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Summary

Critical regulatory pathways are replete with instances of intra- and interfamily
protein-protein interactions due to the pervasiveness of gene duplication throughout
evolution. Discerning the specificity determinants within these systems has proven a
challenging task. Here, we present an energetic analysis of the specificity determinants within
the Bcl-2 family of proteins - key regulators of the intrinsic apoptotic pathway - via a total of
~20 ps of simulation of 60 distinct protein-protein complexes. We demonstrate where affinity
and specificity of protein-protein interactions arise across the family, and corroborate our
conclusions with extensive experimental evidence. We identify energy and specificity
hotspots, which may offer valuable guidance in the design of targeted therapeutics for
manipulating the protein-protein interactions within the apoptosis-regulating pathway.
Moreover, we propose a conceptual framework that allows us to quantify the relationship
between sequence, structure and binding energetics. This approach may represent a general

methodology for investigating other paralogous protein-protein interaction sites.
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Introduction

Most proteins belong to families of evolutionarily and functionally related molecules,
often arising from gene duplication (Friedman & Hughes, 2001). A classic example of such
paralagous proteins are the human kinases, numbering over 500 (Manning et al., 2002). The
specificity of biological pathways is thus striking, considering the thousands of potentially
interacting macromolecules in a cell at any given time (Berggard et al., 2007). In general,
protein interaction sites consist of tightly packed, structurally conserved regions or “hotspots”
(Shoemaker & Panchenko, 2007; Ma et al., 2003). Hotspots tend to be enriched in tryptophan,
tyrosine and arginine (Ma et al,, 2003), and the most frequent residue pairs in the associated
protein-protein complexes involve charged and aromatic residues (Gromiha et al., 2011;
Gromiha et al., 2009). It has been suggested that polar residues at the interface cores confer
rigidity, reducing the entropic loss upon binding, while the surrounding residues may form a
“flexible cushion.” A study of paralogous protein interfaces led to the proposal that binding
affinity is determined mainly at the hub, whereas specificity is determined at the rim.
Specificity between paralogs diverges at greatly differing rates, while interfaces evolve more
slowly then the rest of the protein (Aiello & Caffrey, 2012). Explaining specificity within
families of paralogs is particularly challenging, given that they usually share a common,
conserved interface based on a conserved scaffold, for both interacting and non-interacting
pairs (van Wijk et al., 2009; Kar et al., 2012).

In this work, we focus on the mechanisms by which a protein selects binding partners
from a pool of closely related candidates. We begin with the assumption that the decisive
factors determining binding versus non-binding in paralagous protein pairs are alterations in
and around a common scaffold. We have opted to focus on the B-cell lymphoma-2 (Bcl-2)
family of proteins, due to its physiological and clinical importance, as well as the abundance of
structural and interaction data (Chen et al., 2005). The intrafamily interactions among Bcl-2-

like proteins determine whether a cell undergoes apoptosis (Cory et al., 2003). The Bcl-2
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family encompasses the antiapoptotic molecules Bcl-xi, Bcl-2, Bcl-w, Mcl-1 and A1l (Cheng et
al, 2001), and ~15 proapoptotic members. The antiapoptotic proteins have four Bcl-2
homology (BH) regions (BH1-4), as do the proapoptotic Bax and Bak (Kvansakul et al., 2008),
which constitute a separate, Bax-like, subfamily. Most proapoptotic members (e.g., Noxa, Hrk,
Bid, Puma, Bmf, Bik, and Bim) belong to the BH3-only subfamily (Happo et al., 2012).

Bax, Bak, and the antiapoptotic proteins consist of 7 or 8 amphipathic a-helices,
clustered around a central hydrophobic a-helix (Suzuki et al., 2000) forming an exposed
hydrophobic groove for binding the BH3 domain of proapoptotic proteins (Figure 1) (Petros
et al, 2004). The core fold has 85-95 % structural overlap (Nguyen et al, 2011) across
deposited structures in the PDB (Berman et al., 2000), and contains highly conserved regions
including an invariant NWGR motif at the beginning of helix 5 (Day et al., 2008), and a
conserved hydrophobic core which maintains the tryptophan in its position (Figure 1A).

In preapoptotic cells, the BH3 domains of proapoptotic Bak and Bax (Shamas-Din et al.,,
2011) are bound to the hydrophobic groove on the surface of the antiapoptotic proteins,
rendering them inactive (Stewart et al.,, 2010). When an apoptosis signal reaches the cell,
BH3-only proteins outcompete Bak and Bax for their antiapoptotic partners, freeing the
formers' BH3 domains, which are then involved in homo- and possibly heterodimerization via
a BH3 domain - hydrophobic groove interaction, leading to oligomeric pore formation in the
outer mitochondrial membrane and subsequent apopotosis (Happo et al., 2012).

The binding mode between different pairs of proteins within the system is highly
similar (Day et al., 2008; Smits et al., 2008; Czabotar et al., 2007): All BH3 peptides have four
hydrophobic residues (positions 8, 12, 15, and 19, cf. Figure 1E) that fit into four hydrophobic
pockets (labeled p1 - p4, see Figure 1B) on the surface of the groove, whilst an absolutely
conserved aspartic acid (position 17) in the proapoptotic proteins forms a salt bridge with the
arginine of the NWGR motif. Nevertheless, the affinities between the different BH3 peptides

and the five antiapoptotic proteins span more than four orders of magnitude - from ICso
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values below 5 nM to >100 uM(Chen et al., 2005). As all antiapoptotic proteins in a cell must
be neutralized for it to undergo apoptosis and not all BH3 peptides are omnibinders, their
binding selectivity has implications for peptide-micking drugs that target this interaction
(Czabotar et al., 2014).

In order to elucidate the origins of affinity and specificity across a paralogous set of
interacting and non-interacting pairs, we now report a computational study of the Bcl-2
family. Guided by a dataset of experimentally measured binding affinities, we have modeled a
total of 60 different complexes (see Table 1 and Figure 1) of BH3 peptides (or “ligands”) onto
templates of peptide-bound antiapoptotic proteins (or “receptors”). For each complex, and
also for the constituent isolated ligands/receptors, triplicate MD simulations were carried out
(amounting to 180 x 100-ns complex trajectories, 15 x 100-ns receptor trajectories, and 39 x
100-ns ligand trajectories), enabling accurate calculation of the enthalpies of each protein-
protein interaction and decomposition on a per-residue basis. We demonstrate that in the
antiapoptotic proteins, pockets provide affinity, but not specificity. Energetic recognition
patterns are shown to be the most adaptable feature in a hierarchy of structure, sequence and
energy conservation. We posit that the groove - BH3 helix case discussed here may be
representative of a pattern on the relationship between structure, sequence, and binding
energetics in protein families, and present a method to characterize energy and specificity

hotspots that can be utilized in targeting paralogous protein-protein interactions.

Results
Structural Stability of the Modeled Complexes

Ca root-mean-square deviation (RMSD) values were measured for all simulation
systems, and these indicated that the complexes were stable (Figure S1A), along with the core
regions of receptor (Figure S1B) and ligand (Figures S1C, S1D). For the antiapoptotic protein

components, structural variability was concentrated primarily in the loops connecting the
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helices (Figure S1B). Ligands tended to display higher RMSD values, but the increased
dynamics originated from the termini (Figure S1C). If RMSDs between positions 8 and 20 are
considered, RMSD values generally tend to vary within a small window of around 0.3 A with
mean values between 0.2 - 0.7 A (Figure S1D). Moreover, RMSD variations between replicas
were small for the majority of complexes. When simulated in isolation, the receptors
maintained their structure (Figure S1E), whereas the peptides unfolded in agreement with
experiment (Chen et al,, 2005). In order to optimize the signal/noise ratio for the energy

calculations, we based our subsequent analyses on the latter 60 ns of each trajectory.

Energetic Basis for Protein-Protein Affinities

We next utilized Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA)
calculations to calculate the enthalpy of binding (AH) for each replica, and decomposed the
results on a per-residue basis. In order to discern the origins of affinity and specificity, we
looked at the per-residue AH contributions across the whole set of simulations. We compared
the means and variances of per-residue AH observed in the trajectory sets for the five
receptors, each interacting with the same set of ligands. If a residue consistently contributed a
high AH value with low variance, this indicates that it is an important site for generating
affinity. Conversely, residues that show a high variance across the set of interactions with
different ligands are likely to be involved in determining binding specificity. We subsequently
mapped the mean per-residue AH values and their variances onto the surface of each complex,
in order to discern the main contributors to affinity and specificity for the five receptor -
ligand sets (Figures 2A and 2B, respectively). The underlying numerical values are given in
Supplementary Tables 1 and 2.

It is evident that for the Bcls (Bcl-xi, Bcl-2, and Bcl-w) and Mcl-1, affinity originates
predominantly from the region around the NWGR motif of the receptor, particularly the

arginine, which forms a salt bridge with the aspartic acid in position 17 of the ligand.
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Furthermore, in the Bcls, there exists a conserved glutamic acid (E129/E136/E85,
respectively), which contacts ligand positions 6, 10, and 13, which are typically positively
charged or polar (cf. Figure 1). Correspondingly, for the peptides bound to Bcl-xi, Bcl-2, and
Bcl-w, it is these three residues, along with D17, that are the greatest contributors to affinity.
In Mcl-1 and A1, the glutamic acid has been substituted by H233 and K77, respectively. As
evident from Table 2, the most conserved residues account for around 45 - 55% of total

receptor contribution to binding, with the NWGR motif alone responsible for 25 - 35%.

Energetic Basis for Protein-Protein Specificities

For the Bcl receptors specificity is greatest at the rim around pockets 3 and 4, and a
patch surrounding the conserved glutamate in the receptor, E129/E136/E85 (Figure 2B; cf.
Figure 1). For the ligands, specificity is highest at the N-terminal half of the peptides, at
positions 6, 10, and 13, which contact this patch, and position 18, which contacts the
aforementioned rim. In Mcl-1 and A1 the rim is much shallower, especially around pocket 4
(Czabotar et al., 2007), and is a lot less discriminating than in the other antiapoptotic proteins,
whereas the NWGR motif and its adjacent residues appear to take on a greater role in
determining specificity as they contact ligand residues 16, 19, and 20. Due to the increased
ligand flexibility in the absence of a receptor, the results from MM-PBSA calculations on
complex, receptor, and ligand trajectories (the “three-trajectory” approach) point to a greater
number of residues being involved in determining specificity then the MM-PBSA data relying
solely upon complex trajectories. A complete sampling of ligand conformations in isolation
would require orders of magnitude longer dynamics than could typically be accessed
computationally. Importantly, however, the results from the three-trajectory MM-PBSA
calculations are consistent with the forgoing data on specificity and affinity (Figure S2).

As previously stated, ligand residues 6, 10, and 13 contact a conserved glutamic acid in

Bcl-xi, Bcl-2, and Bcl-w (E129/E136/E85, respectively). When two of those positions are
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positively charged (cf. Figure 1B), this allowed the formation of a highly favorable salt-linked
triad (Horovitz et al, 1990) between them and the glutamic acid. Moreover, when the
remaining residue is also capable of hydrogen bonding to this glutamic acid, the latter
hydrogen bond became coupled to the triad, further strengthening binding (Figure 4).
Although position 14 remained oriented towards the solvent throughout most of our
simulations, it is possible that it may also participate in binding through E129/E136/E85 or
D133/D140/G89 (cf. Figure 1). Interestingly, the side chain of R13 in the ligand could
simultaneously hydrogen bond to the backbone and side chain of the glutamic acid residue
(Figure 4). Positively charged residues, especially KR and RR combinations for positions 13
and 14, are commonly found in these positions. In Mcl-1 and A1, the glutamic acid has been
substituted by histidine and lysine, respectively, greatly reducing the hydrogen bonding
potential between ligand and receptor. Consequently, in the Mcl-1 and Al - ligand
trajectories, R13 could only form hydrogen bonds with receptor backbone atoms, resulting in
much less favorable interactions with the antiapoptotic protein. The importance of the 6-10-
13 - receptor residue coupling is also reinforced by the fact that all weak binders (i.e.,
peptides in receptor-ligand complexes with pICso < 6) have one or more residues in positions
6, 10, or 13 which are incapable of participating in an interaction with this key receptor

residue (cf. Figure 1 and Table 1).

Energetic Correlation Analysis

Across the five trajectory sets, we correlated AH values for each ligand position with
every other, i.e., each of the latter 26 rows in Tables S1 and S2 with each of the remaining 25.
Correlating AH values for peptide positions 1 through 26 among each other reveals that in
ligands bound to Bcl-xi, Bcl-2, Bcl-w, and mouse Mcl-1, there seem to exist two regions of
energetic correlation (Figure 3A & S3). The first one extends up to around position 15, which

fits into pocket 3. Past that, there is a C-terminal region of somewhat weaker energetic
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correlation. It is possible that this is due to the 6-10-13 and the 16-19-20 couplings (the
latter of which is achieved through the NWGR motif and its adjacent residues coming into
contact with the ligand residues), and the clamping effect exerted on the bound peptides by
the protein rim. In A1, however, there appears to be an almost uninterrupted region of helix-
like energetic correlation spanning most of the peptide length (Figure 3B). This is likely
because the rim in Al is much shallower, particularly around pocket 4, making ligand
structure and properties more pronounced and important for binding A1 than the other
antiapoptotic proteins. This implies that helix stability per se would offer greater gains in
affinity to Al than the other proteins. Given that Mcl-1's rim is shallower than those of the
Bcls, but less so than Al, we anticipate helix stability to have an effect intermediate in
magnitude between those in A1 and the Bcls. Indeed, in two Mcl-1 trajectories and five A1l
trajectories, we observed disengagement of ~10 C-terminal peptide residues from the
proteins. Although the three-trajectory MM-PBSA results are somewhat harder to interpret,

they are consistent with these findings (Figure S3).

Discussion

In this study, we systematically investigated where affinity and specificity originate
within a family of proteins by a careful analysis of binding energetics across a diverse set of
complexes. Moreover, we showed how the behavior of ligands differs according to which
receptor they are complexed with. A caveat of our analysis is that it has been performed
exclusively on homology models. However, they are in excellent agreement with multiple
existing structures (RMSD ~0.4 - 14), with recently published ones (Robin et al., 20015; Kim
et al,, 2015; Rajan et al.,, 2015) only reinforcing confidence in our models. Other potential
limitations are the limited sampling afforded by explicit solvent simulations, the fidelity of the
force field parameters, and the reliability of MM-PBSA results, omitting entropic contributions

(Hansen & van Gunsteren, 2014). Nevertheless, our results are in good agreement with



O ~J o Ul W

OO UUTUUTUIUTUTOTOT S BB BB DDA DWWWWWWWWWWNNNNNNNONNNNRE R R R PR PR e
O WNPFPFOWOJOUDd WNREFPOOWVWOJIOYUDd WNRPFPOWOJOYUIDd WNRFP OWOOLOJdJOYUd WNEFE OWOWJoY U b WNEFE O

multiple experimental studies and provide, to our knowledge, the first quantitative
assessment across the family of the contributions of different regions in each receptor and
ligand to binding. For example, most of the receptor residues deemed critical to BH3 peptide
binding in an alanine scan study (Campbell et al., 2015), all of which are highly conserved, are
prominent contributors to binding in our energetic analysis. That study and others (Day et al.,
2008; Ku et al., 2011; Fletcher et al, 2008) have shown that the D17 - R (from NWGR)
interaction is critical in multiple peptide - protein pairs, in accord with our data, which
suggests that typically it is the greatest single contributor to binding. The significance of the
6-10-13 coupling through the E129/E136/E85/H233/K77 residue is clearly demonstrated
by the observation that mutating the glutamate in the Bcls is detrimental to BH3 binding,
whereas mutating the corresponding histidine in Mcl-1 to alanine strengthens binding to
peptides which carry positive charges in positions 6, 10, and/or 13 (Campbell et al.,, 2015).

Mutating Bim residues 6 and 10 to glutamate strengthens binding to Mcl-1, whereas
the I6E mutation weakens binding to Bcl-xi; Q10E has little effect on Bcl-xL binding. Mutating
Bim positions 13 and 14 to glutamate weakens binding to Mcl-1. This is likely because they
contact a highly conserved aspartate located four positions C-terminal to H233. This aspartate
is highly conserved among all antiapoptotic proteins except Bcl-w (Figure 1D). However, the
R13E and R14E substitutions practically abolish Bim binding to Bcl-x. (Boersma et al., 2008),
suggesting another route to the design of Mcl-1 selective peptides and peptidomimetics
(Smits et al., 2008; Lee et al., 2008).

Mutating Bim position 13 to an acidic residue weakens binding to A1, rather than
enhancing it (DeBartolo et al., 2012). This is likely due to the aforementioned aspartate (D81
in mouse A1), as well as a unique feature of A1, residue E78, which is involved in forming
pocket 2 and is buried in all human and murine A1 - BH3 X-ray structures (Herman et al,,
2008). This residue is a leucine in the Bcls (L130 in Bcl-xi, cf. Figure 1D) and a valine in Mcl-1.

Indeed, it is the only pocket-forming residue with a high variance in AH values (Figure 2B and

10
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Figure S2B). Our simulations demonstrate that positions 10 and 13 are in greater proximity to
D81 and this glutamate, rather than the preceding lysine, and that position 6 appears in a
more favorable position to interact with K77. Thus, we anticipate that an acidic residue in
position 6 would either strengthen binding to mouse A1 or at least offer greater selectivity for
A1 than Bcl-xi, Bcl-2, and Bcl-w. Moreover, we expect that acidic residues in positions 10 and
13 would cause a greater decrease in affinity to the Bcls than A1, opening up an avenue for the
design of Al-selective molecules. Finally, we believe that our suggested mutations should
have an effect on binding affinity towards Mcl-1, which is intermediate in magnitude between
A1 and the Bcls.

Bad is the only BH3 sequence that does not bind Mcl-1. Moreover, its affinity to Al
seems to be only slightly above the detection limit of the affinity measurements (cf. Table 1;
Chen et al,, 2005). This is likely because of the excess positive charge in 6-10-13 (greatest
among all the ligands), which is paired with H233 /K77 in Mcl-1/A1, and the peculiarity of Bad
residues 16 and 20, which are unique. In particular, all peptides have a glycine or an alanine in
position 16, except for Bad, which has a serine. Its side chain is in proximity to that of
T247/T91 (in Mcl-1 and A1, respectively) and NWGR and several adjacent residues, which
helps explain why serine seems to be disfavored at this position whereas glycine and alanine
are favored. T247/T91, located three positions C-terminal to the NWGR motif, seem to be
more restrictive of binding than the corresponding alanines in Bcl-xi, Bcl-2, and Bcl-w
(A142/A149/A98, Figure 1D), as those proteins better tolerate mutations to serine in peptide
position 16. Indeed, the packing in this region is very dense, which is likely the reason
mutating position 16 to any other residue weakens binding (DeBartolo et al, 2012) and
mutating the glycine from NWGR even to alanine abolishes antiapoptotic activity (Yin et al,,
1994; Sedlak et al., 1995). Moreover, Bad has a valine in position 20, unlike any of the other
BH3 sequences under study, which have polar or charged residues in this position (D, N, or H).

In our simulations, G245 of Mcl-1 is involved in an intermolecular N-capping interaction with

11
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the ligand residue in position 20, helping maintain the ligand tethered to the receptor. Other
authors have described this N-capping interaction as well (Day et al., 2008). In the receptor -
Bad trajectories, where a valine stands at position 20, however, no such interaction is possible
and in two of the Mcl-1 and A1 simulations the C-terminus disengages from the receptor. This
led to the breaking of the key D - R salt bridge, which is the reason position 17 and the
arginine from NWGR in Mcl-1 and Al seem so variable in terms of energetics. Experimental
evidence also demonstrates that the antiapoptotic proteins have a high preference for polar
and charged residues in ligand position 20, with Mcl-1 (data not available for A1) being
particularly selective for D, E, H, and N (DeBartolo et al., 2012). We expect A1l to display an
identical preference and believe that this heightened selectivity in Mcl-1 is due to the
shallowness of the rim, which makes the NWGR motif and its adjacent residues critical in
terms of providing affinity and, as a consequence, specificity.

Our data suggest that in Bcl-xi, Bcl-2, and Bcl-w, the rim around pockets 3 and 4
provides more specificity than affinity (cf. Figure 2 and Figure S2). This is corroborated by
experiments which demonstrate that mutating Noxa residue 18, which contacts the foregoing
rim, from a lysine to a glutamate transforms Noxa from a non-binder to a weak binder to Bcl-
xL and Bcl-w. It seems that this mutation alone is not enough to achieve detectable binding to
Bcl-2 (cf. Table 1). Typically, position 18 is an acidic residue, which contacts R100/R107/R56
from the rim in Bcl-xi, Bcl-2, and Bcl-w. Only in Noxa is position 18 positively charged (cf.
Figure 1E). Notably, Noxa is the only ligand that does not bind to these three proteins (cf.
Table 1). In Mcl-1 and A1, the arginine has been mutated to N204 or E47, respectively.

For the Bcls in isolation, the calculated RMSD values seemed to be slightly higher than
the complexed molecules, hinting at the stabilizing effect the peptides exert when bound
(Figure S1). This has been observed previously for Bcl-x. (Guo et al,, 2015). Compared to the
Bcls, mouse Mcl-1 and Al seem to be more stable in isolation, which agrees with the

observation that they experience very little backbone conformational changes when binding

12
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different BH3 peptides (Day et al., 2008; Smits et al., 2008; Day et al., 2005), contrasting with
Bcl-xL's notable structural plasticity (Lee et al., 2009; Moldoveanu et al., 2014)., The ligands
unfolded when not bound, in agreement with circular dichroism data (Chen et al., 2005).

It has previously been observed that helix stability is a factor contributing to affinity
(Modi et al,, 2012). Based on our simulations and energy correlation analysis, we may add that
C-terminal helicity contributes to binding by stabilizing the D17 - R (from the NWGR motif)
and position 19 - pocket 4 interactions. Correspondingly, lower helix stability would facilitate
the loss of these intermolecular interactions and would decrease binding affinity. Similarly, N-
terminal stability of the peptide helix would help maintain peptide - receptor interactions in
this region and the key hydrophobic residue - pocket 1 interaction. From our analysis of the
crucial interactions, we predict that the Bad mutations S16G and V20N should enhance
binding to Mcl-1 and A1, as would mutating residues H233 (Mcl-1) and K77 (A1) to acidic
amino acids. Further, we expect that mutations in the key acidic residues in the three Bcls
(E129/E136/E85) should weaken or completely abolish binding to most of the BH3 domains
reviewed here. We also anticipate that mutating R100/R107/R56 in the Bcls to acidic amino
acids would weaken binding to the peptides with an acidic residue in position 18 and
strengthen binding to Noxa, which has a lysine in this position. Lastly, the E47K or E47R
mutations in A1l should decrease affinity for Noxa and enhance binding to most of the
remaining peptides.

We have presented a detailed analysis of the specificity determinants and energetic
contributions for the groove — BH3 peptide interaction. We have opted to discuss energies in
relative, rather than absolute, terms, so as to make our conclusions insensitive to the choice of
MM-PBSA parameters. An important conclusion to be drawn from our work is that the highly
conserved pockets provide affinity, but not specificity. Aiello et al. previously investigated the
balance between functionally conserved (i.e., binding the same ligand) and divergent

interfaces in structural terms. (Aiello & Cafferey, 2012) Their analysis found that optimized

13



O ~J o Ul W

OO UUTUUTUIUTUTOTOT S BB BB DDA DWWWWWWWWWWNNNNNNNONNNNRE R R R PR PR e
O™ WN RO WO JdNTT D™ WNROW®O-JAUDWNROOW®JdAOANUTDWNROWOWTJOAUBRWNR OWOW-T0U S WN R O W

hydrogen bonding networks in the rim regions of the binding pocket are important in specific
interfaces, whereas functionally conserved interfaces tend to draw a larger portion of their
total affinity from the central hub region. Their conclusion is consistent with the energetic
analysis we performed.

The wealth and fine-grained nature of the energy data presented in this study allows
us to explore the connection between conservation of sequence and of binding energetics. All
investigated complexes have a similar fold and binding mode. Hence, observed correlations
directly relate sequence to energy. In order to quantify these relations, we set out to construct
an “energetic fingerprint” for each complex (see SI for further details). We then correlated
these energetic fingerprints among our simulations, grouped either by common ligand (Figure
S4A) or by common receptor (Figure S4B). These similarity maps of energies were then
compared to maps of sequence identity (Figure S4, green). Hence we now have a (semi)-
quantitative approach that reveals to what degree similarity in sequence results in similarity
in binding energetics (Figure S4). Careful inspection of the plots reveals that there are cases
with a strong link between sequence and energy similarity (e.g., ligands Bak, Bim, Bad, Puma,
Bmf and Noxa, receptors Bcl-xL, Bcl-w). However, in several cases, such a direct link is less
apparent (e.g., ligands Bax, Bik, Bid and Hrk, receptor Mcl-1). The absence of strong
correlation in some cases allows us to rationalize the efficiency of gene duplication as a means
by which specific pathways emerge. Although greater divergence in sequence is usually
accompanied by greater divergence in the interaction energy patterns, in some cases even
slight changes in sequence can lead to large changes in interaction patterns. From an
evolutionary perspective, this discontinuity could rapidly alter the specificity or promiscuity
of an interface. This would indicate that energetic recognition patterns are the most adaptable
feature in a hierarchy of structure, sequence and energy conservation. We posit that the
groove - BH3 peptide example presented here is a manifestation of a more general pattern on

the relationship between structure, sequence, and binding energetics. Indeed, instances
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where a pool of structurally similar small molecules/peptides/proteins bind a well defined
region on a set of structurally similar protein partners are found in all domains of life and
physiological pathways (Friedman & Hughes, 2001). Our hypothesis may provide an
attractive framework to investigate in a similar manner physiologically and therapeutically
relevant systems, e.g., the bZIP transcription factors (Nair & Burley, 2003) and EGF receptors
(Arkhipov et al, 2014), which have been implicated in malignant cellular proliferation;
histidine kinase - response regulator protein interactions, central to signal transduction in
bacterial cells (Casino et al, 2009); Toll-like receptors (Berglund et al., 2015) and MHC
proteins (Patronov et al,, 2012; Ivanov et al., 2012), both of which regulate immunity; and the

E2 - E3 enzyme interaction, part of the ubiquitination pathway (Kar et al., 2012).

Experimental Procedures

We modeled human Bim, Bad, Bid, Puma, Bik, Hrk, Noxa, and three Noxa mutants, as
well as mouse Bmf bound to human Bcl-x1, Bcl-2, Bcl-w, and mouse Mcl-1 and A1 (See Table 1
and Figure 1). Additionally, we modeled human Bax and Bak with human Bcl-xi, Bcl-2, Bcl-w,
and mouse Mcl-1. The following template structures were used: 2XA0 (Ku et al., 2011), 4CIM
(Lee etal, 2014), 3PL7 (Czabotar et al., 2011), 2ROC (Day et al., 2008), and 2VOF (Smits et al.,
2008). Terminal BH3 residues were modeled using MODELLER 9.14 (Webb & Sali, 2014). Any
mutations in the template antiapoptotic proteins were reverted back to wild type; BH3
sequences were modeled onto the BH3 template using in-house code. Briefly, the positions of
backbone atoms were kept fixed, as were side chains in residues identical between model and
template. Side chains for non-identical residues were re-packed (Bougouffa & Warwicker,
2008) using an adaptation (Cole & Warwicker, 2002) of a self-consistent mean-field method
for rotamer selection from a rotamer library (Koehl & Delarue, 1994).

The resulting complexes were solvated with TIP3P water (Jorgensen et al., 1983) using

the tleap module of Amber14 (Case et al., 2005) with a minimum wall distance of 12 A. NaCl
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was added to neutralize system charge, to a concentration of 0.15 M. After 1,000 steps of
minimization, the systems were gradually heated from 0 to 300 K over a period of 150 ps,
applying weak restraints to the protein. A 150 ps density-equilibration with restraints was
followed by 2 ns of unrestrained constant pressure equilibration at 300 K. The protonation
state of the solute and ionic strength, and temperature were set to match the conditions under
which the pICso values were obtained. 100 ns of production dynamics were then carried out in
triplicate at a pressure of 1 bar and temperature of 300 K, maintained respectively with the
Berendsen barostat and Langevin thermostat. An identical protocol was utilized to simulate
the individual components of the complexes. Bonds to hydrogen were constrained using the
SHAKE algorithm (Ciccotti & Ryckaert, 1986), thus allowing for a 2 fs time step. An 8.0 A cutoff
was used for Lennard-Jones interactions, and long-range electrostatics were computed with
the Particle mesh Ewald scheme (Darden et al., 1993). All simulations were carried out using
the ff14SB force field (Maier et al., 2015); trajectories were processed with cpptraj V14.25
(Roe & Cheatham, 2013).

For each complex simulation, the enthalpy of interaction between the antiapoptotic
protein and the bound BH3 helix was computed with the Amber14 MMPBSA.py script (Miller
et al, 2012) using both the “one-trajectory” and “three-trajectory” approach. MM-PBSA
calculations were performed using Bondi radii (Bondi, 1964) and default settings for the
nonpolar decomposition scheme, surface tension, cavity offset, and external and internal
dielectric constants. We adjusted the setting for the ionic strength to the one used during ICso
measurements in our reference dataset. Per-residue energy decompositions were also
performed, adding 1-4 energy terms to internal energy terms. For each 100 ns MD run, free
energy calculations were performed on the latter 60 ns of dynamics. Snapshots for PBSA
calculations were taken every 6 frames (60 ps apart), producing 1,000 frames per trajectory.

As we were primarily interested in relative rather than absolute binding energies

(Homeyer & Gohlke, 2012; Huber et al,, 2013), we chose to omit entropy calculations from our
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analysis. This decision is reinforced by published calorimetric data, which demonstrates that
BH3 helix binding is an enthalpically driven process (Day et al., 2008). Finally, the means and
variance of the per-residue AH values were computed for the 39-trajectory sets for Bcl-xi, Bcl-
2, Bcl-w, and mouse Mcl-1, and the 24-trajectory set for mouse A1l.

The absolute values of the computed energy terms are sensitive to the choice of atomic
radii and nonpolar decomposition scheme in the MM-PBSA approach, whereas their relative
values have been shown to be insensitive to these parameters (Kumari et al., 2014). Our
results support this conclusion and demonstrate that the difference in computed AH values
for a trajectory using bondi and mbondi2 radii (Onufriev et al.,, 2004) is around 4 to 5
kcal/mol. The chosen scheme for computing AGnonpolar yielded AH values which are of similar
magnitude to calorimetric data (Day et al., 2008) (~ -10 to -25 kcal/mol), whereas the
alternative scheme, where AGnonpolar is linearly dependent upon solvent accessible surface
area, significantly overestimated AH (~ -80 to -100 kcal/mol). Our work, therefore,
corroborates the benefit of decomposing AGnonpolar into a dispersive (attractive) and cavitation
(repulsive) term (Tan et al., 2007).

For each complex, we used the per-residue interaction energies derived from our MM-
PBSA calculations and represented them as a ~150-dimensional vector. Analogously to ideas
used to compare specificity patterns of proteases (Fuchs et al., 2013), we calculated the inner
product of the respective vectors to quantify the similarity between different energy patterns.
This measure is 1 if the patterns are identical, O if the patterns are orthogonal (i.e., no energy
contributions are in common between paired patterns), and -1 if the patterns are inverted.
Sequence identities were calculated omitting insertions and deletions. All energies were
compared and subsequently plotted in groups of common ligands (Figure S4A) or common

receptor (Figure S4B).
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Figure Legends

Figure 1. Summary of conserved structure and sequence properties across the Bcl-2-
family-dependent apoptosis pathway. (A) Bcl-x. - Bim complex in cartoon representation
with key residues in stick representation - NWGR motif (cyan), hydrophobic core around the
tryptophan (dark gray), E129 and D133 (red), and R100 (blue). (B) Same complex in surface
representation for Bcl-x; also labeled are the 4 hydrophobic pockets and the peptide residues
(in stick representation) that fit into them. (C) Bim BH3 peptide with key residues labeled and
in stick representation. (D) Sequence alignment of the fold-forming portions of the 5
antiapoptotic proteins with the most conserved regions highlighted. Receptor residues are
referred to by their canonical Uniprot (Apweiler et al., 2004) numbering throughout this
report; numbering in the figure corresponds to Bcl-x.. (E) Sequence alignment of the BH3
peptides used in this study and their location in the full-length proteins. Pocket residues
(positions 8, 12, 15, and 19) are highlighted in gray, positions 6, 10, and 13 are highlighted in
blue, and positions 17 and 18 are in red. All sequences are human, except Bmf, which is from
mouse. All sequences are identical to the canonical sequences, deposited in Uniprot, except for
a single mutation in Hrk (L15I). The sequences we have modeled are identical to the ones
used during pICso measurements, except for Bax. In the Bax affinity measurements, the
authors used 34-mer peptides (Fletcher et al., 2008), whereas we have simulated the 26-
residue-long Bax BH3 peptide. See also Figure S1.

Figure 2. Sources of affinity and specificity assessed via energetics analysis, based on
protein-protein complex trajectories. (A) Antiapoptotic protein - BH3 peptide complexes
colored by average per-residue AH values. (B) Antiapoptotic protein - BH3 peptide complexes
colored by the variance of per-residue AH values. Averages and variance were calculated
across 39-trajectory sets for Bcl-xi, Bcl-2, Bcl-w, and mouse Mcl-1 (13 ligands x 3 replicas),
and across 24 trajectories for mouse Al (8 ligands x 3 replicas). Ligand N-termini are at the
bottom of the figures, C-termini are at the top. AH was computed from complex trajectories
only. See also Figure S2.

Figure 3. Energy correlation analysis, based on protein-protein complex trajectories.
(A) Energy correlation analysis performed among the 26 ligand residues across the four 39-
trajectory sets (13 ligands x 3 replicas). BH3 ligands seem to display two regions of energetic
correlation — an N-terminal one, spanning up to around position 15 (colored orange in the
structure to the right), and a C-terminal one (colored gray). (B) Energy correlation analysis
performed among the 26 ligand residues across the 24-trajectory set for A1l (8 ligands x 3
replicas). BH3 ligands seem to display an almost uninterrupted region of helix-like energetic
correlation, spanning most of the peptide length (colored orange in the structure to the right).
AH was computed from complex trajectories only. See also Figures S3 and S4.

Figure 4. Key interactions highlighted in a snapshot from a Bcl-x. - Bad trajectory. The
complex is in cartoon representation with Bcl-xL colored gray, Bad colored dark gray, and key
residues in stick representation. Q6, R10, and R13 of Bad are in blue, D17 is in red, E129 of
Bcl-xw is in green, and R139 (from the NWGR motif) is in cyan, with nitrogen atoms in blue and
oxygen atoms in red. Also labeled are the peptide termini. Bcl-x. residue E129 simultaneously
forms three salt-linked triads with 6Q, 10R, and R13 of Bad. Additionally, R13 simultaneously
hydrogen bonds to the side chain and backbone of E129. The key D - R salt bridge is also
present.

28



Figure 1 Click here to download Figure Figure_1.tif =

A B C
R100
D133
E129 A
¥ BN Fold
Conserved Residues
Hydrophobic Core
BH3 Helix
D NWGR E
100

Bcl-XL REAGDEFELRYRRAFSDLTSQLHITP-GTAYQSFEQVV ~ BH3 Peptides 1 68 12 15 19 26
Bcl-2 RQAGDDFSRRYRRDFAEMSSQLHLTP-FTARGRFATVWW  Bax 52 QDASTHKLSECLKRIGDELDSNMELQ 77
Bcl-w RAAGDEFETRFRRTFSDLAAQLHVTP-GSAQQRFTQVS  Bak 67 PSSTMGQVGRQLAIIGDDINRRYDSE 92
Mcl-1 RRVGDGVQRNHETAFQGMLRKLDIKN-EGDVKSFSRVM  Bim 141 DMRPEIWIAQELRRIGDEFNAYYARR 166
Al QRVAFSVQKEVEKNLKSYLDDFHVESIDTARIIFNQVM  Bad 103 NLWAAQRYGRELRRMSDEFVDSFKKG 128

129 133 142 Bid 81 --DIIRNIARHLAQVGDSMDRSIPPG 106
Bcl-XxL NELFRDGV-WWinIVAFFSFGGALCV--ESVDKEMQVL  Puma 128 EEQWAREIGAQLRRMADDLNAQYERR 153
Bcl-2 EELFRDGV- /W RIVAFFEFGGVMCV--ESVNREMSPL  Bik 49 -MEGSDALALRLACIGDEMDVSLRAP 74
Bcl-w DELFQGGP-WiALVAFFVFGAALCA--ESVNKEMEPL  mouse Bmf 127 -HRAEVQIARKLQCIADQFHRLHTQ- 152
Mcl-1 VHVFKDGVTHWCRIVTLISFGAFVAKHLKSVNQE--SF  Hrk 26 RSSAAQLTAARLKAIGDELHQRTMWR 51
A1 EKEFEDGIINWGRIVTIFAFGGVLLK- -KLPQEQIALD  Noxa PAELEVECATQLRRFGDKLNFRQKLL

Noxa F15I PAELEVECATQLRRIGDKLNFRQKLL

Bcl-xL ---VSRIAAWMATYLNDHLEPWIQENGGW-DTFVELYG  Noxa K18E PAELEVECATQLRRFGDELNFRQKLL
Bcl-2 ---VDNIALWMTEYLNRHLHTWIQDNGGW-DAFVELYG ~ Noxa FK/IE  PAELEVECATQLRRIGDELNFRQKLL
Bcl-w - --VGQVQEWMVEYLETRLADWIHSSGGW-AEFTALYG

Mcl-1 ---IEPLAETITOVLVRTKRDWLVKQRGW-DGFVEFFH
Al VCAYKQVSSFVAEFIMNNTGEWIRQNGGWEDGFIKKFE



Figure 2 Click here to download Figure Figure_2.tif =

mouse Mcl-1 mouse Al



Figure 3 Click here to download Figure Figure_3.tif =




Figure

Click here to download Figure Figure_4.tif =




Table 1

pICso [M] Bcl-xL Bcl-2 Bcl-w Mouse Mcl- Mouse Al
1

Bax 6.89 7.00 7.23 7.92 N/A
Bak 7.30 < 6.00 6.30 8.00 N/A
Bim > 8.30 > 8.30 > 8.30 > 8.30 > 8.30
Bad 8.28 7.80 7.52 < 4.00 4.82
Bid 7.09 5.17 7.40 5.68 8.03
Puma 8.20 > 8.30 8.29 > 8.30 8.24
Bik 7.37 6.08 7.92 5.77 7.24
Mouse Bmf 8.01 > 8.30 8.01 5.96 5.74
Hrk >8.30 6.49 7.31 6.43 7.34
Noxa <4.00 < 4.00 <4.00 7.22 6.74
Noxa K18E |[5.30 <4.00 4.05 7.46 N/A
Noxa F151 |6.00 <4.00 5.00 7.60 N/A
Noxa FK/IE |6.96 4.96 6.30 7.62 N/A

Table 1. pICso values for different BH3 peptide - antiapoptotic protein
interactions. All sequences are human, except where explicitly stated otherwise.
Bax data is from Fletcher et al. (2008); Bak data is from Willis et al. (2005); the
remaining data is from Chen et al. (2005).



Table 2

Bcl-xL Bcl-2 Bcl-w Mouse Mcl-1 [Mouse Al
Conserved Residues [53% 44%, 48% 55% 56%
NWGR Motif 31% 25% 28% 35% 29%

Table 2 (See also Tables S1-S2). Energetic contributions to binding (as a
percentage of total receptor contribution) for the conserved residues
(highlighted in Figure 1) and the NWGR motif. Data shown are averages over
39 trajectories for Bcl-xi, Bcl-2, Bcl-w, and Mcl-1 (13 ligands x 3 replicas) and 24

for A1 (8 ligands x 3 replicas).
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Figure S1 (Related to Figure 1). Root-mean-squared deviation of different systems. (A)
Ca RMSD values for the entire antiapoptotic protein - BH3 peptide complexes. Data shown
are 5-ns running averages of the complex RMSD values for each trajectory of every complex,
i.e., 39 trajectories for Bcl-xi, Bcl-2, Bcl-w, and mouse Mcl-1 - BH3 peptide complexes, and 24
trajectories for the mouse A1 - BH3 peptide complexes. (B) Ca RMSD values for the
antiapoptotic proteins. Data shown are 5-ns running averages of the receptor RMSD values for
each trajectory of every compley, i.e., 39 trajectories for Bcl-xi, Bcl-2, Bcl-w, and mouse Mcl-1
- BH3 peptide complexes, and 24 trajectories for the mouse A1 - BH3 peptide complexes. (C)
Ca RMSD values for the BH3 peptides. Data shown are 5-ns running averages of the ligand
RMSD values for each trajectory of every complex, i.e., 39 trajectories for Bcl-xi, Bcl-2, Bcl-w,
and mouse Mcl-1 - BH3 peptide complexes, and 24 trajectories for the mouse A1 - BH3
peptide complexes. (D) Ca RMSD values for the core residues of the BH3 peptides (positions 8
- 20). Data shown are 5-ns running averages of the ligand core RMSD values for each
trajectory of every complex, i.e., 39 trajectories for Bcl-xi, Bcl-2, Bcl-w, and mouse Mcl-1 -
BH3 peptide complexes, and 24 trajectories for the mouse A1 - BH3 peptide complexes. (E)
Ca RMSD values for the antiapoptotic proteins in isolation. Each protein was simulated in
triplicate; data shown are 5-ns running averages.
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mouse Mcl-1 mouse Al

Figure S2 (Related to Figure 2). Sources of affinity and specificity assessed via
energetics analysis, based on trajectories of complex, receptor, and ligand. (A)
Antiapoptotic protein - BH3 peptide complexes colored by average per-residue AH values. (B)
Antiapoptotic protein - BH3 peptide complexes colored by the variance of per-residue AH
values. Averages and variance were computed across 39-trajectory sets for Bcl-xi, Bcl-2, Bcl-
w, and mouse Mcl-1, and across 24 trajectories for mouse Al. Ligand N-termini are at the
bottom of the figures, C-termini are at the top. AH was calculated from complex, receptor, and
ligand trajectories.
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Figure S3 (Related to Figure 3). Energy correlation analysis, based on trajectories of
complex, receptor, and ligand. (A) Energy correlation analysis performed for the 26 ligand
residues across 39-trajectory sets. BH3 ligands seem to display two regions of energetic
correlation - an N-terminal one, spanning up to around position 15 (colored orange in the
structure to the right), and a C-terminal one (colored gray). (B) Energy correlation analysis
performed for the 26 ligand residues across the 24-trajectory set for A1l. BH3 ligands seem to
display an almost uninterrupted region of helix-like energetic correlation, spanning most of
the peptide length (colored orange in the structure to the right). AH was computed from
complex, receptor, and ligand trajectories.
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Figure S4 (Related to Figure 3). Comparison of energy pattern similarity with sequence
identity. (A) Similarity of complex energies grouped by ligand simulations as an inner
product of energy pattern vectors. Sequence identities of the respective receptors are shown
in the bottom right corner in green. Correlation coefficients for the patterns (separately for
replicas 1, 2 and 3) are shown in the plot titles. In (B) the same data is shown but grouped by
receptor. The sequence identity of the ligands is shown in green.
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Table S1 (Related to Table 2). Per-residue AH values (kcal/mol) based on protein-
protein complex trajectories. The receptor NWGR and ligand pocket residues are
highlighted in cyan and gray, respectively. The means and variance are computed by row.

Table S2 (Related to Table 2). Per-residue AH values (kcal/mol) based on trajectories
of complex, receptor, and ligand. The receptor NWGR and ligand pocket residues are
highlighted in cyan and gray, respectively. The means and variance are computed by row.
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