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fascinating to see that the molecule in
question is able to show up in the two
most sacred spots of the receptor: its
pore and its orthosteric binding site. This
constitutes an interesting complement to
the often complex effects of channel
blockers on pLGICs observed in func-
tional electrophysiology experiments,
which was also found by the authors in
the case of memantine and ELIC. In fact,
this may not be dissimilar from the finding
that nicotinic acetycholine receptors are
both activated and (at higher concentra-
tions) blocked by a range of ligands
(Sine and Steinbach, 1984). The current
study therefore sheds new structural light
on this long-standing observation and
may well trigger renewed interest in this
fascinating phenomenon.

The pLGIC field has greatly benefitted
from a recent surge in available crystal
structures, first by bacterial pLGIC homo-
logs (reviewed in Corringer et al., 2012)
and later followed by eukaryotic pLGICs
(Althoff et al., 2014; Hassaine et al.,
2014; Hibbs and Gouaux, 2011; Miller
and Aricescu, 2014). The present study
therefore adds to an already astounding
number of crystallographically observed

pore conformations among pLGICs.
However, the authors also point out an
intriguing twist in the story; although
the structurally determined closed pore
conformation is uncannily similar under
memantine-free and memantine-bound
conditions, their data from combined
electrophysiological and fluorescence
measurements suggest that memantine
induces a conformational state distinct
from that of the agonist-free (and likely
also the agonist-bound) receptor. This is
an important finding, because it suggests
that the entire conformational landscape
visited by the protein in an intact mem-
brane may, in some cases, lie beyond
the grasp of X-ray crystal structures.
Interestingly, this is in good agreement
with another recent crystallography study
on ELIC, in which the authors found that
significant functional changes failed to
translate into crystallographically observ-
able structural changes of the protein
(Gonzalez-Gutierrez et al., 2012).

It will be fascinating to see what combi-
nations of structural and functional ap-
proaches eventually uncover the whole
range of conformational states and transi-
tions in pLGICs and other ion channels.
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The helical protein MLKL inserts into cell membranes and forms a permeation pore therein, resulting in cell
death. In this issue of Structure, the article by Su and colleagues reports that helix 6 regulates the opening of
the pore formed by preceding core helices.

Under disease-induced stress, cells
launch a suicide protocol that activates
formation of a permeation pore in the cell
membrane. The pore is formed by the
MLKL protein and allows osmotic swelling
and rupture, ultimately leading to cell
death. This process is called necroptosis,
an emerging form of programmed cell
deaths, which is different from its well-
known rhyming cousin apoptosis (Sun

etal.,2012; Wangetal.,2014). Inthisissue
of Structure, the article by Su et al. (2014)
provides critical insights into how MLKL
forms the pore in the membrane and,
more importantly, how the pore is regu-
lated at a molecular level.

MLKL belongs to a class of proteins that
are expressed as soluble polypeptides but
insert into the membrane to form perme-
ation pores or channels. They include bac-
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terial toxins such as colicin and diphtheria
toxin as well as the Bak/Bax proteins,
which play an essential role in apotosis. In
MLKL, the N-terminal membrane binding
domain (MBD) is connected to the C-termi-
nal regulatory domain, whose phosphory-
lation status regulates the opening of the
pore (Su et al., 2014; Wang et al., 2014).
Using nuclear magnetic resonance
(NMR) spectroscopy, Su et al. (2014) found
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that the MBD of MLKL forms a
helical structure in solution,
with C-terminal helix 6 sticking
out over the top of the four-he-
lix bundle core as if it is a
switching lever (Figure 1A).
The NMR structure guided
the authors to rationally
design site-specific fluores-
cence labeling experiments
to map out the membrane
binding regions of MBD.
They discovered that helix 6
remains in solution while all
four helices of the helical
core interact with the mem-
brane extensively. These re-
sults were sort of anticipated
from the loosely packed
amphipathic core helices and
the overall hydrophilic nature
of helix 6 (Su et al., 2014).

Once they established that
flanking helix 6 made the
direct connection to the regu-
latory domain, Su et al. (2014)
wondered if helix 6 might
work as an allosteric switch
that governs the opening of
the pore made of the core he-
lices in the membrane. To test
this idea, Su et al. (2014)
generated a truncation mutant
of MBD lacking helix 6 and
point mutants, which are ex-
pected to weaken the interaction between
the core and helix 6. Remarkably, these
mutants increased vesicle permeability,
suggesting that helix 6 functions as the
switch for the permeation pore (Su et al.,
2014).

In apoptosis, the Bcl-2 family protein
Bax (and Bak) also inserts into the mito-
chondrial outer membrane to form a
permeation pore that allows the release
of cytochrome c from the intermembrane
space to the cytoplasm. This process is
considered one of the most critical steps
in the mitochondrial pathway of apoptosis.
Thus, necroptosis and apoptosis both
require membrane permeation.

MLKL may even share a similar mecha-
nism with Bax or Bak for membrane inser-
tion and pore formation. Bax remains
folded as an intact soluble protein until it
is activated by the binding of the proapo-
ptotic Bcl-2 protein Bid. This binding in-
duces a conformational change, trig-
gering the insertion into the membrane

Figure 1. A Mechanistic Model of Activation, Membrane-Binding,
and Pore-Formation for Necrotoptic MLKL
(A) Solution structure of MBD. In the native form, helix 6 (red) stabilizes the four-
helix bundle (green) and inhibits the interaction with the membrane.

(B) Activated form of MBD. Dissociation of helix 6 from the core, induced by
the phosphorylation of the C-terminal domain (not shown), activates MBD to
be inserted into the membrane.

(C) Hypothetical permeable pore formed by MLKL.

and subsequent formation of an oligo-
meric pore (Jiang and Wang, 2004).
Structurally homologous colicin and DT
share the same mechanism, although
low pH is the trigger for the conforma-
tional changes for toxins (Shin et al.,
1993). MLKL is structurally somewhat
distinct from Bax and toxins. Nonethe-
less, the dislodging of helix 6 appears to
be the prerequisite for membrane binding
and pore formation (Figure 1B). Here, the
phosphorylation of the C-terminal domain
by RIP3 seems to trigger the protein
conformational change. But the caveats
are that (1) MBD binds to membranes
containing multivalent anionic lipid cardi-
olipin or PIP2 spontaneously in vitro
(Wang et al., 2014); and (2) for the afore-
mentioned MLKL mutants, the relative
binding to the lipid vesicles were similar
or somewhat less compared to wild-type
MBD, contrary to our expectations, leav-
ing doors open for the possibility of a
different mechanism.

The discoveries by Su et al.
(2014) lead to the next impor-
tant question: what is the
structure of the MLKL pore?
The solution structure of
MLKL is a mere starting point
to answer this question,
because a large unraveling of
the structure is expected to
happen upon membrane
insertion (Shin et al., 1993).
MLKL has the tendency to oli-
gomerize, and the resulting
oligomeric pore appears to
be large enough to allow the
passage of molecules bigger
than 10 kD.

Recently, a glimpse at the
architecture of the apoptotic
Bak pore has emerged from
extensive EPR studies (Aluvila
et al.,, 2014). Here, two Bak
molecules were shown to re-
fold into a dimeric amphi-
pathic helical bundle, several
of which in turn form a circular
amphipathic belt that consti-
tutes the pore. Interestingly,
here, the membrane-bound
helices orient near parallel to
the plane of the membrane,
just as the helices of apolipo-
protein A do when they wrap
around the discoidal high
density lipoprotein. Such heli-
cal arrangement is divergent from the
common architecture of channels and
pores formed by integral membrane pro-
teins, where the hydrophobic helices
orient largely perpendicular to the mem-
brane surface. Whether the structure of
the MLKL pore resembles that of Bak or
not remains to be seen. The highly amphi-
pathic nature of the MLKL core helices
hints at such a possibility (Figure 1C).

Ultimately, the 3D structure of the
MLKL pore will help answer questions
about the inner workings of the necrotop-
tic permeation pore. Nevertheless, the
seminal work presented here by Su et al.
(2014) will stimulate new ideas and exper-
iments concerning structures and func-
tions of membrane-permeation pores by
membrane-binding proteins.
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