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Abstract: Vaccinia virus (VACV) encodes many proteins that interfere with the host immune system.
Vaccinia virus A46 protein specifically targets the BB-loop motif of TIR-domain-containing proteins

to disrupt receptor:adaptor (e.g., TLR4:MAL and TLR4:TRAM) interactions of the toll-like receptor

signaling. The crystal structure of A46 (75–227) determined at 2.58 Å resolution showed that A46
formed a homodimer and adopted a Bcl-2-like fold similar to other VACV proteins such as A52,

B14, and K7. Our structure also revealed that VIPER (viral inhibitory peptide of TLR4) motif resides

in the a1-helix and six residues of the VIPER region were exposed to surface for binding to target
proteins. In vitro binding assays between wild type and six mutants A46 (75–227) and full-length

MAL identified critical residues in the VIPER motif. Computational modeling of the A46:MAL com-

plex structure showed that the VIPER region of A46 and AB loop of MAL protein formed a major
binding interface. In summary, A46 is a homodimer with a Bcl-2-like fold and VIPER motif is

believed to be involved in the interaction with MAL protein based on our binding assays.
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Introduction

The innate immune system is important for early

detection of invading pathogens and subsequent

development of the adaptive immune response. Cells

of the innate immune system express a number of

pattern-recognition receptors, including Toll-like

receptors (TLRs),1 RIG-1-like receptors (RLRs),2 and

NOD-like receptors (NLRs).3 The TLRs are type I

transmembrane proteins with an extracellular

ligand-binding domain composed of leucine-rich

repeats and an intracellular Toll/interleukin-1

receptor (TIR) domain for signaling. The ligand-

binding domain of TLRs recognizes various pathogen-

associated molecules (PAMs) and induces di-

merization of intracellular TIR domains.4 This, in

turn, initiates signaling pathways via interaction

with TIR-domain-containing adaptor proteins such as

MyD88, MAL, TRIF, and TRAM,5 leading to the acti-

vation of transcription factors, including NF-jB and

interferon regulatory factors (IRFs). TLR4, known as

a receptor of bacterial LPS, also plays a role in the

immune response to viruses by recognizing glycopro-

tein G of vesicular stomatitis virus (VSV)6 and F pro-

tein of respiratory syncytial virus.7 Although PAMs

have not been identified in poxviruses, TLR4 has

been shown to be protective in pulmonary VACV

infection, and mice lacking TLR4 signaling displayed

greater signs of illness than control animals.8 Fur-

ther, the fact that viruses produce a number of pro-

teins that interfere with TLR signaling highlights the

importance of TLRs in anti-viral immunity.9
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Vaccinia virus (VACV), used as smallpox vac-

cine, is the prototype member of Poxviridae: a family

of large, complex dsDNA viruses.10 VACV has devel-

oped strategies to evade detection by host immune

systems and modulate their signaling. VACV encodes

several immune-modulatory proteins, including A46,

A52, B14, and K7. Unlike conventional viral Bcl-2

homologues that antagonize apoptosis,11,12 these pro-

teins target downstream components of TLR signal-

ing pathways. Specifically, VACV B14 targets the

IKKb subunit of the IKK kinase complex, thus inter-

fering with the phosphorylation of IjBa.13 A52 inter-

acts with TRAF6 and IRAK2 of the TLR signaling

pathway.14,15 VACV protein K7 is known to bind

RNA helicase DDX3 as well as TRAF6 and

IRAK2.16,17

Vaccinia virus A46 is known to target multiple

TIR-domain-containing adaptors, resulting in the

inhibition of both MyD88-dependent and TRIF-

dependent signaling.18 A46 specifically targets the

BB-loop motif of TIR-domain-containing proteins to

disrupt receptor:adaptor (TLR4:MAL and

TLR4:TRAM) interactions, but not receptor:receptor

or adaptor:adaptor interactions.19 An 11-amino acid

peptide sequence in A46, called VIPER (viral inhibi-

tory peptide of TLR4), was shown to directly interact

with both MAL and TRAM, resulting in potent inhi-

bition of TLR4 signaling.20 A study by Oda et al.

showed a binding affinity of 1.7 or 1.5 mM between

full-length MAL protein and A46 (1–230) or A46

(81–230), respectively.21 However, the binding of

VIPER peptide to MAL protein could not be

observed in their in vitro binding assays.21 The dis-

crepancy about the binding of VIPER peptide to

MAL protein could arise from the fact that an 11-

residue VIPER peptide may not maintain its native

conformation. The VIPER peptide was suggested to

have a high b-strand content (44%) from a CD spec-

troscopic measurement by Oda et al., however it is

completely a-helical in our structure and by Fedo-

syuk et al.22 TLR4 has been implicated in a number

of autoimmune and inflammatory diseases, includ-

ing rheumatoid arthritis, atherosclerosis, and septic

shock.23,24 The A46 deletion mutant of attenuated

vaccinia virus strain (NYVAC) was shown to have

increased immunogenicity in mice against HIV-1

antigens.25 Thus, understanding the mechanisms

underlying the inhibitory effects of A46 on TLR sig-

naling pathways will not only improve our knowl-

edge of immune modulation by VACV but also

provide therapeutic opportunities by regulating

immune responses.

Here, we report the crystal structure of VACV

A46 C-terminal domain (75–227). A46-CTD adopted

a Bcl-2-like fold and formed a homodimer. A46-CTD

contained the VIPER motif that is important for tar-

get recognition. The KD value between wild type

VACV A46-CTD and human MAL protein was 13 mM

and the affinities were affected by mutations of the

six exposed residues in the VIPER motif. Computa-

tional modeling suggested an A46-CTD:MAL com-

plex that is consistent to our binding assay data.

Results

Overall structure of A46

As the expression of full-length A46 protein was not

successful, the N- and C-terminally truncated forms

of A46 comprising residues 75–227 were used to

determine the structure. A46-CTD contained eight

a-helices, however a-helices (a1–a7) without count-

ing the first short a2helix, adopted a typical Bcl-

Figure 1. Overall structure of vaccinia virus A46 (75–227) (A) two subunits (green and cyan) in the asymmetric unit forms a

homodimer (B) 90� rotated view of A (C) amino acid sequence of A46 with A46 (75–227) colored in blue. The VIPER sequence

located in the a1 helix is highlighted in bold. The a-helices are indicated above the sequence. An interactive view is available in

the electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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2-like fold (Fig. 1). A46-CTD formed a homodimer

(green and cyan) composed of two subunits in the

asymmetric unit with 2-fold non-crystallographic

symmetry. A46-CTD was eluted from a Superdex75

10/300GL size-exclusion column (GE healthcare)

only in multimeric form with a calculated MW of

46.3 kDa (Supporting Information Fig. 1). Although

this MW is closer to a trimer (50.4 kDa), we believe

this peak corresponds to an elongated dimer (33.6

kDa) of A46-CTD, as observed in the crystal struc-

ture. The buried surface area of the dimer interface

was 681 Å2, which is about 8.5% of the total solvent

accessible area of each monomer. The residues form-

ing the dimer interface were D140, S141 in the loop

region, L143, F144, and V147 in helix a4, and Y179,

R180, M182, A183, E186, H187, and D190 in helix

a6 [Fig. 2(A)]. Most of the interactions in the dimer

interface were hydrophobic, including the stacking

of aromatic residues composed of H187 (subunit A),

F144 (subunit B), F1440, and H1870 [Fig. 2(B)].

Hydrogen bonds were formed between E186 and

Y1790 as well as H187 and S1410, and an ionic inter-

action was observed between E186 and R1800. The

formation of dimer by A46 (87–229) was also

observed with almost same set of residues involved

in the dimerization including the stacked interaction

of F144 and H187.22 However, it should be pointed

that full-length A46 formed a tetramer according to

the studies by Fedosyuk et al.

Conformation of VIPER motif and binding assay

with human MAL protein
Previous studies have showed that A46-derived pep-

tide named viral inhibitory peptide of TLR4 (VIPER)

inhibited both early and late TLR4-mediated

responses by interacting with TIR-domain-

containing adaptor molecules, such as MAL and

TRAM, respectively.20 Moreover, A46 is thought to

bind to the BB-loop region in the TIR domain to dis-

rupt receptor:adaptor interactions.19 Our structure

showed that the VIPER sequence (KYSFKLILAEY)

was located in the a1 helix [Fig. 1(C)]. The two

VIPER motifs in the dimer were facing the same

side, and the closest distance between them was 29

Å (measured between E97 and E970) [Fig. 3(A)]. The

structure also revealed that the side chains of six

residues (K88, Y89, K92, L93, A96, and E97) from

11-amino acid VIPER sequence were exposed to the

surface facing the same side of the helix and thus

likely to interact with other molecules [Fig. 3(B)]. To

investigate the role of the surface-exposed residues

of VIPER motif in the A46:MAL interaction, we

mutated these six residues and measured changes in

binding affinity with human MAL protein. Although

S90 was also partly exposed to the solvent (20% sol-

vent accessible surface area calculated by POPS soft-

ware26), this residue was not mutated because it

was pointing to a different direction from the six

residues listed above and the hydroxyl group of S90

was engaged in hydrogen bonds with the carbonyl

group of Y84 and the side chain of N87. Binding

assay using the BLItz system showed a KD value of

13 mM between wild type A46-CTD and MAL, which

is comparable to a previous study that gave values

of 1.7 and 1.5 mM using full-length A46 and trun-

cated A46 (81–230) proteins, respectively.21 The KD

values were 52, 22, 2.4, 34, 11, and 473 mM for the

K88A, Y89A, K92A, L93A, A96E, and E97A A46

Figure 2. A46 dimer interface (A) residues from subunits A and B that are involved in the dimer interface are listed. (B) Stacked

aromatic residues (F144 and H187) in the dimer interface are shown in stereoview. Numbers on the dashed line indicates dis-

tances in Å. An interactive view is available in the electronic version of the article.

This figure also includes an iMolecules 3D interactive version that can be accessed via the link at the bottom of this figure’s caption.
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mutants, respectively [Fig. 3(C) and Supporting

Information Fig. 2). Changes in binding affinity

between A46 mutants and MAL indicate that the

VIPER motif was indeed involved in the protein-

protein interaction. Our data agree with a previous

study in which reduced inhibitory effects were

observed from K1A, L6A, and E10A mutants of

VIPER peptide “KYSFKLILAEY” (corresponding to

K88A, L93A, and E97A in our study). However,

K92A showed 5.5-fold increased binding affinity in

our study but K5A peptide (mutation of fifth lysine

to alanine) did not show significant change in the

inhibitory effect of TLR4 signaling.20 It was pro-

posed that the positively charged VIPER region of

A46 may interact with the electronegative binding

interface of its binding partners, including MAL and

TRAM.20 Mutation of positively charged residue

K88A showed 4-fold reduction of binding affinity,

which is consistent with this hypothesis. Surpris-

ingly, mutation of negatively charged residue E97 to

alanine (E97A) actually reduced binding affinity

most dramatically (36-fold decrease). This was unex-

pected since removal of the negative charge on A46

should increase affinity with the mainly negatively

charged binding regions of MAL and TRAM. The

increase in binding affinity of K92A mutant cannot

be explained with the electrostatic interaction model

either. To gain insights into the A46:MAL complex

and the roles of VIPER motif in this interaction, we

made docking models of the A46:MAL complex as

explained in the next section.

Comparison with homologous structures

The structure of A46 was composed mostly of

a-helices and adopted a Bcl-2-like fold. VACV encodes

several proteins, such as A46, A52, B14, and K7,

which interfere with innate immune signaling. It is

interesting that these VACV proteins share a Bcl-2-

like fold despite their low sequence identities (13–

22%). A search of structurally similar proteins using

the monomer of A46 by DALI server27 identified six

proteins with a Z-score higher than 10 (Table II).

VACV A52 (PDB ID:2VVW), K7 (3JRV), and B14

(2VVY) are included in this result. Other proteins in

the list include MCL-1 (PDB ID:3MK8),28 N1 (2I39),29

and Bcl-xL (3SPF).30 Superposition of A46, A52, K7,

and B14 proteins involved in the inhibition of TLR

signaling revealed that they shared a Bcl-2-like fold;

however, the exact locations and orientations of the

a-helices differed from each other (Fig. 4).

Modeling of A46:MAL complex
The model of the VACV A46 and human MAL com-

plex was built by taking advantage of the fact that

the VIPER region of A46 and AB loop of MAL are

involved in binding (Fig. 5).19 For modeling, dimer

of A46 and monomer of MAL protein were used

since the exact dimeric structure of MAL is still

under debate. Part of the AB loop region (112–123)

of MAL protein was not observed in the crystal

structure (PDB ID:2Y92),31 and this disordered

region as well as neighboring residues with high

B-factors (109–111 and 124–129) were modeled as

described in the methods section. One of the complex

structures (rank number 5 according to the Galax-

yRefine energy and belonging to the cluster contain-

ing the lowest energy docking conformation) was

chosen based on its extensive interactions between

VIPER motif of A46 subunit A (green subunit) and

AB loop of MAL (Fig. 5). The critical P125 residue in

the AB loop region of MAL19 participated in hydro-

phobic interactions with K92, L93, and A96 of A46

protein (Supporting Information Fig. 3). Interest-

ingly, E97 of A46 protein was involved in an ionic

interaction with R121 of MAL, which may explain

Figure 3. Conformation of VIPER motif and binding assay

with MAL protein (A) VIPER motifs in the homodimer is high-

lighted with dark colors and the residues are drawn in ball-

and-stick model. (B) Stereoview of VIPER motif of subunit A

with the exposed residues labeled. (C) Binding affinities (KDs)

of wild type and mutants A46 with human MAL protein were

measured using the BLItz system. An interactive view is avail-

able in the electronic version of the article.

This figure also includes an iMolecules 3D interactive version

that can be accessed via the link at the bottom of this figure’s

caption.

Kim et al. PROTEIN SCIENCE VOL 23:906—914 909

http://imolecules3d.wiley.com:8080/imolecules3d/review/IMhKUO0dKsU02h6zdtXZBQqQ0tsED85NA2BZ0sN2306Pwtzao5hKOz7Tl2LWgKGk726/1404
http://imolecules3d.wiley.com:8080/imolecules3d/review/IMhKUO0dKsU02h6zdtXZBQqQ0tsED85NA2BZ0sN2306Pwtzao5hKOz7Tl2LWgKGk726/1404
http://imolecules3d.wiley.com:8080/imolecules3d/review/IMhKUO0dKsU02h6zdtXZBQqQ0tsED85NA2BZ0sN2306Pwtzao5hKOz7Tl2LWgKGk726/1404


the large reduction of binding affinity for E97A

mutant. Examination of the A46:MAL binding inter-

face showed that although the electrostatic proper-

ties of A46 and MAL are positively and negatively

charged, respectively, patches of either hydrophobic

or oppositely-charged surfaces are present in the

interface (Supporting Information Fig. 3). The dock-

ing structure of the A46:MAL complex also suggests

that parts of these proteins other than the VIPER

motif of A46 and the AB loop of MAL can participate

in the binding.

Discussion

The crystal structure of VACV protein A46 showed

that A46 adopted a Bcl-2-like fold and formed a

homodimer, similar to VACV A52, B14, and K7 pro-

teins. The structure of A46-CTD revealed the posi-

tions of VIPER motif in the dimer, and 6 out of the

11 residues are exposed to the surface for interac-

tion. Our results using mutants of these six residues

showed changes of binding affinities between A46

and MAL, confirming that VIPER motif is involved

in the interaction and suggest that the A46:MAL

interaction is more complicated than the simple elec-

trostatic interaction as proposed before. The compu-

tational docking model of A46:MAL complex

demonstrates that the VIPER motif of A46 and AB-

loop region of MAL can be involved in the interac-

tion without major conformational changes and

steric clashes. In this model, the A46 dimer:MAL

dimer interaction is theoretically possible consider-

ing the relative position of MAL to the 2-fold axis of

A46 dimer.

Our model of A46:MAL complex is similar to the

A46:TRAM complex model by Fedosyuk et al. in the

sense that the VIPER motif of A46 and BB-loop

region of the TRAM (or AB-loop of MAL) forms the

major binding interface in both cases. However,

A46DVIPER mutation, where the VIPER sequence

“KYSFKLIL” is changed to “DYSSDGGG,” disrupted

A46:TRAM complex but maintained its interaction

with MAL.19 In our A46:MAL complex model, the

Figure 4. Comparison of A46 and other VACV Bcl-2-like fold proteins. Monomeric structures of (A) A46-CTD (green), (B) A52

(magenta), (D) K7 (blue), (F) B14 (yellow), superposition of A46 and (C) A52, (E) K7, and (G) B14.

Figure 5. Computational modeling of A46-CTD:MAL complex (A) model of A46 dimer (green and cyan):MAL monomer (pink)

complex. VIPER motif of A46 and AB loop of MAL are dark-colored to highlight. (B) 90� rotated view of (A). The N- and C-

terminus of A46 and MAL are labeled to show their positions in the model.
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binding interface of A46:MAL included other regions

than the VIPER motif of A46 and mutation of

VIPER motif only may not be enough to completely

disrupt the A46:MAL interaction. Also, E97A

mutant showed the most dramatic decrease in bind-

ing affinity in our assay and the fact that this resi-

due was not included in A46DVIPER mutant may

explain why A46DVIPER:MAL binding was still

observed. A46 was shown to inhibit other TIR-

domain-containing proteins such as MyD88, TRIF,

MAL, and TRAM but VIPER peptide was able to

inhibit only MAL and TRAM. This could be because

A46 contains binding interfaces for MyD88 and

TRIF other than VIPER motif. A46 protein seems to

have multiple binding interfaces for the TIR-

domain-containing adaptor proteins and the investi-

gations of exact binding modes of difference com-

plexes will be of great interest.

VACV A46, A52, K7, and B14 proteins share a

Bcl-2-like fold and all form homodimers. However,

the dimerization interface of A46 is distinct from

those of A52, K7, and B14. Formation of the dimer

interface of A46 involves a4 and a6, whereas those

of B14 and A52 involve a1 and a6, and helices

a12a4 are involved in K7. The low sequence iden-

tity among these proteins and distinct dimerization

patterns show that they have evolved to interact

with different partner molecules with different func-

tions, although they share a common Bcl-2-like fold.

In conclusion, our crystal structure showed that

A46 adopted a Bcl-2-like fold similar to other VACV

proteins such as A52, B14, and K7. A46 formed a

homodimer with helices a4 and a6 involved in the

dimerization. The dimer interface is mainly formed

by hydrophobic residues including stacked aromatic

residues such as H187 and F144 from two subunits.

The VIPER motif is located in a1 helix and can par-

ticipate in the interaction with target proteins. The

changes of binding affinity of mutant A46 proteins

showed that VIPER motif is involved in A46:MAL

interaction. The computational model of A46:MAL

complex is consistent with our binding assay results

and suggests that VIPER motif of A46 and AB loop

of MAL interact without major conformational

changes. Therefore, our structural and biochemical

studies provide insight about the inhibition mecha-

nism of TLR4 signaling pathway and the roles of

VIPER motif in specific interaction with the adaptor

protein MAL.

Materials and Methods

Cloning and protein expression
The A46 gene was synthesized (Bioneer) and amplified

by polymerase chain reaction (PCR) using primers (50-

TACTTCCAATCCAATGCAGCAGTCAATACCCCGGT-

TAG-30, 50-TTATCCACTTCCAATGTTATTAGCTGTC

ATCATCTTCAAAATAAT-30). The purified PCR prod-

uct was cloned into pLIC-Tr3Ta-HA vector containing

an N-terminal His6-tag and TEV protease site. The

construct was transformed into BL21(DE3) Esche-

richia coli strain (Novagen). The cells were grown in

M9 media containing 50 mg/mL of carbenicillin at

37�C until an OD600 of 0.8. The amino acid mixture

(100 mg/L each of Lys, The, and Phe; 50 mg/L each of

Leu, Ile, Val, and Sel-Met) was added 30 min before

induction with 1 mM isopropyl b-D-1-thiogalacto

pyranoside (IPTG) at 18�C. After incubation at 18�C

for 16 h, cells were lysed by sonication in 20 mM Tris–

HCl pH 7.5 and 250 mM NaCl buffer (lysis buffer).

The lysate was cleared by centrifugation, after which

the supernatant was loaded onto a Ni-sepharose 6

affinity column and eluted by a stepwise gradient of

50–800 mM imidazole pH 7.0 in lysis buffer. After the

N-terminal His6-tag from the vector was cut by TEV

protease at 4�C for 16 h, A46 was further purified

using a Superdex75 size-exclusion column (GE

Healthcare) equilibrated with buffer composed of 20

mM Tris–HCl pH 7.5, 250 mM NaCl, 2 mM dithio-

threitol (DTT), and 2 mM EDTA. The purity of the

protein was analyzed by SDS–PAGE. A46 was also

expressed in LB media, and purification processes

were the same as those used for M9 media expression.

Crystallization, data collection and structure

determination

Purified selenomethionine-substituted A46 protein

was concentrated to 6.8 mg/mL using a centrifugal

ultrafiltration device (Amicon). Crystals of A46 were

obtained by the hanging-drop vapor diffusion method

at 4�C using a well solution composed of 1.5M sodium

formate and 0.1M Tris–HCl pH 7.5. Crystals were

transferred into 1.5M sodium formate, 0.1M Tris–

HCl pH 7.5, and 30% glycerol as a cryoprotectant

solution and then flash-frozen in liquid nitrogen.

X-ray diffraction data were collected at 3.29 Å resolu-

tion at PAL beamline 5C (KOREA). Data were proc-

essed with HKL-2000,32 and an initial model of A46

was obtained by the PHENIX program33 using the

peak dataset. Higher resolution data (2.58 Å) were

obtained using crystals obtained from LB media

expression at PAL beamline 7A (KOREA). The struc-

ture of A46 was determined using the Phaser pro-

gram of the CCP4 package34 with the A46 structure

obtained from selenomethionine-labeled crystal as a

search model. The space group was P6522 with two

subunits in the asymmetric unit that formed a ho-

modimer. The Matthews’ coefficient (Vm) was 6.98

Å3/Da, and the estimated solvent content was 82.2%.

The model was refined with the Refmac program,35

and manual model building was performed using

Coot software.36 Data collection and refinement sta-

tistics are summarized in Table I. Eighteen residues

out of 306 were not observed in the electron density

and thus were not included in the final model.

The Ramachandran plot produced by PROCHECK

Kim et al. PROTEIN SCIENCE VOL 23:906—914 911



showed that 100% of residues are in the favored or

allowed region.37

Point mutation

K88A, Y89A, K92A, L93A, A96E, and E97A mutants

were constructed using a QuikChangeII site-directed

mutagenesis kit (Agilent Technologies) and primers

(Supporting Information Fig. 1). The expression and

purification processes of the mutants were same as

those of wild type protein. The expression levels of

mutants were comparable to wild type A46.

Binding assay of A46–MAL

Wild type vaccinia virus A46 (75–227) and six mutants

were used for the binding assay with full-length

human MAL (1–235). The A46-MAL binding assay

was performed using a BLItz instrument (fortebio) and

Ni-NTA biosensor. The A46-CTD proteins did not con-

tain an N-terminal His6-tag, whereas full-length MAL

contained a C-terminal His6-tag. Full-length MAL

with a His6-tag was bound to the Ni-NTA sensor, and

the binding of A46-CTD to MAL was monitored. All

proteins were placed in 20 mM Tris–HCl pH 7.5 and

250 mM NaCl. Binding assay was performed in tripli-

cates and the data were analyzed using BLItz Pro soft-

ware version 1.1 to calculate KD values.

Computational modeling of the A46–MAL

complex
The MAL structure in Protein Data Bank (PDB ID:

2Y92) contained a disordered region in the AB loop.

This loop region with missing coordinates (residues

112A–123A) as well as nearby residues with a Ca B-

factor greater than 100 (109G–111T, 124T–129I)

were considered as flexible and carefully modeled by

considering possible conformational changes induced

by binding with A46. Ten low-energy model loop

structures were first obtained by using the Galaxy-

Loop38 loop modeling method to account for the

ensemble nature of the flexible AB loop. Initial mod-

els for the A46–MAL complex were then generated

by using the ZDOCK39 protein–protein docking pro-

gram for each of the 10 MAL models with the

Table I. Data Collection and Refinement Statistics

Data collection statistics

SeMet-A4675–227 A4675–227

PDB ID code 4M0S
Space group P6522 P6522
Wavelength Å 1.000 Å
Unit cell dimensions a 5 b 5 104.05, c 5 312.13 Å a 5 b 5 103.24, c 5 313.43 Å
Molecules per AU 2 2
Resolution range (Å)a 30.0–3.30 (3.30–3.29) 30.0–2.58 (2.62–2.58)
Observed reflections 1,354,685 470,271
Unique reflections 15,451 30,868
Completeness (%) 99.8 (100) 95.9 (99.1)
Rmerge (%)b 0.089 (0.683) 0.078 (0.784)
<I/r(I)>c 51.2 (5.9) 20.1 (2.7)
BWilson (Å2) 66.0

Refinement statistics

Rwork(%)/Rfree (%)d 20.0 / 23.0
Refined atoms: protein/solvent 2,356/113
BAverage (Å2) 43.9
rmsd bonds (Å) 0.0146
rmsd angles (�) 1.8412
Ramanchandran plot
Preferred/allowed/outliers(%) 94.4/5.6/0

a Resolution range of the highest shell is listed in parentheses.
b Rsym 5 RjI – hIij/RI, where I is the intensity of an individual reflection and hIi is the average intensity over symmetry
equivalents.
c <I/r(I)> is the mean reflection intensity/estimated error.
d Rwork 5 RjjFoj – jFcjj/RjFoj, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively, Rfree

is equivalent to Rcryst but calculated for a randomly chosen set of reflections that were omitted from the refinement
process.

Table II. DALI Search Results of Structurally Related
Proteins

Protein Z-scorea RMSD %ID

A52 (2VVW) 14.2 2.2 22
MCL-1 (3MK8) 11.1 3.3 17
N1 (2I39) 11.0 2.6 19
K7 (3JRV) 10.9 2.5 22
B14 (2VVY) 10.3 2.9 15
Bcl-xL (2SPF) 10.0 3.6 8

a Column headings refer to the followings: Z-score, similar-
ity score from DALI; RMSD, root mean square deviations;
%ID, % sequence identity with A46.
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10 initial loop structures. Out of the 36,000 models

generated by ZDOCK (3600 models for each of the

10 MAL models), 20,000 models were selected first

by screening out low ZDOCK score poses, after

which 100 models were chosen for further refine-

ment based on the number of interface residues con-

sistent with the predicted interface residues by

HomPPI.40 HomPPI is an interface prediction

method based on sequence homology, and the pre-

dicted interface residues were 97E, 100R, 101H,

104T, and 105I for A46 (five residues) and 88Y,

123A, 124T, 128A, 131S, 132E, 135Q, 139S, 157C,

158K, 160Q, and 161M for MAL (12 residues). The

number of predicted interface residues found in the

100 model complex structures ranged from 8 to 14.

Each of the 100 complex structures were then

refined by GalaxyRefine,41 which refines both back-

bone and side chain structures by molecular dy-

namics simulations after side chain repacking

perturbations. In particular, the AB loop structure

that was initially generated without considering the

interaction with A46 was adjusted to the A46–MAL

complex structure by applying weaker restraints (by

a factor of nine). The interface residues were also

allowed to relax using the same weak restraints dur-

ing the refinement. Each of the 100 docking poses

was then refined by using RosettaDock42 with the

default option, except that a more extensive confor-

mational search was performed starting from 1000

perturbed conformations instead of one. For each of

the 100 model complex structures, the lowest energy

conformation after the 1000 RosettaDock refine-

ments was selected for the next step. The resulting

complex structures were further refined by one more

round of GalaxyRefine and RosettaDock using the

same protocols as the previous step. Additional

refinement after two rounds of refinement resulted

in almost converged structures, so the complex

structures after the second iteration step were

energy minimized and ranked by GalaxyRefine. The

top 20 structures ranked according to GalaxyRefine

energy were examined in more detail after clustering

by the NMRCLUST method,43 which optimizes clus-

ter divergence and the number of clusters at the

same time. The top 20 complex structures were clus-

tered into seven clusters with sizes of 7, 6, 3, 1, 1, 1,

and 1 (Supporting Information Fig. 1).

Accession numbers
The coordinate and structure factors for A46 (75–

227) protein have been deposited in the RCSB Pro-

tein Data Bank with accession number 4M0S.
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