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Abstract

Membrane proteins function in the diverse environment of the lipid bilayer. Experimental
evidence suggests that some lipid molecules bind tightly to specific sites on the membrane protein
surface. These lipid molecules often act as co-factors and play important functional roles. In this
study, we have assessed the evolutionary selection pressure experienced at lipid-binding sites in a
set of a-helical and B-barrel membrane proteins using posterior probability analysis of the ratio of
synonymous vs. nonsynonymous substitutions (w-ratio). We have also carried out a geometric
analysis of the membrane protein structures to identify residues in close contact with co-
crystallized lipids. We found that residues forming cholesterol-binding sites in both p,-adrenergic
receptor and Na*-K*-ATPase exhibit strong conservation, which can be characterized by an
expanded cholesterol consensus motif for GPCRs. Our results suggest the functional importance
of aromatic stacking interactions and interhelical hydrogen bonds in facilitating protein-
cholesterol interactions, which is now reflected in the expanded motif. We also find that residues
forming the cardiolipin-binding site in formate dehydrogenase-N -y-subunit and the
phosphatidylglycerol binding site in KcsA are under strong purifying selection pressure. Although
the lipopolysaccharide (LPS)-binding site in ferric hydroxamate uptake receptor (FhuA) is only
weakly conserved, we show using a statistical mechanical model that LPS binds to the least stable
FhuA B-strand and protects it from the bulk lipid. Our results suggest that specific lipid binding
may be a general mechanism employed by B-barrel membrane proteins to stabilize weakly stable
regions. Overall, we find that the residues forming specific lipid binding sites on the surfaces of
membrane proteins often experience strong purifying selection pressure.
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1. Introduction

Biological membranes are an indispensable component of the living cells. They create
intercellular and intracellular permeability barriers and incorporate proteins that play
important roles in cell communications, protein and solute transport, photosynthesis,
motility, and many other vital physiological functions. A fluid mosaic model of the
biological membrane was first introduced in 1972 [1], in which a biological membrane was
represented as a random two-dimensional liquid crystal, sparsely populated by freely
diffusing proteins. Since then, accumulated experimental data has significantly expanded
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our understanding of the biological membrane. Current models emphasize a membrane with
variable patchiness and thickness and a higher content of integrated membrane proteins [2].
Additionally, a multitude of experimental results shifted a general perception of
phospholipids as membrane building blocks that provide an appropriate environment for
integral membrane proteins, to molecules that play important regulatory roles in modulating
membrane protein function, such as directing membrane protein topology, folding, and
assembly [3-7].

Due to the physico-chemical constraints imposed by the membrane, membrane proteins
have a limited repertoire of residues that can face various regions of the phospholipid
bilayer. Computational studies of membrane protein structures revealed that their lipid-
facing surfaces are enriched with hydrophobic side chains of lle, Leu, Val, and Phe residues
in the hydrocarbon core region (facing the acyl chains of phospholipids), and with the side
chains of Lys, Arg, Trp, Phe, and Leu residues in the interface regions (facing the lipid polar
head-groups and glycerol backbones) [8]. These residues interact with boundary (a.k.a.
annular) lipids, the majority of which have restricted molecular motions [9,10], but are still
exchangeable with the bulk of membrane lipids. The boundary lipids help to maintain an
electrochemically sealed barrier of diffusion and provide a tight integration of the proteins
into the membrane [10-12]. Additionally, there are lipids (non-annular) that bind tightly and
specifically to the protein surface. They exchange slowly with the surrounding
phospholipids, and can directly affect the function of membrane proteins [9,11,12].
Palsdottir & Hunte [11] thoroughly analyzed several high-resolution protein-lipid complexes
available at the time of their publications, and found that bound lipids are stabilized by
multiple noncovalent interactions between protein residues and lipid head-groups, as well as
protein and lipid hydrophobic acyl chains. Furthermore, the binding locations of tightly
bound lipids are often reproduced in the x-ray structures of the same membrane protein
obtained from different species. For example, a comparison of the x-ray structures of the
cytochrome c oxidase from R. sphaeroides, P. denitrificans, and B. taurus revealed a
remarkable correspondence of the positions occupied by the alkyl chains of the co-
crystallized phospholipids in all structures [13]. Further study of the conservation of the
lipid-binding site residues in cytochrome ¢ oxidase suggested a higher conservation of the
amino acid residues interacting with the alkyl chains, rather than with the phospholipid
head-groups [14].

The growing number of high-resolution 3D structures of membrane proteins provides an
improved basis for detailed and quantitative studies that can elucidate the interplay between
lipids and membrane proteins. In this work, we analyze evolutionary conservation of amino
acid residues forming lipid-binding sites by assessing the evolutionary selection pressure
acting at each amino acid residue site. We estimated the site-specific ratio of synonymous
vs. non-synonymous substitution (called w-ratio) of the underlying DNA sequences, which
can uncover residues important for biological function and structural stability. This approach
is well developed [15-19] and was previously used to assess natural selection of the residues
forming protein folding nuclei [20] and to discover important protein-protein interactions in
the GABA receptor [21]. Here, we assess the evolutionary conservation of the lipid-facing
residues and compare the average conservation of the residues forming a lipid binding site
with that of the residues forming the rest of the lipid-facing surface. We observed a
statistically significant conservation for cholesterol-binding sites in Bo-adrenergic receptor
and Na*-K*-ATPase. We also found strong conservation of the residues forming a
cardiolipin binding site in formate dehydrogenase-N (y-subunit), and the
phosphatidylglycerol (PG) binding site in the KcsA potassium channel. Two patches of
residues experiencing strong purifying selection pressure were found in the
lipopolysaccharide-binding site in FhuA p-barrel membrane protein, although when all
residues in close contact with the LPS are taken into account, the LPS site is only weakly
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conserved due to the strict criterion of the synonymous vs. non-synonymous substitution.
Further analysis suggested that non-synonymous substitutions within a lipid-binding site
occur mostly between residues with similar physicochemical properties, and LPS binding
provides significant stability to FhuA. Our analysis shows that residues interacting with co-
crystallized lipids often experience stronger purifying selection pressure than residues
forming the rest of the membrane-facing protein surface, indicating the importance of lipid
binding sites on membrane proteins.

2. Methods

2.1. Calculation of lipid-accessible amino acid residues

Seven membrane protein structures containing lipid and detergent molecules that bind in
well-defined sites on the protein surface were chosen for this study (Table 1). We included
only one structure containing bound detergent (rhomboid protease from E. coli, PDB ID:
21C8), as detergent is likely to bind membrane proteins non-specifically. This structure was
chosen because the homologous structure from H. influenza (PDB ID: 2NR9) contains
detergents bound to the same site, indicating that this is likely a specific binding. In general,
there is some uncertainty about whether a bound lipid is a true non-annular lipid that
specifically binds to the membrane protein, or an annular lipid that happened to co-
crystallize with the protein. We chose to be conservative and regard all structures of the
same protein containing different bound lipids and detergents as interacting non-specifically
with annular lipids and excluded them from assessment of binding site conservation. In
addition, the experimental purification procedures used for protein crystallization may
partially strip non-annular phospholipids from the protein surfaces, thus often revealing an
incomplete picture of the protein-lipid interactions. As it is very difficult to discriminate
these non-annular lipid-binding sites, we again conservatively count all such cases as “lipid-
free”, which would lead to underestimation of the significance of observed conservation of
lipid binding sites. We included structures containing lipids at the protein-protein interfaces,
because endogenous, functionally important lipids often bind at such interfaces, and we can
clearly define and take into account residues at the protein-protein interfaces.

Transmembrane helices were determined with the help of the OPM (Orientation of Proteins
in Membranes) database [22] as well as visual inspection, using resolved lipid molecules as
a reference. The VOLBL [23] program with the probe radius set to 1.9A has been used to
compute lipid-accessible surfaces of membrane proteins as described previously [8].
VOLBL uses weighted Delaunay triangulation and alpha shape to compute metric properties
of molecules. The Delaunay triangulation of membrane proteins is computed using the
DELCX program [24,25], and the alpha shape is computed using the MKALF program
[24,26]. The van der Waals radii of protein atoms are from Tsai et al [27]. Residues
interacting with the co-crystallized phospholipids were determined using the INTERFACE
program with the probe radius set to 0.5A as described previously [28].

2.2. Conservation analysis

We studied eight chains from six high-resolution membrane protein structures containing
co-crystallized lipids and one protein with co-crystallized detergent molecules. The selected
sequences from BLAST searches all had e-values of less than 10722, We manually inspected
the selected sequences and their annotations, ensuring that they are true orthologous
sequences of the same protein carrying out the same function in different species. We found
previously that 10-15 orthologous sequences from sufficiently divergent species are well-
suited for the calculation of w-ratios.
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Next, the selected protein sequences were aligned using CLUSTALW [29], followed by
manual adjustment with PFAAT [30] when necessary. We also retrieved cDNA sequences
for each selected protein sequence, which were aligned with the TRANALIGN program
from the EMBOSS software package [31] using multiple protein sequence alignments as a
guide. Phylogenetic trees were constructed by a maximum likelihood method as
implemented in the PROML package [32]. To identify residues under purifying evolutionary
selection pressure, we carried out a posterior probability analysis of evolutionary selection
pressure at the individual amino acid residue sites using a maximum likelihood estimator
[33]. The evolutionary selection pressure was calculated as the ratio of synonymous vs. hon-
synonymous substitutions, termed the w-ratio [15], which measures selection pressure at
each amino acid residue position. We use the PAML package, including the codem/module
for such analysis [33].

2.3 Randomization tests and statistical analysis

Randomization tests and statistical analysis were performed following the approach
described by Tseng and Liang [20]. The mean w-ratio of the lipid-binding site was tested
against the distribution of the mean w-ratios from 10° random samples containing the same
number of amino acid residues as the binding site, but drawn from the pool of lipid-facing
residues identified by VOLBL and different from those found at the protein-lipid interface.

2.4 Calculation of energy values

3. Results

The calculation of energy values of B-strands was performed as described in Naveed et a/
[34]. We estimate the stability of a strand based on its native as well as non-native
conformations. In a non-native conformation, the neighboring strands can slide up or down
along the z-axis as many as 7 positions of strand registrations, for a total of 15 different
registrations for the two strands. Each conformation will have completely different hydrogen
bond patterns between the strands [34]. We enumerate all possible configurations of TM
strands of FhuA using this model, with a total of 7x7=49 possible registrations for each
strand with its 2 neighbors. We calculate strand energy using an empirical potential function,
the development of which is based on extensive combinatorial analysis of known B-barrel
membrane protein structures [35-37]. The energy for each residue consists of two
components. First, each residue contributes to the energy based on its depth in the lipid
bilayer and the orientation of its side-chain. This is termed the “single body propensity”.
Second, each residue interacts with two residues on (separate) neighboring strands through
strong backbone H-bond interaction, side-chain interactions and weak H-bond interactions,
which collectively make up the two-body energy term. Strand energy for a conformation is
the summation of both single body and two-body energy terms over all residues in the
strand. The summation of the native and non-native conformations weighted by the
Boltzmann factor gives the final expected energy for the strand.

3.1 Evolutionary selection pressure in the lipid-binding sites

Membrane proteins in the dataset contain a variety of lipids, including cholesterol (as found
in Bo-adrenergic receptor and Na*-K*-ATPase), lipopolysaccharide (FhuA ferric
hydroxamate uptake receptor), cardiolipin (formate dehydrogenase-N and ADP/ATP
carrier), phosphatidylglycerol modeled as diacyl glycerol (KcsA K* channel), as well as
detergent molecules in rhomboid intramembrane protease. We have identified lipid-facing
residues in each protein, as described in Methods, and separated residues interacting with the
bound, co-crystallized lipid/detergent (lipid-binding residues) from those that have no
apparent contact with any lipid in the x-ray structure (lipid-free residues).

Biochim Biophys Acta. Author manuscript; available in PMC 2012 June 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adamian et al.

Page 5

For each protein chain, we have estimated the mean w-ratios for the sets of lipid-binding and
lipid-free residues. The results are summarized in Table 1, which lists the proteins used in
the study, the total number of the lipid-facing residues, the number of the sequences in the
phylogenetic tree, mean w-ratios of the residues in lipid-binding and lipid-free sets of
residues, and the p-values for statistical significance. P-values were obtained from
randomization tests by recalculating mean w-ratios of two randomly obtained sets (one was
equal in size to the set of lipid-binding residues, while the other corresponded to the set of
lipid-free residues). This was repeated 10° times and the fraction where the calculated mean
w-ratios of the lipid-free set were lower than in the lipid-binding set was used as the p-value.
The protein and DNA sequence alignments are available as Supplementary Data.

Our results show that the mean w-ratios of the lipid-binding residues are collectively smaller
than the mean w-ratios of the lipid-free residues, indicating that the lipid-binding sites are
generally under stronger purifying evolutionary selection pressure. By the strict criterion of
the w-ratio, in which any non-synonymous substitution changes the encoded amino acid
residue - even though it may be of similar physicochemical properties - we found
statistically significant conservation of the cholesterol-binding sites in both Bo-adrenergic
receptor and in Na*-K* - ATPase. Additionally, the cardiolipin-binding site in formate
dehydrogenase-N y-subunit and the phosphatidylglycerol binding site in KcsA, show robust
conservations. The detergent-binding site in £.colirhomboid proteinase is also strongly
conserved. The LPS-binding site of FhuA and three CL-binding sites in ADP/ATP carrier
appear to be only weakly conserved by this stringent criterion.

3.2 Cholesterol-binding site in Bo-adrenergic receptor, Na*-K*-ATPase and a cholesterol
binding motif in GPCRs

Two high-resolution structures of the human Bo-adrenergic receptor have recently been
reported (PDB ID: 2RH1 and 3D4S). They feature three and two bound cholesterol
molecules, respectively. In the 2RH1 structure, two receptors are crystallized as a parallel
dimer, in which protein-protein interactions are mediated by six ordered cholesterol and two
palmitic acid molecules [38]. In the 3D4S structure, the receptors are crystallized as an
antiparallel dimer, with two cholesterol molecules bound at the same binding site as in
2RH1 structure, although in a slightly different conformation. Additionally, a part of another
lipid molecule was resolved in the third cholesterol-binding site, demonstrating a strong
affinity of this site to retain and bind lipids. The bound cholesterol in 3D4S structure is not
at the site of the crystal molecular contacts, providing a clear indication of the
physiologically relevant cholesterol-binding sites [39].

The bound cholesterol molecules are found in a shallow surface depression formed by the
segments of helices I, I1, 11, and 1V, thus covering a significant part of the membrane-facing
surface on the cytoplasmic side of the receptor. We have obtained a complete list of residues
interacting with cholesterol in 1RH1 and 3D4S structures using geometric calculations.
Comparison of cholesterol-binding residues showed that although cholesterol molecules
occupy essentially the same binding sites in both structures (Fig. 1A, B), the sets of
cholesterol-binding residues are not identical, even though there is a significant overlap
between lipid-binding sites from both structures. This suggests that the cholesterol-binding
sites allow a certain degree of binding flexibility that may depend on several factors. The
combined results of evolutionary and structural calculations from these two structures are
summarized in Table 2. Here, residues under the strongest purifying selection are shown in
bold, while “+” or “~* signs indicate whether the residue interacts (“+”) or does not interact
(“=*) with cholesterol in the respective structure. The highly conserved F49, which interacts
with cholesterol in the 2RH1 structure, and R151, which interacts with cholesterol in the
3D4S structure, define the cholesterol-binding site boundaries along the zaxis of the
phospholipid bilayer.
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The cholesterol-binding sites in both structures share five residues under strong purifying
selection: 155, S74, C77, L80, L84, and W158. Here, W158 is nearly universally conserved
among class A GPCRs and interacts with the sterol ring of cholesterol 1 (following the
numbering of cholesterol molecules by Cherezov et a/. [38]) through the stacking
interactions [39]. To facilitate this interaction, the side chain of tryptophan residue likely
maintains a conformation where its aromatic ring is parallel to the lipid-facing protein
surface. Analysis of the structures with HBPLUS [40] revealed an interhelical hydrogen
bond between the hydroxyl group of S74 (helix 1) and the NH group of W158 indole ring
(helix 1V), as shown in Fig. 1C. Sequence alignments of class A GPCRs, which are
regulated by the cholesterol content of the biological membrane, showed that the serine
residue at position 74 is highly conserved, with only two out of 25 aligned sequences
containing asparagine residues at this position (data not shown). Asparagine is a polar
residue and would likely preserve a hydrogen bond with the tryptophan side chain from the
neighboring helix. An identical interhelical hydrogen bond is observed in the structure of the
human A, adenosine receptor [41] between S47 and W129. Evolutionary calculations
performed on the set of 16 sequences of A, receptors confirmed that both residues are
under strong purifying selection pressure in this receptor as well.

Based on the spatial distribution of the conserved residues that are important for cholesterol
binding in Bo-adrenergic receptor, a cholesterol consensus motif (CCM) for membrane
proteins was proposed [39] using Ballesteros-Weinstein numbering scheme as follows:
[4.39-4.43(R,K)]-[4.50(W,Y)]-[4.46(1,V,L)]-[2.41(F,Y)], where position 4.50 corresponds to
W158 in Bo-adrenergic receptor and can be occupied by either a tryptophan or tyrosine
residue. We propose to expand this CCM by adding a position corresponding to S74 due to
functional importance of the S74-W158 interhelical H-bond, and the observed high
conservation of both residues. The new CCM is now: [4.39-4.43(R,K)]-[4.50(W,Y)]-
[2.45(S)]-[4.46(1,V,L)]-[2.41(F,Y)].

Sodium-potassium ATPase is an ATP-powered ion pump that establishes concentration
gradient for Na* and K* ions across the plasma membrane in all animal cells by pumping
Na* from the cytoplasm and K* from the extracellular medium [42]. Na*-K*-ATPase is
functionally dependent on cholesterol content [5] and plays active role in the intracellular
cholesterol distribution [43].

In Na*-K*- ATPase structure, cholesterol binds in a shallow groove between a- and -
subunits (Fig. 2A). The w-ratio calculations show that all residues (except T788 from the a-
subunit) interacting with cholesterol are under strong purifying selection pressure. Analysis
of the cholesterol-binding site revealed a conserved Y40 residue on the B-subunit that,
similar to W158 in p,-adrenergic receptor, is in a stacking interaction with the aromatic
rings of cholesterol and forms an intersubunit hydrogen bond with conserved S851 from the
a-subunit (Fig. 2B). This interaction may also play an important role in facilitating protein-
protein interactions between a and B subunits of Na*-K*-ATPase.

3.3 Lipopolysacharide-binding site in ferric hydroxamate uptake receptor

The x-ray structure of the £. coli B-barrel membrane protein ferric hydroxamate uptake
receptor (FhuA) contains a bound lipopolysaccharide [44], which is a complex lipoglycan
found exclusively in the outer membrane of Gram-negative bacteria. LPS is known to be a
potent activator of the innate immune system in higher organisms [45,46]. LPS has an
extensive binding site on the FhuA protein surface, formed by the short discontinuous
segments found on p-strands 7-11 as shown in Fig. 3A, burying an accessible surface area of
1800A [47]. Using a recently developed statistical mechanical model of B-barrel membrane
proteins [34], we have calculated the thermodynamic properties of the transmembrane
region of FhuA. Figure 4 summarizes the results of individual p-strand energy calculations
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Adamian et al.

Page 7

of this receptor. Based on these calculations, we found that strands 7 - 9 form the most
unstable region in the protein, and that -strand 8, which runs through the middle of the
LPS-binding site, has the highest energy. This is usually characteristic of the p-strand at the
protein-protein oligomerization interface [34].

We have identified 24 residues in close contact with the bound LPS in FhuA structure. The
evolutionary analysis performed on 15 sequences of FhuA receptors showed that 11 out of
24 interacting residues are under strong purifying selection pressure. These residues are
shown in pink on the FhuA LPS-binding surface in Fig. 3A. The randomization test (Table
1) shows that the LPS-binding site in FhuA is only weakly conserved with the strict criterion
of w-ratio, with a p-value of 8.8x1072. The conserved residues cluster into two regions of
the binding site: The first is a cluster of residues interacting with the polar saccharide head-
group of LPS, and the second is a cluster of residues interacting with the acyl chains of LPS
in the hydrophobic core of the outer membrane. In the head-group region, the conserved
polar charged arginine residues R382, R384 (p-strand 9), and R472 (B-strand 11) together
with D386, are mostly surrounded by polar non-conserved lysine residues K280, K351, and
K439, as well as L437 and E304, forming an outer boundary of the binding site. Here, the
conserved R382 and R384 represent an RxR intrastrand antimotif, which was shown to be
generally unfavorable in the sequences of membrane p-barrels with the odds ratio of 0.42
and p-value of 3.5x1072 [48]. This strongly suggests that the energetically unfavorable RxR
motif has been selected throughout evolution as a part of a functionally important specific
binding site of LPS, as its stability will be counterbalanced by interactions with the LPS
molecule. Our structural calculations show that these polar residues facing the LPS head-
group region play important functional roles by forming multiple salt bridges and hydrogen
bonds with the polar sugar groups and the negatively charged phosphates of LPS.

Additionally, stability calculations identified E304, K351, and Q353, which form multiple
hydrogen bonds and salt bridges with the LPS head-group, as destabilizing for the protein
native conformation if they do not come into contact with LPS. They contribute significantly
to the high energies of strands 7 and 8, as shown in Fig. 4. Although these residues are not
under strong purifying selection, the polar side chains are all preserved in these positions in
the FhuA multiple sequence alignment. These side chains likely form hydrogen bonds or salt
bridges with the LPS.

Specifically, in the 15 sequences used in this study, K351 aligns with arginine, histidine,
glutamine, and aspartic acid residues in other proteins, all of which are polar and capable of
forming hydrogen bonds or salt bridges with the LPS head-group. Q353 is more buried by
the LPS and is less variable in comparison with K351. Q353 position can be substituted by
glutamine, asparagine, or a single serine amino acid residue in the aligned sequences.
Position of E304 is mostly occupied by glutamic acid residues, although other polar residues
such as lysine, arginine, and glutamine are occasionally found in the aligned sequences.

The hydrophobic acyl chains of LPS interact with a number of hydrophobic and non-
charged polar residues in the membrane hydrocarbon core. The side-chains of these
conserved surface residues appear in the middle of the TM region and interact mostly with
the crystallographically resolved ends of the acyl chains. Here, the highly conserved
residues Y284 and Q298 form an interstrand hydrogen bond, which may help to define the
surface interacting with the acyl chain of phospholipid and provide an additional interstrand
stability (Fig. 3C). Since glutamine has low propensity for facing phospholipids in the
hydrocarbon core region of B-barrel membrane proteins [37], the conserved Q298 may be
playing a functional role.
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3.4 Cardiolipin in formate dehydrogenase-N structure

Formate dehydrogenase-N (Fdh-N) is a major component of £. coli nitrate respiration
pathway. It is a trimer of heterotrimers that contain a periplasmic a subunit and two subunits
with transmembrane domains (B and -y), where B subunit contains one TM helix, and y
subunit contains 4 TM helices. The Fdh-N structure features three well-resolved cardiolipin
(CL) molecules tightly bound to each heterotrimer in the transmembrane region. Fig. 5A
illustrates how cardiolipin binds to Fdh-N. Each cardiolipin interacts with the g and -y
subunits of one heterotrimer and with the -y subunit of the neighboring heterotrimer.

Cardiolipin is a dimeric phospholipid containing four acyl chains, and is often found filling
the cavities at the protein-protein interfaces as well as stabilizing interactions between
protein subunits [49]. Only three out of four cardiolipin acyl chains are well resolved in the
Fdh-N structure 1KQF. These are marked with letters A through C in Fig. 5A; where acyl
chain A fills in a tunnel leading to the heme-binding site of the y-subunit, acyl chain B
interacts with the neighboring y-subunit, and acyl chain C interacts with § subunit.

Residues interacting with cardiolipin acyl chains in -y-subunit are significantly conserved
(Table 1 and Fig. 5B). The acyl chains interacting with y-subunit are likely to play
important role in the trimer formation, as they interact with -y-subunits from two adjacent
heterotrimers. Additionally, the position of the acyl chain A (Fig. 5B) inside the tunnel leads
to the Heme by, suggesting that cardilipin is involved in the process of electron transfer, thus
making it a part of the Fdh-N catalytic process.

The CL-binding surface for the acyl chain C is shown in Fig. 5C. Our structural calculations
showed that cardiolipin is in close contact with 8 residues on the B-subunit transmembrane
helix, as well as three residues from the periplasmic loop, two of which, N15 and S16, form
hydrogen bonds with the head-group as was determined by HBPLUS [40]. Overall, the
binding site on the B-subunit is only slightly more conserved when compared with the rest of
the lipid-facing residues from the same subunit. It should be noted that many conserved
probe-accessible residues (a.k.a. lipid-accessible residues) on the B-subunit are found at the
protein-protein interface with a y-subunit. Consequently, it would be difficult to separate
selection pressures due to the lipid binding from those due to the important role they play in
protein-protein interaction.

3.5. Cardiolipin in the ADP/ATP carrier

The bovine heart ADP/ATP carrier (AAC) contains six transmembrane domains that fold
into a structure with three-fold pseudosymmetry formed by three internal repeats, where
each internal repeat binds a molecule of cardiolipin [50]. Experimental data show that
cardiolipin is critically important for AAC folding and function [51], and can also mediate
dimerization at the protein-protein interfaces [52]. Although the cardiolipins in the AAC
complex are only partially resolved [52], our structural calculations revealed that ~44% of
lipid-facing residues in the AAC form contacts with the resolved groups of cardiolipins
(Table 1). Figs. 6A-C show three CL-binding sites in which conserved and non-conserved
residues are shown as gray and red surfaces respectively. The overall conservation varies
from site to site. For example, CDL800 (Fig. 6A, average »=0.032) and CDL802 (Fig. 6C,
average w=0.023) exhibit binding sites with large conserved areas, and patches of non-
conserved residues mainly found at the membrane interfaces. In contrast, CL801 binding
site (Fig. 6B, average »=0.049) contains only a small number of conserved residues mainly
interacting with the CL head-group, while the residues interacting with the acyl chains are
non-conserved. Overall, we find that the mean w-ratio of all residues interacting with bound
CL in all three sites (w = 0.033) is similar to the mean w-ratio of the residues that have no
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contacts with the resolved cardiolipin atoms (w = 0.037), implying that there is no strong
conservation of the CL-binding sites in the AAC.

The cardiolipin-binding sites in the AAC contain a few interesting features. First, each head-
group occupies a groove-like depression that is roughly parallel to the membrane plane (Fig.
6A-C and 6D-F). These head-group binding depressions have similar shapes, and are
composed of the highly conserved residues. There is a close contact of one of the CL
phosphates with an amide group (shown in blue in Figs. 6A-F) of the conserved glycine
residues (G72, G175, and G272) at the bottom of the depression. Additionally, the aromatic
residues involved in protein-lipid interactions e.g., W70, Y173, and F270 [52], are all highly
conserved and under strong evolutionary selection pressure. In all cases, the phosphate
group interacts with five consecutive residues from the second helix of each repeat, /.e.
helices H2, H4, and H6. Figure 6G shows a sequence alignment of these residues from each
internal repeat.

3.6. Phosphatidylglycerol-binding site in KcsA

In the high-resolution crystal structure of the bacterial KcsA channel, a lipid molecule fills
the groove between adjacent subunits (Fig. 7) [4]. Experimental studies identified the bound
phospholipid as a phosphatidylglycerol (PG), although its structure was not completely
resolved and modeled as diacyl glycerol [4]. In E. coli membranes, phosphatidylethanol
(PE) is more abundant than PG [53], and the fact that KcsA experimentally purifies with PG
instead of PE suggests that this site has specificity for phosphatidylglycerol binding. The
resolved segment of PG is bound on the extracellular side of the intersubunit interface and
interacts with 13 residues from the adjacent subunits. Of these, 9 residues are under strong
purifying selection, showing significant overall conservation of this lipid-binding site (o-
value 3.4x1072 Table 1). There are three conserved residues W67, T85, and R89 at the
intersubunit interfaces, which in addition to forming a lipid-binding site, may play important
roles in protein-protein interactions. The remaining six conserved residues are on the lipid-
facing surfaces of every subunit and are shown in pink in Fig. 7. The non-conserved residues
Y45, Y62, L86, and V93 are at the boundaries of the binding site and are shown in orange.
R64 (shown in blue), which was proposed [4] to interact with the negatively charged PG
phosphate, is not identified by our structural calculations as interacting with the PG, likely
due to the missing phosphate. Although this position is not conserved according to the strict
criteria of w-ratio calculations, we did identify a lysine at this position, capable for forming
polar interactions with the negatively charged phosphate.

3.7. Lipid-binding site in rhomboid family intramembrane protease

Intramembrane rhomboid proteases, such as £.coli GIpG, have a core catalytic domain of six
transmembrane helices. They cleave type 1 transmembrane substrates a few residues inside
of the membrane from the extracellular side [54]. There are crystal structures of the
rhomboid protease from £. coli (PDB: 21C8) and from H. influenzae (PDB: 2NR9).
Structures of proteases from both organisms contain several resolved detergent molecules
and detergent molecule fragments. Inspection of the lipid-facing surfaces revealed a cleft
between transmembrane segments S2 and S5, which is occupied by the detergent molecules
in both structures. We have identified residues interacting with the detergent in £. coli
structure and carried out evolutionary calculations (Table 1). Our results showed that this
site is highly conserved (p-value 1073) with 10 out of 14 (71%) detergent-interacting
residues under strong evolutionary selection pressure.
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4. Discussion

The importance of interactions between membrane proteins and their lipid environment is
increasingly recognized [6,55]. Experimental data showed that some phospholipids
transiently interact with membrane proteins, while others bind tightly to the grooves on the
protein surface [10]. These tightly bound lipids are often resolved in membrane protein
structures [11,12,14]. In this work, we combined evolutionary and structural analysis to
quantitatively assess conservation of the lipid-binding residues. We used the ratio of non-
synonymous to synonymous substitutions (K K ratio or w-ratio) to measure purifying
selection pressure at individual amino acid residue sites. The estimation of w-ratio is based
on analysis at the DNA sequence level, where the evolutionary relationships among the
coding sequences and the underlying stochastic processes [17] were modeled explicitly by a
continuous time Markov process [15]. This explicit evolutionary model describes in
probabilistic terms how codons evolve along a phylogenetic tree, and has yielded significant
insight about the history of molecular evolution [16,17,56-58]. An important advantage of
this approach is that it distinguishes mutations fixed by evolution from those fixed by
chance. In addition, it explicitly takes into account the extent of divergence among
sequences, bias in codon frequency, as well as bias favoring transition over transversion
[15]. This approach has advantages over other approaches such as entropy-based
calculations, because it is more accurate in accounting for bias due to differences in
evolutionary history between species.

Evolutionary analysis using w-ratio is more elaborate and significantly more time-
consuming in comparison with other methods such as calculation of residue frequencies or
information entropy. Depending on the length and the number of sequences, a calculation
may take up to several hours. Evolutionary analysis requires carefully aligned DNA
sequences and an accurate phylogenetic tree. However, it works far more effectively,
providing a better estimate of selection pressure when conservation is difficult to capture
with protein sequence-based methods, or when there are only a limited number of sequences
separated by uneven evolutionary time. Originally developed by Nei and Gojobori [18], the
w-ratio approach has been widely used for detecting subtle evolutionary changes in
myxovirus resistance genes in mammals [59], beet vein necrotic virus [60], human fetuin-A
[61], mammalian lactoferrin [62], tandem-repetitive early-stage histone H3 gene in brooding
sea stars [63], 5-HT receptors [64], and for the evolutionary analysis of matrix extracellular
phosphoglycoprotein (MEPE) [65]. Several new prediction methodologies were developed
based on w-ratio calculations. For example, the Core-Rim K/ K ratio, or CRK method, uses
w-ratio to predict biologically relevant interfaces in x-ray structures [66]. The method of
evolutionary patterning (EP) uses w-ratio to identify codons under the most intense
purifying selection and has been used to predict drug target sites in malaria parasite in an
effort to minimize the emergence of parasite resistance [67].

We found statistically significant purifying selection pressure on the cholesterol in -
adrenergic receptor (PDB: 2RH1), and Na*-K*-ATPase (PDB: 2ZXE), cardiolipin in Fhu-N
(PDB 1KQF), and phosphatidylglycerol in KcsA (PDB: 1K4C) binding sites, as well as on
the surface patches of the ferric hydroxamate receptor interacting with lipopolysaccharide
molecule (PDB: 2FCP), although not all lipid-binding sites exhibit strongly significant
conservation. This may be attributed to a number of factors, such as incompleteness of data
on protein-lipid interactions, e.g., poorly resolved acyl chains, accidental co-crystallization
of the annular lipid in a non-specific site, or the dissociation of the specifically bound lipid
during purification and crystallization procedures. All these will affect the delineation of
“lipid-free” and “lipid-binding” residue sets and, ultimately, the p-values.
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Similar problems hinder development of a prediction method based on identification of
conserved residue patches on the membrane protein surface. When residues under strong
evolutionary selection pressure are mapped to the protein surfaces, they often form
continuous patches of conserved residues with sizes appropriate for lipid binding. However,
in many cases there are no lipid molecules resolved in structures that are in contact with
these surface patches. The functional significance of these lipid-free conserved patches is
difficult to assess without additional information, since x-ray structures often do not resolve
bound lipid molecules at experimental conditions necessary for crystallography. For
example, the structure of B,-adrenergic receptor with PDB ID 3D4S contains only two
bound cholesterol molecules, while the structure of the same protein with PDB ID 2RH1
provides coordinates for three bound cholesterol molecules and a palmitic acid. The binding
site for the third cholesterol contains many conserved residues, and palmitic acid also
interacts with two conserved residues. If the structure of 2RH1 were not solved, we would
not know that the surface patch with these conserved residues is indeed the binding site of
another cholesterol molecule.

Additionally, inherently flexible nature of the phospholipid acyl chains allows many degrees
of conformational freedom. Comparison of conformations of bound lipids shows that acyl
chains adopt different conformations to accommodate different geometrical and electrostatic
environments of the protein surfaces. This inherent flexibility leads to multiple
conformations of the same type of lipid molecule bound to different protein surfaces. For
example, conformation of cardiolipins bound to ADP/ATP carrier differs significantly from
that of cardiolipins bound to Fdh-N, or to cytochrome bcl complex. Consequently, the
overall shape and size of the lipid-binding sites vary from protein to protein, even for the
same lipid molecule. This makes the task of predicting a lipid binding site very difficult.

Overall, we believe that without additional experimental information, one could only
conclude that patches of residues under strong evolutionary selection pressure are likely
candidate sites for lipid binding. Ultimately, the predictions should be tested by additional
targeted experimental studies such as scanning mutagenesis, which would provide useful
feedback for assessing the strengths and weaknesses of the approach described in this study,
and enable further improvement in identifying specific lipid binding surfaces.

4.1 Sterol binding sites in membrane proteins

Sterols and related compounds play essential roles in the physiology of eukaryotic
organisms. For example, cholesterol is an essential component of eukaryotic membranes and
plays an important role in membrane organization, dynamics and function. Cholesterol is
implicated in the stabilization and function of many membrane proteins [68], among which
are class A GPCRs [69], Na™-K*- ATPase [5] and Ca2*-Mg?*-ATPase [70] and Kir
channels [71]. Specific protein-sterol interactions are often critical for proteins to function
[71]. For example, activities of some class A GPCRs have been demonstrated to be sensitive
to cholesterol concentration [72]. Specifically, in B, — adrenergic receptor, stability against
denaturation is increased with the presence of cholesterol [39]. A recent long-timescale
molecular dynamics study of A,a receptor in the phospholipid bilayer with and without
cholesterol by Lyman et al. [73] clearly demonstrated the crucial role of cholesterol in
stabilizing A receptor. Specific cholesterol binding sites in GPCRs were reviewed and
discussed by Paila et al. [74]. It is, therefore, of great current interest to quantitatively assess
the conservation and identify possible binding motifs for cholesterol.

The common theme that emerged from our studies of the cholesterol-binding sites is the
requirement of a specific orientation of the aromatic residue that would facilitate stacking
interaction with sterol. For example, in the B1- and Bo-adrenergic receptor structures [38,75],
this orientation is achieved by interhelical hydrogen bonding of the tryptophan indole amine
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with the serine hydroxyl from the adjacent helix. A similar interhelical interaction between
conserved S47 and W129 that align with S74 and W158 in p,-adrenergic receptor, is found
in adenosine Ao receptor [41], a class A GPCR that requires cholesterol to stabilize the
functional state of the protein [76]. Although the crystal structure of the Ay receptor
contains detergent molecules only [41], the conserved interhelical structural motif may
suggest the location of the putative cholesterol-binding site. Similar intersubunit interhelical
interaction is found in bovine cytochrome c oxidase, in which the cholic acid binds to the
side-chain of W275 from subunit 1, and G22 from subunit 6A2 (following numbering of
[77]). In this case, a hydrogen bond is formed between the W275 indole amine and the
backbone carboxyl of G22. In Na*-K*- ATPase, a cholesterol molecule is bound at the
protein-protein interface and stacks against a hydrogen-bonded tyrosine-serine pair of
conserved residues (Fig. 2B). Overall, we found strong conservation of cholesterol-binding
residues and high specificity of cholesterol binding.

4.2 Lipopolysacharide binding

In this work, we examined conservation of residues forming the LPS binding site in the x-
ray structure of the 22-strand integral membrane protein FhuA (ferric hydroxamate uptake
receptor). Using empirical potential function, we determined that strand 8 is the least stable
in FhuA (Fig. 4). This strand is in the middle of the LPS binding site in FhuA, where it is
shielded from the lipid bulk by the tightly bound LPS. Such high energy strands are
typically found at the protein-protein oligomerization interfaces [34]. However, FhuA is a
monomer in phospholipid bilayer [78], although it may transiently form dimers and trimers
in detergent solution [79].

Previously, we have discussed three general mechanisms by which the weakly stable regions
are stabilized in B-barrel membrane proteins, namely out-clamps, in-plugs, and
oligomerization [34]. Based on the results of this study, we propose a fourth mechanism
employed by the p-barrel membrane proteins to stabilize weakly stable regions using
specific binding of lipids. There are several features of the LPS binding site that demonstrate
its specificity towards LPS binding, including a patch of highly conserved polar residues in
the extracellular cap region, as well as the patch of conserved residues in the hydrocarbon
core region (Fig. 4A). The tendency of FhuA to oligomerize in LPS-free detergent solution
[79] argues in favor of this general mechanism, where the weakly stable regions are
stabilized by shielding from the bulk lipids either via oligomerization, or LPS binding.

4.3 Phosphatidylglycerol in KcsA K* channel

KcsA requires an anionic lipid, phosphatidylglycerol (PG), for ion channel function, which
is a partially resolved PG in the crystal structure [4]. Measurements of KcsA channel
conductance showed that the probability of channel opening increases proportionally with
the presence of anionic lipids in the membrane, e.g. the open probability is 2% in 25 mol%
of POPG and 27% in bilayers of pure POPG [80]. Valiyaveetil et al [4] concluded that the
anionic phospholipid is required for the opening of the channel. In agreement with the
experimental data, our calculations showed evolutionary conservation of the residues
forming this highly specific PG-binding site, which is necessary for the optimal
physiological functioning of KcsA in membranes.

4.4. Cardiolipin (CL) binding

We have analyzed surface conservation pattern in two membrane protein structures with
bound cardiolipins: a formate dehydrogenase (Fdh-N) and an ADP/ATP carrier (AAC). We
found that the CL-binding sites have different distributions of conserved residues and the
conservation patterns strongly depend on the functional role of the bound lipid.
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A visual comparison of structural complexes of Fdh-N (PDB ID: 1KQF) and AAC (PDB
ID: 2C3E) shows that the CL molecules bound to these proteins adopt different
conformations, which are pronounced for the acyl chains. The acyl chains in Fdh-N are
tightly bound to the grooves on the protein surface and extend to the neighboring subunits,
maximizing intra- and inter-subunit van der Waals interactions. Unlike residues interacting
with the CL head-groups, residues in the grooves interacting with the acyl chains experience
strong evolutionary selection pressure. Stronger conservation of the groove residues is likely
due to the importance of the bound CL for the stability and function of the Fdh-N
heterotrimeric complex.

The opposite pattern of residue conservation was found for the CL-binding sites in AAC,
where residues interacting with the CL head-groups are more conserved than residues
interacting with the acyl chains, as the latter are often not completely resolved. Here, one of
the two phosphate groups from each CL head-group is tightly bound to the depression on the
AAC surface lined with highly conserved residues shown in red in Figs. 6A-F. Fig. 6G
shows the sequence alignment of five consecutive residues interacting with one of the two
CL phosphates and with the adjacent ester group. The pattern of strong conservation is
clearly seen in Fig 6G: each of these sequences contains a conserved aromatic residue as
well as a conserved glycine found at the beginnings of the TM helices H2, H4, and H6. For
AAC, it is likely that lipid interaction with the head-group is functionally more important,
while interactions with the acyl chain play a lesser role. Overall, the difference in
conservation patterns between Fdh-N and AAC can be attributed to the different functional
roles of bound cardiolipins.

Conclusions

We have quantitatively assessed the evolutionary selection pressure of residues on the lipid-
facing surfaces of membrane proteins, which specifically interact with a variety of bound
lipids. We found that in general, residues interacting with bound lipids are under stronger
purifying selection than the rest of the lipid-facing surface. We also found that the extent of
selection pressure varies from site to site and depends on the functional role of the bound
lipid. Residues forming functionally important lipid binding sites are under stronger
purifying selection, e.g., cholesterol-hinding site in B,-adrenergic receptor and Na*-K*-
ATPase, and cardiolipin binding site in y-subunit of Fdh-N, where cardiolipin is involved in
trimer formation and possibly in catalytic function of the protein. On the other hand,
residues of B-subunit of Fdh-N interacting with the acyl chain of cardiolipin for which no
functional importance can be assigned are no more significantly conserved than the rest of
the B-subunit transmembrane helix under the stringent criterion of w-ratio.

Our survey of sterol-binding sites in membrane proteins revealed an important structural
motif, which appears in most structures where sterol molecules bind to the protein surface.
This structural motif contains an aromatic residue that forms a hydrogen bond with a side
chain of Ser or carbonyl oxygen of Gly, securing the orientation of the aromatic side chain
to optimize a stacking interaction with the sterol rings. Based on this finding, we propose an
expanded cholesterol binding motif in GPCRs that includes an acceptor of H-bond (Ser).

Based on the results of the protein energy calculations together with the structural and
evolutionary analysis, we found that specific lipid binding may be employed by the p-barrel
membrane proteins as a general mechanism to stabilize weakly stable regions. This is in
addition to the previously discussed stabilization mechanisms of out-clamps, in-plugs, and
oligomerization.
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Overall, our results suggest that specific lipid binding sites are common in membrane
proteins. Our study showed that strong evolutionary selection pressure played important role
in shaping up the mutual interactions between membrane proteins and lipids, and that the
detection of such selection pressure can provide useful information for identifying candidate
lipid binding sites on membrane proteins.
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Fig. 1.

Cholesterol-binding sites in Bp-adrenergic receptor shown in (A) 2RH1 and (B) 3D4S
structures. Conserved residues are shown in pink, non-conserved residues are in orange.
Cholesterol molecules bind in a shallow groove formed by the segments of helices I, 11, I1I,
and IV in similar, but not identical locations in both structures. The cholesterol-binding sites
in both structures share five residues under strong purifying selection (shown in pink): 155,
S74, C77, L80, L84, and W158. (C) The interhelical hydrogen bond between S74 from helix
11 and W158 from helix IV helps to maintain the optimal conformation of W158 side chain,
which interacts with the sterol ring of cholesterol through the stacking interaction.
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Fig. 2.

Cholesterol-binding site in Na*-K*-ATPase. (A) Protein surfaces formed by the residues
under strong purifying selection pressure from a.- and B-subunits are shown in pink. Non-
conserved T788 from a-subunit is shown in orange. (B) Intersubunit hydrogen bond
between Y40 (B-subunit, the helix is shown in pale green) and S851 (a-subunit) in the
cholesterol-binding site, which promotes a stacking interaction with the bound cholesterol.
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Fig. 3.

Lipopolysaccharide binding site in ferric hydroxamate uptake receptor. (A) The LPS-
binding surface, where 11 residues are under strong purifying selection pressure, are shown
in pink. The conserved residues cluster into two regions: one is a cluster of residues
interacting with the polar saccharide head-group, and another cluster of residues interacting
with the acyl chains in the hydrophobic core of the outer membrane. (B) Salt bridge
interactions between conserved charged arginines and the LPS head-group. (C) Interstrand
hydrogen bond between conserved Q298 and Y284, which may help to define the surface
interacting with the acyl chain of phospholipid and provide additional interstrand stability.
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Fig. 4.

lindividual empirical p-strand energy calculations of the FhuA receptor. Strands 7 - 9 form
the most unstable region in the protein, and p-strand 8, which runs through the middle of the
LPS-binding site, has the highest energy.
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Fig. 5.

Cardiolipin at the protein-protein interface in formate dehydrogenase N (Fdh-N). (A)
Fragments of two Fdh-N heterotrimers are shown, where cardiolipin binds to the g and y-
subunits of one heterotrimer (shown in green and blue, respectively), and the -y—subunit
from the adjacent heterotrimer (magenta). The bound heme molecules are also shown. Only
one B-subunit is shown for clarity (colored in green). Here, cardiolipin (CL) acyl chain A
fills in a tunnel leading to the heme-binding site, acyl chain B interacts with the neighboring
y-subunit, and acyl chain C interacts with p-subunit. (B) There are two CL-binding sites on
the y-subunit (shown in cyan and pink). In the first binding site, the acyl chain fills in the
tunnel leading to the heme, and the majority of the tunnel residues are conserved (shown in
pink). The second binding site is at the protein-protein interface with a neighboring y-
subunit. This site is the most conserved with the lowest w-ratio, where all but one residue
are under strong purifying selection. (C) CL-binding site on the B-subunit, which is shown
as a green surface. The periplasmic loop residues N15, S16, and 116 form hydrogen bonds
with the CL head-group, although they are not conserved. A263 and 1266 that form a groove
on the surface of TM helix are also not conserved.
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Fig. 6.

Cardiolipin (CL) binding sites in ADP/ATP carrier. The conserved and non-conserved
surfaces are shown in gray and red, respectively. (A, D) A front view (A) of the binding
surface for cardiolipin CDL800 (the numbering is from 2C3E structure), mean w = 0.033,
and a view of the conserved tunnel (D) on the surface interacting with the CL head-group.
The backbone carboxyl from G72 interacts with the phosphate group of the CL. (B, E) A
front view (B) of the binding surface for cardiolipin CDL801, mean w = 0.049, and a view
of the conserved tunnel (E) interacting with the CL head-group. The backbone carboxyl
from G272 interacts with the phosphate group. (C, F) A front view (C) of the binding
surface for cardiolipin CDL802, mean w = 0.022, and a view of the conserved tunnel (F)
interacting with the CL head-group. The backbone carboxyl from G175 interacts with the
phosphate group. (G) A sequence alignment of the five consecutive residues forming the
bottom of the conserved depressions interacting with the cardiolipin head-groups. Each
sequence contains a conserved aromatic residue (W70, Y173, and F270), and a conserved
glycine (G72, G175, and G272). There are polar residues between the aromatics residues
and the glycines: R71, Q174, and K271.
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Fig. 7.

A phosphatidylglycerol (PG) binding site in KcsA potassium channel. The PG binding site
is highly conserved with 9 out of 13 lipid-binding residues under strong purifying selection
(shown in pink). R64, which was proposed [4] to interact with the negatively charged PG
phosphate, is colored in blue.
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Cholesterol-binding residues in p2-adrenergic receptor structures (PDB ID: 2RH1 and 3D4S).

Residue  2RH1 3D4S w-ratio
Val 48 + - 0.024
Phe 49 + - 0.019
Val 52 + - 0.122
lle 55 + + 0.022
Ala 59 - + 0.334
Tyr 70* - + 0.424
Thr 73 - + 0.114
Ser 74 - + 0.026
Cys 77 + + 0.022
Leu 80 + + 0.032
Val 81 + + 0.117
Leu 84 + + 0.030
Ala 85 - + 0.621
Phe 108 + - 0.019
lle 112 + + 0.528
Leu 115 - + 0.029
Arg 151* - + 0.134
lle 154* + + 0.112
Leu 155 + - 0.169
Trp 158* + + 0.024
Leu 339 + - 0.114

Residues in the cholesterol consensus motif (CCM)

Residues under the strongest purifying selection are shown in bold; “+” or “~*

(*“=*) with cholesterol.

signs indicate whether the residue interacts (“+”) or does not interact
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