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Abstract

Apoptosis of virally infected cells is an innate host mechanism used to prevent viral spread. However,
viruses have evolved a number of proteins that function to modulate the apoptotic cascades and thereby
favor productive viral replication. One such antiapoptotic protein, myxoma virus M11L, has been shown
to inhibit mitochondrial-dependent apoptosis by binding to and blocking the two executioner proteins
Bak and Bax. Since M11L has no obvious sequence homology with Bcl-2 or Bcl-xL, the normal cellular
inhibitors for Bak and Bax, and the structure of M11L has not been solved, the mode of binding to Bak
and Bax is not known. In order to understand how M11L functions, the crystal structure of M11L was
solved to 2.91 Å. Despite the lack of sequence similarity, M11L is a structural homolog of Bcl-2. Studies
using a peptide derived from Bak indicate that M11L binds to Bak with a similar affinity (4.9 6 0.3 mM)
to the published binding affinities of Bcl-2 and Bcl-xL to the same peptide (12.7 mM and 0.5 mM,
respectively), indicating that M11L inhibits apoptosis by mimicking and competing with host proteins
for the binding of Bak and Bax. The structure provides important insight into how myxoma virus and
other poxviruses facilitate viral dissemination by inhibiting mitochondrial dependent apoptosis.

Keywords: M11L; poxvirus; apoptosis inhibitor; X-ray crystallography; Bcl-2 homology; fluorescence
polarization; immunomodulation

Apoptosis is thought to be an ancient innate cellular
response to infection by intracellular pathogens. In order
to circumvent this antiviral process, the majority of
successful viruses have evolved to express a wide variety
of immunomodulatory proteins (Benedict et al. 2002).
Many viruses modulate the death receptor pathway by
secreting soluble viroreceptors, as well as by modulating

the mitochondrial pathway through a number of strat-
egies, including the expression of Bcl-2 mimics (vBcl-2s).
In addition, the executioner caspases can be down-
regulated by viruses through the expression of caspase
inhibitor molecules such as the IAP family of proteins.
It is interesting that in the case of poxviruses, whose large
genomic size permits the expression of immunomodula-
tory proteins, only fowlpox virus and canarypox virus
encode a clear homolog of Bcl-2 (Cuconati and White
2002; Taylor and Barry 2006). However, a number of
poxviruses encode proteins that modulate the mitochon-
drial checkpoint of apoptotic signaling (Everett and
McFadden 2001; Barry et al. 2004; Boya et al. 2004).
Two such proteins are the M11L protein of myxoma virus
and the F1L protein of vaccinia virus. Both M11L and
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F1L localize to the mitochondria and block pro-apoptotic
signals that are propagated via this organelle (Everett
et al. 2000; Wasilenko et al. 2003; Stewart et al. 2005),
yet these proteins show no sequence homology with each
other or to any member of the Bcl-2 family of antiapoptotic
proteins.

M11L is critical for the virulence of myxoma virus, a
member of the leporipoxvirus genus and the causative
agent of a lethal rabbit-specific disease known as myx-
omatosis (Kerr and McFadden 2002). Rabbits infected
with an M11L knockout virus develop an attenuated form
of disease and ultimately make a full recovery, whereas
infection with wild-type virus leads to complete mortality
(Opgenorth et al. 1992). This led to the discovery that
M11L is also capable of blocking apoptosis in a broad
spectrum of mammalian cells, including human cells
(Everett et al. 2000, 2002). The M11L protein is a small
(166 residue) protein with a C-terminal transmembrane
domain that localizes it to the outer mitochondrial mem-
brane, where it exhibits antiapoptotic activity (Everett
et al. 2000, 2002). M11L forms a complex with the
peripheral benzodiazepine receptor (PBR), and this inter-
action protects against the loss of mitochondrial mem-
brane potential, a key point in the apoptotic pathway.
M11L and F1L also interact with members of the Bak/
Bax family of pro-apoptotic regulators to block upstream
signals that commit the cell to the death program (Wang
et al. 2004; Wasilenko et al. 2005; Fischer et al. 2006;
Postigo et al. 2006; Su et al. 2006; Taylor et al. 2006).
Although it seems that M11L and F1L are mimicking the
function of the Bcl-2 family of antiapoptotic proteins,
how they manage to do so without any obvious homology
with Bcl-2, has remained a mystery.

The Bcl-2 family of proteins act as gatekeepers for
mitochondria-mediated apoptosis (Reed et al. 1998).
Members are defined by the presence of at least one of
four Bcl-2 homology (BH) motifs (Petros et al. 2004).
The family is divided into two separate classes based
on their functions: pro-apoptotic and antiapoptotic. The
antiapoptotic proteins Bcl-2 and Bcl-xL contain all four
BH motifs and are responsible for protecting the integrity
of the mitochondrial outer membrane. The pro-apoptotic
proteins and their functions can be divided into two
classes depending on the BH motifs present. Bax-like
proteins (e.g., Bax, Bak), directly responsible for dis-
rupting the membrane, contain the BH1, BH2, and BH3
motifs, while BH3-only proteins, as their name implies,
contain only a BH3 motif and promote apoptosis by
inhibiting Bcl-2 and Bcl-xL as well as activating Bax.
Bcl-2 and Bcl-xL inhibit apoptosis by dimerizing with
Bak and Bax (Borner 2003; Sharpe et al. 2004). During
apoptosis, BH3-only proteins interfere with the binding
of these complexes releasing Bak and Bax, which are
then able to form oligomers. The oligomers form a pore

in the mitochondrial outer membrane leading to the loss
of membrane potential and the release of apoptotic
agents from the mitochondria (e.g., cytochrome c and
Smac/DIABLO) (Marsden and Strasser 2003). Viral
Bcl-2 homologs can act either by binding and sequester-
ing the BH3-only proteins or by directly binding to Bak
and Bax, forming complexes that are resistant to BH3-
only protein interference (Cuconati and White 2002;
Polster et al. 2004). The vBcl-2s are able to accomplish
this because of their sequence and structural similarity
to Bcl-2/Bcl-xL (Huang et al. 2002), but how viral inhib-
itors like M11L and F1L accomplish the same feat is
unknown.

Sequence alignments show that there is no significant
amino acid sequence similarity between M11L and Bcl-2/
Bcl-xL. Although secondary structure predictions indicate
that, like Bcl-2, M11L is entirely helical, threading
analysis (3DPSSM) produced no significant hits. In order
to determine exactly how M11L is able to bind Bak and
Bax, the structure of M11L was solved. This communi-
cation reports the structural features of M11L that
facilitate its interaction with Bak and Bax as well as the
significance of its overall structure.

Results and Discussion

Expression and initial characterization of M11L

Initial expression tests of full-length M11L resulted in
low expression levels of insoluble protein. Therefore, a
truncated version of M11L (M11LD143) was produced to
remove a predicted C-terminal transmembrane region.
M11LD143 also expressed in an insoluble form, but
when fused to the C terminus of His-tagged maltose
binding protein (His6–MBP), it was soluble. Expression
levels of the soluble His6–MBP–M11LD143 fusion
remained low even when expanded codon usage cells
(BL21[DE3] Rosetta, Stratagene) were used. In order to
increase the yield, an Escherichia coli codon optimized
M11L gene was constructed. The codon optimized His6–
MBP–M11LD143 construct produced significantly higher
levels of soluble protein, typically ;28 mg/L of fusion
protein which corresponds to ;7.5 mg/L of cleaved
M11LD143.

Consistent with secondary structure predictions, a
circular dichroism (CD) spectrum of M11L showed that
the protein is folded and helical (Fig. 1). Initial mass
spectrometry results indicated that M11LD143 contains
one intramolecular disulfide (data not shown), which was
not entirely unexpected as the protein contains six
cysteine residues. To explore whether the disulfide was
important for the structure, a CD spectrum was taken in
the presence of 1 mM Tris(2-carboxyethyl phosphine)
(TCEP), a potent reducing agent. The addition of TCEP
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had no effect on the overall spectrum, indicating that
either the disulfide is not important for the structure/
stability of M11L, or that the disulfide is resistant to
TCEP, and therefore likely important to the structure
(data not shown).

Structure determination of M11L

The structure was solved using selenomethionine deriv-
atized protein and single wavelength anomalous dif-
fraction (SAD) to locate the heavy atoms. Multiple
wavelength anomalous diffraction (MAD) was used to
refine the heavy atom sites after which the phases were
extended using high-resolution native data. The structure
was manually built and refined to 2.91 Å resolution with
final Rwork and Rfree values of 24.9% and 29.0%, respec-
tively. The crystal was found to have two M11L mono-
mers in the asymmetric unit (chain A and chain B),
resulting in a 71.96% solvent content (Matthews 1968;
Kantardjieff and Rupp 2003). Crystallographic data is
summarized in Table 1. Apart from a short loop from
Asp15 to Met24, which lacks density in chain B, the two
monomers adopt an identical confirmation (Ca-RMSD ¼
0.436 Å). An important crystal contact is made by the
interaction of the C-terminal helix of chain B with a
surface region on chain A. Likewise, the C-terminal helix
of chain A binds the same surface on chain B in an

Table 1. Data collection, refinement, and stereochemistry

Data collection M11L SeMet hi res M11L SeMet SAD M11L SeMet MAD peak M11L SeMet MAD remote

Resolution (Å) 30–2.90 50–3.2 50–3.2 50–3.2

Wavelength (Å) 1.1158 0.9795 0.9795 1.0198

Space group P3121 P3121 P3121 P3121

Unit cell dimensions (a, b, c) Å 73.15, 73.15, 186.88 73.11, 73.11, 186.57 73.04, 73.04, 186.33 73.04, 73.04, 186.32

I/s (last shell) 22.9(4.6) 9.73(2.20) 11.76(2.56) 12.4(2.65)
aRsym (last shell) % 0.090(0.412) 0.111(0.339) 0.081(0.313) 0.075(0.282)

Completeness (last shell) % 100(100) 98.0(84.1) 96.8(90.6) 97.3(93.0)

No. of reflections 365,420 178,047 173,435 155,638

Unique 13,415 18,075 17,779 17,875

No. of sites — 9 9 9
bRcullis (50–7.6 Å) — — 0.95 (0.65) 1.00 (0.89)
cPhasing power acentric (50–7.6 Å) — — 0.18 (1.08)

Phasing power centric (50–7.6 Å) — — 0.20 (0.91)
dMean figure of merit (FOM) — — 0.108

Refinement M11LD143

Resolution (Å) 30–2.91

No. of reflections 13,375

Working 12,692

Free (% total) 683(5.1)
eRwork (last shell) (%) 24.9(31.4)
eRfree (last shell) (%) 29.0(36.9)

Structure and stereochemistry

No. of atoms 2138

Protein 2127

Water 11

RMSD bond lengths (Å) 0.022

RMSD bond angles (°) 1.964

a Rsym ¼ SSj|Ij – ÆIæ|/S Ij, where Ij is the intensity measurement for reflection j, and ÆIæ is the mean intensity for multiply recorded reflections.
b Rcullis ¼ Æphase-integrated lack of closureæ/Æ|Fph � Fp|æ.
c Phasing power ¼ Æ[|Fh(calc)|/phase-integrated lack of closure]æ.
d FOM ¼ Æcos(nah)æ, where Dah is the phase angle deviation from the best phase for reflection h.
e Rwork, free ¼ S||Fobs| – |Fcalc||/|Fobs|, where the working and free R-factors are calculated using the working and free reflection sets, respectively. The free
reflections were held aside throughout refinement.

Figure 1. Far-UV circular dichroism spectrum of M11Ln143.

Structure of M11L
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adjacent unit cell. This interaction is critical to the crystal
packing, and is discussed in more depth below. An
intramolecular disulfide was found between Cys33 and
Cys127, despite the crystals being grown in the presence
of 1 mM TCEP, suggesting that it is structurally relevant;
this is interesting, since most intracellular proteins do not
contain disulfides because of the reducing environment in
the cytoplasm, although some other examples have been
reported (Prinz et al. 1997).

The structure of M11L is made up of six amphipathic
helices packed around a single core helix (Fig. 2A). The
overall topology of the structure is similar to that of Bcl-2
(Petros et al. 2001) and Bcl-xL (Muchmore et al. 1996),
which is surprising given the negligible sequence homology,
but not completely unexpected since M11L binds to
both Bak and Bax (Wang et al. 2004; Su et al. 2006).
The surface of M11L contains a few charged patches, but

whether they are functionally important is unknown at this
time (Fig. 2B). There is a patch of positive charge found
above the hydrophobic groove (Fig. 2B, left), as well as a
patch of negative charge on the opposite side of the protein
from the groove (Fig. 2B, right). There is also a wide,
shallow hydrophobic groove found on the surface (Fig. 3).

Comparison of M11L to Bcl-2 family structures

The overall structure of M11L is highly similar to that of
the Bcl-2 family proteins Bcl-2 and Bcl-xL. They share
the same number of a-helices, the same fold, and they all
contain a hydrophobic groove on their surface. Structural
alignments of the 138 Ca atoms of M11L to those of
Bcl-2 and Bcl-xL using LSQMAN (Kleywegt 1996) give
an RMSD of 2.044 Å and 1.984 Å, respectively. Figure
2C shows an overlay of M11L (shown in yellow) onto
Bcl-xL (blue). An alignment based on the overlay of
M11L with Bcl-2 and Bcl-xL can be seen in Figure 4.

Helix 1 and the loop between helix 1 and helix 2 are
both shorter in M11L than those found in either Bcl-2 or
Bcl-xL. However, the lengths of both helix 1 and the first
loop are similar in length to those found in the Kaposi
Sarcoma-associated herpes virus (KSHV) Bcl-2 homolog
(Huang et al. 2002). There is some evidence that this loop
region is important in regulating the pro-survival character
of Bcl-2 and Bcl-xL (Clem et al. 1998; Ojala et al.
2000). With a shortened a-helix and loop region, M11L
is still able to make structural interactions with helix 6 and
7, but may not be subject to the same regulation as Bcl-2/
Bcl-xL. The NWGR sequence motif found at the begin-
ning of helix 5 in the BH1 domain is highly conserved
across all Bcl-2 family members, but it is noticeably
absent from M11L (instead of the conserved sequence,
M11L contains SPSV in the same position; Fig. 4). In
Bcl-2 and Bcl-xL the tryptophan makes extensive contacts
with residues in helix 7 and 8, whereas in M11L, the
corresponding proline interacts much less with helix 7.
Instead, it seems that M11L employs an intramolecular
disulfide bond between Cys33 and Cys127 to help hold
helix 7 in place. In addition there is a hydrogen bond
between Lys80 and a backbone amide found in the loop
between helices 6 and 7. These two interactions likely take
the place of the interactions lost by the mutation of the
conserved tryptophan.

Structural studies of Bcl-2 family proteins have led to a
better understanding of how Bax and Bak may function
and how various members of the family may interact. All
of the members of the Bcl-2 family have the same fold,
characterized by an a-helical bundle arranged around a
single central a-helix (Muchmore et al. 1996; Sattler
et al. 1997; Suzuki et al. 2000; Petros et al. 2001) . The
structure of Bcl-xL also showed that the conserved BH1,
BH2, and BH3 domains are all in close spatial proximity

Figure 2. Structural representations of M11L. (A) Stereo cartoon depic-

tion of the structure of M11L. Helices are numbered sequentially from the

N terminus. The disulfide between Cys33 and Cys127 is shown in red.

(B) Electrostatic surface of M11L. Red and blue indicate electronegative

and electropositive surface, respectively. The surface was calculated using

APBS (Baker et al. 2001) for PyMOL and is contoured from �20 to 20.

(C) Stereo superposition of M11L (yellow) onto Bcl-xL (blue). Structures

were aligned using LSQMAN. Figures were generated with PyMol

(De Lano 2002).
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and form a shallow hydrophobic groove on the surface
(Muchmore et al. 1996). It was proposed, and later
confirmed via crystal structures, that this was the site
for binding of Bak. When the crystal structure of Bcl-xL

and a peptide fragment containing the Bak–BH3 domain
was solved, the peptide was found bound in this elongated
hydrophobic groove (Sattler et al. 1997). It is thought
then that the hydrophobic grooves present on Bcl-2 and
Bcl-xL mediate their binding to both Bak and Bax.

Based on similarities between the folds of M11L and
Bcl-2 proteins, the hydrophobic groove present on the
surface of M11L may be analogous to the groove found in
both Bcl-2 and Bcl-xL. This idea is strengthened by a
fortuitous crystal contact, in which the C-terminal helix
of one molecule is found binding directly into this region
of another molecule (Fig. 5). When the M11L structure is
aligned with the Bcl-xL/Bak-peptide structure (PDB ID:
1BXL), the helix bound in the M11L structure overlays
with the BH3-domain found bound in the Bcl-xL/Bak-
peptide structure. However, the groove found on the
surface of M11L is wider and slightly more shallow than

the groove found in either Bcl-2 or Bcl-xL. This can be
explained by the helix that is found bound in the pocket.
The groove on M11L is similar in shape to the groove in
the Bcl-xL/Bak-peptide structure (Fig. 6). In M11L, Tyr41

protrudes into the groove, creating a bump (Fig. 6A). An
analogous large protrusion is not present in Bcl-2 or
Bcl-xL, and its effect on binding is unknown at this time.
As was found in the Bcl-xL/Bak-peptide structure, there
is a hydrophobic pocket that accommodates the highly
conserved leucine found in the Bak and Bax BH3
domains (Fig. 6B). In M11L, this pocket is formed by
Tyr41, Tyr45, Leu48, Ala82, and Leu86, whereas in Bcl-xL it
is formed by Phe97, Tyr101, Leu130, Ala142, and Phe146.
The electrostatic distribution around the binding groove
in M11L is also very different from that of Bcl-2 and Bcl-
xL. As shown in Figure 5, the binding groove of Bcl-xL is
immediately lined with Arg100 and Arg103 on one side and
Glu129, Arg132, and Arg139 on the other. In contrast,
M11L has Lys43 and Asp50 on one side and Arg73 and
Asp74 on the other, but these charged residues are further
removed from the binding pocket and are unlikely to

Figure 4. Structural alignment of M11L, Bcl-xL, and Bcl-2. Sequence alignment based on the alignment of the helices from M11L,

Bcl-xL, and Bcl-2. Alignment after helix-7 is based on sequence and functional alignments, due to a lack of structural data.

BH domains from Bcl-2 and Bcl-xL are highlighted. Secondary structure elements are shown as cylinders.

Figure 3. Solvent-accessible surface comparisons of M11L with Bcl-2 and Bcl-xL. (A) M11L (PDB ID: 2O42), (B) Bcl-xL (1R2D),

and (C ) Bcl-2 (1G5M). Views of the hydrophobic groove are from the same perspective from LSQMAN aligned structures. Leucine,

isoleucine, valine, methionine, tyrosine, phenylalanine, and tryptophan are colored yellow. Aspartate and glutamate are colored red.

Lysine, arginine, and histidine are colored blue. Figures were generated with PyMol (De Lano 2002).

Structure of M11L
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interact with a bound peptide. The majority of the charge
differences are unlikely to affect binding since analysis of
Bcl-xL binding to the Bak BH3 domain showed that the
only charged residue making an important stabilizing
interaction with the peptide was Arg139 (Sattler et al.
1997). There is no homologous residue to Arg139 found in
the hydrophobic groove of M11L, so it is unclear how
M11L makes up for this loss of binding energy. It was
previously reported that M11L contained a putative BH3
domain (Wang et al. 2004). Analysis of this region indicates
that the conserved residues are all buried in M11L as they
are in Bak and Bcl-xL. It is unclear at this time whether this
domain is functional in binding other Bcl-2 proteins or
simply important for the overall structure of M11L.

Binding of Bak to M11L

Binding of M11L to Bak and Bax, its intracellular targets,
was previously demonstrated (Wang et al. 2004; Su et al.
2006), but the affinity was not known (Table 2). The use
of full length Bak or Bax in binding studies has proven
difficult as these proteins seem to be highly toxic to cells,
even when expressed as fusions. Therefore, short peptides
containing the BH3 regions of Bcl-2 family members
have been used instead to approximate binding constants
between Bcl-2 family members using fluorescence polar-
ization (Kelekar et al. 1997; Ottilie et al. 1997; Huang
et al. 2002; Zhang et al. 2002) (Table 2). We used a
16-residue peptide containing the BH3 domain of Bak
(GQVGRQLAIIGDCINR) to approximate the affinity of
M11L for Bak by fluorescence polarization. The peptide
was synthesized and subsequently derivatized with fluo-
rescein using cysteine chemistry. Figure 7 shows the
binding curve of M11LD143 for the peptide. The Kd

was determined to be 4.86 6 0.334 mM. This affinity is

10-fold lower than the affinity of Bak for Bcl-xL (Petros
et al. 2000), but it is similar to the affinity of Bak for
Bcl-2 (Petros et al. 2001), suggesting that binding to M11L
is physiologically relevant. The ability of M11L to bind the
peptide confirms that the purified protein is natively folded,
and supports the model that M11L acts directly as a
structural mimic of the Bcl-2 pro-survival proteins.

Summary and Conclusions

In this study, the crystal structure of M11L was solved to
2.91 Å. The structure shows that, despite a lack of
sequence homology, M11L is a structural homolog of
the Bcl-2 family of apoptotic inhibitors. M11L lacks the
large unstructured loop that is present in both Bcl-2 and
Bcl-xL (Fig. 4); this loop is thought to contain sites
involved in regulating the antiapoptotic function of these
proteins, so removal of this loop might allow M11L to
function under conditions where Bcl-2 and Bcl-xL would
be inactivated. The presence of a hydrophobic groove on
the surface of M11L provides an explanation of how
binding to pro-apoptotic Bak and Bax may occur. It is
interesting to note that the hydrophobic groove found on
M11L is quite different from the grooves found on either
Bcl-2 or Bcl-xL. The differences are likely due to M11L’s
necessity to bind to the BH3 domains of both Bak and
Bax. Previous studies have shown that Bcl-2 and Bcl-xL

have different binding affinities to peptides derived from
the BH3 domains of Bak and Bax (Table 2). In the case of
M11L, both of these BH3 domains have to be bound with
high affinity, even in the presence of BH3-only proteins.
This requirement may have shaped the character of the
groove to maximize binding to both substrates, and not to
other BH3 domains. Future structural studies of M11L
with BH3 domains from other Bcl-2 family members are

Figure 5. C-terminal helix of M11L bound in the hydrophobic groove.

The C-terminal helix of one M11L monomer (chain B) (purple) is bound

into the hydrophobic groove of another M11L monomer (chain A). The

Bak-BH3 peptide (green) is shown based on structural alignment of

Bcl-xL/Bak-peptide structure (PDB ID: 1BXL) using LSQMAN (Kleywegt

1996). M11L is shown as a solvent-accessable surface area. Leucine,

isoleucine, valine, methionine, tyrosine, phenylalanine, and tryptophan are

colored yellow. Aspartate and glutamate are colored red. Lysine, arginine,

and histidine are colored blue.

Figure 6. Comparison of hydrophobic grooves from M11L and Bcl-xL.

(A) M11L (PDB ID: 2O42) and (B) Bcl-xL (1BXL). Leucine, isoleucine,

valine, methionine, tyrosine, phenylalanine, and tryptophan are colored

yellow. Aspartate and glutamate are colored red. Lysine, arginine, and

histidine are colored blue. Specific amino acid residues are indicated in

blue or black.
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needed to determine which residues in the binding pocket
are important for the binding to only Bak and Bax.

The discovery that M11L is a Bcl-2 homolog sheds
some light on the possible structures of a number of other
poxvirus proteins (Table 3). Although it has no sequence
homology with M11L, it is likely that F1L and similar
proteins are also Bcl-2 homologs. This is further strength-
ened by the recent structure of the vaccinia virus N1L
protein (Aoyagi et al. 2007). N1L has no sequence
homology with Bcl-2, but adopts a similar fold and has
been shown to bind the BH3 domain from Bak. According
to phylogenetic analysis, pox viruses can be broken into
four distinct groups (Gubser et al. 2004). Avipoxvirus
genus (FPV), Molluscipoxvirus genus (MCV), and the
Orthopox genus (OPV) each form separate groups while
the Yatapoxvirus, Capripoxvirus, Suipoxvirus, and
Leporipoxvirus genera all cluster together (Fig. 8). Inter-
estingly, each of the groups seems to contain its own Bcl-2
homolog. FPVs are the only poxviruses that possess
‘‘classic’’ Bcl-2 sequence homologs, but many of the OPVs,
including camelpox, cowpox, variola, and monkeypox,
contain a protein that is similar to F1L from the vaccinia
virus. In the last group, rabbit fibroma virus has a very close
homolog to M11L, while sheeppox, goatpox, lumpy skin
disease virus, swinepox, and deerpox all express a more
distant relative. It is quite interesting that the poxvirus
family, unlike Herpes viruses that express clear Bcl-2
homologs, expresses multiple different proteins with very
little homology with Bcl-2, yet they all inhibit apoptosis by
binding to Bak, and in some cases to Bax. How many other
virus families possess cryptic Bcl-2 homologs is currently
unknown. Further structural analysis of both M11L and F1L
may lead to the identification of new sequence motifs that
can be used to search out these unknown Bcl-2 homologs.

Materials and Methods

Cloning

The sequence of the codon-optimized M11L gene was generated
using an in-house computer program which replaces the natural
codons of a given protein with codons observed at high
frequency in bacterial cells. Repetitive sequences, high GC
content, and mRNA structure are then eliminated with cycles of

Monte Carlo optimization (N. Pokala, unpubl.). The optimized
gene was then synthesized using seven sets of overlapping
primers (MWG Biotech). A fragment containing resides 1–143
of M11L, lacking the C-terminal transmembrane anchor
(M11LD143), was cloned into the pSV272 expression vector
(N. Pokala and T.M. Handel, unpubl.) to produce a fusion of
M11L to the C terminus of His6–MBP (His6–MBP–M11LD143).
A tobacco etch virus (TEV) protease site was placed between
the MBP and M11LD143 to allow for cleavage of the fusion
protein, leaving a Gly–Ala on the N terminus of M11LD143
(Kapust and Waugh 1999).

Protein expression and purification

The His6–MBP–M11LD143 fusion protein was expressed in
E. coli BL21(DE3)pLysS cells (Stratagene) by inducing with 1 mM
isopropyl-b-D-thiogalactopyranoside (IPTG) at OD600 ¼ 0.6 for
4 h. Cells were harvested and spun down at 6000g at 4°C and
resuspended in buffer (50 mM potassium phosphate [pH 8.0],
300 mM NaCl, 20 mM imidazole). Protease inhibitors (Complete:
EDTA-free, Roche Diagnostics) were added and the cells were
then frozen in liquid nitrogen.

For purification, cells were ruptured using an Emulsiflex C5
(Avestin Inc.) at 12,000 PSI and centrifuged at 25,000g for
20 min at 4°C. The supernatant was run over Ni-NTA resin
(Qiagen) and the peak fractions pooled. Pooled protein was then
concentrated via ultrafiltration (Centriprep YM-10, Millipore)
and cleaved for 1 h at room temperature using a 1:100 molar
ratio of TEV protease:M11L-fusion protein. The cleavage reac-
tion was dialyzed against 50 mM potassium phosphate pH 8.0,
300 mM NaCl at 4°C overnight and run over a Ni-Sepharose
column (GE Healthcare). The flow-through was concentrated
and passed over an S75 gel filtration column (GE Healthcare).
The peak fractions were then pooled and concentrated via
ultrafiltration (Centriprep YM-3, Millipore). The protein
sequence was verified via electrospray mass spectrometry
(courtesy of Dr. David King, UC: Berkeley and HHMI).

Selenomethionine-labeled protein was expressed via the
method of Van Duyne et al. (1993) and purified as described
for native His6–MBP–M11LD143 with the addition of 1 mM
b-mercaptoethanol at all steps up to gel filtration when 1 mM
Tris(2-carboxyethyl phosphine) (TCEP) was used instead.

Table 2. Affinities of apoptosis inhibitors for Bak/Bax peptides

Bak(BH3) peptide Bax(BH3) peptide

Bcl-2 12.71 mMa 5.20 mMb

Bcl-xL 0.48 mMa 13.00 mMc

M11L 4.86 mM N/D

a Data obtained from Petros et al. (2001).
b Data obtained from Huang et al. (2002).
c Data obtained from Sattler et al. (1997).

Figure 7. Binding curve of M11L for the Bak peptide. Fluorescence

polarization binding curve for the binding of M11L to the Bak(BH3)

peptide. The peptide concentration was 10 nM.
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Circular dichroism

M11LD143 was dialyzed into 20 mM potassium phosphate
(pH 7.5), 100 mM NaCl. Circular dichroism (CD) data was collected
on an Aviv 62DS spectropolarimeter (25°C, 1-cm path length).

Crystallization and structure determination

Purified selenomethionine-derivatized M11LD143 was dialyzed
against 20 mM potassium phosphate (pH 7.4), 100 mM NaCl,
and 1 mM TCEP overnight. The protein was then concentrated
to 13.5 mg/mL. Crystals were grown via hanging drop vapor
diffusion by mixing 1 mL M11LD143 with 1 mL of well solution
containing 100 mM sodium citrate (pH 5.5), 700 mM ammo-
nium sulfate, and 200 mM KCl. For harvesting, crystals were
transferred to a cryoprotectant solution containing well solution
plus 30% xylitol before flash freezing in liquid nitrogen.

All data sets were collected on Beamline 8.3.1 at the
Advanced Light Source at Lawrence Berkeley National Labo-
ratory (MacDowell et al. 2004). Data were indexed using
HKL2000 (Otwinowski et al. 1997), and heavy atom sites were
determined from SAD data using Solve (Terwilliger 2004).
Heavy atom sites were refined and phases solved using
MLPHARE (Collaborative Computational Project 1994) imple-
mented by ELVES (Holton and Alber 2004). Initial density
modification was undertaken by RESOLVE (Terwilliger 2004),
and manual model building was performed with O (Jones et al.
1991). The model was refined using Refmac5 (Collaborative
Computational Project 1994), followed by TLS refinement in
Refmac5 (Winn et al. 2001). The model was refined, along with
several rounds of manual rebuilding, to a resolution of 2.91 Å,
and a final working R-factor of 24.9% and Rfree of 29.0%. The
final model consisted of residues 1–138 of M11L. A total of
90.1% of nonglycine residues are in the most favored regions
of Ramachandran space, with 8.3% in additional allowed areas
and 1.6% in generously allowed areas (Table 1).

Fluorescence polarization

Unmodified Bak(BH3) peptide (GQVGRQLAIIGDCINR) was
obtained from Elim Biopharmaceuticals, Inc. The peptide was
derivatized using fluorescein-5-maleimide from Molecular

Probes (Invitrogen), purified via reverse-phase HPLC on a
C-18 column (Vydac), and verified by electrospray mass spec-
trometry. Binding experiments were carried out in 120 mM
sodium phosphate (pH 7.4), 0.1 mg/mL bovine serum albumin,
using a peptide concentration of 10 nM and M11LD143
concentrations ranging from 1 nM to 325 mM. Data was
collected on a Molecular Devices M5 fluorescence plate reader,
and fit nonlinearly to an independent binding site model (Clarke
1996) using KaleidaGraph (Synergy Software).

Data deposition

Atomic coordinates and diffraction data have been deposited
in the Protein Data Bank. (Accession code 2O42).
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