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ost modern pharmaceuticals are
small molecules that target mo-
lecular pockets in enzymes or

protein receptors, but in general they fail to
achieve sufficient specificity and affinity to
target extended and often flat interfaces
common to protein—protein interactions
(PPI). However, successful examples of
small molecule PPl inhibitors are emerging
(7). Analysis suggests that although protein
interfaces are large, often a small subset of
the residues contributes significantly to the
free energy of binding (2, 3). Small mol-
ecules that reproduce the functionality of
these “hot spot” residues have the poten-
tial to inhibit the relevant interfaces.
Alanine scanning mutagenesis offers a
powerful approach for identifying hot spot
residues (4). For example, in the well-
studied p53/HDM?2 interaction, three resi-
dues (Phe19, Trp23, and Leu26) from a he-
lix in the p53 activation domain reside in a
deep hydrophobic groove (Figure 1, panel a)
(5). Mutation of any of these residues to ala-
nine leads to a significant (>2 kcal mol™?)
decrease in the stability of the resulting
complex (6). Similar alanine scanning re-
sults are obtained with pro-apoptotic part-
ners of the anti-apoptotic protein Bcl-xL
(Figure 1, panel b) (7). The complex be-
tween transcription factor p53 and its regu-
lator HDM2 is inhibited by nutlins (Figure 1,
panel ¢) (8, 9), and there are highly potent
small molecule antagonists, including ABT-
737 and A-385358, of the interactions be-
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tween Bcl-xL and BH3 domains (Figure 1,
panel d) (10, 11). We conjectured that these
interactions can be inhibited with nanomo-
lar affinity by small molecules because the
critical residues lie within a small radius of
each otheron one of the partner proteins, al-
lowing their arrangement on a low molecu-
lar weight scaffold. For instance, the two
chlorobenzene groups in nutlin-3 span 6 A
(Figure 1, panel e) and occupy the binding
pockets of the key tryptophan and leucine
residues from the p53 helix (8). Similarly
A-385358 targets same key pockets on
Bcl-xL as the helical BH3 domains (12). Us-
ing these two examples of successfully in-
hibited protein—protein interactions as a
guide, we surveyed the Protein Data Bank
(PDB) (13) to identify protein—protein inter-
actions as likely targets for small molecule
inhibitors. Although a number of studies
have focused on predicting the physico-
chemical properties of small molecule
protein—protein interaction inhibitors
(14-17), we sought to develop a method
to gauge the “inhibitability” of protein
complexes.

Here we focus on protein complexes that
feature a-helices at the interfaces. a-Helices
constitute the largest class of protein sec-
ondary structure and mediate many protein
interactions (18, 19). Helices located within
the protein core are vital for the overall sta-
bility of protein tertiary structure, whereas
exposed a-helices on protein surfaces con-
stitute central bioactive regions for the
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ity threshold. This
yielded a data set of
4,143 unique protein
complexes. For each
<4 A resolution struc-
ture, we extracted po-
tential chain partners
belonging to separate
molecules as speci-
fied in the PDB file.
Identification of sec-
ondary structure, in-
terfacial residues, and
hot spot residues
was accomplished
using the Rosetta
suite of programs
(28-30). Rosetta de-
termines secondary
structure by calculat-
ing the ¢ and ¢
angles of the protein
backbone. We define
a helical segment as
one that contains at

Figure 1. a) p53/HDM2 interaction (PDB code: 1YCR). A helix in the
p53 activation domain resides in a deep hydrophobic groove. b) Pro-
apoptotic protein partner Bak bound to the antiapoptotic protein
Bcl-xL (PDB code: 1BXL). c) Nutlin-3 binds to HDM2 in the same hy-
drophobic groove occupied by the p53 helix (PDB code: 1rv1). d) ABT-
785358 targets Bcl-xL at the site of its pro-apoptotic binding part-
ners (PDB code: 2022). e) Structures of nutlin-3 and A-385358.

recognition of numerous proteins, DNAs,
and RNAs. Helix mimetics have emerged as
a highly effective class of PPl inhibitors
(20-26). A catalog of targetable helical in-
terfaces should significantly enhance the
utility of these helix mimetics.

We began by identifying the full set of
a-helical interfaces in the PDB (Figure 2).
The PDB (version 08/04/2009) was que-
ried for structures containing more than one
protein entity (Supporting Information) (18).
This query extracted 9,339 complexes. We
clustered these complexes according to se-
quence similarity of all protein chains in
each complex using the CD-HIT (27) se-
quence alignment program at a 95% similar-
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least four contiguous
residues with ¢ and ¢
angles characteristic
of an a- or the closely
related 3;¢-helix (Sup-
porting Information)
(18). An interfacial
residue is defined as a residue that has at
least one atom within a 5 A radius of an
atom belonging to a binding partner in the
protein complex. Hot spot residues were
predicted using a computational alanine
scan (29, 30). Hot spot residues were de-
fined as residues that upon mutation to ala-
nine are predicted to decrease the binding
energy by a threshold value AAGy;q = 1.0
kcal mol ™, as measured in Rosetta energy
units. Our method identified 2,561 PDB en-
tries possessing helix interfaces in
protein—protein (HIPP) interactions and
suggests that roughly 62% of the protein
complexes in the PDB feature helical
interfaces.

JOCHIM AND ARORA

After analyzing the energetic contribu-
tions and spatial arrangement of the hot
spot residues in the helix of p53 in the p53/
HDM2 interaction and the BH3 helix of Bak
in the Bcl-xL/Bak interaction, we found com-
mon features that may provide insight into
the reason HDM2 and Bcl-xL are tractable
targets for inhibition by small molecules. For
both complexes the calculated average
AAGpng of the hot spot residues in the he-
lix of the protein partner (p53 in the p53/
HDM?2 complex and Bak in the Bcl-xL/Bak
complex) is greater than 2 kcal mol™! and
the radius between the hot spot residues in
the helix of the protein partners was on the
order of 7 A. The HIPP data set was ana-
lyzed to screen for protein receptors that
possessed these same features. Using
these criteria we placed the HIPP interac-
tions into three broad categories: (1) recep-
tors that contain a cleft for helix binding
(Figure 3, panel a), as in the p53/HDM2
complex, where at least two nearby resi-
dues contribute strongly to binding; (2) ex-
tended interfaces that require multiple con-
tacts from two to five turn helices featuring
two or more residues that contribute
strongly to binding (Figure 3, panel b); and
(3) receptors with clefts and extended inter-
faces characterized by weaker interactions
(31). We defined hot spot residues as strong
or weak contributors based on the change
in free energy (AAG.,g) when these residues
on a given helix are mutated to alanine,
with @ AAG,, cutoff of 2 kcal mol ™. Recep-
tors with clefts are targeted by helices with
two or more hot spot residues within a 7 A
radius, while the extended interfaces cat-
egory features a distribution of hot spot resi-
dues over a larger distance of 7—30 A
(Figure 3). Category 2 consists of interfaces
where the helical segment spans 20 resi-
dues or roughly five helical turns; longer se-
quences were placed in category 3. We
then calculated the proportion of hot spots
residing on the helix versus the rest of the
chain to determine if a simple mimic of an
interfacial helix can inhibit a large interface.
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Figure 2. Evaluation of structures from the Protein Data Bank
to identify and assess helical interfaces in protein—protein
(HIPP) interactions. The helical interfaces were segregated
on the basis of binding interfaces and computational alanine
scanning mutagenesis analysis. *AAG,g = 2 kcal mol™?;
**AAGayg = 1—2 kcal mol™.

This analysis is complicated by the fact that
a number of the complexes in the PDB do
not have full-length proteins, and in fact a
number of the relevant complexes consist
of only a truncated helical domain.

This procedure provided 159 complexes
that we predict are targets for small mol-
ecules and another 252 interfaces that may
be inhibited by helix mimetics. The remain-
der of complexes that did not meet the crite-
ria of the first two categories but were not
eliminated from consideration for other rea-
sons (Supporting Information) feature
weaker interactions between the candidate
helix and the protein receptor. Table 1 illus-
trates examples of interfaces with binding
clefts and extended interfaces. Full lists of
complexes that fall in each of the three
aforementioned categories, along with the
sequence information for each PDB entry,
are included in the Supporting Information
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along with a list of the redun-
dant HIPP interactions. It is in-
teresting to note that proteins
from the same family do not
necessarily fall into the same
category. For example, when
Bcl-xL is co-crystallized with
the Bak peptide, this HIPP in-
teraction is classified as a
binding cleft target. On the
other hand, the closely re-
lated Bad peptide, when co-
crystallized with the same

listed in Supplementary Table S1 (14, 15).
Our analysis suggests that stabilized helices
and other structured oligomers are poten-
tially better candidates for targeting ex-
tended interfaces (Category 2) (21, 22), al-
though these helix mimetics can also
effectively modulate Category 1 interactions
(24, 25, 34). It is likely that direct mimics of
helices from Category 3 interfaces, where
the hot spot residues do not contribute
strongly, will not target the cognate protein
receptor with high affinity, although utiliza-
tion of non-natural residues or use of cova-

Bcl-xL protein, is classified as

an extended HIPP interaction.
These results reflect the dis-
tinct binding profiles ob-

served with
Bcl-2 family pro-
teins and BH3
domains (32).
We propose
that receptors
with binding
clefts are candi-
dates for high-
throughput

screening efforts with small
molecule libraries currently
available to chemical biolo-
gists (1, 33). Itis expected that
several of these targets would
not be of interest for inhibitor
design owing to their biologi-
cal function and other criteria
(15). The overall numbers of
targets in each category are
expected to increase as the
PDB is further populated with
helical protein—protein inter-
actions. The aim of this inquiry
is to devise an algorithm to
gauge the “inhibitability” of
protein—protein interactions.
Existing examples of potent
small molecules disrupting
protein—protein interfaces as
predicted in Category 1 are

lent cross-links with protein receptor could
overcome the inherent weak affinities at
these interfaces.
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Figure 3. Helical interfaces. We have divided helical
protein—protein interactions between those that feature
clefts for binding (a) and those with extended interfaces (b).
The p53/MDM2 (PDB code: 1YCR) (a) and cyclin-

dependent kinase6/D-type viral cyclin (PDB code: 1G3N) (b)
complexes are representative examples of binding cleft and
extended interfaces, respectively. The distance between
flanking hot spot residues in the helix of the protein partner
of a binding cleft target spans a radius of 7 A or less (a) and
greater than 7 A but less than 30 A for an extended inter-
face target.
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1ABLE 1. Predicted helical protein—protein interactions as targets for synthetic ligands

2vgo, ad; d

Hot spot
PDB code, interface AAGaygimeli Helix residue T
chains; candidate helix” (kcal/mol)’  contribution” helix
position”
Examples of Interfaces with Binding Clefis
; ¢: Cell cyele arrest protein
238 55 Fr d: Checkpoint serine/threonine-protein kinase
i3 Function: cell cycle
i a: CREB-binding protein
26 549, : : ; b: Signal transducer and activator of transcription 1-o/f§
i+4 Function: transcription and gene regulation
2ka6,ab; b
. <
S
";l‘-._\\ (‘ S ¢: Mitogen-activated protein kinase kinase kinase 7-
= &E} e’ i interacting protein |
: :(\\“(" ) & “\.'\ 23 100% : +1 d: Baculoviral IAP repeat-containing protein
e i +4
N Function: signaling
2pop,cd; ¢
Examples of Extended Interfaces
%( D & 0
o & \l‘r i b: Protein transport protein Sec24A
e oY) 3 o ssicle- = a3 in ¢
G 25 72% i +;I ¢: Vesicle-trafficking protein SEC22b
2 \d 'ﬁ- (A & ; "
’\.c.s"_.r- 4w i+8 Function: protein transport
2nup,be; e
d)
lis;f_\v.“.»‘:‘f_:" ..f 7 i a: Probable transcriptional activator protein traR
& ke ” i+10 ¢: Probable transcriptional repressor tram
24 66% i +13
i+14 Function: transcription and gene regulation
a: Serine/threonine-protein kinase 12-A
25 24% ; _.; 5 d: Inner centromere protein A

Function: enzyme (transferase)

“Chains in the complex featuring a helix at the interface; candidate helix to be mimicked is part of the indicated chain. AAGaygheii is derived from
Rosetta computational alanine mutagenesis studies and indicates the average free energy penalty for mutating two or more key residues at the in-
terface to alanine “Helix contribution refers to the proportion of key contact residues positioned on the candidate helix as compared to the chain
(see text for a detailed explanation). Relative positioning of the hot spot residues on a helix. ®Description of chains featuring the helical inter-

face and cellular function.
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We sorted the helical interactions in the

HIPP data set according to function as de-
fined in the PDB (Supplementary Figure S2).
Although some HIPP interactions could fall
into more than one functional group, we lim-
ited each HIPP interaction to one group. He-
lical interfaces are involved in a broad range

of

functions from enzymatic activity to gene

regulation. Interfaces with binding clefts
are involved in a comparable range of func-
tions as extended interfaces. We anticipate
that the methods and results described here
will guide development of next generation
protein—protein interaction inhibitors.
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