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We have developed an empirical residue-based potential (E, potential) for
protein insertion in lipid membranes. Propensities for occurrence as a
function of depth in the bilayer were calculated for the individual amino
acid types from their distribution in known structures of helical membrane
proteins. The propensities were then fit to continuous curves and converted
to a potential using a reverse-Boltzman relationship. The E, potential
demonstrated a good correlation with experimental data such as amino acid
transfer free energy scales (water to membrane center and water to
interface), and it incorporates transmembrane helices of varying composi-
tion in the membrane with trends similar to those obtained with translocon-
mediated insertion experiments. The potential has a variety of applications
in the analysis of natural membrane proteins as well as in the design of new
ones. It can help in calculating the propensity of single helices to insert in the
bilayer and estimate their tilt angle with respect to the bilayer normal. It can
be utilized to discriminate amphiphilic helices that assume a parallel
orientation at the membrane interface, such as those of membrane-active
peptides. In membrane protein design applications, the potential allows an
environment-dependent selection of amino acid identities.
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of transfer of amino acid derivatives from water to
the headgroup or hydrocarbon regions of a bilayer
have been determined using a variety of experimen-

Introduction

The primary amino acid sequence of membrane
proteins directs the proper positioning of the helices
in the lipid bilayer following insertion via the
translocon apparatus. Thus, considerable effort has
been made to determine the thermodynamics of
transfer of the amino acid side-chains from water to
various regions of the membrane.' Schematically,
the bilayer is generally considered to consist of
distinct sectors representing the hydrophobic hy-
drocarbon core, a polar headgroup region, and the
extra-membrane aqueous region. The free energies
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tal techniques.'™ Also, amino acid sequence data for
single-span and multi-span helical membrane pro-
teins have been evaluated to determine the propen-
sity of various amino acids to form helices at distinct
sectors of the bilayer.*”

Although the multi-sector approach provides a
good first approximation for the bilayer environ-
ment, it would be advantageous to determine the
free energy profile for each residue type as a
continuous function of its depth of insertion within
a membrane. Here, we determine the frequency of
occurrence of various amino acid types as a function
of their position in a bilayer. Using the reverse-
Boltzmann statistical approach, these propensities
are converted to pseudo-energies, which are shown
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to correlate well with experimental free energies of
transfer of side-chains from water to distinct regions
of the bilayer. The resulting method is used to
predict the locations and orientations of helices in
membrane proteins and has a variety of applications
in the analysis of natural membrane proteins as well
as in the design of novel structures. For example,
there is keen interest in determining the extent to
which polar side-chains, particularly Arg, can be
accommodated stably within the bilayer, particular-
ly as this relates to the mechanism of voltage-
sensing in potassium channels,” ' as well as the
mechanism of membrane disruption by cationic
membrane-permeablhzmg and antimicrobial pep-
tides.""™'* The energy function can help to define the
orientation of a protein in the membrane, which
cannot be inferred directly from a crystal structure
because the positions of the phospholipids are
generally not defined, although isolated lipids are
visible in the electron density in some cases. Given
the large amount of available sequence data, another
important application is the estimation of the
propensity for insertion of predicted transmem-
brane domains and their preferred angle with
respect to the bilayer normal. Finally, a computa-
tionally efficient empirical energy function is useful
in membrane protein design to guide the selection of
specific side-chains at various positions of the
peptide chain as a function of their environment.”

Results and Discussion

Depth-dependent propensity profiles for amino
acid side-chains

To determine the propensities of the amino acid
side-chains across the bilayer depth, we analyzed
previously studied helical membrane proteins posi-
tioned in an implicit bilayer. Ideally, we would
consider the cytoplasmic and extracellular ends of
the helix differently, and would additionally dis-
criminate the N-terminal ends from the C-terminal
ends of the helices (because the residues have
different rotamer distributions on either end of the
helix)."”'® However, to maximize the signal-to-noise
ratio, these features were not differentiated, and the
distance of the residues C” (C* for Gly) from the
bilayer center was measured.

Figure 1 illustrates the propensity for the side-
chains to occupy consecutive 2 A regions beginning
at the center of the bilayer, and extending to 30
A along a line that is normal to the bilayer plane.
The z coordinate defines the distance from the
center of the bilayer. We define the position-
dependent propensity (P.) for a given residue as
the number of residues of this type in each 2 A
increment, divided by the mean value for all 2 A
increments for the entire 30 A region considered. At
a qualitative level, the resulting distributions are
consistent with conventional wisdom concerning
the partitioning of substances between apolar and

polar environments." The hydrophobic residues
(Figure 1(a)) have the highest propensity to occur
near the center of the bilayer, and the polar residues
(Figure 1(b)) show the highest propensities to occur
on the exterior of the bilayer (z>20 A). Pro, which
behaved similarly to the polar residues, has a
hydrophobic side-chain but in a transmembrane
helix it often causes one or more main chain
hydrogen bonding groups to be unsatisfied,
which are thermodynamically unfavorable in the
non-polar core of the membranes.'” While it can be
accommodated easily in a helix when embedded
deep within a membrane,®'® Pro is also the amino
acid with the highest propensity to promote helical
hairpin formation when present near the head-
group region.'”?

Aromatic residues with a single polar group (Tyr
and Trp, Figure 1(c)) have a high tendency to locate
at the headgroup region, whereas, as expected, Phe
behaves similarly to the other hydrophobic amino
acids.”"** Finally, relatively flat profiles are observed
for the small residues Gly, Ser, Thr and Cys (Figure
1(d)), which are mlldly polar but can be accommo-
dated favorably also in apolar environments.*’

A continuous z-dependent potential can be de-
rived from the amino acid propensities, which
allows the calculation of pseudo-energies of inser-
tion of a protein as a function of conformation,
orientation, and depth in the membrane bilayer. The
relationship of the amino acid propensities with
energy can be expressed as:

P, = Pge i (1)

where P, is the propensity as a function of the depth
coordinate, z; P,q is the propensity in pure water
when z is extrapolated to infinity, and AE, is the
energy difference between the residue in water and
at a given depth within the bilayer as defined by its z
coordinate; R is the gas constant and T is the
absolute temperature.

It is important to choose a functional form of AE,
to account for the differences in the free energy of
solvation of the various residues at different
portions of the bilayer. With the exception of Trp
and Tyr, the P, versus z distributions tend to be
sigmoidal, with varying degrees of steepness. This
behavior is captured well by the equation:

AE, = _ AB (2)

1+ ( mld)"

where AE, is the pseudo-energy difference be-
tween center of the bilayer (z=0) and water (the
standard state, z=w) for a residue; Z,;q is the z
coordinate at which the energy is half-maximal;
and 7 is a parameter that defines the steepness of
the transition.

Equation (2) was inserted into equation (1) and
non-linear least-squares analysis was used to obtain
the values of P,q, AEo, Zmiq, and n (Table 1), leading
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Figure 1. Propensity plots for the 20 amino acids as a function of depth in the bilayer. The z dimension represents the
normal to the membrane plane, with the origin at the center of the bilayer. The data were obtained by counting each amino
acid occurrence in bins of 2 A. Panels are grouped by amino acid types: (a) hydrophobic residues; (b) very polar residues;
(c) moderately polar residues; and (d) Tyr and Trp. (a) The hydrophobic group reaches a minimum at the center of the
bilayer, while (b) the hydrophilic residues prefer to partition in water. Proline, which alters backbone hydrogen bonding
in secondary structure, behaves similarly to the polar residues. (c) Gly, Ser and Thr show similar propensity in all
environments, while Cys has a scattered distribution and was not fit (a flat zero energy profile was used). Groups (a), (b)
and (c) were fit to a sigmoidal function. (d) The propensities of aromatic residue Trp and Tyr were fit to a Gaussian
function that reaches the global minimum in the headgroup region.

to an excellent fit to the data (Figure 1). Together,
these four parameters provide an accurate and
readily interpretable depiction of the properties of
the individual amino acids. For Trp and Tyr, whose
propensities reach a maximum in the headgroup
region and decrease in the membrane center (Figure
1), a properly scaled Gaussian distribution provided
a good fit for AE;:

2
2~ Zmin)

AE, = AEppe 22 3)
where AE.;, is the energy minimum at coordinate
Zmin, and o is the width of the transition.

Figure 2 illustrates the AE, profiles for three
typical amino acids in comparison with the mem-
brane regions determined by the locations of specific
lipid functional groups, as defined previously by
diffraction studies.** The aromatic group of Trp has
a strong preference for the carbonyl region of the
bilayer; and similar behavior is observed for Tyr. The
curve for Phe is typical for the hydrophobic group
(Figure 2) with AE; values that reach a limit as they

pass through the carbonyl region into the hydrocarbon
core. The curves for highly polar residues, exemplified
by Asp in Figure 2, show the opposite behavior.

AE, profiles define barrier positions, energy
gradients, and snorkeling potential

The parameters, AEj, Ziq, and n provide a highly
informative and intuitive picture of the behavior of
the individual amino acids in a bilayer environment.
For polar residues the middle point of the transition
(Zmia) gives an estimate of how deeply a group
prefers to penetrate into a membrane (and vice versa
for hydrophobic residues). The value of n describes
the steepness of the transition from the water to the
membrane center values; a group with a large n
experiences a hard effective potential with a sudden
transition, while a group with small n experiences a
softer one that varies gradually over a larger range
of z.

The large hydrophobic groups Leu, Phe, Ile, and
Met all show highly favorable propensities in the
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Table 1. Parameters of the pseudo-energy potential for
the 20 amino acids

Functional form 1 (equation (2))

Residue AE, Z mid n

Ala -0.29 10.22 4.67
Asp 1.19 14.25 8.98
Glu 1.30 14.66 4.16
Phe -0.80 19.67 7.12
Gly —-0.01 13.86 6.00
His 0.75 12.26 2.77
Ile -0.56 14.34 10.69
Lys 1.66 11.11 2.09
Leu —0.64 17.34 8.61
Met -0.28 18.04 7.13
Asn 0.89 12.78 6.28
Pro 0.83 18.09 3.53
GIn 1.21 10.46 2.59
Arg 1.55 9.34 4.68
Ser 0.10 13.86 6.00
Thr 0.01 13.86 6.00
Val -0.47 11.35 497

Functional form 2 (equation (3))

Residue AE i Z min o
Trp -0.85 11.65 7.20
Tyr -0.42 13.04 6.20

A sigmoidal fit was applied to the distribution of 17 amino acid
types (equation (2)). For the aromatic residues Trp and Tyr, a
Gaussian fit was applied (equation (3)). Cys had a scattered
distribution profile and was fit to a constant zero energy curve.

range of z=0 to13 A, which corresponds with the
hydrocarbon core of the membrane. As z increases
into the positions of the carbonyl groups of the fatty
acid esters in the bilayer (Figure 2), AE, becomes less
favorable, reaching the limiting value at the transi-
tion through the headgroup region into water. The
value of AE, has already decayed to near zero close
to the center of the region occupied by the choline
headgroups. Interestingly, the propensities for the
smaller hydrophobic residues Val and Ala tend to
fall off at smaller values of z (Zniq=11.3 A and
10.2 A, respectively), indicating that they are not as
well accommodated in the headgroup region.

The differences in the values of AE(, Zyiq, and n
for the strongly polar and charged residues is
particularly interesting. By comparing Asp with
Asn, and Glu with Gln, it becomes apparent that the
carboxylate-containing Asp and Glu are excluded
more effectively from the apolar region of the
bilayer than their isosteric neutral counterparts
(Zmiga=14.7 A for Glu versus 10.5 A for Gln; 143 A
for Asp versus 12.8 A for Asn, Table 1).

In general, polar residues with long side-chains
are able to snorkel;'>** the ability to snorkel appears
to translate to having softer potentials of mean force,
as assessed by the value of n. Asp experiences a
particularly hard potential with n=6.3, which
decreases to 4.2 for Glu, which is one methylene
group longer and thus it is more flexible. The same
trend is observed for Asn versus Gln, whose values
of n are 6.3 and 2.6, respectively. Indeed, the longest
side-chain, Lys, has the softest potential of the amino
acids (n=2.0).

It is particularly interesting to compare the curves
for the acidic residues Asp and Glu to the strongly
basic residues Arg and Lys. While the basic amino
acids have slightly more unfavorable values of AE,
for transfer from water to the center of the bilayer
(Table 1), they nevertheless have smaller values of

Zmiq; which are 9.3 A and 11.1 A for Arg and Lys
versus 14.3 A and 14.7 A for Asp and Glu, res-
pectively. Thus, while it is energetically more
difficult to transfer the Arg and Lys side-chains
fully to the center of the bilayer (as can be inferred
from the values of AE,, Table 1), thoey can never-
theless penetrate approximately 4-5 A more deeply
than the acidic side-chains without incurring too
large a hydration penalty. Also, the values of n for
these residues indicates that Lys, in particular,
experiences a surprisingly soft potential as it
penetrates into the bilayer. Presumably, these
differences between the acidic and basic side-chains
reflect two features: the first is that Lys and Arg are
longer and more flexible than Asp and Glu,
providing opportunities for snorkeling towards the
surface. Additionally, these residues can interact
favorably with the negatively charged phosphate
group of phospholipids. The phosphate group is
located more deeply than the corresponding posi-
tively charged groups (e.g. the choline moiety of
phosphatidylcholine lipids) even in zwitterionic
phospholipids.

Analysis of the profiles for Trp and Tyr shows the
transfer of these residues to the headgroup/interfa-
cial region of the bilayer to be highly favorable
(Zmia=11.6 A and 13.0 A) in ag2 reement with the
results of previous studies.”’”***” As expected

Carbonyl

Carbonyl

Hydrocarbon
core

AE,

z(A)

Figure 2. Representative energy curves for a polar
(Asp, black), a hydrophobic (Phe, blue) and an interfacial
aromatic residues (Trp, green). The hydrocarbon core
(black), headgroup interfacial region (gray) and water
(white) are highlighted in the top panel. The standard state
was set to bulk water (z=).
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from its chemical structure, the transfer of Trp is
more favorable and it penetrates, on average,
slightly more deeply into the bilayer.

Correlations with experimental transfer
free energies

The values of AE, obtained from equations (2) and
(3), is the pseudo free energy of transfer from water
to the center of the bilayer. As expected, the values of
AE, correlate well with various hydrophobicity
scales (Figure 3), including that of Eisenberg
(slope=1.19, intercept=—0.37 kcal/mol, R=0.94)*
and White (slope=0.87, intercept=—0.13 kcal/mol,
R=0.78)*" better than these two hydrophobicity
scales agree with one another (slope=0.60, inter-
cept=0.14 kcal/mol, R=0.69). The plots of AE,
versus the experimental scales have slopes near
unity, indicating that the pseudo-chemical approx-
imation used in this work (with an effective
temperature of 25 °C) provides reasonable scaling
of pseudo-energies. The correlation with the scale
used by Eisenberg is particularly good, and only Arg
falls off the line significantly. This residue has the
largest counting error near the center of the bilayer;
if it is removed from the plot, the correlation
coefficient of Figure 3(a) becomes 0.95.

An advantage of a continuous potential is that it
makes it possible to estimate the transfer energies to
any depth within the bilayer. For example, it is
possible to compute the free energy of transfer from
water to the headgroup or “interface” region of the
bilayer, allowing a comparison with another exper-
imental energy scale obtained by White and co-
workers, for transfer to the membrane interface.*”
They measured the transfer free energies for a series
of peptides, which were known to localize in 1-
palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
bilayers near the headgroup region of the bilayer.
We calculated the correlation between their interface
scale and AE. evaluated at various values of z. A
plot of the correlation coefficients for the regression
analyses versus the value of z at which AE, was

White-octanol

® g

Eisenberg

(a) ARG

AG (kcal/mol)
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o

Figure 3. Comparison of the E, water to hydrocarbon
transfer energies (AE,) with experimental transfer free
energies for the 20 amino acid types. (a) Correlation with
the Eisenberg scale: slope=1.19, intercept=—0.37, R=0.94.
The major outlier, Arg, is marked on the graph. (b)
Correlation with the White-Octanol scale: slope=0.87,
intercept=—0.13, R=0.78. The major outliers, Trp and Glu,
are marked.

computed shows a maximum near z=12 A (Figure
4(a)). Figure 4(b) illustrates the excellent correlation
between the AE;, (the pseudo-energy of transfer of a
residue from bulk water to z=12 A) and White inter-
face scale (slope=2.54, intercept=0.26 kcal/mol,
R=0.91). This is consistent with the conclusion
reached by White and co-workers, that the model
peptides, upon which the scale was devised, are
bound to the headgroup region of the bilayer.

Correlation with translocon-mediated helix
insertion

Overall, there is reasonable agreement between
the AE, scale and a “biologically” defined scale
obtained by Von Heijne and co-workers (slope=0.6;
intercept=—0.38 kcal/mol; R=0.88; data not
shown). The scale was obtained by measuring the
efficiency of insertion of model sequences into the
endoplasmic reticulum membrane via the Sec6l
translocon.” A hydrophobic segment was intro-
duced into the leader peptidase so that it could
either span the membrane or be translocated to the
ER lumen. One guest amino acid was varied in the
middle of the segment, and the relative amount of
glycosylation that occurred at specific sites was
taken as a topological indicator of the fraction
inserted in a transmembrane orientation. Apparent
equilibrium constants and free energy of insertions
were thus derived. While biological insertion is a
complex and active process operated by a cellular
machinery, the good agreement of the data with
hydrophobicity-based scales suggests that interac-
tion with the lipids is probably involved in the
process, and that the efficiency of insertion is
related to the thermodynamic stability in the
membrane.” There is good consistency with the
observed rank, including the behavior of Pro, which
is a non-polar residue that tends to avoid the center
of the bilayer unless required for function.'’'%!
One difference is in the value of Phe, which is the
most hydrophobic of the non-polar residues in the
AE, scale, but third most apolar after Leu and Ile in
the biological scale.

The same authors performed a series of experi-
ments to investigate the effect of positioning of the
guest amino acids, using constructs in which a pair
of residues of the same type were moved symmet-
rically from the center toward the ends of the
segment.” We made a direct comparison to their
data by calculating equivalent pseudo free energies
of insertion with the E, potential (AGg,). The free
energies were calculated as the difference between
two ensembles: a transmembrane state that includes
all the conformations in which the helix spans the
bilayer; and one non-transmembrane state, com-
posed of conformations in which the helix is
completely exposed to water or associated with the
membrane interface. We chose a thickness of the
water phase of 50 A and a temperature of 298 K to
simulate a helical segment constrained to be in the
vicinity of the membrane (these choices affect the
absolute value but do not change the shape of the
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Figure 4. Comparison of the E, water to headgroup
region transfer energies (AE;,) with experimental transfer
free energies of the White interface scale. (a) Correlation
coefficients (R values) of the two transfer energies as a
function of chosen depth for the E. potential data. The
correlation reaches a maximum at z=12 A. (b) XY plot of
the transfer energies for the AE;, (E; transfer energy from
bulk water to 12 A from the membrane center) and
experimental energies for the 20 residue types. Slope =2.54;
intercept=0.26; R=0.91.

free energy profiles). Our results are shown in
%ure 5 with the same layout as Figure 4 of Hessa et
While the energy ranges in the simulation tend

to be reduced in magnitude and not as rich in fine
features, the trends are in good agreement with most
aspects of the experimental results, in particular for
hydrophobic and aromatic residues (Figure 5(a)).
We did not observe the same stabilization of the

<+~ —>
GGPGAAAAAAAALLLAAAAAAAAGPGG

transmembrane conformation when more Ala resi-
dues were substituted by Leu (Figure 5(b)), which
seems counter intuitive considering that the AE, of
Leu is twice as “hydrophobic” as that of Ala (Table
1). The explanation is that Leu has a transition that
occurs quite steeply in the head group region
(Zmld 17.3 A, Table 1) while the transition for Ala
is closer to the membrane center (Z,;q=10.2 A)
Therefore, a Leu residue will provide similar energy
to transmembrane and membrane interfacial con-
formations, while Ala stabilizes preferentially the
transmembrane conformations.

Effects of amphipathicity analogous to those
observed experimentally can be recognized in the
AGg; profiles of strongly polar residues, such as
Asn and Lys (Figure 5(d)), but not for the mildly
polar Ser (Figure 5(d)), as a consequence of its rather
constant propensity across all environments (Figure
1). Finally, further support for the applicability of
the Ez potential is provided by the comparison of
the two series involving Pro, either as a pair (Figure
5(e)) or a single residue (Figure 5(f)). The striking
similarity between the experimental and computa-
tional profiles suggests that while the insertion
efficiency in vitro is 1nf1uenced m part, by helix and
turn formation propensity,'”* which cannot be
accounted for in a rigid helix simulation, their
effects are still captured by the statistically derived
propensities.
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Figure 5. Free energy of insertion of helices in transmembrane form using the E, potential. The experiment is aimed to

computationally recapitulate the series in Figure 4 of Hessa et al.,®

and the panels here are reproduced with the same

layout. In the original experiments the sequences added to the C terminus of the membrane protein leader peptidase so
that they can either be inserted as transmembrane helices or be translocated across the membrane. The fraction of
transmembrane/translocated molecules was measured and converted to an apparent AG of biological insertion. The
calculations were performed on a rigid single helix and the sequence is terminated by an Asn residue on both ends. The
AGg, of insertion is calcuated as the difference in ensemble free energy of two subsets: helices in transmembrane
orientation (the termini are on opposite sides of the bilayer center and at z>13 A), and the set of helices that were in water-

exposed and interfacial conformations.



442

Orientation of Transmembrane and Interfacial Helices

Orientation of known structures of membrane
proteins using E,

To verify the extent to which the residue-based
potential is able to predict transmembrane helix
orientation, we have applied it to a set of know
membrane protein structures. The proteins were
rigidly rotated and translated to find their global
minima positions. Since a definitive orientation of a
protein in the membrane cannot be determined
directly from its crystal structure, we compared the
results to those obtained with the semi-automated
method that we utilized to orient the structures
used to generate the statistical potential (training
set).”” This method is dependent on manual
definition of the transmembrane segments. In
Table 2 we show the average differences in depth
(Az) and angle (A6) between the structures oriented
with both methods. For the training set of
structures, the application of the potential repro-
duced the original depth in the bilayer with an
average difference from the original orientation
Az=02(£2.0) A (Figure 5(a)). The tilt with respect
to the membrane plane was also in very good
agreement, with an average difference A0=8(+6)°.

When the same test was applied to each individ-
ual a-helix, the agreement decreased, but was still
good, with an average difference, Az=1(£6) A,
A6=16(+20)°. The major outliers included helices
that are unlikely to be thermodynamically stable
without the aid of the surrounding environment,
such as the short helices in the potassium channel
and aquaporins that do not span the transmembrane
region completely, or helices that include several
polar contacts near the center of large bundles.

Finally, we compared the orientation of a set of
recently solved membrane protein structures, which
were not included in the training set. The average
difference in orientation between the two methods is
similar to that observed with the training set (Table
2). Figure 6 shows the final orientation obtained
with the E, potential of four proteins in the virtual
bilayer. Visually, the proteins appear properly
oriented in the membrane. The polar side-chains
(the same as Figure 1(a)) are explicitly shown in red.
As expected, these side-chains tend to cluster above
the dotted lines that mark the 15 A distance from the
membrane center. They also tend to snorkel toward
the bulk aqueous phase. The side-chains of the

Table 2. Average difference in orientation of known
structures of transmembrane proteins with the E,
potential, compared to the semi-automated procedure
described in Methods

Database Az£SD (A)  A6+S.D (deg.)
Training set 0.2£2.0 8+6
Training set (individual helices) 1.1+6.2 16+20
Testing set 0.4+1.3 9£7

The testing set is formed by recent structures not included in the
training set (PDB codes: 1xio, 2ahy, 2a65, 1xqf, and lyew).

residues Trp and Tyr, which are enriched in the
interfacial region, are shown in yellow in the Figure.
It is interesting to notice how the amphiphilic helices
of the Na/K channel (2AHY) lay parallel with the
plane of the membrane and are located exactly at the
edge of the hydrophobic region.

Estimation of the position of sequences of
helical peptides in the membrane

We have further tested the E, potential by
calculating the energy landscape of previously
studied membrane proteins and a series of peptides
as a function of their depth and orientation (Figures
7 and 8). Hydrophobic matching is important for
determining the behavior of insertion of a peptide,
its orientation and depth in the membrane. This
process is dependent on the peptide length, compo-
sition and presence of anchoring residues such as
Lys and Trp.®?"% To illustrate the effect of variation
of hydrophobic length with the E, potential we have
studied the behavior of a series of hydrophobic
peptides formed by n Leu residues flanked by two
Lys residue at both termini (K,L,K5). Figure 7 shows
the energy landscapes as a function of z depth and
tilt angle from the membrane normal (6) of
transmembrane single helices in standard conforma-
tions. A third variable parameter, the rotation
around the helical axis, cannot be shown explicitly
in the graph, therefore it is represented by plotting
the minimum energy around this rotation for any
given z and 6. The minima of the K,L, K, for n=2-6
lie at large z (aqueous environment) and are
isotropic with respect to the tilt of the helix. The
calculations predict that the helices start to have a
tendency to partition to the interfacial zone of the
membrane once they include eight to ten Leu
residues, with minima around z=13 A and §=90°.
They begin to be marginally stable in transmem-
brane orientation after n=12-14. The perpendicular
transmembrane conformation reaches maximum
relative stability near K,;L,0K,. This is in good
agreement with experimental data obtained with
poly-Leu peptides.® In agreement with experimen-
tal and theoretical predlctlons, the helix acquires a
tendency to tilt to accommodate more hydrophobic
residues in the transmembrane region for peptides
with larger number of Leu side-chains. The n=22,
24,26 and 28 peptides have minima with 6 =20°, 30°,
35° and 44°, respectively. A saddle-point when the
helices are surface-absorbed (z=13 A and 6 =90°) is in
agreement with theoretical calculations on helix
insertion.*>?

The landscape of the glycophorin A (GpA)
monomer has features similar to those observed
for the longer of the K,L,K, peptides, with a
pronounced maximum near §=90° and minimum
at 06=17° in the vicinity of z=0, which is in good
agreement with the conformation inferred frorn the
symmetry of the NMR dimeric structure.”” > As
for the poly-Leu peptides, a secondary shallow
minimum is found for the interfacial parallel
conformation.
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Figure 6. Orientation of transmembrane protein structures with the E, potential. PDB codes: 1XQF, E. coli ammonia
channel; 1XIO, Anabaena sensory rodhopsin; 2A65, Aquifex aeolicus leucine transporter; 2AHY, Bacillus cereus Na/K
channel. The virtual membrane is represented as the dotted lines at z=+15 A. Hydrophobic (A, V, L, I, M, F) and
moderately polar residues (G, S, T, C) are colored in gray and light green, respectively. For strongly polar residues and Pro
(D, N, E, Q H, K, R, P), in red, the side-chains are also shown to highlight snorkeling and the orientation of amphiphilic
helices in 2AHY. The polar aromatic residues Trp and Tyr, which occur most frequently in the interfacial region, are
represented in yellow.

We tested whether the AE, potential could reliably =~ mastoparan X,*’ the antimicrobial peptide pexi-
determine the orientation of membrane-interactive  ganan,'* a minimal synthetic antimicrobial peptide
peptides that can be surface-absorbed as well as  LKK (sequence (LKKLLKL),),'* and a membrane-
vertically inserted (Figure 8). As representative  associated peptide from HIV gp41,*' which is
examples, we considered the wasp venom peptide  involved in fusion of the virus envelope with the

K, L, K, . Kz Ls K,

Figure 7. Ez energy landscapes for a series of poly-Leu helical peptide of increasing length, flanked by two Lys
residues on each terminus (K;L,K5). The energy of insertion in unfavorable (positive) for short helices and becomes more
favorable with increasing hydrophobic length. At the membrane interface (z=13 A) the helices have local minima when
parallel to the membrane (6=90°). Helices that are barely long enough to span the bilayer (7=14 to 18) have energy
minima for transmenbrane conformations (6=0° and 180°) that are similar to their interfacial conformation. Long helices
(n>24) tilt in the membrane (6 =44° for n=28). The energy profile for a single helix of the well studied transmembrane
segment of Glycophorin A (GpA) is shown as control. Its helix has a natural tilt near 20°.
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Mastoparan

Pexiganan

Figure 8. Energy landscapes for a series of interfacial
amphiphylic peptides. Energy minima are expected and
observed at the membrane interface (around z=13 A and
0=90°).

cellular membrane. mastoparan X and pexiganan
had a relatively flat minimum predictive of a
surface-absorbed state. The difference between the
surface-absorbed state and the inserted state was
relatively small, which is consistent with data that
indicate that peptides of this class adopt a surface-
absorbed state at low peptide/lipid ratios, but that
they can associate to form transmembrane species
as the concentration of the peptide in the bilayer is
increased.'****** The minimal peptide (LKKLL-
KL); is too short to span the bilayer, and hence has a
strong preference for the surface-absorbed state. As
shown in Figure 8, only a single minimum was
always observed in all cases, the most favorable
orientation being interfacial, near 15 A from the
center of the bilayer and nearly parallel with the
membrane plane. A shallower landscape is ob-
served for mastoparan X, which has been observed
in both transmembrane and parallel orientations in
lipid bilayers. In excellent agreement with expe-
riment,*’ gp41 is predicted to adopt a surface-
absorbed state, with the hydrophobic face defined
by the Leu and Trp side-chain oriented toward the
membrane interface. These results are consistent
with the experimental observation, and indicate that
the E, potential can be applied to sequences
characterized by different degrees of hydrophobic-
ity and amphiphilicity.

Comparison with another empirical membrane
potential

A related potential was reported recently by
Ulmschneider et al.** While methodologically dis-
tinct, the two potentials are in good agreement
overall, and here we will highlight similarities and
difference. One of the most notable differences in the
derivation of the potentials is the fact that Ulmsh-
naider ef al. treated the cytoplasmic and extracellular
orientations independently. This is advantageous to

model residue propensities that are not symmetrical
across the two sides of the membrane. The majority
of the distributions, however, are very symmetrical
(the most notable exception being Arg and, to a
lesser extent, the other polar residues and Tyr), and
the distinction comes at the cost of a reduced count
size for an already limited structure database.

Ulnschneider et al. used different equation forms
for their potential, i.e. a single Gaussian fit for all
hydrophobic amino acids, and a sum of two
Gaussians for the polar residues. Generally one is
centered to produce a maximum near z=0, and the
second modulates a minimum on the cytosolic side
of the membrane. Our method used a sigmoidal
form for polar and non-polar amino acids, with the
curves continuing symmetrically with mirror shape
at z=0 (Figure 2). Compared to a Gaussian, this
allows variable steepness of the transition while still
maintaining a relatively flat profile in the hydro-
phobic center of the bilayer. For Trp and Tyr profiles,
both methods use a Gaussian function centered in
the headgroup region. However, Ulmschneider et al.
differentiation between cytosolic and extracellular
data allowed them to fit pronounced asymmetry in
the case of Tyr.

The major difference between the two methods is
His. In our work, this amino acid follows a
sigmoidal distribution that favors partition into
water, which is very similar to all other polar
residues. In Ulmschneider’s potential, His behaves
like Tyr and Trp, with Gaussian curves that have
minima in the interfacial region. This significant
disagreement might depend on differences in the
databases. In our case, the raw counts do not show a
decrease in frequency of the residue into the
aqueous region, which is apparent in the Ulmsch-
neider et al. distribution, particularly on the cytosolic
side, where there is an increased tendency of His to
penetrate deeper into the membrane.

Effect of lipid-exposure on E, atom-based
potentials

Different residue types have distinct position-
dependent propensities to occur on the surface
versus the interiors of membrane proteins. Thus, it
is important to determine how the degree of
exposure affects the E, potentials of the specific
side-chains. To facilitate this analysis, we consider
the E, profiles for specific atom types rather than the
full side-chains. By considering specific atom types,
we can better account for snorkeling, and it allows
examination of the effect of burial on an atom-by-
atom basis. A set of 52 atom types were chosen to
represent the backbone and side-chain atoms. In
general, the propensity profiles have similar values
of Zmq for the buried versus the exposed residues,
although the exposed atom groups generally show
larger differences in propensities as a function of z
(and hence a larger magnitude for AEy).

Figure 9 compares plots for typical buried versus
exposed atomic groups, including representative
backbone, polar and apolar side-chains. Amide
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groups in protein a-helices have very limited
accessibility to a probe of this size. Thus, exposed
amide nitrogen atoms have a very low propensity to
occur near the center of the bilayer, while the
distribution for buried amide oxygen atoms is
nearly isotropic with respect to z. Analysis of the
curve for the exposed amide nitrogen atoms
provided a value of AEy=1.6 kcal/mol, in agree-
ment w1th the conclusion reached by Wimley and
White,' that transfer of an amide group from water
to a membrane is highly unfavorable. Most of the E.
profiles for other polar and non-polar groups tend to
show a strong dependence on their degree of burial
(Figure 9).

One exception is the terminal guanidino atoms of
Arg, which are very infrequent near the center of the
bilayer in both the exposed and the buried positions.
Because of the limited number of counts, we can
place only a lower limit for AE, of approximately 1.5
kcal/mol for both buried and exposed atoms,
indicating that this is among the most difficult
groups to bring fully to the center of the bilayer. The
steepness of the curves and the value of Z,;q4 were
not significantly different from that observed for the
C" of Arg.

The effect of snorkeling can be seen by comparing
the position of the center of mass of the apolar
aromatic six-membered ring of Trp to the corres-
ponding position of the more polar indole N of the
same side-chain. On average, the indole NH occurs
2.5(£0.5) A further away from the center of the
bilayer than the center of the C6 ring.

While the atom-based potential captures details
that are averaged in the residue-based E. profiles
(rotameric conformations, solvent exposure), the
two are very similar overall. The atom-based
potential could be more advantageous for detailed
design applications that involve side-chain mobility,
while for “lower resolution” purposes, such as rigid
body searches, the residue-based E, would be more
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Figure 9. Propensity curves for specific atomic groups
divided into solvent-accessible (red) and buried (black).
(a)Backbone amide nitrogen. (b) Side-chain amide nitro-
gen (c) Arg N™/N". (d) Phe ring carbon atoms. (e) Tr[i

L Trp six-membered ring (blue) versus the indole N*

(red)

readily applicable, and appropriate when sequence
but not structural information is available.

Conclusions

The presented empirical residue-based potential
captures the essential aspects of the thermody-
namics of membrane insertion. With the steady
improvement of size and average resolution of the
membrane protein structural database, some of the
present limitations (such as symmetric treatment of
both sides of the membrane, and the lack of
inclusion of chemical details such as rotameric
states, tertiary interactions and protonation states)
will be overcome, presumably allowing greater
accuracy. However, in the present form, the
pseudo-energies associated with the individual
types are remarkably consistent with the current
understanding of partitioning of helices in the
hydrophobic and headgroup regions. The potential
performs well in comparison to data obtained
experrmentally The results of water-mem-
brane®®* and water-interface™ transfer energy
scales are recapitulated with excellent correlation
by the potentral Translocon—medrated apparent
free energies of insertion® are also in good
agreement with our predictions. The E, potential
can orient single helices of varying length and
composition with rigid body searches at global
minima depths and angles that are sensitive to
hydrophobic matching for transmembrane seg-
ments. The potential can discriminate and orient
amphiphilic interface associate peptides correctly.
The orientation algorithm can automatically place
structures of multi-span membrane protein at
orientations with an accuracy comparable to that
of procedures that require guided identification of
the transmembrane segments. The potential pro-
vides chemical insights, and the derived method
could prove very useful for a variety of applica-
tions in the analysis and design of membrane
proteins.

Methods

Database

The initial database of twenty four membrane proteins
(PDB ID: 1c3w, 1el2, ehk, leul, 1fx8, 1h2s, liwg, 1j4n,
1k4c, 1kb9, 1kf6, 1kpl, 1kqf, 117v, 119h, Im3x, 1m56, 1msl,
1nek, locr, 1pv6, 1pw4, 1q16, 1qla)*® was prepared with a
procedure similar to that described by Rees and co-
workers.*® Proteins were aligned along the z-axis perpen-
dicular to the membrane plane, by calculating the
projection of each transmembrane helix on the x-y plane
as described.*® The sum of the magnitude projections was
minimized as a function of the three rotational degrees of
freedom about its center of mass. Proteins were then
centered in the membrane along the z-axis by calculating
the average of the z coordinates of all non-backbone
carbon atoms. This center of mass was then set to zero by
translating the protein along the z-axis.
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Derivation of the potential

The derivation of the pseudo-potential was performed
(as described in further details in the results section) by
subdividing the aligned structural data into bins compris-
ing 2 A in the z dimension and counting the occurrence of
each residue type (position taken at the C*, or C* for Gly).
Due to the limited size of the database, we do not
differentiate the cytoplasmic from the extra-cellular sides
of the protein. Thus, z is always assumed to be positive,
and the potential is symmetric across the two faces of the
bilayer. The occurrence data was converted to a propen-
sity using the equation:

Nyres,bin
Preg bin = —=20 4
res/om Mot fres f bin ( )

Where Piespin is the propensity for a given residue in a
given bin, s pin is the bin’s count for the residue, 1 is
the total count of all residue, f,.s is the relative abundance
of the residue, and fi,;,, is the total number of counts in a
given bin (summed over all residue types) divided by s,
pin- The pseudo-energy potential was obtained by fitting
with non-linear least-squares analysis equations (2) and
(3) ((2) and (4) for Trp and Tyr) with data defined between
z=0 and 30 A. The logarithmic form of the equation was
used in fitting to avoid compression of the data as P,
approaches 0.

Calculation of state energies

The calculation of the E, for a given structure was
performed by summing the values of the individual
residues (using the residue-based scale) for a given
orientation. Mapping of the conformational energy
landscapes was obtained by varying three parametes,
the z coordinate and two orthogonal rotations on a grid
of 9048 points in one translational (z translation from 0 A
to 28 A with a 1 A step) and two angular dimensions (0°
to 180° tilting of the helix with respect to the membrane
plane with a 15° step, and a 360° rotation around the
helical axis with a 15° step). It was followed by a local
Monte Carlo minimization around the grid search
minimum.

Calculation of insertion pseudo free energies

The transmembrane insertion free energies (AGg,) were
calculated using a grid of 9048 subdivided into three
ensembles: the transmembrane segments that span the
virtual bilayer (termini on opposite ends at >13A from the
membrane center); embedded segments (both termini in
the hydrocarbon region); and water exposed +interfacial
and partially inserted, which comprised the reminder of
the orientations.

The ensemble energy of a state was calculated from the
difference of average state energy and entropy:

AGg, = EPM — EYT 4 T(SIM — s (5)
Efete = "piEi (6)

i
Sg'e = piln(p) (7)

The probability p; of each conformation i is:
L Oena
R [¢ sind
E; .
Soie [y sing
with 6 the angle formed by the helical axis with the bilayer
normal; the integral factor is a correction for the proba-
bility in the bin interval syt to 8eng, Which is associated

with the probability of each tilt state and follows a sin 6
law.

pi = (8)

Web resources

The E, potential parameters and utility programs are
available on the internet.
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