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The insertion of nascent polypeptide chains into lipid bilayer membranes and the stability of membrane proteins
crucially depend on the equilibrium partitioning of polypeptides. For this, the transfer of full sequences of
amino-acid residues into the bilayer, rather than individual amino acids, must be understood. Earlier studies
have revealed that the most likely reference state for partitioning very hydrophobic sequences is the membrane
interface. We have used ps-scale simulations to calculate the interface-to-transmembrane partitioning free en-
ergies AGg_.mv for two hydrophobic carrier sequences in order to estimate the insertion free energy for all 20
amino acid residues when bonded to the center of a partitioning hydrophobic peptide. Our results show that
prior single-residue scales likely overestimate the partitioning free energies of polypeptides. The correlation of
AGs_.ty with experimental full-peptide translocon insertion data is high, suggesting an important role for the
membrane interface in translocon-based insertion. The choice of carrier sequence greatly modulates the con-
tribution of each single-residue mutation to the overall partitioning free energy. Our results demonstrate the
importance of quantifying the observed full-peptide partitioning equilibrium, which is between membrane in-
terface and transmembrane inserted, rather than combining individual water-to-membrane amino acid transfer
free energies.

Author summary

1. Introduction

The accurate determination of membrane embedded segments in
genome sequences, andprediction of membrane protein structure from
amino-acid sequence depend crucially on theprecise quantification of
polypeptide partitioning into lipid bilayers. Earlier studies haver-
evealed that most likely reference state for partitioning very hydro-
phobic sequences is themembrane interface, i.e. the relevant equili-
brium is that of interface-to-transmembranepartitioning. This paper
describes the first full-peptide interface-to-transmembrane partitio-
ningfree energy scale for hydrophobic carrier sequences for all 20
amino acid residues. Thecorrelation with experimental full-peptide
translocon insertion data is high, suggesting animportant role for the
membrane interface in translocon-based insertion.
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The transfer free energy of hydrophobic polypeptide segments into
the lipid bilayer provides the thermodynamic stabilization of mem-
brane proteins. The accurate determination of membrane embedded
segments in genome sequences, and prediction of membrane protein
(MP) structure from amino-acid sequence depend crucially on the
precise quantification of polypeptide partitioning into lipid bilayers.
Although the hydrophobic effect is the primary driver of membrane
partitioning, peptide structure formation depends upon non-trivial
atomic-detail interactions of peptides with membrane lipids that give
rise to a large variety of complex membrane phenomena, ranging from
antimicrobial peptide activity to the formation of membrane protein 3D
structure.

For a-helical membrane proteins, the determination of the insertion
energetics of transmembrane (TM) helical segments into membranes
has proven difficult. The chief experimental challenge is to overcome
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Fig. 1. Schematic depiction of the parti-
tioning processes studied to quantify the
interaction of peptide sequences with lipid
bilayers. (a) The partitioning equilibrium
probed by the translocon-mediated inser-
tion experiments is presumably between
the translocon pore and the bilayer
(AGypp), while the entry of the peptide into
the translocon (“Enter”), and subsequent
secretion (“Exit”) are thought to be non-
equilibrium processes. (b) The outer
membrane phospholipase A (OmpLA) can
fold reversibly into synthetic liposomes in
vitro. Host-guest experiments using
OmplLA as a scaffold yield relative water-
to-bilayer transfer free energies
(AAGompra) of amino acid side chains on
the protein surface. (c) Direct partitioning
simulations of freely inserting, sufficiently
hydrophobic peptides reveal the equili-
brium between surface adsorbed (S) and
transmembrane inserted (TM) states. No
soluble state (W) exists for these peptides,
which unfold in water and precipitate out

AGg 1y of solution.

the tendency of non-polar helices to aggregate and precipitate out of
aqueous solution [1,2]. Nonetheless, numerous experimental and
computational approaches to quantifying transfer free energies have
been presented over the last decades [3]. Historically, the general ap-
proach has been to sum up water-to-membrane transfer free energies of
individual amino-acid side chains, although it is clear that the peptide
backbone also plays a crucial role in setting the threshold free energy
for insertion [4]. A recent set of measurements has used the folding and
refolding capability of the bacterial outer membrane phospholipase A
(OmpLA) as a scaffold to determine the relative transfer free energies of
amino acid residues into lipid bilayers from water (Fig. 1b) [5]. How-
ever, unlike outer-membrane proteins, that fold directly into the
membrane from an aqueous phase, multi-span a-helical membrane
proteins fold into the membrane bilayer aided in an incompletely
characterized manner by the SecY translocase in bacteria or the struc-
turally similar Sec61 translocase in eukaryotes [6]. To begin to un-
derstand translocon-guided insertion of TM segments, an in vitro assay
has been used to decipher the ‘code’ that the microsomal Sec61 trans-
locon uses to decide if nascent chain segments are inserted into the
bilayer or secreted (the “biological hydrophobicity scale”, Fig. la)
[7,8]. Although the broad energetics are similar, these two scales have
proved difficult to reconcile quantitatively with other single-residue
hydrophobicity scales. The key difficulty lies in interpreting the parti-
tioning properties in the absence of detailed structural knowledge of the
proteins or peptides studied and their dynamic interactions with the
lipid bilayer environment. In particular, the translocon assay utilizes
complex cellular systems, the mechanics and thermodynamic processes
of which are at present only poorly understood [9]. For the OmpLA
assay, a key issue is again the lack of the protein backbone contribution.
Furthermore, and importantly, the non-inserted reference state is not
known structurally for either experiment.

In order to approach this question computationally, our approach
has been to use molecular dynamics (MD) simulations to obtain directly

Membrane normal TM

free energies of membrane partitioning for entire peptides, and report
whether they are mainly TM inserted or surface bound. Importantly,
these simulations reveal a very strong preference of hydrophobic pep-
tides for the membrane interface, consistent with what is known about
folding of amphipathic helices into lipid bilayers [10]. These simula-
tions go significantly beyond earlier studies on side-chain analogs
[11-13], or bulk phase transfer free energies [14,15], in that they
provide free energies for whole sequences. This includes free energy
contributions from the polar peptide backbone, peptide-induced adap-
tation and deformations of the lipid bilayer, and other macroscopic
effects (e.g. helix dipoles, folding-partitioning coupling) not accounted
for in analog studies.

In principle, full-peptide insertion values could be obtained via
potential of mean force (PMF) partitioning calculations, as previously
shown for both atomistic [16,17] and coarse grained representations
[18,19]. However, we and others have shown that such simulations
involve enormous convergence challenges [20,21], which are related to
the strong bilayer perturbation caused by the transition between sur-
face and transmembrane state. Instead, our recent simulations show
that determining the partitioning of full sequences into bilayers is
simpler than previously anticipated (Fig. 1c) [21-28]. Hydrophobic
peptides generally partition into membranes as either surface bound (S)
or membrane spanning helices (TM) [3]. Water-solvated states (W) are
much higher in free energy and not measurably populated at equili-
brium, consistent with the experimentally known general insolubility of
hydrophobic peptides in water [1,2]. For more polar or charged pep-
tides the equilibrium is shifted towards water soluble and interfacial
states, and includes a folding component, which is generally absent for
TM segments, that partition as helices, and are helical both in S-state
and TM [23]. In this study, we investigate 9-residue hydrophobic car-
rier sequences that can insert monomerically as TM helices, but are
short enough to also be observed in the S state (Fig. 1c). The key dif-
ference compared to other computational scales is that transfer free
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Fig. 2. Surface-to-TM partitioning simulation of the L8Q peptide. (a) Two
surface aligned (S, S”) and one TM inserted states are seen (Q side chain in
green). (b) Multiple transitions between these 3 states occur during 1.5 ps, il-
lustrated here by plotting the tilt angle and the center-of-mass position along
the membrane normal as a function of simulation time. (c) A scatter plot reveals
the clustering into the 3 distinct orientations. The insertion free energy profile
(AG) of the peptide along the membrane normal is directly obtained from the
peptide position via AG = —RT In(p,), shifted so that the lowest value of AG is
zero. Error bars are derived from block averaging.

energies represent the true equilibrium behavior of full peptides, which,
as was previously shown, partitions between the S and TM state
[23-27,29,30]. We have recently demonstrated that the direct parti-
tioning simulations employed here are robust and yield results identical
to long-scale PMF calculations [21].

2. Results
2.1. Equilibrium partitioning process

We used two carrier sequences, ac-LLLLXLLLL-nme (L8X) and
ac-ALALXLALA-nme (L4A4X), with X corresponding to one of the 20
naturally-occurring amino acids. The length of these sequences (n = 9)
results in a computed range of |AGs_.ty| < 5kecal/mol, the optimum
sensitivity for calculating free energies directly via partitioning simu-
lations. Figs. 2 and 3 show typical results from partitioning simulations
for two representative peptides, L8Q and L8W. Only 3 states are po-
pulated at equilibrium: S and S’ on the bilayer interface (center of mass
insertion depth z¢y = =+ 12 [o\, tilt angle 6 = 90°, where z¢y = 0 is the
center of the bilayer), and TM inserted (zcy = 0A, 6 = 10-30°). The
TM state is mostly aligned with the bilayer normal due to the negative
mismatch of short sequences that prevents a larger tilt angle. There are
frequent transitions between the three states, indicating equilibrium
has been obtained (Figs. 2b, 3b). The insertion free energy profiles (AG)
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Fig. 3. Surface-to-TM partitioning simulation of the LW peptide. (a) The same
principal states (S, S’, TM) as for L8Q are found (W side chain in pink). (b)
Multiple transitions are observed, but the equilibrium is strongly shifted to-
wards the TM orientation compared to L8Q. (c) The shift is apparent in the
scatter plot as well as the insertion free energy profile (AG). (d) The cationic
charged sequences containing Lys (L8K) and Arg (L8R) follow the same pattern
and can insert TM via snorkeling of the sidechain, pulling water molecules and
lipid headgroups into the hydrophobic core. The S’ state does not occur because
the peptide cannot translocate. The only sequences found not to insert are the
anionic peptides L8E and L8D.

were calculated from the peptide location via AG = —RT In p(z)
(R = gas constant, T = temperature, p(z) = probability distribution of
peptide center of mass along the membrane normal). The above-de-
scribed pattern is shared by all 20 sequences, but the equilibrium varies
greatly with the choice of central residue. For example, the polar L8Q
peptide populates almost equally the interfaces and the TM inserted
state (Fig. 2), while the much more hydrophobic L8W strongly prefers
the TM state (Fig. 3). Thus, a single-residue substitution leads to large
change in equilibrium partitioning for these peptides.

Of particular interest are the four charged amino acids. The two
cationic sequences L8K and L8R strongly prefer one S state, but they
nevertheless were found to insert briefly into TM orientations. Such
spontaneous insertion events are concomitant with a significant water
defect and localized deformation of the bilayer [11,31]. Snorkeling of
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the ammonium (lysine) and guanidinium (arginine) sidechain moieties
pulls both water and lipid molecules deep into the bilayer. At the
temperature range and timescales presented here, L8K and L8R do not
translocate across the bilayer, and cannot populate the S-state of the
opposite bilayer leaflet. The negatively charged L8D and L8E behave
differently: both remain in the S-state throughout the 1.5ps simula-
tions, never inserting; the energetic cost to bury the negatively charged
carboxylate group into the hydrophobic membrane core is clearly too
high. pKa simulations on side chain analogs suggest that these two
anionic residues are protonated if sufficiently inserted into the bilayer
[11]. We therefore also simulated L8D and L8E in their neutral (pro-
tonated) forms, resulting in frequent TM insertion. Insertion of charged
Glu and Asp residues can be achieved by increasing the hydrophobicity
of the carrier sequence, e.g. by adding a flanking Leu residue on each
side (L10D, L10E). These two sequences exhibited several short inser-
tion events during the 1.5ps simulations but still remained over-
whelmingly in the S-state, with estimates of AGs_.m\ = 4.7 + 1.8 kcal/
mol for L10D and AGg_.ty = 6.2 *= 2.1 kcal/mol for L10E. It is thus
apparent that the anionic residues (Glu, Asp) behave very differently
from the cationic ones (Lys, Arg), and carry much higher insertion
penalties.

Fig. 4 shows the full-peptide surface-to-bilayer insertion scales of all
20 natural amino acids for the two carrier sequences, L8X and L4A4X.

The two scales are highly correlated, with
AGigx = 1.2 X AGraasx — 1.9, and R? = 0.94. Thus, each A — L residue
substitution contributes on average AAGa_.;, = — 0.5 kcal/mol, similar
to AAGgpp = —0.7 kcal/mol found in the translocon experiment [7].
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Fig. 4. (a) Full-peptide insertion scales for the surface-to-bilayer transfer of the
L8X and L4A4X sequences. The values represent AGs_.my for the full sequence,
with X = central residue. Color coding: grey = hydrophobic, red = negatively
charged residues, blue = positively charged residues. (b) Comparing the two
scales reveals the underlying effect of the carrier sequence on the partitioning
results, with AGrgx = 1.2 X AGrgasax — 1.9. The more hydrophobic carrier se-
quence inserts more strongly, but the slope is also affected.
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Despite ps sampling times, many hydrophobic residues are roughly in
the same range (e.g. ~—1kcal/mol for L4A4X for A,LV,C,M,LF,G),
indicating that the simulations are only sensitive up to ~0.3-0.5 kcal/
mol, which can also be seen by Alanine being predicted slightly more
hydrophobic than Valine. These issues are clearly due to lack of con-
vergence. Longer simulations are needed to determine the exact
ranking. Thus, for these hydrophobic residues, some small errors in the
prediction still occur and the ranking for hydrophobic residues should
not be seen as absolute.

2.2. Comparison with experimental scales

2.2.1. Sidechain analog scales

To compare our values with existing scales, we calculated what the
partitioning of the peptides would be using the available experimental
and simulation data. First we consider sidechain-only partitioning
scales (Fig. 5). In comparing full-peptide scales with single-residue
scales, only the relative free energies (AAG) of sidechain contributions
can be analyzed. The zero-point reference value is chosen to be alanine
(AAGp1, = 0). This means we are comparing the side-chain only con-
tribution, relative to alanine, of the various experimental partitioning
values with corresponding values computed for a full-peptide S —TM
process.

Water-to-cyclohexane partitioning free energies AGcpyx of amino
acid sidechain analogs have been obtained by Radzicka and Wolfenden
[14,32] (Fig. 5a). Cyclohexane serves as a mimic of the hydrophobic
membrane core, which is believed to have similar physicochemical
properties to bulk hydrocarbons. Indeed, AAGs_.1y; is highly correlated
with AAGcux (R? = 0.83 for both L8X and L4A4X). However, the
computational scale is compressed by a factor of ~2.5. The same cor-
relation and compression was seen relative to the potential of mean
force (PMF) calculations on the transfer of side chain analogs from
water to the center of a DOPC bilayer by MacCallum et al. [11,33]
(Fig. 5a, AAGanalog R? = 0.80 for L8X, L4A4X). Comparison with in-
terface-to-bilayer transfer (S — bilayer) of sidechain analogs from the
same work shows a similar compression (~2.3) (data not shown). This
comparison highlights three major limitations of sidechain analog
scales: First, and evidently, the polar backbone contributions are
missing. Second, peptides are much larger than small, side-chain mi-
micking molecules. An amino-acid sidechain attached to a peptide is
therefore not ‘solvated’ in the membrane core as it would be in a hy-
drophobic bulk solvent. Third, consideration of bulk water as a re-
ference state for transfer into a membrane is impractical for greasy
peptides that have negligible populations solvated in aqueous solution,
and populate instead the interface. Thus, good agreement was neither
expected nor found, since water-to-bilayer transfer is qualitatively dif-
ferent than the surface-to-bilayer partitioning observed in our simula-
tions.

2.2.2. Full-peptide scales

Important improvements over side-chain analog scales have been
full-peptide measurements of the energetic cost of partitioning H-
bonded peptides (Fig. 5b). Wimley and White measured the partitioning
of pentapeptides of the form Ace-WLXLL (X = all 20 amino acids) be-
tween water and n-octanol [15], and between water and the interface of
POPC vesicles [34]. Water-saturated n-octanol, which is of a micellar
structure, serves as a mimic of a heterogeneous, partly hydrophilic and
hydrophobic environment such as the interior of a protein, or a lipid
bilayer. The designed peptides are too short to form secondary structure
or to insert into a TM orientation, and thus reside only on the interface
of the vesicles. It is therefore no surprise that the correlation of the
simulation data with the interfacial scale is poor (R% = 0.37). The
correlation with the octanol (AAGocano) hydrophobicity scale (Fig. 5)
is equally low (R? = 0.45), as is the correlation with the difference
between the two scales. Clearly, both unfolded water-to-surface and
water-to-octanol transfers are very different than a-helical surface-to-
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A significantly better fit, of R* = 0.9, is obtained when comparing to
statistical potentials derived from an analysis of transmembrane amino-
acid distributions of membrane proteins of known structure (Fig. 5b,
AAGpyr) [35]. Here, the statistical scale is compressed by a factor of
~2.2 compared to the simulations. The origin of this scale factor —
which is also seen in comparison to the translocon experiments — is
discussed below.

2.2.3. OmpLA sidechain scale

Recently, a series of fluorescence spectroscopy experiments were
performed by Moon and Fleming that determined the relative water-to-
bilayer transfer free energies of the 20 natural amino acids by using the
outer membrane phospholipase A (OmpLA) as a transmembrane

2543
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scaffold [5]. OmpLA can fold reversibly into synthetic liposomes in
vitro. Host-guest experiments using OmpLA yield relative water-to-bi-
layer transfer free energies (AAGomp1.a) of amino acid side chains on the
protein surface. The equilibrium is between a functionally inserted
folded beta-barrel (as verified by enzymatic activity assays), and an
unfolded state in solution (Fig. 1). The resulting experimental free en-
ergies are for sidechain contributions only, and are relative to alanine,
which was chosen as the zero of the scale (AAGapa = 0). If the com-
putational scale is shifted in a similar way, a correlation of R? = 0.81 is
achieved, with a slope of 0.8 (Fig. 5¢). The pH of the experiments was
3.8, which is close to the pKa values for Asp and Glu side chains. The
guest Asp and Glu sidechains in the system were thus likely protonated,
as they are in the simulations. The structure of the unfolded water-
soluble state of OmpLA is unfortunately unknown. However, recent
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experiments demonstrate that it is not a specific state, or an un-
structured, random-coil chain, but rather an ensemble of con-
formationally distinct states [36]. Likely, the mutated residue is par-
tially or fully buried in these coiled unfolded states, and thus not fully
exposed to water. The partitioning of the residue would thus then be
between a partially hydrophobic state and a fully membrane buried
lipid-exposed position. Because our membrane is thicker (POPC) than
that used in the experiments (DLPC), additional simulations would be
needed for a more valid comparison [37].

2.2.4. Translocon-mediated insertion scale

Several in vitro experiments by Hessa et al. have yielded the code
that Sec61 uses for selecting nascent chain segments for insertion into
the bilayer [7,8]. Based on a vast number of experiments, this has re-
sulted in the construction of a ‘biological hydrophobicity scale’ that
allows the prediction of whether the translocon will insert a given
polypeptide segment into the membrane or translocate it across [8].
One of the great advantages of these experiments is that they are ‘full-
sequence’. This has provided insights into the effect of the position of a
guest residue along a TM segment and whether the effect of multiple
guest residues is additive or cooperative [8], as well as the influence of
the overall sequence length on insertion [38]. Fig. 6 shows the values
for the L8X and L4A4X scales, with the experimental data AGp.q taken
from the AG prediction server (http://dgpred.cbr.su.se) [8]. In both
cases, the correlation is very good (R*> = 0.91) if the only outlier, pro-
line, which disturbs a straight helix structure, is removed. Including
proline reduces R? to 0.86.

Despite the good correlation, two key differences are apparent.
First, the simulation-derived values are strongly shifted towards TM
insertion, by 5-6 kcal/mol. Thus, many sequences insert in the simu-
lations that, according to the biological scale prediction, would be se-
creted (AGpreq > 0). This shift has been previously seen for polyleucine
peptides of different length, where ~2.4 fewer leucines were required
for the peptides to insert on their own than predicted by the translocon
scale [23,25]. The second difference is that the computational values
are scaled up by a factor of 2.0-2.4 with respect to the translocon data.

3. Discussion

The relevant equilibrium governing peptide insertion into lipid bi-
layers is that of full-peptide partitioning. For this, the burial of an entire
sequence, rather than individual amino acids - which do not prefer to be
buried in a membrane - should be investigated. The present simulations
demonstrate that the partitioning of entire sequences is relatively easy
to compute via direct MD simulation. Unfortunately, a comparison to
an equivalent experiment is not possible yet, because in all available
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experimental studies different equilibria were probed.

The total insertion free energy range obtained here for the two
hydrophobic carrier sequences is much smaller than prior computa-
tional and experimental scales that were based on amino-acid analogs,
because the transfer AGs_.ty is not from water to the bilayer core. The
computed values are much closer to the experimental translocon bio-
logical hydrophobicity scale, which was found to be strongly com-
pressed (by a factor of ~3-4) compared to the analog scales - e.g.
2.6 kcal/mol for arginine vs. computed values ranging from 10 to
17 kcal/mol [11,12,33,39-41]. There have been a number of possible
explanations of the origin of this compression factor [41-48]. Clearly,
different partitioning processes are involved: experimental values of
AGy;,;, correspond to the partitioning of peptides between the translocon
and the bilayer (AGsecs1—-1m), rather than between water-soluble and
TM configurations (Fig. 1a) [9,42,49-57].

The most relevant comparison to make using the present data is
between the translocon scale and AGs_.ty, because both are for full
sequences. The high degree of correlation, also seen in our prior studies
using different carrier sequences [23,27], could be an indicator of a
significant role of the bilayer interface in translocon function, sug-
gesting that the membrane surface is involved at some point (or at all
times) during insertion. The ribosome-translocon complex is not ap-
parently shielded from the cytoplasm and inner membrane surface [6],
thus it is possible that nascent chains make first contact with the
membrane in the vicinity of the translocon, or even form surface helices
there, all without involving the lateral gate. This recently proposed
sliding model [6] suggests that the translocon acts mainly as a catalyst,
with the growing nascent chain persistently exploring the states avail-
able to it. Since it takes ~50 ms to make a peptide bond (i.e. the chain is
elongated at this rate), there is more than enough time for the nascent
sequence to sample fully the surface-to-TM energy landscape in a
fashion similar to that in the present MD simulations. In the case of
mostly hydrophobic sequences, this would correspond to folding and
subsequent surface-to-TM sliding of the chain in the bilayer close to the
translocon, rather than involving the translocon interior in a series of
discrete steps via opening and closing events of the lateral gate. This
view could explain the notable correlation between the simulation data
for spontaneous partitioning and the experiments. In addition to the
interface, the much more hydrophobic reference state in the micro-
somal preparations could be due to other proteins (e.g. chaperones).

Of particular interest is the role of the carrier sequence and its
length in the comparison between translocon and direct partitioning. In
our prior studies, for ac-GL,-R-L,G-nme (n = 5-8), an almost perfect
match was found [27]. For pure polyleucine ac-L,-nme (n = 5-10), an
identical slope, but constant offset of ~2 kcal/mol between translocon
experimental values and simulation-derived values was found [23]. In
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Fig. 6. Comparison of full peptide insertion energies AGs_.ty to full-sequence translocon-mediated insertion data (‘biological scale’, AGpreq). For both L8X and
L4A4X, the correlation (w/o the outlier proline) is high (r* = 0.91). The computational values are stretched by a factor of ~2, and strongly shifted towards the TM

state.
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the present study, where the central residue X rather than the length of
the carrier sequence n was varied for the sequences ac-LLLLXLLLL-nme
(L8X) and ac-ALALXLALA-nme (L4A4X), large offsets of ~6 kcal/mol
and a slope of ~2.4 were found.

These differences originate from the length and sequence depen-
dence of AGyreq. To cover the complete range of the 20 amino acids X,
we had to choose particularly short carrier sequences (n = 9) in order
to obtain AGs_.my within + 5kcal/mol. While this appears short, it has
been shown both via the translocon assay as well as by oriented syn-
chrotron radiation circular dichroism that such short sequences can
indeed be inserted TM [38]. Recently, this has also been confirmed for
short sequences with more varied residue combinations, and so is not
observed only for synthetic leucine-rich peptides [58]. The offset to the
MD simulations indicates that in the simulations even shorter sequences
insert TM than in the experiments. What could be the reasons for this?
First, we don't know what the non-inserted reference state is in the
experiments, and we don't know how the peptides are inserted into the
membrane via the translocon. In the MD simulations, short sequences
induce some adaptation of the surrounding bilayer to reduce the hy-
drophobic mismatch by bilayer surface deformation. This significantly
lowers the energetic penalty for TM insertion for very short peptides.
But whether a similar bilayer deformation is possible in vicinity of the
translocon is unknown. A third explanation can be found in the flanking
sequences (XPXX, where X = G or K) that are part of the experiments.
These additional residues are difficult to include in AGs_1\ calcula-
tions, since adding flanking (unfolded) glycines or prolines results in
large kinetic barriers in the computations. While previously we found
the effect of GPGG flanks to be minor (in fact due to bilayer deforma-
tion, as mentioned above), this has not been systematically in-
vestigated, due to the limitations of the simulation approach for un-
folded sequences [23]. Because the sequences in the experiments are
significantly longer than in the simulations through inclusions of un-
folded flanks, there will likely be some surface shift compared to an
isolated, capped hydrophobic peptide, that can insert more easily TM
because there are no flanking, unfolded glycines and prolines at both
ends that resist TM insertion.

The choice of the carrier sequence also leads to a not-fully-under-
stood effect on the slope in the comparisons. For example, for
ac-ALALXLALA-nme, there is a slope of 2.4 between AGs_.tyv and
AGpeq. Yet when this short sequence is compared to a much longer
carrier sequence, for example the original data from the translocon
experiment for a 19 residue sequence (AG,pp), the exact same central
reside mutations of X result in a slope of close to one [7]. The role of the
carrier sequence is complex, as there is a position dependence (burial
depth) of the free energy for L — A substitutions along the sequence. In
addition, sidechain occlusion effects are expected to play a role [15]. To
minimize these, the central X residue was surrounded by L in both L8X
and L4A4X, resulting in similar occlusion of X by its neighbors. Future
studies, including a completely ‘naked’ backbone-only carrier sequence
(restrained poly-glycine), are needed to answer these questions, but are
beyond the scope of the present work.

Unfortunately, due to hydrophobic aggregation, no equivalent di-
rect experimental measurements of peptide insertion currently exist,
and even the most recent experimental techniques employ very dif-
ferent systems [59]. However, full-peptide autonomous insertion cal-
culations, such as shown here, are critical for our understanding of
antimicrobial peptides, cell-penetrating peptides, toxins, fusion pep-
tides, and other membrane active peptides. All of these insert into the
bilayer without translocons, and therefore only the free (unassisted)
partitioning free energy is important.

The main advantage of our method is that it can be used to compute
directly and rapidly AGs_.tm for many sequences. Its only limitation is
that both S and TM states must be reasonably populated in equilibrium,
so that |AGs_.tm| < 5kcal/mol. We chose 9-residue sequences, but the
method also works for much longer carrier sequences, if the sequence
contains enough hydrophobic residues [27]. Polar backbone
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contributions (missing in all analog scales except for the Wimley-White
scales) and the effect of the peptide length are fully included. In marked
contrast to interfacial scales, where residue contributions can be ad-
ditive, the present calculations show this is not the case for TM inser-
tion, as previously noted for arginine [60]. The obvious difference is
that the residue position has a huge effect for a TM configuration
(burial location), but only a small one for a surface aligned peptide,
where the burial of the residue is unaltered. The advantage of the direct
simulation protocol shown here is that all (non-trivial) sequence cor-
relations are automatically considered. The extension of the scale to
more complex sequences, where X is in various positions rather than
just in the middle of the helix, is currently being performed, and will
result in a complete computational full-peptide insertion scale.

3.1. Methods

3.1.1. Molecular dynamics (MD)

Peptide sequences of the form ac-LLLLXLLLL-nme (L8X) and
ac-ALALXLALA-nme (L4A4X) were constructed with X corresponding
to the 20 naturally occurring residues. The peptides were then em-
bedded into the water phase of a box containing a preformed POPC
(palmitoyloleoyl-phosphocholine) lipid bilayer. The initial conforma-
tion was an ideal a-helix, placed 10 A from the bilayer surface. All si-
mulations were performed and analyzed using GROMACS version 4.0
(www.gromacs.org) [61] and hippo beta (www.biowerkzeug.com),
using OPLS-AA for the protein [62], TIP3P for water [63], and united
atom lipid parameters for POPC [64]. Electrostatic interactions were
computed using Particle Mesh Ewald (PME), and a cutoff of 10 A was
used for the van der Waals interactions. Bonds involving hydrogen
atoms were restrained using LINCS [65]. Simulations were run with a
2 fs integration time-step and neighbor lists were updated every 5 steps.
All simulations were performed in the NPT ensemble, with no addi-
tional applied surface tension. Water, lipids, and the protein were each
coupled separately to a heat bath with time constant T+ = 0.1 ps using
weak temperature coupling [66]. Atmospheric pressure of 1 bar was
maintained using weak semi-isotropic pressure coupling with com-
pressibility k, = kg, = 4.6 - 10 °bar™! and time constant tp = 1 ps
[67]. 1.5 us of MD were run for each peptide sequence.

3.1.2. Partitioning free energy and robustness of the simulation protocol

The insertion propensity, pry of each peptide was calculated as the
probability of the peptide being in the TM state. To distinguish the TM
state from the S and S’ conformations, a criterion of zcy < 8 A and
6 < 50° was found to be optimal. The free energy of S— TM parti-
tioning was then calculated as AGs_.my = + kTIn(1/pmy — 1).
Sufficient transition events were captured in the 1.5 ps simulations by
using an elevated temperature of T = 150 °C. We have previously de-
monstrated using MD that for pure Ln a-helices, no unfolding is ob-
served under such conditions, and this was also experimentally verified
up to 90 °C [22-25]. The principal cause of this thermostability is the
high hydrophobicity of the carrier sequence. However, for several L8X
and L4A4X sequences where X was polar or charged, partially unfolded
S states were observed at 150 °C, whereas the same sequences were
entirely helical at 80 °C. Hence, to avoid thermal unfolding biasing the
results, secondary structure restraints were introduced for all sequences
at this temperature to retain the helix integrity. This is a common
procedure for studying peptide partitioning, e.g., for arginine peptide
burial in the bilayer [39,41,43], or at the Sec61 translocon [55], for
Sec61 peptide release [46], and the Sec61 function itself [68]. It is also
standard in all coarse-grained peptide-membrane potential of mean
force calculations, e.g. for toxin insertion [69], synthetic WALP pep-
tides [19], partitioning of TM segments of ABC proteins and chemor-
eceptors [18,70], the voltage sensor S4 helix [71], and to predict in-
tegrin dimers [72].

We have performed extensive checks that both using helical re-
straints and using high temperatures do not bias the results. Very long


http://www.gromacs.org
http://www.biowerkzeug.com

J.P. Ulmschneider et al.

AG [kcal/mol]

BBA - Biomembranes 1860 (2018) 2539-2548

Fig. 7. Temperature independence of hydrophobic S-
to-TM partitioning, as shown using MD for a poly-
leucine with 8 residues (L8). No temperature effect is
visible over the large range 30-160 °C. The simula-
tions are 5ps each, so one-dimensional free energy
profiles (b), and the overall transfer free energy
AGs_.tm (c), are well converged. Simulations using
helical restraints are denoted with [R]. No unfolding

b 90 is observed even at very high temperatures, and both
354 —30°C unrestrained and restrained simulations yield the
= — 80 °C 60 same AGg_.my = —1.56 = 0.16 kcal/mol (c). Two-
g 3 —80 °C[R] dimensional free energy profiles (as a function of
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L 2 : %ég DE EE% 30 position of the TM minimum is slightly shifted to-
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0.5 - E membrane (d). However, the S-to-TM free energy is
0 - S — 60 o unaffected.
0 30 60 90 X0
c Tilt angle [°] 30 ©
5 [
3 2_‘L8 120 C[R],o
£ = L8 [R]
g ! 60
= 0
2
< 117 i 30
S 21 1 150 °C [R]
_3 rrrrrrrTTrTT T T T T T U T 0
0 50 100 150 0 5 10 15 O 5 10 15 20

Temperature [°C]

(5 ps) control simulations were performed for the pure carrier sequence
(L8), as shown in Fig. S1. Fig. 7 reveals that AGs_.ty is not affected by
either the simulation temperature, or by the use of helical restraints. L8
has a relatively low barrier, allowing partitioning to be simulated at
30 °C. These results confirm that high temperatures can be successfully
used to obtain values of AGs_.ty applicable at physiological tempera-
tures. There is no temperature effect of partitioning, chiefly because of
the lack of unfolding in the membrane, as described earlier [23].

An alternative to using helical restraints for L8X with polar and
charged X is to use a force field that promotes helicity more than OPLS.
We have recently demonstrated that CHARMM promotes helical
structures much more than OPLS in long-scale simulation of membrane
active peptides [73,74]. We therefore performed control simulations
using the CHARMM force field [75] and C36 lipid parameters [76]. No
loss of helical structure occurred even at temperatures as high 180 °C,
for any sequence thus tested. For L8, a 5 s long control simulation of L8
at 210 °C showed nearly the same AGs_.ryy = —1.15kcal/mol as the
OPLS simulation (Table S1). However, greatly reduced kinetics of
partitioning as well as increased computational cost (all-atom lipids)
prevented us from employing CHARMM parameters for this study. We
have recently demonstrated however, that results using CHARMM are
identical to OPLS, and that the results of the direct partitioning simu-
lations, as shown here, are identical to those obtained via PMF calcu-
lations [21].
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