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ABSTRACT: The recognition of helical BH3 domains by Bcl-
2 homology (BH) receptors plays a central role in apoptosis.
The residues that determine specificity or promiscuity in this
interactome are difficult to predict from structural and
computational data. Using a cell free split-luciferase system,
we have generated a 276 pairwise interaction map for 12
alanine mutations at the binding interface for three receptors,
Bcl-x;, Bcl-2, and Mcl-1, and interrogated them against BH3
helices derived from Bad, Bak, Bid, Bik, Bim, Bmf, Hrk, and
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Puma. This panel, in conjunction with previous structural and functional studies, starts to provide a more comprehensive portrait
of this interactome, explains promiscuity, and uncovers surprising details; for example, the Bcl-x;, R139A mutation disrupts
binding to all helices but the Bad-BH3 peptide, and Mcl-1 binding is particularly perturbed by only four mutations of the 12
tested (V220A, N260A, R263A, and F319A), while Bcl-x; and Bcl-2 have a more diverse set of important residues depending on

the bound helix.

dentifying the physiochemical features necessary for specific

protem protein interactions (PPIs) remains challeng-
ing."~"! Increased understanding of interfaces is particularly
relevant for PPI driven signaling networks and their inhibitors,
or for the redesign of interfaces to afford new networks.'>~>* A
particularly intriguing system of PPI pairs constitutes proteins
from the Bcl-2 family and their ligands, the Bcl-2 homology 3
(BH3)-domain containing proteins. These interactions orches-
trate apoptosis, or programmed cell death, and have been the
subject of intense study”* *® to determine binding pro-
ﬁles 2732 differential roles in apoptosis,”’>>>*° and mecha-
nisms of mitochondrial pore formation. 35,41-46 However, much
is still debated functionally and structurally,*’” such as the
specific residues at the interface that impart specificity or
promiscuity.'®'”*¥%* Moreover, the role of the Bcl-2 family in
triggering or preventing apoptosis has rendered this class of
interactions as potential therapeutic targets implicated in
disease.”**>"®° There has been a significant body of work
focused on the generation of small molecule mimetics,®'~"
peptides,"®”*~7® " miniature J)rotems,20 77778 stabilized heli-
ces,”” ™ and foldamers,** ™ with a variety of specificities
that target this interface. Herein, we focus on the residues at the
interface that can potentially dictate specificity or promiscuity
within this interactome.

The Bcl-2 protein family encompasses two major classes: Bcl-
2 homologues which contain 2—4 of the helical “Bcl-2
homology” or “BH” domains and are similar to the titular
Bcl-2, and BH3-only 8proteins, which contain only the Bcl-2
homology 3 domain.*® The Bcl-2 family is further subdivided
into anti-apoptotic (such as Bcl-2, Bcl-x;, and Mcl-1) and pro-
apoptotic (such as Bak and Bax) groups on a functional basis.

-4 ACS Publications  © 2015 American Chemical Society

2632

Structurally, the Bcl-2 receptor family forms a cleft, primarily
comprising helices from the BH 1, 2, and 3 domains, which
then serve to cradle various BH3 helices (Figure 1).2® Several
NMR and crystal structures of these proteins have been
solved>>*#146:30516693977104 414 provide a structural frame-
work for discussing the potential role of specific residues at the
interface.

An understanding of binding determinants is relevant for the
selective activation or inhibition of these interactions from a
signaling and therapeutic standpoint.'®**°*'°%1%* However, the
molecular interactions that dictate BH3 peptide helices binding
to the BCI-2 family receptors are not well understood as many
BH3-only peptides bind to several receptors and vice
versa.”* "> The few systematic experimental studies to date
have focused upon mutational analysis of residues that dictate
specificity and affinity of the helical BH3 domains.'***~** A few
studies have interrogated the residues within the receptor
cleft,"”*** however not systematic alanine mutations. Of note,
Keating and co-workers covaried multiple residues in order to
enhance selectivity for specific BH3 helices.'” Computational
studies have also probed this interface,'°>'% but they require
experimental validation.

Determining the explicit role of individual residues in the
receptor cleft that contribute to the recognition of their cognate
BH3 helices is necessary for deconvoluting the factors that
govern specificity and promiscuity. Moreover, such results will
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B)
Bel-xg, 85 AVKQALREAGDEFELRYRRAFSDLTSQLHITPGTAYQ
Bcl-2 92 VVHLTLRQAGDDFSRRYRRDFAEMSSQLHLTPFTARG
Mcl-1 208 KALETLRRVGDGVQRNHETAFQGMLRKLDIKNEDDVK
Bcl-X; 122 SFEQVVNELFRDGV-NWGRIVAFFSFGGALCVESVDK
Becl-2 129 RFATVVEELFRDGV-NWGRIVAFFEFGGVMCVESVNR
Mcl-1 245 SLSRVMIHVFSDGVTNWGRIVTLISFGAFVAKHLKTI
Becl-x;, 158 EMQVLVSRIAAWMATYLNDHLEPWIQENGGWDTFVEL
Bcl-2 165 EMSPLVDNIALWMTEYLNRHLHTWIQDNGGWDAFVEL
Mcl-1 282 NQESCIEPLAESITDVLVRTKRDWLVKQRGWDGEVEF
Becl-x;, 195 YGNNAAAESRK
Bcl-2 202 YGPSMRPLFDF
Mcl-1 319 FHVEDLEGGIR

<) 1 5 10 15 20
BAK 71 ----MGQVGRQILAIIGDDINRRYD- 90
BIM 142 -MRPEIWIAQELRRIGDEFNA---- 161
BID 80 -EDIIRNIARHLAQVGDSMDR---- 99
PUMA 131 -EQWAREIGAQLRRMADDLNA---- 150
HRK 27 -SSAAQLTAARLKALGDELHQ---- 46
BIK 51 -MEGSDALALRLACIGDEMDV---- 70
BMF 127 -HQAEVQIARKLQCIADQFHR---- 146
BAD 103 NLWAAQRYGRELRRMSDEFVDSFKK 127

Figure 1. (A) Structure of Bcl-x; (gray, residues 85—205) bound to
Bad (gold, residues 103—127), PDBID 1GS]. All residues mutated in
this study are shown in red. (B) Alignment of Bcl-x;, Bcl-2, and Mcl-1.
Residues shown correspond to the portion of the structure shown in
A. Residues mutated to alanine in this study are shown in red. (C)
Aligned sequences for the eight BH3 domain helices used in this study.
The conserved residues, L11 and D16, are shown in blue, and the
partially conserved residue 15 is shown in orange.

help test and refine predictive computational methods, aid in
the design of inhibitors, and provide starting points for
redesigning these interfaces to provide orthogonal helix/
receptor pairs for the potential design of new networks,*" as
well as for the design of edgetic mutants (where a molecule
with a complex interaction network is reduced by a single
interaction, or “edge” of the network) for the purpose of
elucidating the Bcl-2/BH3 network.'>'” The individual inter-
rogation of a large number of receptor/helix pairs is
experimentally demanding, yet necessary for understanding
these interfaces. Thus, in order to tackle this problem, we
adopted a cell-free split-luciferase system.'®’ ="'
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We have previously validated the split-luciferase approach
with known helix-receptor binding partners and also have
shown that it is useful for demonstrating the specificity of small
molecule and peptide inhibitors.”® The cell-free split luciferase
method exists in between classic in vivo methods,"'"*'? often
complicated by indirect readouts,"** and classical biochemical
approaches. In order to probe the BH3 interactome, we first
validated several known interactions and subsequently created
12 alanine mutants at each of the binding interfaces for Bcl-x;,
Bcl-2, and Mcl-1 (Figure 1A,B) and interrogated them against
BH3 helices derived from Bid, Bim, Bad, Bik, Bmf, Bak, Hrk,
and Puma (Figure 1C), to provide a map of 23 protein
partnerships comprising 276 pairwise interactions (Mcl-1:Bad
data are not reported, as the binding affinity of the wild-type
complex is too low to provide accurate values in this study””>").
This study goes toward explaining promiscuity and the role of
specific residues in this important and widely studied
interactome.

B MATERIALS AND METHODS

Plasmids and Mutagenesis. For the BH3-only peptides
(Bad, Bak, Bik, Bim, Bid, Bmf, Hrk, and Puma), all sequences
from Homo sapiens (Figure 1C) were coupled on the N-
terminus of the N-terminal half of Photinus pyralis (firefly)
luciferase (NF) via a glycine/serine linker in the pcDNA 3.1
vector. Bclx;, Bcl-2, and Mcl-1 (all H. sapiens) were linked to
the C-terminus of the C-terminal half of firefly luciferase (CF)
in the pEF6 vector. Site-directed mutagenesis was done through
the use of PfuUltra or Kapa HiFi enzymes. Twelve mutants of
Bclx, (F97A, Y101A, L108A, QI11A, L112A, V126A, E129A,
L1304, N136A, R139A, F146A, Y195A), a single mutant each
of Puma and Hrk (A1SS, and GISS, respectively), three
mutants of Bim (G154, G15S, and D16A), and two mutants of
Bak (R9A and L11A) were generated in this manner.
Additionally, mutations homologous to those made in Bcl-x,
were made in CfBcl-2 (F104A, Y108A, MI115A, QI18A,
L119A, V133A, E136A, L137A, N143A, R146A, F153A,
Y202A) and CE-Mcl-1 as well (V220A, H224A, M231A,
K234A, L235A, V249A, H252A, V253A, N260A, R263A,
F270A, F319A). All sequences were verified with dideoxynu-
cleotide sequencing.

mRNA Synthesis and Split-Luciferase Assay. PCR
fragments of the luciferase-coupled constructs were created
with appropriate primers. For the CF constructs, the forward
primer contained the T7 and Kozak consensus sequences. For
NF constructs, these sequences were already contained in the
host plasmid. A stabilizing stem loop was included in the
reverse primer for all constructs. RNA was generated from
these products using the RiboMAX large-scale RNA production
system. RNA size and purity were confirmed with gel
electrophoresis, and concentrations were taken by absorption
at 260 nm. A total of 0.1 pmol of mRNA for each construct
RNA for Bcl-x; reactions or 1 pmol of each for Bcl-2 and Mcl-1
reactions was added to a total volume of 24 uL of reticulocyte
lysate and incubated at 30 °C for 1.5 h. Following translation,
40 uL of L-Glo luciferase assay reagent was added to a 10 yL
aliquot of translation reaction, and light emission was
monitored immediately after mixing with a Turner Biosystems
luminometer with 10 s integration time. All reported values are
the average of at least two repeats.

Expression and Purification. The wild-type and R139A
mutant Bcl-x; were cloned into the pET 15b vector for
expression in Escherichia coli. While the full-length construct
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was used in in vitro studies, a C-terminally truncated version
(Bcl-x;-209 and Bcl-x;-209-R139A, AA 1-209) was used for
expression with an N-terminal hexahistidine tag separated from
the Bcl-x; sequence with thrombin and TEV cleavage
sequences. Cells were grown in media containing ampicillin,
and protein expression was induced with 1 mM IPTG. Cells
were lysed with sonication, and expressed protein was purified
via metal-chelate chromatography with Ni-NTA agarose beads.
The proteins were further purified via FPLC on a Superdex 75
16/60 HiLoad column into TBS buffer (10 mM Tris, 140 mM
NaCl, pH 7.6) and subsequently concentrated. Concentrations
were determined from absorption at 280 nm.

Peptide Synthesis. The Bad-BH3 peptide was synthesized
via solid-phase peptide synthesis using FMOC chemistry on a
Rink amide resin. Peptide was purified via HPLC and
confirmed by mass spectrometry. Bad-BH3 sequence:
NLWAAQRYGRELRRMSDEFVDSFKK.

ITC Analysis of Bad-BH3 Binding. Expressed proteins
were extensively buffer exchanged and diluted in TBS buffer to
between 16 and 19 yM. Bad-BH3 peptide was dissolved and
diluted in TBS buffer to a concentration between 160 and 190
uM. All stocks were degassed with a ThermoVac apparatus, and
approximately 1.4 mL of protein and 0.3 mL of peptide stocks
were added to the ITC cell and needle, respectively. Peptide
was injected in three 2 uL injections over 4 s each followed by
20 eight 8 uL injections over 16 s each, with a 6 min interval
between injections at a cell temperature of 26 °C and reference
power of 25 pucal/s. The cell was continuously stirred at 300
rpm. Background was taken by injecting peptide into buffer and
buffer into protein, and the resulting traces were subtracted
from the sample traces. Residual mechanical effects were
subtracted by averaging the last three points and subtracting the
resulting value from all points, and the first four injections were
removed from all traces before fitting. Data were fitted with the
Origin software with a single-site binding model. K,, AH, and
N were calculated by the software from the fit and used to
calculate the values of Kp,AG, and TAS.

B RESULTS

Choice of Residues for Alanine Scanning. We chose
three Bcl-2 family “receptors”, Bcl-x;, Bcl-2, and Mcl-1, for
determining their residue specific selectivity for BH3 helices.
Bcl-x;, and Bcl-2 were chosen as they share the highest
sequence similarity, while Mcl-1 was chosen as it is the most
distant (Figure 1B). Available crystal and NMR structures were
inspected for side chains that lie within 4 A of every BH3 helix
residue at the interface (Figure 2A). On the basis of this
analysis, 12 positions within the cleft were determined to make
potential contacts (<2.5 A) with several helices across the
different receptors and were chosen for further mutagenesis
(Supporting Information, Table S1). The residues included
F97, Y101, L108, Q111, L112, V126, E129, L130, R139, F146,
and Y195 in Bcl-x;, and the homologous residues in Bcl-2 and
Mcl-1 (Figure 1A,B; for ease of notation, when referring to
multiple receptors the numbering from Bcl-x; has been used).
N136 was additionally chosen for close contact with Bim, as
well as its total conservation across the Bcl-2 family receptors
(Figure 1B). We next turned toward developing a method to
analyze the desired interactions using a split-luciferase method-
ology.

The split-luciferase system involves the conditional recon-
stitution of firefly luciferase and concomitant luminescence
when attached protein domains interact (Figure 2B). The split-
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Figure 2. (A) Distances between residues of Bad (lower axis) and Bcl-
x,, (filled circles) for a sample structure, 1GS]J. Bad residues with no
contacts within 4 A are omitted. (B) Schematic representation of the
in vitro cell free split-luciferase reassembly method.

luciferase system is deolgendent on the binding constants of the
conjugated domains,'™ and we have previously demonstrated
that the cell free split-luciferase system provides a viable
method for rapidly interrogating helix/receptor interactions and
their inhibitors.***®'°” This method has been shown to
faithfully recapitulate binding specificities of helix/receptor
type interactions, such as p53/hDM2, p300/Hifla, and the Bcl-
2 family in cell lysates that perhags provide Dbetter
approximation of a cellular environment.®

In order to validate this methodology several residues from
the helices that have been previously mutated in the literature
(Bak R9A, Bak L11A,*" Bim G15A, and Bim D16A%?) were first
tested in our system against Bcl-x;. The results from this proof
of principle experiment verified that the cell-free split-luciferase
method strongly correlates with data obtained using standard
biophysical methods with purified proteins and peptides
(Supporting Information, Table S2 and Supporting Informa-
tion, Figure S1).

To build the panel of alanine mutants, the Bcl-x;, Bcl-2, and
Mcl-1 receptors were conjugated to the c-terminal fragment of
firefly luciferase (CF), to produce CF-Bcl-x;, CF-Bcl-2, and CF-
Mdl-1, while the panel of BH3 conjugates, containing the
helical BH3 domains of Bid, Bim, Bad, Bik, Bmf, Bak, Hrk, and
Puma, were conjugated to the N-terminal fragment of luciferase
(NF) (Supporting Information, Table S3). Once the panel of
alanine mutants was created, mRNA stocks of all conjugates
were synthesized and translated at equivalent concentrations in
reticulocyte lysate followed by addition of the luciferase
substrate, luciferin, and measurement of luminescence. We
separately interrogated all 288 receptor mutant/BH3 helix
pairs, resulting in binding profiles which were internally
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Figure 3. Heat maps of luminescence readings for all 12 receptor mutants with all eight tested BH3 domains. Rows show the mutations using the
Bcl-x;, numbering scheme, for example, F97A, followed by the analogous residue in Bcl-2 and Mcl-1, respectively. Luminescence readings for each
receptor—helix pair are normalized against the wild type receptor signal which is assigned a value of 1 (green) and a complete lack of binding upon
mutation is assigned a value of 0 (red). In this analysis, normalized values when >1 were assigned a value of 1. The Mcl-1 values for Bad binding are

not included as that complex shows significantly reduced wild-type binding compared to all other partnerships. The reported Kp’s from Certo et al

are provided as a frame of reference.
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normalized with the 24 relevant wild type (WT) receptor/helix
pairs to directly compare the relative importance of residues at
the interface in cell lysates (Figure 3, Supporting Tables $4—9
and Figure S2). In certain instances, mutations resulted in
higher signal or values above 1, which may imply tighter
binding, which we will explore in due course. For the current
study focused upon understanding positive determinants of
binding, the values above 1 (wild type) are treated as equivalent
to wild type in Figure 3. We also note that the numbers we
report are from experiments in cell-like environments which
may provide potential off-target macromolecular partnerships
that may also influence the results herein.

Analysis of Results. The Bcl-2 homology family of
receptors share high similarity with regard to the residues at
the interface (Figure 1B), while the BH3 helices share only two
conserved residues, L11 and D16, though there is a
constellation of hydrophobic residues at positions 7, 14, and
18, corresponding to the residues buried upon binding (Figure
1C). The residue specific basis of high affinity yet promiscuous
binding by these receptors®*~>* toward BH3 helices is not well
understood. We reasoned that this promiscuity toward BH3
helices may come about through several mechanisms, where (a)
a few conserved positions on each receptor, or conserved “hot-
spots”" confer most of the binding energy (>1 kcal /residue) for
a particular helix; (b) nonconserved hot-spot residues confer
most of the binding energy for a particular helix; or (c)

2635

numerous rather than a few residues on each receptor
contribute to the binding, and the binding energy is distributed
across the interface. In this study where concentrations, and
thus direct thermodynamic data, are challenging to measure, we
classified residues as important or “hot-spots” if their mutation
to alanine resulted in >50% reduction in binding compared to
WT, as measured by a decrease in luminescence in the split-
luciferase assay (Figure 3). We observed that either one or the
other of the first two possible mechanisms predominate, which
likely accounts for the promiscuity of these receptors. For
instance, Bak recognition by Bcl-x; requires the hot-spot
residues Y101, L130, N136, and R139. In contrast, Bim
recognition by Bcl-x; requires a different set of residues, V126,
N136, and R139, and not Y101 and L130. On the other hand, if
we compare two receptors, other differences exist. For example,
while Bcl-2 and Bcl-x; share most hot-spot residues for Bak,
Bcl-2 binding is greatly perturbed by the removal of F153, while
for Bcl-x; the homologous F146 is unimportant. We attempt to
pictorially capture these observations in Figure 4, where the
residues important for the formation of a complex, either helix
centric (across a row) or receptor centric (down a column), are
highlighted for several complexes. These hot-spot residues are
not completely conserved between complexes, though most
complexes arise from a small number of hot-spot residues (2—5
residues each).

DOI: 10.1021/bi501505y
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Figure 4. Examples of binding interfaces across different receptor and helix pairs. Residues shown and listed are those when mutated to alanine result
in a 50% or greater reduction in signal for the given helix/receptor pair. All images of each receptor are from a single structure (Bcl-x; from 3PL7,
Bcl-2 from 2XA0, Mcl-1 from 3PK1) and may not be representative of the receptor’s structure bound to the given helix, which are only available for

Bclx :Puma (2M04), Bcl-x; :Bim (3FDL), and Mcl-1:Bim (2PQK).

We next focused upon the few “more conserved” hot-spot
residues in this panel (Figure 3). The most striking residue that
we discovered, R139, is necessary for binding to all helices for
both Bcl-2 and Mcl-1, and seven out of eight helices for Bcl-x;,
though surprisingly it is not necessary for Bcl-x; to bind Bad.
F97 in Bcl-x is necessary for binding to all helices except for
Bim and Bak, while it is only important for four of the eight
helices for Bcl-2 (Bid, Bad, Hrk, and Bik). Other hot-spot
residues are L130, which is necessary for Bcl-x; binding to all
helices except Bim and necessary for Bcl-2 binding to all helices
except Bim and Puma, as well as Y101 which is critical to Bik
and Bak binding for both Bcl-2 and Bcl-x;. The overall binding
profile for the more distant Mcl-1 shows less diversity relative
to the other two tested members. Four positions (V220, N260,
R263, and F319 in Mcl-1) are the only residues important for
binding to most helices tested except Hrk and Bmf, which are
perturbed by additional mutations.

Interestingly, the BH3 helix Hrk shows a more distributed
binding profile in general, as binding to all three receptors is
greatly perturbed by at least seven different mutations, the most
for any helix. This binding profile may potentially be a result of
a lower overall binding affinity of the Hrk peptide.>’ This is
possibly consistent with a correlation (R* = 0.6) between
measured affinities and the number of hot-spot residues
determined in this study (see Supporting Information S9—
S11 for a more complete discussion).

Overall, our results are most consistent with a nonconserved
hot-spot model, where each complex has a different
constellation of important or “hot-spot” residues, sharing only
a few commonalities with other complexes (Figure 4). The
ability of the receptors to offer alternative residues for
recognizing different BH3 helices is likely responsible for
their promiscuity.

The results of this study were also compared to the
computational alanine scan results produced by the Robet-
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ta'*"'5 and Rosetta''® programs for available Bcl-x;:BH3

complexes. Correlation coefficients between the experimental
results, albeit relative signal rather than dissociation constant,
and computed values varied considerably among structures
(Supporting Information, S12—S14). The correlation, R?, of
our experimental data vs Robetta/Rosetta predictions is 0.37/
0.04 for 1GSJ, 0.02/0.29 for 1BXL, and 0.31/0.13 for 3FDL,
respectively. This lack of correlation is possibly a result of
potential structural flexibility in the Bcl-2/BH3 family
complexes, making computations more challenging.'*>'**'*
The correlations seen from this study are consistent with those
seen in similar modeling of the Bcl-2 family with Robetta.”>>*
Only the Bclx;:Bad (IGS]) structure displayed correlations of
0.37, which is comparable to those reported by Kleanthous,
Baker and co-workers for colicin endonucleases,"'”**® in an
alanine scanning study. In addition, the results of this work
were also compared to the molecular dynamics simulations
determined by Moroy et al;'’® however, similar low
correlations were observed. This analysis together with the
lack of availability of structures for most of the helix/receptor
interactions, most notably all Bcl-2 complexes tested, suggests
experimental approaches remain necessary for interrogating this
interactome.

The R139A Mutant. One of the most striking outcomes of
this study is the R139A mutation in the receptors, which
strongly decreases binding for every pair except for Bcl-x; :Bad.
When the available Bcl-x;, structures are surveyed, only residues
12, 15, and 16 of the helices have side chains within 3 A of
R139. Two of these positions, 12 and 16, are identical in Puma,
Bad, and Bim, despite the differences in binding (Figure SA,B).
We hypothesized that it is possible that the serine at position 15
of Bad, a known site of phosphorylation in vivo,""*™**" is the
determining factor in binding. Specifically, it has been shown
that phosphorylation at this position disrupts Bcl-x; binding,
promoting cell survival,"*® and the importance of this position

DOI: 10.1021/bi501505y
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CF-Bcl-xL WT

CF-Bcl-xL R139A

Figure S. (A) Bclx; R139 (blue, ball and stick) and surrounding Bad
residues R12, S15, and D16 (gold, spheres) (2BZW). (B) Bcl-x, R139
(blue, ball and stick) and surrounding Bim residues R12, G1S, and
D16 (gold, spheres) (3FDL). (C) Comparison of binding of Bim, Hrk,
and Puma mutants and Bad WT to Bcl-x; WT and Bcl-x;, RI139A.
Residues at position 15 of the three BH3 peptides were mutated to
serine for comparison with Bad WT.

has been supported by the Keating laboratory, who found that
mutation of Bad S15 to any residue other than alanine or
glycine led to a loss in binding to Bcl-x;.>> Thus, it is possible
that the serine in this position offers binding affinity.

To test this, the Bim and Puma peptides were mutated to
serine at this position, along with Hrk which varies at position
12 but maintains binding to the wild-type Bcl-x;. However,
these mutants did not rescue binding to the R139A mutated
receptor (Figure SC). As a result, the change in binding at this
position upon phosphorylation of the S15 residue may be of
interest and will be addressed in the future with in vitro
methods and phosphorylated peptides.

Interestingly, R139A has previously been reported as a
knockout mutant.*”>! Thus, the ability of the R139A mutant to
bind Bad was unexpected, but not in disagreement with the
previous functional studies, as binding solely to Bad may not be
sufficient to preserve the anti-apoptotic ability tested.””~>>
Computational predictions from Robetta and Rosetta showed
either no effect upon mutation or a very large negative effect,
depending on whether the structure was determined by NMR
(no effect) or crystallography (large effect). Moroy et al. have
found similar results with the two starting structures but
suggested that the NMR results are possibly anomalous and
that the R139 residue is important for binding Bad.'®® Given
the unique properties of R139A, we set out to biophysically
characterize this interaction and to also rule out any potential
artifacts stemming from the split-luciferase methodology.

In Vitro Analysis of the Bcl-x, R139A/Bad Complex.
The Bcl-x;, wild-type and R139A mutant were expressed in E.
coli and purified (Supporting Information Figures S14 and
S15). Circular dichroism (CD)"**'** was used to determine the
secondary structure of the mutant. The CD spectra from the
wild type and the mutant were very similar (Supporting
Information Figure S16) and agree with previous studies of
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104,124,125

wild-type structures,
a helical protein.

In order to test the binding of the mutant to the Bad-BH3
helix, the 25 residue Bad peptide was synthesized for ITC
studies (Supporting Figures S17 and S18). The Bad peptide
was separately titrated into Bcl-x; wild type and the R139A
protein and the resulting thermodynamic data were compared
(Figure 6 and Table 1). These experiments, with certain caveats

showing the R139A mutant to be
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Figure 6. ITC traces for binding of the Bad-BH3 peptide to (A) Bcl-x,
WT and (B) Bcl-x;, R139A. Top panels: raw calorimetric data. Bottom
panels: AH values obtained from integration of the calorimetric peaks
after background subtraction. The red line is the best fit calculated by
the Origin software and used to determine the values in Table 1.

Table 1. Biophysical Data for the Binding of Bcl-x; WT and
R139A to Bad from ITC

binding to Bad-BH3 Bd-x; WT Bcl-x; R139A
K (aM) 12.50 + 2.87 1114 + 2.01
AH (keal/mol) —28.01 + 023 —29.05 + 0.17
TAS (kcal/mol) —-17.19 —-18.16
AG (kcal/mol) —10.82 —10.89

stemming from the high affinities,>""'*® show that both proteins

bind to Bad with comparable low nanomolar dissociation
constants, Kp, and that the AH value for the binding of Bad to
the R139A mutant is very similar to wild-type, both of which
are consistent with our split-luciferase assay results (Table 1).
Thus, the R139A mutant of Bcl-x; in the context of Bad is an
interesting biophysical outlier and may have biological
consequences that will be pursued in due course.

B DISCUSSION

In order to provide one of the first complementary analysis of
the receptor pocket for the BH3 helices, we compared our
results to the limited number of systematic mutagenesis studies
of the helices. We compared our results to the results from helix
mutational data from the Fesik (Bcl-x;:Bak),” Gellman (Bcl-
x:Bim and Mcl-1:Bim),”> and Keating laboratories (Bcl-x; :Bim
and Mcl-1:Bim)"® (Figure 7), providing a complementary view
of the helix/receptor interface.

In the case of the Bak alanine scan undertaken by Fesik and
co-workers,”" similar effects seen when contacting residues
from the helix and receptor (Bcl-x ) are compared (Figure 7A).
For instance, when the conserved L11 residue of Bak
(numbering from Figure 1C) is mutated, binding was shown
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Helix: Bak Receptor: Bel-xi.
Mutations® Contacts < 3 A
V7 (44) Y101 (0.1), Lu2 (1.0), V126 (0.7),
E129 (0.9)
G8 (ND) V126 (0.7), E129 (0.9), L130 (0.1)
R9 (9.7) Ei29 (0.9)
Q1o (ND) Yio1 (0.1)
Lu (790) F97 (0.8), Y101 (0.1), L108 (1.0), V126
(0.8), L130 (0.1)
A12 (ND) No contacts
I13 (2.9) No contacts
Ii4 (50) Fg7 (0.8), Y101 (0.1)
G5 (1.5) No contacts
D16 (122) N136¢ (0.1), Ri39¢ (0.0)
D17 (0.4) No contacts
18 (275) Y195 (1.2)
Helix: Bim Receptor: Bel-xi.
Mutations? Contacts < 3A¢

I7 (All except D/E) (6.8)

L108 (0.8), Luz (1.1), V126 (0.4)

A8 (A/G) (1.0)

V126A (0.4), E129 (0.7)

Qg (ND) (1.5)

No contacts

E1o (All except ILFYP)
(0.9)

L108 (0.8)

Lu (L) (>90)

F97(0.8), L108 (0.8), V126 (0.4),
L130 (0.6)

Riz (K/R/Q/A) (2.8)

E129 (0.7), L130 (0.6), Ri39 (0.1)

Ri3 (ND) (5.4)

No contacts

li4 (All) (0.3)

F97 (0.8), Y101 (1.0), L108 (0.8)

Gi5 (A/G) (0.3) Fg7 (0.8)
D16 (D) (33) N136 (0.1), R139 (0.1)
E17 (D/E) (2.0) Y101A (1.0)

F18 (F/Y) (>90)

F97 (0.8), Y101 (1.0)

Figure 7. Structure of helix (yellow) binding to the mutated residues in (A) Bcl-x:Bak (1BXL) and (B) Bcl-x:Bim (3FDL) and comparison to
previous scan data for each complex. 3FDL does not contain the Y195 residue. “Bak alanine scan from ref 51. Fold differences in binding to Bcl-x; as
compared to wild-type are shown in parentheses. Values from residues that cause a 10-fold or greater reduction in binding shown in red. "Bcl-x; side
chains that come within 3 A of the specified helix residue from Bak. Relative binding from this paper (Figure 3) as compared to wild-type Bak (1.0)
shown in parentheses. “Hot-spot” residue values shown in red. ‘Residues that are not within 3 A in IBXL but are considered important for binding.
“Mutations to the Bim helix from refs 16 and 52. Residue substitutions that maintain significant binding to Bcl-x; in 16 and fold differences in
binding to Bcl-x; as compared to wild-type Bim in 52 are shown in parentheses. Substitutions for residues that tolerate four or fewer other residues in
ref 16 and fold differences for alanine mutants showing 10-fold or greater reduction in binding from ref 52 shown in red. ‘Bcl-x side chains that
come within 3 A of the specified helix residue from Bim. Relative binding from this paper (Figure 3) as compared to wild-type Bim (1.0) shown in

parentheses. “Hot spot” residue values shown in red.

to decrease by 790 fold. Mutation of most residues on the Bcl-
x, receptor with side chain atoms within 3 A of L11 (F97,
Y101, L108, V126, and L130) results in a concomitant decrease
in binding to Bak. The receptor residues form a hydrophobic
pocket which cradles the L11 residue, and this observation is
largely replicated in the patterns of binding for other helices.
The residues that are most perturbed through mutation and
likely important for this pocket (Y101 and L130) are not
predictable a priori. When we consider D16, the Bcl-x;:Bak
structure does not show any receptor residues within 3 A;
however, other structures of Bcl-x; bound to Bim and Bad show
proximity between the D16 residue and the conserved N136
and R139 residues of Bcl-x;, which likely explains the sharp
decrease in binding when any of the three residues are mutated.

Similarly, when we compare results of previous SPOT
analysis, which comprises mutagenesis of each position on Bim
to 18 proteogenic amino acids on the Bim-BH3 peptide carried
out by Keating and co-workers'® to our data set (Figure 7B),
we also observe concordance. For instance, the A8 residue of
Bim was resistant to mutation in the case of binding to Bcl-x;.
According to crystal structures of Bim bound to Bcl-x;, the A8
residue lies within 3 A of the side chains of V126 and E129, and
both reduced binding if mutated, though V126 was more
important.

Interestingly, for Bim F18, which both Keating and Gellman
laboratories found to be important for binding, we did not
observe any complementary side chains that impact binding. In
our studies, the Bcl-x;/Mcl-1 residues with side chains that
contact F18 in the crystal structure, F97 and Y101 in the case of
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Bim and Y195 for Bak, showed only a small loss of signal when
mutated. In order to exclude the possibility that attachment of
the C-terminus of the helices to NF perturbs the interaction, we
also tested a variant of Bim where the C-terminus of the helix
was extended by four residues (Bim(1)-NF, Table S2), but no
significant changes in binding were observed (data not shown).
For both Bcl-x; and Mcl-1, the Bim F18 residues makes several
contacts that cannot be directly addressed by an alanine scan.
For example, A93 and G138 for Bcl-x; /Bim and A200 and the
backbone of F97 in the case of Bcl-x;:Bak cannot be
interrogated by alanine substitutions. As a result, the observed
lack of perturbation in binding may either be a case for
distributed binding where several simultaneous mutations in
the receptor would be required, or alternatively, this interaction
may potentially be a result of the structure of the backbone
alongside Ala and Gly contacts, akin to a knob and hole.

The only previous comprehensive experimental study
focusing upon the receptor rather than the helices adapted a
yeast display based selection approach.'” This study inter-
rogated the specificity of the BH3 helices Bad and Bim for
various Bcl-x; mutants, many of which were similar between
our two panels. It should be noted that, as these residues were
all covaried in this panel and there were many potential outputs
as well as unique residue sets at each position, the results are
not fully comparable. Even with this caveat, however, our
results strongly correlate. For example, F97 was found to be
essential for binding of Bcl-x; to Bad but not Bim, consistent
with our results. Surprisingly, they found that mutation of V126
or F146 to alanine increased binding to Bad over Bim, which is
recapitulated in our study. Additionally, the Q111 position was
shown to be nonspecific, which comports with our results that
show that neither Bad nor Bim binding is affected by mutation
(Figure 3). Overall, the data from our study provide a distinct
and complementary picture of the important receptor residues
corresponding to residues on the BH3 helices, which should
allow for testing computational models and aid in targeting or
redesigning relevant sites at these interfaces.

B CONCLUSIONS

We have generated a receptor-centric interaction map of 23
helix/receptor pairs. Twelve alanine mutants of the three
receptors, Bcl-x;, Bcl-2, and Mcl-1, were interrogated against
BH3 helices derived from Bid, Bim, Bad, Bik, Bmf, Bak, Hrk,
and Puma using a split-luciferase method in cell lysates. This
approach allows for the faithful identification of residues
implicated in binding in complex cell lysates as evidenced by its
strong correlation to previous experimental studies. We note
that this method is qualitative and does not provide quantitative
thermodynamic data; however, the results allow for the
identification of the most important side-chains that contribute
to binding. Moreover, we can match the residues that were
found to dictate specificity and affinity of the helical BH3
domains with residues that line the complementary receptor
cleft by a comparison of the two data sets, where available.
Several notable observations were made. Only four residues
(V220, N260, R263, and F319) in Mcl-1 primarily confer
binding to all the helices tested, whereas the residues that
contribute to binding for Bcl-2 and Bcl-x; are distributed across
the interface and are generally BH3 helix specific rather than
conserved. Despite similar binding profiles among helices,” >
Bcl-x;, and Bcl-2 show distinct differences in the important
residues for binding of several helices such as Puma (F97, E129,
L130, N136, and R139 in Bcl-x;, vs R146 and F153 in Bcl-2)
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and Bmf (F97, V126, L130, and R139 in Bcl-x, vs Y108, L137,
R146 and F153 in Bcl-2). In general, the receptors are possibly
optimized for promiscuity, which is encoded in the structure by
allowing variable modes of recognition for different BH3
helices. This may have functional consequences such as the
ability to respond to a variety of signals or built-in functional
redundancy. Finally, we determined that the conserved D16
residue on the helices is most likely recognized by both the
conserved N136 as well as R139 on the receptors. Surprisingly,
R139, thought to be essential for binding to all BH3 helices,
was found to be dispensable for Bcl-x;:Bad and when
interrogated biophysically, we found that it recapitulated our
observations from the split-luciferase assay, which may also
have functional reasons. Future studies will probe the whether
there is a biological rationale for why RI139A is uniquely
unimportant for Bcl-x;:Bad binding compared to all other
complexes. The R139A mutant also provides a starting point
for creating potentially specific and orthogonal helix/receptor
pairs for a variety of biotechnological studies'*” "> as well as
the elucidation of the role in binding of the unique serine
phosphorylation at this site.

We observed that the computational derived alanine
mutation energies from Robetta and Rosetta that rely on
analysis of existing structural data, as well as more dedicated
molecular dynamics simulations, did not correlate well with the
experimental data. A new computational approach reported by
Keating and co-workers may be more suitable.>>>* Given the
inability for the more readily available methods to predict
experimental results within this interactome, and their reliance
on potentially sparse X-ray and NMR structures of interfaces,
higher throughput direct experimental methods provide an
avenue for understanding of factors that govern specificity and
promiscuity at these interfaces.”'*”'*°

In the long term, the development of easy to implement
experimental and computational methods in tandem are
necessary for providing better predictive power to understand
protein—protein interactions. This in turn will guide the
knowledge based design of specific or selectively promiscuous
inhibitors and provide guidelines for redesigned protein—
protein interfaces for controlling cellular networks.
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