
proteins
STRUCTURE O FUNCTION O BIOINFORMATICS

A model for the interaction between
NF-kappa-B and ASPP2 suggests an
I-kappa-B-like binding mechanism
Hadar Benyamini,1 Hadas Leonov,2 Shahar Rotem,1 Chen Katz,1 Isaiah T. Arkin,2

and Assaf Friedler1*
1 The Institute of Chemistry, The Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904, Israel

2 Department of Biological Chemistry, The Hebrew University of Jerusalem, Givat Ram, Jerusalem 91904, Israel

INTRODUCTION

Programmed cell death (apoptosis) is regulated by complex protein

interaction networks. The proapoptotic protein ASPP2 is a 1128

amino acids (AA) protein that is emerging as a hub of apoptosis regu-

lation. The C-terminal part of ASPP2 was first discovered as p53-

binding protein 2 (53BP2, ASPP2 AA 60021128, Fig. 11). Another

truncated form of ASPP2 was isolated as a Bcl-2 binding protein

(Bbp, ASPP2 AA 123-1128, Fig. 12). In 2001, the full length ASPP2

was identified as a protein that specifically stimulates p53-dependent

apoptosis.3 The domain structure of ASPP2 includes an N-terminal

ubiquitin-like domain,4 followed by a predicted alpha helical domain

and a proline-rich domain.5 The �200 C-terminal residues of ASPP2

consist of four ankyrin repeats followed by an SH3 domain

(ASPP2ANK-SH3, Fig. 16). ASPP2ANK-SH3 mediates the protein-protein

interactions of ASPP2. It interacts with numerous proteins, most of

which are involved in apoptosis regulation, including p53 and its fam-

ily members,3,7 the antiapoptotic protein Bcl-2 family members,2,8

protein phosphatase 1,9 yes-associated protein,10 hepatitis C virus

core protein11 and the p65 subunit of the transcription factor NFjB

(NFjBp65).12

NFjB is a transcription factor involved in apoptosis regulation. The

larger NFjB family contains two sub-families: ‘‘Rel’’ and ‘‘NFjB.’’13

Members of the two sub-families form homo- and hetero-dimers. The

Rel proteins contain C-terminal transactivation domains (see Fig. 1).

NFjB subfamily members have long C-terminal domains containing

multiple copies of ankyrin repeats, which act to auto-inhibit these

proteins. NFjB proteins are cleaved to form shorter proteins (p105 to

p50 and p100 to p52), which bind DNA only when they form dimers

with members of the Rel subfamily. The most abundant heterodimer

is the p50/p65. The activity of NFjB is tightly regulated by an interac-

tion with its natural inhibitor protein IjB. In most cells NFjB is in

an inactive state, bound to IjB in the cytoplasm and its nuclear local-

ization signal (NLS) is masked by IjB. Following a wide array of
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ABSTRACT

We used computational methods to study the

interaction between two key proteins in apo-

ptosis regulation: the transcription factor NF-

j-B (NFjB) and the proapoptotic protein

ASPP2. The C-terminus of ASPP2 contains

ankyrin repeats and SH3 domains (ASPP2ANK-

SH3) that mediate interactions with numerous

apoptosis-related proteins, including the p65

subunit of NFjB (NFjBp65). Using peptide-

based methods, we have recently identified the

interaction sites between NFjBp65 and

ASPP2ANK-SH3 (Rotem et al., J Biol Chem 283,

18990–18999). Here we conducted a computa-

tional study of protein docking and molecular

dynamics to obtain a structural model of the

complex between the full length proteins and

propose a mechanism for the interaction. We

found that ASPP2ANK-SH3 binds two sites in

NFjBp65, at residues 236–253 and 293–313 that

contain the nuclear localization signal (NLS).

These sites also mediate the binding of NFjB
to its natural inhibitor IjB, which also contains

ankyrin repeats. Alignment of the ankyrin

repeats of ASPP2ANK-SH3 and IjB revealed that

both proteins share highly similar interfaces at

their binding sites to NFjB. Protein docking of

ASPP2ANK-SH3 and NFjBp65, as well as molecu-

lar dynamics simulations of the proteins, pro-

vided structural models of the complex that are

energetically similar to the NFjB-IjB deter-

mined structure. Our results show that

ASPP2ANK-SH3 binds NFjBp65 in a similar man-

ner to its natural inhibitor IjB, suggesting

a possible novel role for ASPP2 as an NFjB
inhibitor.
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signals, including cytokines, infectious agents, and radia-

tion-induced DNA double-strand breaks,14 IjB is

degraded, the NFjB NLS is exposed, and NFjB under-

goes nuclear uptake and becomes an active transcription

factor.13 IjB contains six ankyrin repeats and binds two

sites in NFjB, termed here the ‘‘N site’’ and ‘‘C site’’

according to their position in NFjBp65 sequence. The N

site encompasses NFjBp65 residues 235-245 (numbering

by PDB:1nfi,15 chain A); the C site encompasses

NFjBp65 residues 290–313 and contains the nuclear local-

ization signal (residues 301–304) that is masked by IjB.

When aberrantly regulated, NFjB is constitutively active,

a phenomenon observed in various malignancies includ-

ing Hodgkin’s and B-cell lymphomas, acute lymphoblas-

tic leukemia, multiple myeloma, and breast, prostate,

ovarian, lung, colon, and renal cell carcinoma (reviewed

in Refs. 16 and 17).

The interaction between NFjB and ASPP2 was initially

discovered using yeast two-hybrid system.12 Cotransfec-

tion of 53BP2 with an NFjBp65 expression plasmid, or

activation of NFjB, inhibited 53BP2-induced cell

death.12,18 Another ASPP family member, iASPP, was

found to bind and inhibit NFjBp65.19 However, the pre-

cise mechanism by which these interactions affect apopto-

sis is yet unclear. Moreover, there are no details regarding

the ASPP - NFjBp65 interactions at the structural, molecu-

lar, and quantitative levels. We have recently used peptide-

based methods to identify the ASPP2ANK-SH3 binding sites

in NFjBp65.5 Examination of the surface suggested by

these peptides reveals a similarity to the binding surface of

NFjBp65 to its inhibitor, IjB (see Fig. 2). This similarity

in the binding sites, together with the fact that both

ASPP2ANK-SH3 and IjB contain ankyrin repeats, led us to

test whether the two proteins bind NFjBp65 in a similar

manner. We performed a computational study using pro-

tein docking and molecular dynamics to suggest a model

for the complex of ASPP2ANK-SH3 and NFjBp65. Our

results show that NFjBp65 binds ASPP2ANK-SH3 and IjB

in a similar manner, suggesting that ASPP2ANK-SH3 may

act as an IjB-like NFjB inhibitor.

METHODS

PDB structures

For NFjB, we used the X-ray structures of p50 and

p65, solved in complex with IjB at 2.7 Å resolution

(PDB code: 1nfi, chains A,B)15; For IjB we used its

structure from the same X-ray structure (PDB: 1nfi,

chain F); For ASPP2ANK-SH3, we used the p53 bound X-

ray structure solved at 2.2 Å resolution (PDB code:

1ycs).6 All figures were created using PyMol.20

Hinge movement prediction

We submitted the structure of NFjBp65 for hinge predic-

tion by the HingeProt21 and ElNemo22 algorithms. Hinge-

Prot employs Elastic Network (EN) models, both Gaussian

Figure 2
Similarity in the ASPP2ANK-SH3 and IjB binding sites on NFjBp65.

A: Gray: NFjBp65. Residues that bind IjB according to the crystal

structure15 are colored blue and depicted in sticks. B: Gray: NFjBp65.

Residues that bind ASPP2ANK-SH3 according to peptide array5 are

colored blue and depicted in sticks. Stretches of residues from NFjBp65

that bind IjB are 238–245 and 294–314. According to our peptide array

studies, the ASPP2ANK-SH3-binding residues of NFjBp65 are 238–265

and 303–350 (5 the structure is determined only until residue 314).

Figure 1
Domain organization of ASPP2 and its variants, and of NFjB and IjB.

A: ASPP2 is the full length protein containing 1128 AA. It has a

ubiquitin-like domain,4 a predicted a-helical domain, a proline-rich

domain, and a C-terminal protein binding region. The C terminal part

contains the ankyrin-repeats domain and the SH3 domain. B: The

domain structures of the Rel and NFjB subfamilies of the NFjB

transcription factors, and IjB. All NFjB proteins have a conserved

DNA-binding/dimerization domain called the Rel homology domain

(RHD), which also has sequences important for nuclear localization and

IjB binding. The C-terminal halves of the Rel proteins have

transcriptional activation domains (TAD). The C-terminal halves of the

NFjB subfamily proteins have ankyrin repeats-containing inhibitory

domains, which can be removed by proteasome-mediated proteolysis.

Like the C-terminal domains of the NFjB proteins, the independent
IjB proteins consist mainly of ankyrin repeats.

A Model for the Interaction Between NFkB and ASPP2
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Network Model (GNM) and Anisotropic Network models

(ANM) (detailed in Ref. 21). Given an input protein

chain, HingeProt identifies the rigid parts and the hinges

connecting them, and the direction of the fluctuation of

each residue in the slowest two modes. Elnemo webserver

is also based on Elastic Network models. It computes the

low frequency normal modes of a protein and performs

an extensive analysis of the predicted motion.

Rigid docking

We used the PatchDock algorithm23 to suggest a rigid

docking model of NFjBp65 with ASPP2ANK-SH3. Given two

molecules, PatchDock computes the three-dimensional

transformations of one of the molecules with respect to

the other with the goal of maximizing surface shape com-

plementarity while minimizing the number of steric

clashes. For the NFjB-ASPP2ANK-SH3 interaction, one mol-

ecule partner was NFjBp65, with ASPP2ANK-SH3 in an

aligned orientation with IjB, such that the two C-terminal

ankyrin repeats of the two proteins are aligned. The other

protein partner was the segment of C-terminal residues

(291–314) of NFjBp65, in the IjB-bound conformation.

Distance constraint between residues 290 and 291 of NFjB

was introduced in order to keep the protein connected.

Refinement

For refinement and scoring of the PatchDock results

we used the FireDock algorithm.24 Given a set of trans-

formations, FireDock refines and scores the candidate

models according to an energy function. Each candidate

is refined by optimization of side-chain conformations

and rigid-body orientation. The side-chain flexibility is

modeled by rotamers and the obtained combinatorial

optimization problem is solved by integer linear pro-

gramming.25 Following rearrangement of the side-chains,

the relative position of the docking partners is refined by

Monte Carlo minimization of the scoring function. The

refined candidates are ranked by an energy-based score.

This score includes atomic contact energy,26 softened

van der Waals interactions, electrostatics, H-bonding, and

additional estimations of the binding free energy.

MD simulations

The first two initial conformations comprised NFjB

p50 and p65, and ASPP2ANK-SH3 with their structures as

determined by X-ray crystallography. ASPP2ANK-SH3 was

aligned to IjB: In the first conformation, ASPP2ANK-SH3

ankyrin repeats were aligned to the C-terminus of IjB

(repeats 3–6). In the second conformation ASPP2ANK-SH3

ankyrin repeats were aligned to the N-terminus of IjB

(repeats 1–4). The third starting conformation was gener-

ated using the aligned position of ASPP2ANK-SH3 as in the

first conformation, but with a hinge movement of the

291–314 C-terminal tail of NFjB. The hinge movement

was obtained using the HingeProt server on NFjBp65.

Three rigid parts were found in the molecule, from resi-

dues 20–187, 188–291, and 292–314. Residue 291 was

picked as the hinge residue. A few models of the hinge

rotations were examined, the transformation in which the

C-terminal tail was the closest to the location of

ASPP2ANK-SH3 was chosen. The HingeProt server returns

the Ca backbone atoms of the protein, thus we applied

the hinge to the full atom model by performing a simple

alignment between the two NFjB structures and rotation

of the C-terminal tail according to the hinge that was pre-

dicted. The initial conformations are depicted in Figure 6.

MD Procedure

The simulations were conducted using version 3.3.1 of

the GROMACS MD simulation package27,28 employing

the GROMOS96 53a6 force-field.29 The protein complex

was composed from 6133 atoms in total. It was embedded

in a box solvated in 33914 water molecules using the SPC

model.30 To neutralize the system at a physiological salt

concentration of 0.1M, 99 Na1 and 67 Cl- ions were added

at random positions in the solvent. Thus, the entire system

was composed of 107,565 atoms in total. Each system

underwent energy-minimization (EM) relaxation with a

tolerance of 200 KJ/mol * nm2. Following the EM stage,

the system was subjected to a positional restraints (PR)

procedure for 500 ps in order to dynamically solvate the

protein within the water. The protein atoms were

restrained at this stage by a harmonic constraint with a

force constant of k 5 1000 KJ/mol * nm. Following the

PR process, each of systems was subjected to a 13-ns MD

simulation. As exemplified in Figure 8, the simulated com-

plexes were very stable and reached equilibrium within a

few nanoseconds, justifying the 13-ns duration. During

the MD runs, the LINCS algorithm31 was used to con-

strain the bond length of hydrogen atoms, allowing for an

integration time step of 2 fs. Constraining only hydrogen

related bonds in a 2 fs time step was used since it is a com-

mon procedure in such calculations (see for example Ref.

32). The simulations were conducted in the NPT ensem-

ble, with a constant temperature of 300 K and a pressure

of 1 bar. The solvent and the protein were separately

coupled to Berendsen temperature bath with a coupling

constant of 0.1 ps, and an isotropic pressure bath33 with

a coupling constant of 0.5 ps. Van der Waals (VdW)

interactions were treated by using a cutoff of 12 Å. Long-

range electrostatic forces were treated by using the PME

algorithm.34

RESULTS

The ASPP2ANK-SH3-binding sites in NFjBp65

reveal similarity to the IjB binding site

We have recently discovered the ASPP2ANK-SH3 binding

peptides from NFjBp65 using peptide array screening.5

H. Benyamini et al.
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The recombinant ASPP2ANK-SH3 protein bound NFjBp65

peptides with the following residue stretches (numbering

according to PDB: 1nfi15): 21–40, 26–50, 303–329, 314–

332, 330–355 and to a lesser extent 238–265 (see Fig. 2).

Fluorescence anisotropy studies with the N- and C-termi-

nal peptides showed that ASPP2ANK-SH3 bound NFjBp65

303–332 with submicromolar affinity.5 A visual examina-

tion of the binding peptides location on the three-dimen-

sional structure of NFjBp65 revealed a similarity between

the binding surfaces of NFjBp65 to ASPP2 and to its in-

hibitor IjB (see Fig. 2). This, in addition to the fact that

both ASPP2ANK-SH3 and IjB contain ankyrin repeats,

raised the possibility that the two proteins bind NFjBp65

in a similar manner. For such a IjB-like interaction

between ASPP2ANK-SH3 and NFjB to occur, two condi-

tions are required: (i) IjB contains six ankyrin repeats,

while ASPP2 contains only four. Thus, NFjBp65 should

undergo a backbone motion to accommodate the shorter

ASPP2ANK-SH3; (ii) the suggested binding surfaces on

ASPP2 should display similarity in their NFjBp65-binding

features to their homologous sites on IjB. We have tested

whether these two conditions are fulfilled, as described

below.

Backbone motion of NFjBp65

To check the possibility of backbone motion of

NFjBp65, we submitted the structure of NFjBp65 to two

hinge detection servers, HingeProt21 and El-nemo.22

Both prediction algorithms results suggested two main

motions [Fig. 3(a)]: (i) between the first and the second

domains of NFjBp65, (AA 20–190 and 191–290, respec-

tively) (ii) motion of the C-terminal helical tail starting

after residue 290. Such movements may enable NFjBp65

to accommodate ASPP2ANK-SH3.We also examined the

solved structures of the protein in the PDB. The first pre-

dicted domain motion is observed upon DNA binding

and may be seen for example by a superposition of the

solved structures of the complexes of NFjBp65 with IjB

(PDB: 1nfi15) and NFjBp65 with DNA [PDB: 1vkx,35

Fig. 3(b)]. This motion is observed in all DNA-bound

NFjB structures.

Common surface-residue features between
the NFjB-binding sites in IjB and
ASPP2ANK-SH3

We compared the structures and sequences of

ASPP2ANK-SH3 and IjB, in particular the suggested

(ASPP2ANK-SH3) and known (IjB) binding sites to NFjB.

ASPP2ANK-SH3 contains four repeats whereas IjB contains

six repeats. However, only four repeats in IjB, the two

N-terminal and two C-terminal repeats, contribute to the

interaction with NFjB. We tested whether these sites

have common features with the four ankyrin repeats of

ASPP2ANK-SH3, by aligning ASPP2ANK-SH3 and IjB and

looking at the aligned known and suggested binding sites.

Figure 3
Hinge motions in NFjBp65. A: Hinge predictions for NFjBp65 are
based on the servers HingeProt21 and Elnemo.22 The structure of

NFjBp65 is colored according to the separate rigid regions. Blue:

residues 20–188; Red: residues 189–290; Green: residues 290–314. B:

Structure alignment of DNA-bound NFjBp65 (PDB: 1vkx, colored red)

and IjB-bound NFjBp65 (PDB: 1nfi, in grey). The movement is of the

first two rigid parts (20–188 and 189–290) relative to each other.

Figure 4
Similarity of the NFjBp65 binding sites in ASPP2ANK-SH3 and IjB. The

suggested interaction sites of ASPP2ANK-SH3 with NFjBp65 are compared

with the known binding sites of IjB. Hydrophobic residues are colored

orange, positive in blue, and negative in red. A: IjB binding site to

NFjBp65 N-site, according to the crystal structure. B: ASPP2ANK-SH3

putative binding site to NFjBp65 N-site. Both IjB and NFjB display

corresponding positive, negative, and hydrophobic residues. C: IjB

binding site to NFjBp65 C-site, according to the crystal structure.

D: ASPP2ANK-SH3 suggested binding site to NFjBp65 C-site. Both IjB

and ASPP2 display corresponding hydrophobic and negative residues

(See text for residue details).
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The N site refers to NFjBp65 residues 236–253; The C

site refers to NFjBp65 residues 293–313. For testing the

N-site, ASPP2ANK-SH3 ankyrin repeats were aligned to the

C-terminus of IjB (repeats 3–6). For the C site,

ASPP2ANK-SH3 ankyrin repeats were aligned to the N-ter-

minus of IjB (repeats 1–4). The ankyrin repeats compris-

ing both the N and C site share patterns of hydrophobic,

aromatic, and electrostatic residues over the two binding

patches, as seen in the determined protein structures (see

Fig. 4). The N-site binding surface of NFjBp65 interacts

with the 5th and 6th ankyrin repeats of IjB. The corre-

sponding surface on ASPP2ANK-SH3 is likely to be contrib-

uted by the 3rd and 4th ankyrin repeats. At this site, simi-

lar hydrophobic and charged residues are found [Fig.

4(a,b)]. Hydrophobic or aromatic residues of IjB at the N

site are Leu256, Gly259, and Trp258. Corresponding

hydrophobic or aromatic residues of ASPP2 are Met437,

Gly440, and Tyr441. Charged residues of IjB at the N site

are Arg218 and Asp226. The corresponding charged resi-

dues in ASPP2 are Lys433 and Glu436. The NFjBp65 C-

terminal interaction site (‘‘C-site’’) containing the NLS,

interacts with the two N-terminal ankyrin repeats of IjB

that mask the NLS, inhibiting NFjB nuclear uptake and

trans-activation activity.15 Within the first and second

repeats, IjB binds NFjB via two continuous sequences:

residues 72–89 and 117–122. The similarity of features

between IjB and ASPP2ANK-SH3 is observed in both

stretches of residues: A cluster of hydrophobic residues

and a pair of negatively charged residues are found in

both proteins [Fig. 4(c,d)]. In the C site of IjB, hydro-

phobic or aromatic residues consist of Phe77, Leu80,

Ala81, Ile83, Leu89, Ile120, and Leu117. In the suggested

C site of ASPP2ANK-SH3, Ala328, Leu329, Leu336, Phe340,

Leu342, and Cys369 may contribute the corresponding

hydrophobic and aromatic properties. The residue pair

Glu85-Glu86 of IjB binds the NLS of NFjBp65. Possible

corresponding contribution may be given by ASPP2 resi-

dues Glu337 and Glu339. In summary, IjB and

ASPP2ANK-SH3 have common binding properties and thus

may bind in a similar manner to NFjB.

Figure 5
Structural models of the NFjB-ASPP2ANK-SH3 complex compared with the NFjB-IjB complex. The docking model and the final conformation of

molecular dynamics simulation (third initial conformation) interactions are compared with the crystal structure of NFjB-IjB complex. In all cases,

NFjBp65 is colored dark gray, IjB/ASPP2ANK-SH3 are colored light gray. Representative binding residues, that are common to the NFjB-IjB

complex and both structural models, are depicted in spheres and color coded. On NFjB, hydrophobic or aromatic residues are colored in yellow,

positive in light blue, and negative in pink. On either IjB or ASPP2, hydrophobic or aromatic residues are in orange, positive in red and negative
in blue. Horizontal view: A: The determined structure of the complex NFjB-IjB (PDB: 1nfi); B: Rigid docking model; C: Final model derived from

molecular dynamics simulations of the putative NFjB- ASPP2ANK-SH3 complex. A vertical view of the figure: left: full length proteins; middle: zoom

in on N-site interactions; right: zoom in on C-site interactions. The full list of interactions is detailed in Table II.
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Rigid docking suggests a model for the
NFjBp65 - ASPP2ANK-SH3 complex, which is
similar to the NFjB-IjB complex

We applied rigid docking23 followed by model refine-

ment24 to construct a structural model for the complex

between NFjBp65 and ASPP2ANK-SH3. The 3rd ranked so-

lution out of 68 generated solutions was in agreement

with the experimental peptide binding data, that is,

involves binding of NFjBp65 peptides 238–265 and 303–

313. This model suggested a structure that resembles many

of the NFjB-IjB residue-residue interactions [Fig. 5(b),

Table I]. In particular, the positively charged NLS residues

301, 302, and 304 are within interaction distance from

ASPP2 residues Glu337 and Glu339, which correspond to

IjB residues Glu85 and Glu86 that mask the NFjBp65

NLS. Assessment of the model using the Coilcheck36 and

FastContact37 algorithms suggests that the model has a

low energy, comparable with the energy assessment of the

interaction between IjB (PDB: 1nfi, chain F) and NFjB

(PDB: 1nfi, chain A). The results are summarized in Table

II. The rigid docking, even when followed by refinement,

is incapable of predicting protein motions in solution.

Rather, it provides a low resolution, rough assessment of

geometrically and chemically complementary surfaces. To

assess the stability and behavior of the complex in solution

we subjected the complex to molecular dynamics simula-

tions.

Molecular dynamics simulations of the
putative ASPP2ANK-SH3- NFjB complex,
support an interaction that is similar to IjB

We used molecular dynamics simulations to assess the

stability and dynamics of the interactions in the pro-

posed ASPP2ANK-SH3-NFjB complex. We tested whether

an ASPP2ANK-SH3-NFjBp65 complex will stay in contact

or dissociate in solution and examined protein motion

and interaction details during the simulation. Since

Table I
Comparison of the Interacting Residue Pairs in the NFjB-IjB Complex and in the NFjB-ASPP2 Complex Modelsa

NFjB IjB (solved structure,15) ASPP2 (docking) ASPP2 (MD) Siteb Typec

R236 E436,E438,E439 E435,E436,E438 N E
G237 M437 M437 N H
F239 G259 M437 M437 N H
A242 Y251,L256,M279 M427 W394 N H
D243 R218 K433 K433 N E
H245 D426 D392,W394,D426 N E
R246 E282 D426 N E
R253 D226 E435,E436,E439 E436 N E
D293 R143
D294 R143
R297 D333,E337
R297 E337 E337 C E
I298 I83,L110,L117,I120 L336,G338,A370 L336,C369,A370,G371 C H
K301 D73, D75 D333,E337,E339 D333,E337,E359 C E
R302 E85, E86 E337,E339 E337,E339 C E
R304 E72,D73 E337, E339 E333 C E
Y306 H84 C A
F309 F77,L80,A81,H84,L89 G338,F340,I375 L330, L342 C H
I312 F77, L80 F340 L330, L342 C H
M313 F77 F340 L342 C H

aThe table details the residue pairs that interact in the experimentally solved NFjB-IjB complex,15 the selected rigid docking model and the stabilized conformation

resulting from molecular dynamics simulations (third starting orientation). The table shows the residues from IjB or ASPP2ANK-SH3 that interact with residues from

NFjB. The residue interactions of ASPP2 are derived from the structural models of ASPP2ANK-SH3-NFjB obtained by rigid docking and MD simulations. Residue inter-

actions that are common in the complex models and in the NFjB-IjB complex are bolded.
bN site refers to residues 235–245 of NFjB. C site refers to residues 290–313 of NFjB.
cInteraction type, E, electrostatic; H, hydrophobic; A, aromatic.

Table II
Energy Assessment of the NFjB-ASPP2 Structural Modelsa

FastContact37 PDB:1nfi15 Docking MD
Electrostatic (4r) Energy
(kcal/mol)

247.96 242.80 250.2

Desolvation Free Energy
(kcal/mol)

13.23 12.57 12.8

van der Waals (CHARMm19,
kcal/mol)

22715 22707 22610

CoilCheck36 PDB:1nfi15 Docking MD
Total Stabilizing Energy
(kJ/mol)

2352.73 2112.54 2179.9

van der Waals Energy (kJ/mol) 2185.86 262.08 2180.9
Energy per Residue (kJ/mol) 20.69 20.22 20.37
No. of van der Waals Pairs 2771 1480 4959
No. Potential Favorable
Electrostatic Interactions

71 35 64

aThe docking model and the stabilized conformation resulting from molecular dy-

namics simulation (third starting orientation) were submitted for energy assess-

ment by two algorithms: Coilcheck36 and FastContact.37 The values were com-

pared with those of the interaction between NFjB and IjB, according to the crys-

tal structure. The table shows that the energy assessment of the ASPP2ANK-SH3-

NFjB modeled structures is similar to the assessment of the experimentally deter-

mined complex of NFjB and IjB.
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ASPP2 has only four ankyrin repeats and IjB has six, we

used three different initial structures for the MD simula-

tions (see Fig. 6). In conformations 1 and 2, NFjBp65

and p50 coordinates were taken from the solved structure

in complex with IjB. The starting position of ASPP2ANK-

SH3 was based on a structural alignment to IjB: In the

first orientation, the C termini of ASPP2ANK-SH3 and IjB

ankyrin repeats are aligned [Fig. 6(a)]; in the second ori-

entation, the N termini of ASPP2ANK-SH3 and IjB are

aligned [Fig. 6(b)]. In the third conformation, the posi-

tion of ASPP2 was the same as in the first conformation,

but with an added hinge transformation on NFjBp65 as

predicted by the HingeProt algorithm.21 Simulations

were run for 13 ns and the system behavior in each case

is described below. The interaction distance threshold

was 6 Å and 8 Å for hydrophobic and electrostatic inter-

actions, respectively. We measured the distances of 17

residue pairs, 7 pairs from the N site and 10 pairs from

the C site. These putative interactions were selected based

on the similar positions of the binding residues in IjB

and ASPP2ANK-SH3. The examined residue pairs (first res-

idue from NFjBp65, second from ASPP2ANK-SH3) for the

N site were: G237-M437; F239-M437; R236-E436; R236-

E439; D243-K433; H245-D426; R253-E436. For the C

site, I298-L336; I298-A370; K301-D333; R302-E307; I312-

L330; I312-L342; M313-L330, M313-L342; F309-L330;

F309-L342.

In the first two conformations, where only one binding

site was in interaction at the initial structure, observa-

tions were: (i) the system stayed stable throughout the

simulation, that is, the two proteins remained in contact

and each kept a stable structure that hardly changed dur-

ing the simulation; (ii) the binding site that was in inter-

action in the initial conformation (N site in the first con-

formation and C site in the second conformation)

remained in interaction during the simulation. The bind-

ing site that was not in interaction in the initial confor-

mation (C site for the first conformation and N site for

the second conformation) did not form an interaction

during the simulation.

We suspected that the reason for not forming interac-

tions in both binding sites in the first two simulations is

that in each of the initial structures, one pair of binding

site surfaces is too far in space to form interactions. It

could be that the water provides masking of the partial

charges on each site, so that each surface does not affect

the other to create a local movement that will bring

them closer together. Thus, we ran the third simulation,

in which the starting conformation is the same as confor-

mation 1, but in addition we applied a moderate hinge

transformation on NFjBp65 as described in the Materials

and Methods section and in Figure 6(c). This was done

to decrease the distance between the predicted C-site

surfaces of NFjBp65 and ASPP2. Still, the distances

between predicted C-site residue pairs in the beginning

of the simulation are large (average of 12.4 � 2 Å) but

smaller than in conformation 1 (average of 18.1 �
3.6 Å). Here, despite that only the N-site started in con-

tact in the initial structure as in conformation 1, the

structures relax into a state where both binding sites got

to be within interaction distance most of the simulation.

Sixteen out of 17 predicted interactions are formed and

maintained during the simulation. The exception was the

residue pair I312-L342. Furthermore, the C-terminal heli-

cal tail is undergoing additional hinge bending motion.

The process may be seen from a view of the initial and

final coordinates of NFjBp65 in the simulation [Fig.

7(a)]. A representative distance plot during the simula-

tion between residues R302 (NFjBp65) and E337

(ASPP2) reflects this process [Fig. 7(b)]. The representa-

tive residue interactions are depicted in Figure 5(c).

Figure 6
Molecular dynamics initial conformations with different positions of

ASPP2ANK-SH3. A–C: In grey, NFjBp65, in blue, IjB. A: In red,

ASPP2ANK-SH3 aligned to IjB. The C terminal repeats are aligned. B:

In orange, ASPP2ANK-SH3 aligned to IjB. The N terminal repeats are

aligned. C: In green, ASPP2ANK-SH3 aligned to IjB. The C terminal

repeats are aligned. NFjBp65 C-terminal tail is slightly hinge-bent

according to HingeProt21 prediction.
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Root Mean Square Deviation (RMSD) was used to

examine the stability and the convergence of the proteins

during the dynamics. All protein chains seem to converge

after �4 ns of simulation, and maintain a stable confor-

mation from there and after (see Fig. 8). The main

movement in NFjBp65 during simulation is of the C-ter-

minal tail (residues 290–313), as may be seen from the

comparison of RMSD of NFjBp65 with and without its

C-terminal tail. Although NFjBp65 residues 20–290 had a

rather low RMSD (4 Å), the full length chain NFjBp65

displays significant movement relative to the initial con-

formation, between 6 and 8 Å (black and red lines in

Fig. 8, respectively). In addition, ASPP2ANK-SH3 and

NFjBp50 chains maintain a stable and low RMSD

throughout the simulation. 2 Å for the NFjBp50 chain

and 4 Å for ASPP2ANK-SH3.

It appears that the additional hinge bending motion

has facilitated the formation of the C-site interactions

through which ASPP2 may block the NFjB NLS in a

similar manner to IjB. The final conformation was sub-

mitted to the energy assessment servers FastContact37

and CoilCheck36 (Table II). The final conformation is

assessed as having low energy, comparable with the val-

ues of the complex NFjB-IjB.

Figure 8
Root mean square deviations (RMSD) of protein chains during MD

simulation. The graph depicts the movement of the protein chains

during the simulation of the third conformation. In green, NFjB chain

p50, blue: ASPP2ANK-SH3, black: NFjBp65 residues 20–290, red:

NFjBp65. The main contribution to chain movement of NFjBp65 comes

from the C-terminal tail, residues 290–313.

Figure 7
Molecular dynamics of the NFjB-ASPP2ANK-SH3 complex. A: In cyan, initial conformation of NFjB in the simulation; in green, the final

conformation of NFjBp65 in the simulation. B: The distance between NFjB NLS residue Arg302 and ASPP2 Glu337 during the simulation.

Y axis: distance in angstroms; X axis: time (ns). C–E: Snapshots of NFjBp65 and ASPP2ANK-SH3 during the simulation of the third conformation

[Fig. 6(C)] at time 0 (C), after 6 ns (D) and at the end of simulation, 13 ns (E). NFjBp65 is colored red, ASPP2ANK-SH3 is colored gray.
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DISCUSSION

In this study, we analyzed the interaction between

ASPP2ANK-SH3 and NFjBp65. Since the binding site of

NFjB to ASPP2ANK-SH3 is similar to the binding site

with its inhibitor IjB,5 we checked the possibility that

ASPP2ANK-SH3 binds NFjB in a similar manner and thus

may function as an NFjB inhibitor. Our results show

that the NFjB-binding properties of ASPP2ANK-SH3 and

IjB are similar, and that NFjBp65 is likely to undergo

hinge movement that may facilitate ASPP2 binding. We

also performed a rigid docking between the NFjBp65 C-

terminal tail and the rest of the structure while in com-

plex with ASPP2. The third ranked solution displays

many of the interactions predicted by structure-based

comparison to IjB. Last, we carried out molecular dy-

namics simulations of the putative NFjB-ASPP2ANK-SH3

complex in three starting orientations, of which one dis-

played a stable interaction in both predicted binding

sites.

NFjB binding by ASPP2ANK-SH3 and
IjB is similar

The determined structures of NFjB in the PDB as well

as flexibility prediction by two independent servers sug-

gest backbone flexibility in NFjBp65. As ASPP2 contains

four ankyrin repeats while IjB contains six repeats, such

flexibility may facilitate the predicted interaction between

NFjB and ASPP2ANK-SH3 by enabling NFjBp65 to accom-

modate the shorter ASPP2ANK-SH3. An examination of

the binding properties of IjB and ASPP2 revealed that

the proteins share similar patterns of binding properties

at the N- and C- binding sites. At the N-site, a hydro-

phobic cluster, one positive and one negative residue; at

the C-site, clusters of hydrophobic and negatively charged

residues (see Fig. 4). The C site is in particular important

as it contains the core of NFjB inhibition by IjB: bind-

ing of the positively charged nuclear localization signal

(AA 301-304). Such binding by ASPP2 may serve as an

alternative mechanism to inhibit NFjB and prevent its

constitutive activation and therefore promote apoptotis

in malignant cells.

The final conformation in the MD simulation and the

docking solution, though not fully identical, have some

common residue-residue interactions at the N and C

sites. At the N sites, both models point at Lys433,

Glu436, and Met437 from ASPP2ANK-SH3 as binding

Asp243, Arg253, and Phe239 of NFjBp65. At the C site,

both models suggest interactions between the positively

charged NFjB NLS and negatively charged residues in

ASPP2ANK-SH3, in particular residues Glu337 and Glu339

from ASPP2ANK-SH3, with residues Lys301-Arg302 from

NFjBp65 (Table II). These interactions are part of the in-

hibitory mechanism of NFjB by IjB and may be the

mechanism for NFjB inhibition by ASPP2. In a similar

study, Latzer et al.38 used associative memory Hamilto-

nian (AMH) to simulate the NLS-containing parts of

NFjB p50 and p65, in the free and bound states with

IjBa and IjBb. We observed several similarities between

the simulation of the NFjBp65-IjBa interaction and our

simulation of the NFjBp65-ASPP2ANK-SH3 interaction: (i)

In both cases, the NLS-containing polypeptide tends to

be unstable but acquires a structure upon binding the

protein ligand; (ii) In both cases, the NLS-containing

polypeptide acquires a split-helical conformation; (iii) In

both cases, the NLS location is at the bend and turn

region of the polypeptide. This similarity supports our

suggestion that ASPP2 may bind NFjB in a similar man-

ner to its natural inhibitor, IjB.

Recently, we found that the proline-rich domain of

ASPP2 (ASPP2Pro)binds ASPP2ANK-SH3, and competes

with the C-terminal peptide of NFjBp65 on ASPP2ANK-

SH3 binding.5 ASPP2Pro bound three peptides of

ASPP2ANK-SH3, two in the SH3 domain and one in the

ankyrin repeats domain. The binding peptide in the

ankyrin repeats domain is at the N-terminal repeat,

which according to our model binds the NLS-containing

NFjB C-site. Binding this peptide by ASPP2Pro may thus

regulate the interaction between ASPP2ANK-SH3 and

NFjBp65. It was also shown that NFjBp65 can bind either

the SH3 or the ankyrin repeats domain.12 In the MD

model final conformation, there are indeed contacts

between the SH3 domain and NFjBp65. We focused our

analysis on the contacts that structurally correspond to

the IjB-NFjBp65 interaction but our MD model is also

in agreement with SH3 participation in the interaction.

ASPP2ANK-SH3 as a potential IjB-like
NFjB inhibitor

NFjB is a highly important transcription factor and

hence is heavily regulated in cells. Normally it is main-

tained in the cytoplasm due to binding IjB. When free

upon inhibitor release, NFjB goes to the nucleus and

up-regulates antiapoptotic genes. ASPP2 is known as a

stimulator of p53-mediated apoptosis. ASPP2 also inter-

acts with Bcl-2 antiapoptotic members2,8 and is likely to

regulate Bcl-2-mediated apoptosis. Here we suggest a

novel mechanism for the antiapoptotic function of

ASPP2 by inhibiting NFjB. For example, NFjB up-regu-

lates Bcl-X and other antiapoptotic proteins at the tran-

scription level. Inhibiting NFjB by ASPP2 is thus a

possible mechanism by which ASPP2 exerts its apoptotic

activity.
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