars represent the wild-type Bak BH3 peptide, white bars are variants isolated from the NNK library, and gray bars are variants
isolated from the NNG library.
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Each of the NNK clones has a z2 value larger than that of the wild-
type Bak peptide, while there is no discernible trend among the z2
values for the NNG clones. The z3 descriptor captures the
polarity of the amino acids; amino acids with high electronega-
tivity have values of z3 higher than those of amino acids that are
electrophilic.26 The clones isolated from the two libraries are
readily distinguished by their overall z3 scores: the NNK clones
all exhibit z3 values larger than that of the wild-type peptide, while
theNNG clones all have z3 values lower than that of the wild-type
peptide. In summary, the trends we observe from the QSAR
analysis are that the affinity maturedNNK variants exhibit increased
size and electronegativity relative to the wild-type peptide. In
contrast, the NNG clones are less hydrophobic, more electro-
philic, and much more helical.
Biological Activity of Affinity Matured Bak BH3 Peptides.

To confirm that the affinity matured Bak BH3 variants retained
biological activity, we tested the ability of these peptides to kill
HeLa cells. Though the 16-mer Bak BH3 peptide itself is unable
to enter HeLa cells, it has been previously demonstrated that
a Bak BH3 peptide fused to the C-terminus of the 16-aa cell-
penetrating peptide penetratin is able to induce apoptosis in
HeLa cells.27We obtained fusions of three of our affinitymatured
Bak BH3 peptides (XNNK12, MNNK1, and XNNG8) to pene-
tratin along with a wild-type penetratin-Bak BH3 peptide as a
control. The ability of these peptides to kill HeLa cells was assessed
by two independent methods: propidium iodide staining of cells
followed by flow cytometry and the MTT assay. Both of these
assays demonstrate that each of the affinity matured Bak BH3
variants is able to kill cells essentially as well as the wild-type Bak
peptide (Figure 5a and b). Though it is difficult to decouple the
transport of the penetratin-Bak peptides into the cell from their
activities within the cell, we tested the ability of the wild-type
penetratin-Bak and the penetratin-Bak XNNK12 variants to kill
HeLa cells at a range of concentrations from 0.35 to 45 μM. The
XNNK12 peptide was more efficacious at killing HeLa cells at
each of the concentrations tested (Supplementary Figure S6),
suggesting that affinity increases in BH3 peptides may lead to
more potent cell killing activity.
Discussion. Here we have demonstrated two successful

strategies for the affinity maturation of the 16-mer Bak BH3

peptide for its pro-survival binding partners: hydrophobic face
engineering and helical propensity engineering. Engineering of
the hydrophobic face of the Bak BH3 peptide led to large (up to
15-fold) increases in the apparent affinity of this peptide for Bcl-
xL (Table 1). However, isolation of Bak BH3 variants that bound
Mcl-1 strongly from the hydrophobic face library was consider-
ably more difficult. Thus hydrophobic face engineering appears
to be a high risk/high reward strategy for the engineering of
affinity matured BH3 peptides; this strategy may not succeed for
all pro-survival targets, but when it does succeed, it can lead to
large increases in apparent affinity. On the other hand, Bak BH3
variants with increased apparent affinity were readily isolated
from the helical propensity library regardless of whether the
library was screened for binding against Bcl-xL or Mcl-1. More-
over, two of the same variants were isolated independently from
Bcl-xL and Mcl-1 screens. This implies that helical propensity
engineering is a more general route for increasing the affinity of a
BH3 peptide for its targets. However, this generality comes at a
cost; the variants isolated from the helical propensity library have
modest increases in affinity (3- to 5-fold) relative to the variants
from the hydrophobic face library.
Affinity matured variants isolated from the NNG library retain

promiscuous binding to all five of the pro-survival proteins. In
fact, nearly all of the variants isolated from the NNG library
display improved affinity to each of the five pro-survival proteins
relative to the wild-type Bak BH3 peptide. In contrast, Bak BH3
variants isolated against Bcl-xL from the NNK library (XNNK
clones) develop specificity toward a subset of pro-survival proteins
(Figure 2). This specificity arises solely due to the affinity ma-
turation since no counterselection against pro-survival targets
was carried out. The XNNK clones exhibit improved binding to
Bcl-xL, Bcl-2, and in most cases Bcl-w but exhibit diminished
binding to Mcl-1 and A1, mimicking the binding spectrum of the
Bad BH3 peptide12 and the small molecule BH3 mimetic ABT-
737.28 Thus we can hypothesize that the specificity observed in
modern Bcl-2 proteins such as Bad and Noxa may have evolved
solely because of a selective pressure to bind more tightly to a
single pro-survival target. The major changes to the XNNK
variants involve increasing the side chain size at the third and
fourth positions of the hydrophobic face (Ile-81 and Ile-85,

Figure 4. Quantitative structure�activity relationship analysis of affinity matured Bak BH3 variants. The z1, z2, and z3 descriptors correlate to
lipophilicity, size, and polarity, respectively, and are from ref 26. The helical propensity scale20 is such that lower values of the helical propensity energy
correspond to high helical propensities.
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respectively). In comparing the structures of a Bak BH3:Bcl-xL
complex9 to the Bim BH3:Mcl-1 complex,29 it is difficult to
rationalize why a size increase at these positions would lead to
disruption of BH3 peptide binding to Mcl-1. The clefts in which
the BH3 peptides reside in Bcl-xL and Mcl-1 are similar in size,
and Mcl-1 can accommodate BH3 peptides with aromatic
residues in the fourth hydrophobic position, including the Bim
BH3 peptide. No structure currently exists for the complex
between the Bak BH3 peptide and Mcl-1, so it is possible that
the Bak BH3 peptide binds in a slightly different fashion than
does the Bim BH3.
The biological activity of the affinity matured peptide variants

was tested by fusing them to a cell penetrating peptide. We found
that the amino acid substitutions in the peptide did not cause any
appreciable loss of biological activity. Since the uptake efficiency
governed by the cell-penetrating peptide cannot be decoupled
from the killing activity of the Bak peptide, this method is unable
to directly probe whether any of the affinity matured variants
exhibit improved killing efficacy. Other cell-permeable peptide
constructs, such as stapled peptides,17,21,30,31 can be used in
future studies to quantify the improvement on biological activity.
Although our work here focuses on native BH3 peptides, other

scaffolds have been used to investigate the affinity and specificity
of BH3 peptide interactions with their pro-survival binding
partners. Gellman and colleagues have carried out extensive
studies on BH3-mimetic foldamers consisting of a segment of
alternating α- and β-amino acids followed by an all-α-amino acid
segment.32�34 One foldamer with particularly strong binding to
Bcl-xL included the I85F amino acid substitution we frequently
observed in our affinity matured NNK variants (Table 1).32

Analysis of the crystal structure of this foldamer in complex with
Bcl-xL revealed that this Phe residue was well buried within the
Bcl-xL surface cleft.

34 Gellman and colleagues also generatedα/β
foldamers based on the Puma BH3 peptide and found that the
location of the β-amino acid within the foldamer can have large
effects on its affinity and specificity for pro-survival proteins;

whereas the native Puma BH3 peptide binds with single
nanomolar affinity to Bcl-xL and Mcl-1, two of the α/β
foldamers show a pronounced preference for binding Bcl-
xL.

35 As mentioned briefly above, Schepartz and co-workers
have grafted residues from the Bak BH3 peptide onto the avian
pancreatic polypeptide (aPP) miniature protein scaffold and
used phage display to isolate variants with strong binding to
Bcl-2.24 The high affinity variants of the aPP/Bak BH3 chimera
in this study all contained an I81F amino acid substitution that
we observed in one of our affinity matured NNK variants
(Table 1). The same aPP/Bak chimera was further evolved
using phage display to bind specifically to Bcl-2 rather than Bcl-
xL.

36 This experiment required a selection for Bcl-2 binding
alternated with a counterselection against Bcl-xL binding. In
contrast, the specificity we observe here in the XNNK variants
arises solely from affinity maturation rather than via cycles of
selection and counterselection.
Our work herein uses a combinatorial library approach to

engineer affinity and specificity into the Bak BH3 peptide. The
advantage of a combinatorial approach is underscored by the fact
that it would be difficult to predict that many of the variants
isolated in our screens would exhibit improved binding or altered
specificity using rational protein engineering techniques. While
we have applied a combinatorial method here to improve the
affinity of a BH3 peptide, other combinatorial, high-throughput
tools have also been used to probe Bcl-2 family interactions.
Phage display has been used to isolate peptides with specificity
toward Mcl-1 from a random peptide library,37 and a high-
throughput yeast two-hybrid approach was recently used to
isolate peptides that bind specifically to A1.38 Keating and co-
workers displayed the Bim BH3 peptide on the yeast cell surface
and used semirandom mutagenesis of the peptide and FACS to
uncover elements governing the specificity of Bim BH3 binding
to Bcl-xL andMcl-1.39 There remain many unexplained complex-
ities associated with Bcl-2 family recognition and the biological
consequences of these interactions, but future applications of

Figure 5. HeLa killing by Bak BH3 variants. (a) Penetratin-Bak BH3 (50 μM) peptides were incubated with HeLa cells, and viability was assessed using
propidium iodide (PI) staining. The percent viability was calculated as the ratio of live cells to total cells. (b) As described in panel a but with viability
assessment by theMTT assay; 100% viability corresponds to theMTT signal from untreated cells grown in DMEM. Assays were repeated in triplicate, /
indicates p-values <0.001. The penetratin control in panels a and b is 50μMpenetratin with 1%DMSO and 0.25% Pluronic F127, indicating that the cell-
penetrating peptide alone has minimal cytotoxic effect on the cells.
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combinatorial tools to the study of Bcl-2 family interactions
promises to shed light on some of these complexities.

’METHODS

Bacterial Strains, Plasmid and Library Construction. The
MC1061 strain of E. coli was used in library construction and in
all surface display experiments. The BL21 E. coli strain was used
for expression of the pro-survival proteins. Bak BH3 libraries
were constructed as N-terminal fusions to the enhanced circu-
larly permuted OmpX (eCPX) outer membrane protein40,41 in
an arabinose-inducible pBAD33 vector.42 The restriction en-
zymes used to clone the libraries are identical to those used in our
previous work.15 The plasmid library was transformed into
electrocompetent MC1061 and rescued in liquid LB medium
containing chloramphenicol to select for transformants. Clones
were sequenced from the naive libraries, and no biases were
observed at any of themutagenized positions. Aliquots of this cell
library were mixed with an equal volume of 65% glycerol and
frozen at �80 �C until needed. Plasmids for the expression of
pro-survival proteins have been described in detail previously.16

Briefly, these constructs contain an N-terminal biotin acceptor
peptide tag43 and a C-terminal histidine tag for biotinylation and
purification, respectively. These plasmids are derivatives of the
tetracycline-inducible pASK-75 plasmid.44

Pro-survival Bcl-2 Protein Expression and Purification.
BL21 cells were co-transformed with a plasmid encoding a pro-
survival protein and the pMON-BirA plasmid, which encodes a
constitutively expressed copy of the E. coli biotin ligase. In a
typical experiment, a 1-L culture was grown to an OD600 of 0.2,
and biotin was added to a final concentration of 2mg/L. After the
culture reached an OD600 of 1, a final concentration of 0.2 mg/L
of anhydrotetracycline was added to induce protein expression.
After 2�4 h of induction at room temperature, cells were spun
down and lysed via sonication. The protein was purified usingNi-
NTA resin (Qiagen), and its purity was confirmed by SDS-
PAGE. The purified protein was buffer exchanged using a PD-10
column (Biorad) into 2x phosphate-buffered saline (PBS) and
stored at 4 �C until needed. Typical protein yields were 10 mg/L
of culture for Bcl-xL and 0.5�1 mg/L culture for other proteins.
Binding Assays, Library Screening, and Determination of

Apparent Kd Values. In a typical binding experiment, 50 μL of
an overnight culture of MC1061 harboring a plasmid with the
desired Bak BH3-eCPX fusion was subcultured into 5 mL of LB
medium and grown to OD600 of 0.6. After inducing with
arabinose (0.02 wt %) for 2.5 h at RT, 1 mL of cells was pelleted
and resuspended in PBS. A 50-μL aliquot of these cells was
diluted 10-fold in PBS, and pro-survival protein was added to the
desired concentration. This 500-μLmixture was rotated for 1 h at
RT, and the cells were pelleted again. The cells were resuspended
in 100 μL of PBS, and streptavidin-phycoerythrin (SAPE) was
added to a final concentration of 50 nM. The cell suspension was
incubated on ice for 30 min, pelleted, and resuspended in 2 mL
PBS for analysis using Partec CyFlow ML flow cytometer. In
library screening experiments, an aliquot of the library was thawed
and added directly to LB on the day of the experiment. Pro-
survival protein was added to the library at a sub-Kd concentra-
tion. Additional rounds of screening were carried out with lower
concentrations of pro-survival protein until no further improve-
ments were observed; details for each screen are provided in the
Results and Discussion section. The clones with the highest
fluorescence were isolated using a FACSVantage SE cell sorter.

To determine apparent Kd values, the binding experiment was
carried out at a range of different concentrations. The median
fluorescence from the flow cytometry measurements was plotted
as a function of protein concentration and fit to a single-site
saturation model to determine an apparent Kd.
HeLa Culture and Killing Assays. Penetratin-Bak BH3 fusion

peptides (wild-type peptide, XNNK12, MNNK1, and XNNG8)
were custom synthesized by Genscript. These peptides consist of
the 16-aa penetratin sequence (also referred to as the Antenna-
pedia homeoprotein internalization domain)27,45 followed by the
16-mer Bak BH3 peptide. HeLa cells were maintained in DMEM
(Gibco), with 10% fetal bovine serum (FBS), 50 units/mL penicillin,
and 50 μg/mL streptomycin at 37 �C with 5% CO2. Cells from
passages 9�12 were used for all killing assays and were plated at a
density of 200,000 per well in 6-well plates or 10,000 cells/well in
a 96-well plate. After an overnight incubation, the cells were
washed with PBS and treated with penetratin-Bak peptides
(concentrations from 0.35 to 50μM) in serum-free (SF)-DMEM
with 1% DMSO and 0.25% Pluronic F-127 to assist with solu-
bilization of the peptide. After 4 h of incubation with peptides in
SF-DMEM, FBSwas added to a final volume of 10%, and the cells
were incubated for another 20 h. To collect cells for flow cytometry
analysis, cells on 6-well plates were trypsinized and combined
with the supernatant portion (to include detached cells), pel-
leted, and resuspended in 1 mL of 0.5 μg/mL propidium iodide
(PI)/PBS for a 30-min incubation on ice. The cells were analyzed
for forward scatter and fluorescence (FL3, 630 nm bandpass on a
Partec CyFlow ML cytometer). Dead cells were gated on the
basis of their fluorescence in the FL3 channel, and percent
viability was calculated as the number of live cells divided by
the total number of cells. A minimum of 10,000 events were
collected for each sample. To assess viability via MTT assays, 10
μL of 5 mg/mLMTT in PBS was added to each well in a 96-well
plate (100 μL culture) and incubated at 37 �Cwith 5%CO2 for 4
h. The medium was then aspirated, and 200 μL of DMSO
was added to each well to solubilize the purple formazan crystals.
The absorbance was read at 570 nm with a reading at 690 nm
as an internal reference. All MTT assays were carried out in
triplicate.
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