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ABSTRACT: Membrane binding interfaces of peripheral proteins are restricted to a small part of their
exposed surface so the ability to engage in strong selective interactions with membrane lipids at various
depths in the interface, both below and above the phosphates, is an advantage. Driven by their
hydrophobicity aromatic amino acids preferentially partition into membrane interfaces often below the
phosphates. Yet enthalpically favorable interactions with the lipid headgroups, above the phosphate plane,
are likely to further stabilize high interfacial positions. Using Free Energy Perturbation we calculate the
energetic cost of alanine substitution for 11 interfacial aromatic amino acids from 3 peripheral proteins.
We show that involvement in cation-st interactions with the headgroups (i) increases the AAGyanseer aS
compared to insertion at the same depth without cation-r stabilization and (ii) can contribute at least as
much as deeper insertion below the phosphates, highlighting the multiple roles of aromatics in peripheral

membrane protein affinity.
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Peripheral membrane proteins populate both soluble and membrane-bound forms." Their membrane-
binding mechanism is poorly understood and their membrane-binding regions difficult to distinguish from
the rest of their surface.? Examples of peripheral membrane proteins include proteins involved in
membrane remodeling, lipid transport proteins, enzymes involved in lipid catabolism or phospholipases

from snake venoms, to name a few. They often bind specifically to certain lipids and, unlike
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transmembrane proteins, peripheral binders cannot rely on a hydrophobic scaffold to attain adequate
anchoring depth and tilt angle. Membrane binding interfaces are instead restricted to a small part of their
exposed surface and the ability to engage in strong selective favorable interactions with the membrane
lipids at various depths is clearly an advantage. The three aromatic amino acids phenylalanine (Phe),
tyrosine (Tyr) and tryptophan (Trp) are known to preferentially partition into the complex environment
of water/membrane interfaces.’ Their hydrophobicity explains their preference for membranes over water
and their preferential partitioning in membrane interfaces is largely driven by the resulting gain of
entropy.*’ Moreover favorable interactions with lipid headgroups, such as cation-n interactions® !> with
the choline groups'*!¥, add a favorable enthalpic contribution stabilizing peripheral protein insertion at
the upper region of membrane interfaces.!® Notably, this upper region is the initial site of contact between
peripheral proteins and membranes.

Both phosphatidylcholine (PC) and sphingomyelin, the major lipid components of eukaryotic plasma
membranes, contain choline groups. We and others have observed cation-m interactions between
peripheral proteins and membrane PC lipids (Cf Refs '7:1°%5 and Supporting Information). The energetics
of cation-7 interactions between various ions and aromatic groups have been estimated mostly in small
model systems.??° Yet so far, the energetic contributions of choline-aromatics cation-s interactions to the
affinity of proteins for membrane interfaces has not been systematically evaluated and, particularly for
Trp and Phe, we lack an estimation of how these interactions compare to simple partitioning of the
aromatic groups deeper into the interface.

Molecular dynamics (MD) simulations are particularly useful to access free energy contributions of single
amino acids in biomolecular systems.**** We here report free energy perturbation (FEP) calculations of
the energetic cost of mutating Phe, Tyr or Trp to alanine in peripheral proteins anchored at the interface
of PC lipid bilayers. At equal insertion depth in the interface, the energetic contribution of the aromatics

engaging in cation-7t interactions is 1.3-2 kcal/mol higher than those not engaging in such interactions.



Notably, the contributions of aromatics involved in cation-7 interactions are at least as high as the
contribution from those simply inserting deeper into the membrane.

The combination of computations to differentiate cation-pi binders from deeply inserted aromatics, and
experiments providing binding affinities are key to this approach. We collected a dataset of aromatic
amino acids (4 tyrosines, 4 tryptophans and 3 phenylalanines) from experimentally verified interfacial
binding sites of three peripheral proteins which bind to the PC and sphingomyelin rich outer membrane
of eukaryotic cells.!”- 2! 3537 Proteinase 3 (PR3) is a serine protease that binds the surface of human
neutrophils.?> 37* Naja naja atra phospholipase A, (PLA,) is a fatty acid releasing enzyme from the
venom of the cobra snake with broad substrate specificity.* Bacillus thuringiensis phosphatidylinositol-
specific phospholipase C (PI-PLC) is a bacterial hydrolase that targets phosphatidylinositols and binds
specifically to PC-rich lipid bilayers. Experimental data using fluorinated tyrosines demonstrate that
several of the PI-PLC tyrosines engage in cation-m interactions (Cf SI, Fig.S5 and S6).# We ran
equilibrium MD simulations for each of the proteins anchored on a pure PC lipid bilayer; the 11 amino
acids all insert at the interface and their electron density profiles overlap with that of choline and
phosphorus atoms to different extents (Cf Fig.S3), reflecting that they insert at different depths (Cf Table
1). Representative structures were extracted to initiate FEP simulations*' in order to quantify the
contribution of each aromatic amino acid to interfacial binding by mutating it to alanine. The FEP cycle
is shown in Fig. 1 with alchemical transformations illustrated along the horizontal directions, at a bilayer
and in water: AGygyp(Aro — Ala) and AGpq(Aro — Ala), respectively. The net free energy contribution
(AAGunster) for each mutation, obtained by taking the difference between the two (Eq. 1), is reported in
Table 1 and Figure 3. The resulting data are directly comparable to experimental binding data for the
alanine mutants.!®-36-42

AAG, .. = AG s (AT0 — Ala) - AG,  (Aro — Ala) =AG, .. (AT0)-AG, ... (Ala) (1)
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Figure 1. Thermodynamic cycle for FEP calculations. The cycle is illustrated with the substitution of
Tyr88 (orange sticks) by alanine in PI-PLC (cartoons) in water and at a DMPC bilayer. The lipid molecule

involved in a cation-7t interaction with Tyr88 is drawn with balls and sticks.

Table 1. AAG ...t (kcal/mol) for aromatic amino acids in PI-PLC, PLA, and PR3.

Region® Cation-t AAG st (AT0)
Aro occupancy (%)¢ FEP¢ Exp®
Tyr
Y88Appic 111 08.3% 2.62 2.740.17
Y246 Ap1pc 111 87.3%8 251 3.1+0.6"
Y247 Aprpic 111 16.6% 0.58 1.0£0.1"
Y110ApLa, II/TV® 39.8 1.36 1.74£0.2%
Trp
W47 Aprpic 111 0 1.96 2.3+0 .44
W242Apppic II 0 3.63 2.940.3%2
WO61Apa, II/TV® 31.1 2.47 2.940.236
W218Apg; II/TV® 70.6 3.30 -
Phe
F165Ap:3 111 7.1 1.08 -
F166Ap:3 111 51.8 2.09 -
F224 Aprs 111 519 2.33 -

“Region in which the amino acid has its density peak (Fig. S3). *Density peak within 2.5 A of the boundary.
“Occupancies are given in percentage of the simulation time, values for PI-PLC were taken from Ref?® and
other occupancies were measured over equilibrium simulations (Cf SI). The Bennett Acceptance Ratio
estimator® yields a statistical error of £0.15 kcal/mol for each AAGyuuster (See Table S2). °Experiments were
performed with POPC for PI-PLC and DMPC for PLA,.



4 I I I
R®=0.89 Y246A
= 3 WE1A @ s
o
£ ®Y38A
£ W242A1
< ]
£
—°r W47A }
= [ ]
10 Y110A
<
<
- . -
Y247A
1 1 1
0 1 2 4
AAG_,, (kcal/mol)

Figure 2. Comparison between computed AAG uster (AAGrep) and experimentally (AAGg,,) determined
AAG anster- EXperimental values are calculated from the ratio between Ky(mutant) and K4y(WT) on pure PC

bilayers.!%:36-42

All values are positive reflecting that the Aro to Ala substitution at the membrane interface comes at a
free energy cost. We also report available experimental data: AAGyu., for three tyrosine and two
tryptophan residues in PI-PLC calculated from apparent dissociation constants (K,) of the wild-type (WT)
protein and a series of alanine mutants determined primarily using Fluorescence Correlation Spectroscopy
(FCS).!*-42 The experimental values for PLA, are calculated in a similar manner from WT and alanine
mutants dissociation constants obtained with Surface Plasmon Resonance.* Considering the differences
in the two approaches and the experimental uncertainties, the FEP results are in very good agreement with
the experimental data (Cf Figure 2). Note that the FEP setup is designed to ensure that the calculated
AAG anster (Aro—Ala) corresponds to the specific contribution of the mutated aromatic group to protein
lipid interactions at a given insertion depth, which are stable during the FEP calculations. Conversely, the
experimental setup consists of two different measurements and depth of insertion may vary as a result of
the mutation, local structural differences may also exist experimentally between WT and mutants. The

FEP calculations, because they are based on short MD trajectories, purposely limit this possibility.



Using the Wimley-White hydrophobicity scale for proteins at membrane interfaces* based on
experimentally obtained partition coefficients of short peptides, one can calculate that a tryptophan to
alanine substitution comes at a cost of 2 kcal/mol, 1.1 kcal/mol for a Tyr and 1.3 kcal/mol for a Phe.
Potential of mean force (PMF) calculations on amino acids analogs from MacCallum et al** (Figure 3)
indicate an energetic cost of up to 3.6 kcal/mol that depends on the indole insertion depth (dashed purple
line). The highest cost is caused by substituting alanine for tryptophan partitioning below the phosphates,
in the region where one finds carbonyl groups and the beginning of the tails. This is also the region for
which the cost of a Tyr to Ala substitution would be highest (1.79 kcal/mol, green dashed line). The free
energy profile is slightly different for phenylalanine (orange line) as the energetically most favorable
partitioning of the side chain is 5 A lower than for Trp and Tyr, with the lipid tails (1.96 kcal/mol). A Phe
to Ala substitution in the region where the Tyr and Trp have their preferred partitioning would have a
slightly lower cost (1.82 kcal/mol). In what follows we use definitions of interfacial regions II, IIT and IV
from Ref* as indicated on Figure 3. In the region of the interface where choline and phosphate groups
have their density peaks (region III), AAG st are low compared to region II and decrease rapidly with
the distance to the center of the bilayer. PMF calculations give about 1.7 kcal/mol for Trp, 1 kcal/mol for
Tyr and 0.3 kcal/mol for Phe (values taken in the center of the region).’* AAGustr above the phosphate
and cholines (region 1V) rapidly goes to zero within 5 A. Our calculated AAGinster fOr the aromatics
inserted at the interface but not engaging in cation-st interactions are in the expected energy range (empty
symbols on Figure 3). Given the slope in region III, and the fact that the symbols represent only the peak
of each distribution profiles, discrepancies in this region III are not alarming.

Several of the aromatics in our dataset engage in significant cation-s interactions in regions III and IV.
The corresponding calculated AAGynsrer Values for Tyr and Phe are significantly higher than the PMF
values for the aromatics that insert deeper in the interface and are equal to or greater than 2 kcal/mol. For

Tyr88 and Tyr246 in PI-PLC we find 2.62 and 2.51 kcal/mol, respectively. Likewise, Phe166 and Phe224
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yield AAGyunser Of 2.09 and 2.33 kcal/mol, respectively. The values for tryptophan are higher with 3.30
and 2.47 kcal/mol for Trp218 in PR3 and Trp61 in PLA,, respectively, in agreement with Trp218 of PR3
having a higher cation-7t occupancy than Trp61. The values obtained are in the range of the dimerization
free energies of tetramethylammonium with indole (3.69 kcal/mol), with phenol (2.26 kcal/mol) and with
benzene (2.22 kcal/mol). Together with the agreement with corresponding quantum mechanical
computations (3.99, 2.72 and 2.59 kcal/mol,” respectively) these results indicate that the computational
strategy used and the force field parameters?®? perform very well.

Note that the contribution from Trp218 in PR3 and Trp242 in PI-PLC are in the same range even though
the peak of Trp218 density profile is located 5 A above the phosphate plane and that of Trp242 is 5 A
below. The AAG .srer cannot distinguish between deeper insertion in region II and cation-st interactions in
region III or I'V. For this reason, an Aro/Ala substitution causing an affinity change of 2-3 kcal/mol may
easily be interpreted as evidence that the aromatic residue inserts below the phosphate plane in region II.
Comparing aromatics that engage in cation-7 interactions to those that don’t, our calculations indicate
that involvement in cation-7t interactions in region III increases the AAG unster from 2 to above 3 kcal/mol
for Trp, from 0.6 to 2.5 kcal/mol for Tyr, and from 1.1 to above 2.3 for Phe. The increase upon
involvement in cation-7 interaction is also true when we compare our AAGy.sr Values to PMF values®*
or to the Wimley White hydrophobicity scale for interfaces.

If the hydrophobic effect is the driving force for the partitioning of aromatics at membrane interfaces, the
deeper an aromatic amino acid can insert the larger the entropy gain. Aromatic amino acids partitioning
in regions III and IV thus do not take full advantage of the available entropy gain. It appears from our
calculations that cation-7 interactions might be providing an enthalpic contribution that at least
compensates for the limited entropic gain. The result is that cation-7t interactions expand the range of

insertion depths at which aromatic amino acids can contribute significantly to membrane binding.
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Figure 3. Computed AAG.ser s a function of insertion depth. Z is the distance to the bilayer center. Top:
electron density profiles (Cf SI) used for the definition of regions II, III and IV .34 Bottom: FEP values for
Trp (triangles), Tyr (circles) and Phe (squares). Filled symbols: amino acids with cation-7t occupancy
above 50%; hashed symbols: moderate cation-7t occupancy (30-50%); empty symbols: occupancy <30%.

PMF values* are plotted as dashed lines and reported in Table S1.

Tryptophans engaged in cation-7 interactions appear to contribute about 0.5-1 kcal/mol more than
tyrosines in similar interactions (Cf. W218 on Fig. 3). One would thus predict that substituting a cation-
7t interacting tyrosine positioned in the region of the choline headgroups with a tryptophan should provide
a significant affinity gain. However, the complexity of interactions between amino acids and lipids at the
interface renders such predictions hazardous. We used FCS to measure the affinity of the PI-PLC Y88W

variant for POPC small unilamellar vesicles and compared the affinity to that of WT. We chose Tyr88
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because we have strong computational and experimental evidence that it engages in long-lasting cation-7
interactions with choline headgroups.'®-3-4° The K, increases from 0.016+0.003 mM (WT) to 0.10+0.01
mM (Y88W) corresponding to a AAGuser Of 1.1 kcal/mol, i.e. a loss of affinity reflecting that the
tryptophan most likely does not engage in cation-7 interactions but instead behaves as Trp47 (Cf. Fig. 3)
and is simply inserted in region III. Cation-7 interactions with PC are opportunistic and their formation
depends on the position and orientation of the aromatic group??- 35 and presumably the local
environment.!*2*-4> This likely explains the lack of strong cation- interactions for YS§W. This example
illustrates the difficulty of predicting energetic contributions or depths of insertion for interfacial aromatic
amino acids based simply on affinity data.

Aromatic amino acids involved in cation-st interactions with phosphatidylcholine lipids contribute ca 2.0-
2.5 kcal/mol in the case of Phe, 2.5-3.0 kcal/mol for Tyr and 3.0-3.5 kcal/mol for Trp. The contribution
of a tryptophan engaged in cation-7 interactions above the phosphates is thus at best comparable to its
contribution when deeply inserted, i.e. over 3 kcal/mol. For tyrosines and phenylalanines, these
interactions appear to be more favorable than inserting below the phosphate plane by 0.5-1 kcal/mol
compared to PMF data. It is worth noting that for a transmembrane protein McDonald and Fleming
experimentally determined contributions of 3.5 kcal/mol for Trp, and 2.5 kcal/mol for Tyr and Phe at the
height of the carbonyl groups where aromatic amino acids have their most favorable energetic
contributions.* This is 0.5 kcal/mol higher than the PMF predictions for Tyr and Phe and but equal to the
PMF value for Trp.

These results provide further support for the hypothesis that aromatic amino acids have multiple roles
in membrane binding and interactions. For peripheral proteins with known membrane binding interfaces,
FEP calculations provide an experimentally verified, computationally inexpensive way to dissect the roles
of particular aromatics in membrane binding, providing insight into protein-membrane interactions and

the possibility of engineering specific interaction motifs.
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COMPUTATIONAL METHODS

For all systems, the CHARMM-GUI was used to prepare the initial structures (see SI for details).*”-+
All simulations were carried out using NAMD? (v. 2.10 and v. 2.12) and the CHARMM36 force field’"
53 with modifications for choline-aromatic cation-7 interactions.?®* We followed an alchemical route for
transforming the aromatic amino acids at the membrane interface to alanine and used the same
transformation for the protein solvated in water. This was achieved by performing FEP*' simulations along
the horizontal directions in Figure 1. We performed this transformation both in the forward and backward
directions, each consisting of 50 windows and 25 ns-long simulation for every protein-bilayer system and
10 ns divided into 20 windows for the proteins in water. Statistical analyses of the FEP simulations were
performed using the Bennett acceptance ratio (BAR) algorithm* via the ParseFEP plugin in VMD .>* The

details of equilibrium simulations, FEP simulations and analysis are provided as Supporting Information.
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