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I
n the field of protein folding, the
membrane is uncharted territory.
The energetic factors that govern the
folding and stability of a protein in

the hydrophobic lipid bilayer are sparsely
understood. To probe these thermody-
namic influences, several energy scales
have been determined that measure the
energy to transfer an amino acid into
a membrane-like environment: the Wim-
ley-White (WW) scale (1, 2), which
measures residue partitioning between
water and octanol, and the translocon
scale, which measures the partitioning of
residues on an α-helical segment from the
translocon machinery into the membrane
(3). Although these hydrophobicity scales
provide energetic benchmarks, they do
not convey the actual equilibrium change
in free energy (ΔGo) of transferring a
residue from the water into a real mem-
brane core, in the context of a membrane
protein structure.
In PNAS, Moon and Fleming (4) over-

come this obstacle by developing a mem-
brane protein system that reversibly and
spontaneously folds between the aqueous
solution and the lipid bilayer, enabling
the measurement of the free energy of
putting a side chain into the bilayer core.
To do this, the authors use a unique host–
guest system: the outer membrane bacte-
rial phospholipase OmpLA as the host
and amino acid hitchhiking onto the Om-
pLA backbone as the guest. By measuring
tryptophan fluorescence and phospholi-
pase activity, they determine the pop-
ulation of unfolded vs. native protein as
a function of denaturant concentration.
From these results they are able to mea-
sure the energetic impact of each residue
on the free energy of folding and derive
the Moon-Fleming whole-protein
hydrophobicity scale.
This sounds like a “classic” protein

folding experiment, but it is anything but.
It has been notoriously difficult to do these
types of studies with membrane proteins
because the folding pathways are more
complex and are less understood. At some
point, a membrane protein must partition
into the lipid membrane on its way to
a folded, functional structure. In both
prokaryotic and eukaryotic cells this is of-
ten assisted by the translocon, a protein
pore that chaperones the folding and in-
sertion process (5, 6). However, it is not
clear how this happens—whether proteins
partition one transmembrane segment at
a time and then come together to fold in
the membrane or instead fold modularly

in the translocon and then partition into
the lipid core. In any case, it has been
difficult to reproduce this in an experi-
mental setting, and most models of mem-
brane protein stability and folding are
either constrained to single α-helices that
spontaneously insert from solution (7, 8)
or partition from the translocon pore (3).
It turns out that OmpLA folds in a very

different way. Folding of β-barrel mem-
brane proteins does not involve the trans-
locon (9). Instead, there is equilibrium
between the unfolded aqueous state,
a prefolded state that spontaneously in-
serts into the membrane, and the final
membrane imbedded structure (Fig. 1).
From many years of work, the Fleming
group and others (10–13) have detailed
the energetic factors influencing this pro-
cess. In their current study, Moon and
Fleming work out the final trick for com-
pletely reversible folding into the lipid
bilayer: low pH. Using this, they sculpt
OmpLA into a spontaneous, reversible
folding model for a functionally relevant
membrane protein structure.
With this advancement, their hydro-

phobicity scale is the closest in reflecting
the actual energy of taking a residue from
the water and putting it into the mem-
brane core. How does the Moon-Fleming
scale compare with previous hydropho-
bicity scales? In general it is similar to the
WW water-octanol scale, except that it
shows transfer energies that are larger
at both extremes; there is a higher ener-

getic cost in putting polar and charged
residues into the membrane, whereas hy-
drophobic residues are more favorable
(see figure S5 in ref. 4 for a direct com-
parison). The differences between the two
scales could arise from the fact that Om-
pLA constrains the amino acid at the
center of the membrane, whereas parti-
tioning of residues into octanol is iso-
tropic. The authors examine this further by
introducing mutations of leucine or argi-
nine at varying depths within the bilayer,
and they demonstrate the critical role of
membrane “solvent” anisotropy in the
energetic contribution to protein stability.
Finally, the authors go on to study a

controversial question: what is the cost
of putting a charged arginine into the li-
pophilic core? Beyond being a general
curiosity in the protein-folding field, this is
also an important question for under-
standing the mechanism of voltage gat-
ing in ion channels. Excitable Na+, Ca2+,
and K+ channels all contain a voltage-
sensing domain (VSD) comprising four
α-helices, with one of these segments, S4,
containing up to eight positive charges
(14). Electrostatic theory dictates that
putting charges into the lipid bilayer is
energetically prohibitive, and so there is an

Fig. 1. Reversible, spontaneous OmpLA folding system. At low pH and in the presence of denaturants,
the β-barrel protein is in equilibrium between (i) a soluble unfolded state, (ii) a prefolded intermediate
that spontaneously inserts into the lipid bilayer, and (iii) the final folded functional state of the protein.
The free energy of the folding, ΔG°, is measured by quantifying the unfolded and folded populations.
Moon and Fleming (4) use OmpLA as a host system and measure the change in free energy each residue
confers when constrained to the center of the lipid bilayer, providing a whole-protein hydrophobicity
energy scale for the 20 natural amino acids, relative to alanine.
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ongoing debate regarding how the many
VSD charges are stabilized inside the
membrane core. The Moon-Fleming
whole-protein energy scale shows that this
energy is a modest +2 kcal/mole for the
arginine side chain alone (+4 kcal/mole
stability difference relative to alanine). It
is interesting to note that lysine is mea-
sured as the most destabilizing residue on
the scale, which may help explain why ar-
ginines are preferred over lysines in VSD
sequences. Furthermore, when arginine is
already at the center of the membrane,
addition of another arginine in close vi-

cinity shifts the stability by only +1 kcal/
mole. Numerous computer simulations
have shown that water pathways form to
allow for “snorkeling” of the side chain
(15–17), and this may lead to the observed
ease of bringing a second arginine residue
into the membrane.
With this work the authors have made

a strong declaration: we choose to go to
the membrane, not because it is easy but
because it is hard. They have solved the
hard problem of developing a tractable
system to study how proteins are stabilized
in a hydrophobic environment. They are

further benefited by the fact that the
OmpLA β-barrel structure is robust and
will hopefully withstand the significant
perturbations that are required for study-
ing interesting questions (e.g., different
lipid environments, hydrophobic mis-
match, and pH dependency of membrane
insertion). Even though this is just one
model of a membrane protein system, the
measurements themselves are true ther-
modynamic values, and in this respect
provide us with unique benchmarks for
membrane protein energetics in general.
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