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ABSTRACT: Among the growing number of membrane protein i o
structures in the Protein Data Bank, there are many transmembrane J
domains that appear to be native-like; at the same time, there are others
that appear to have less than complete native-like character. Hence, there
is an increasing need for validation tools that distinguish native-like from
non-native-like structures. Membrane mimetics used in protein structural
characterizations differ in numerous physicochemical properties from
native membranes and provide many opportunities for introducing non-
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Exposed glycines, possibly indicating 16—
perturbation of membrane protein structures

native-like features into membrane protein structures. One possible

approach for validating membrane protein structures is based on the use of glycine residues in transmembrane domains. Here, we
have reviewed the membrane protein structure database and identified a set of benchmark proteins that appear to be native-like.
In these structures, conserved glycine residues rarely face the lipid interstices, and many of them participate in close helix—helix
packing. Glycine-based validation allowed the identification of non-native-like features in several membrane proteins and also
shows the potential for verifying the native-like character for numerous other membrane protein structures.

a-Helical membrane protein structures can be influenced by the
membrane mimetic environments in subtle and not so subtle
ways.'~® Anfinsen in 1973 stated “that the native conformation
(of a protein) is determined by the totality of interatomic
interactions and hence by the amino acid sequence in a given
environment.” Therefore, the interactions from the heteroge-
neous membrane environment contribute to the sum of
interactions responsible for defining the three-dimensional
structure of a membrane protein. Here, we focus on the
influence of the physical properties of membrane environments
instead of the influence of specific lipids. Recently, a detailed
description of how promiscuous membrane proteins can be in
their interactions with different lipids has been published.® A
challenge for membrane protein structural biologists is to
mimic the membrane environment adequately to stabilize the
native protein structure, while preparing a sample that is
appropriate for the specific structural technique. Only
bacteriorhodopsin has been characterized in its native
membrane environment.” A few others have been characterized
in liquid crystalline lipid bilayers®'*~"*
presence of lipids."*~'” The vast majority have been
characterized in the presence of detergents, most in crystal
lattices and others in detergent micelles. As the number of a-
helical membrane protein structures increase in the Protein
Data Bank (PDB), there is an increasing need for tools to
evaluate their native-like structural quality. Here, we explore the
basis for developing a tool to test the compatibility of
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membrane protein structures with a native membrane environ-
ment.

Large membrane proteins with cofactors in the trans-
membrane (TM) domains may have significant interactions
with these cofactors to stabilize tertiary structures.'®™>°
However, the tertiary stability of a TM domain with only a
few helices is often limited by very weak interhelical
interactions, because of a largely hydrophobic amino acid
composition and the tendency for TM helices to have uniform
backbone torsion angles resulting from strong hydrogen
bonding in the low-dielectric membrane environment.”'~>* In
other words, the packing of a set of relatively rigid and uniform
helical rods generates marginal tertiary stability. This minimal
stability permits membrane proteins to adopt multiple tertiary
conformations with different helical packing for various
functional states. Consequently, there is a tendency to justify
structural variations among different characterizations of a
protein as reflecting different functional states. However, each
of these structures should be compatible with the native
membrane environment, and therefore, the native-like character
of these structures should be critically assessed, especially
because TM domains with marginal tertiary stability are subject
to distortion by membrane mimetics.'~*"°
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Although membrane protein structural biologists have used
functional assays to validate their structural conclusions, often
these assays have to be performed in an environment different
from that used for structural characterization, such as the assays
for ion channel conductance, where a bilayer is needed. These
assays validate the protein constructs, but not the structures.
These assays are important in that they validate the non-native
protein constructs often used for structural characterization.
Site-directed mutagenesis, binding of antibodies, deletion of
loops and termini, and insertion of water-soluble proteins into
loops have fre(zluently been used for recent structural
characterizations,>® yet in addition to the functional viability
of the construct, it is important to validate the structure
obtained from a membrane mimetic environment with regard
to whether it is consistent with the native membrane
environment. Functional misunderstanding of proteins influ-
enced by the membrane mimetic environment can be
propagated through the literature for many years.>****~>!

Several approaches have been used to obtain detailed
structural data for membrane proteins within a lipid environ-
ment and even a cellular membrane environment. Electron
crystallography (32 depositions in the PDB) has been used to
characterize multiple membrane proteins in a lipid environment
matrix.'**7 Solid state NMR spectroscopy (52 depositions
in the PDB) has been used to obtain structural restraints for
membrane proteins in liposomal or planar bilayer environ-
ments.”'*~'* Other techniques such as ESR have also provided
important structural restraints for membrane proteins in
proteoliposomes. Such data can be of great use in validating
membrane protein structure, because these lipid environments
are more native-like than the detergent environments typically
used by X-ray crystallography and solution NMR spectroscopy
that have determined the majority of the membrane protein
structures in the PDB.

It is well recognized that charged and perhaps polar residues
when exposed to the hydrophobic interstices of lipid bilayers
will result in a significant energetic penalty that has to be
compensated to achieve a stable structure.*®*” Indeed, viewing
the charged residues of a membrane protein is a useful way for
evaluating the native-like quality of the structure. While polar
residues like serine and threonine can form intrahelical
hydrogen bonds to backbone amides and thereby shield both
the polar side chains and the polar backbone from the
hydrophobic environment,®® even these 3polar residues have a
tendency to avoid the lipid interstices.”” Other, hydrophilic
residues are rarely exposed to the fatty acyl chains in a
membrane environment.

Here, we suggest another approach for validating the native-
like character of membrane protein structures, based on the
location of glycine residues, that is complementary to
approaches based on the charged and polar residues.

B INFLUENCE OF MEMBRANE MIMETIC

ENVIRONMENTS

There are many ways that membrane mimetic environments
can influence membrane protein structures and, conversely, for
membrane proteins to influence the membrane mimetic
environments. Synthetic bilayers used for solid state NMR,
ESR, and electron crystallographic studies may have a
hydrophobic mismatch with membrane proteins,**~** a lack
of bilayer asymmetry, chemical and electrical gradients, lipid
heterogeneity, or curvature frustration,43’44 and a nonnative
lateral pressure profile.* Nevertheless, synthetic bilayers are
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significantly better than other membrane mimetics. Detergent
micelles provide a single highly curved hydrophilic surface that
generates a different environment for amphipathic helices that
bind at the lipid hydrophobic—hydrophilic interface.*® This
hydrophilic surface can stabilize a distorted helical structure, by
solvating hydrophilic residues in the middle of a curved helix.
Moreover, the hydrophobic dimension of a detergent micelle
can be easily changed in response to optimal packing of the
helices that is potentially different from that in the native
membrane.”

Detergents also generate a weaker hydrophobic environment
compared with lipid bilayers, with extensive penetration of
water into the micelle®>*”™* as well as a weaker and distorted
lateral pressure profile. While lipid headgroups retain
considerable dynamics, the lateral pressure profile in mem-
branes suggests close packing of the lipid headgroups and/or
glycerol backbone around membrane-solubilized proteins. In
detergent micelles, the headgroup region is even more dynamic
because of the high curvature of the hydrophilic surface and
consequently the lateral pressure profile is less dramatic and the
headgroup region less tightly packed.? In crystal environments,
contacts between proteins within and between the unit cells can
distort the protein structure. Hydrophilic organics and water
molecules are often embedded in what would be the very low
dielectric environment of the membrane interstices, thereby
weakening the hydrophobic environment. Also, in crystal
lattices, detergents often appear to form a thin hydrophobic
layer for membrane proteins. Consequently, if a membrane
protein is dependent on its environment for defining the
hydrophobic thickness, the structure may be distorted in such a
crystalline environment.

Detergents also have a monomeric concentration that is >6
orders of magnitude higher than that for monomeric lipids.>!
As a result, water-soluble and/or dynamic domains as well as
pores through the membrane protein structure may be altered
when detergents are used as a membrane mimetic,”>? because
of the relatively high concentration of monomeric detergents in
the bulk aqueous environment. Thus, membrane mimetics
provide many opportunities for introducing non-native-like
structural perturbations.

45,50

B NON-NATIVE-LIKE STRUCTURAL PERTURBATIONS

The need for validation tools is apparent on many different
levels. The observed structural influences of membrane
mimetics can be minor, such as charged side chains that are
oriented toward what would be the bilayer interstices instead of
toward the aqueous environment, or nearly complete
disruption of the tertiary structure as in the voltage-sensing
domain of the well-known initial structure of KvAP (PDB entry
10RQ).* Between those possibilities, there are multiple
examples of TM domains that appear to have less than
complete native-like character. This is not to say that these
structures are not significant stepping stones toward the
structural and functional understanding of these proteins, but
if the non-native-like structural perturbations are unrecognized
these structures can also be misleading.

In a few cases, there are multiple structures of the same or
similar membrane protein obtained under differing conditions
that provide possible insights into the structural abnormalities.
Because of the potential for multiple functional conformations,
care must be taken in such interpretations. Therefore, the goal
here is not so much to validate these TM domains as
representing functional states but rather to validate these
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structures as being compatible with native membrane environ-
ments. While being heterogeneous, these environments still
have well-defined properties, such as a very low dielectric
constant in the hydrophobic interior and a significant
hydrophobic dimension.

Potential non-native-like features are illustrated by three
structures in Figure 1. KdpD is a histidine kinase receptor for

Figure 1. Putative non-native-like structural perturbations of three
membrane proteins. The membrane central plane was located as
described in Supporting Information. This membrane central plane is
shown as a blue dashed line; interfacial regions are represented by 8 A
wide pale blue colored bands, and the conservative hydrophobic
thickness between them is 25 A. (a) Histidine kinase receptor KdpD
TM domain (solution NMR structure, PDB entry 2KSF). This four-
helix bundle has two very short helices and multiple hydrophilic
residues exposed to the hydrophobic region of the would-be
membrane. The short helices dictate that hydrophilic backbone
amides of the interhelical loops are also exposed to the membrane
interstices. (b) S-Lipoxygenase-activating protein (4.0 A resolution
structure, PDB entry 2Q7M). The three chains are displayed in
different colors. Helix 4 appears to be shifted along the helical axis,
exposing two charged residues (Lys116 and Argll7 in space filling
mode with carbon atoms colored green, nitrogen atoms blue, oxygen
atoms red, and hydrogen atoms white) to the very center of the
membrane, and the interhelical loop between helices 3 and 4 is drawn
into the lipid interstices exposing more hydrophilic sites to the
hydrophobic region of the membrane. (c and d) Two structures of the
trimeric acid-sensing ion channel [1.9 A resolution structure, PDB
entry 2QTS (c); 3 A resolution structure, PDB entry 3HGC (d)].
They have similar symmetric extramembranous domains but different
TM domains. The TM domain in panel ¢ has a sufficient hydrophobic
dimension but is asymmetric, probably the result of substantial crystal
contacts, while the TM domain in panel d is more symmetric but does
not span the hydrophobic dimension of native membranes.

regulating the operon that encodes the K' transporter, Kdp.
The solution NMR structure (2KSF) of the TM domain of
KdpD is a four-helix bundle in detergent micelles®® (Figure 1a).
A striking feature of these helices is that two of them, helices 2
and 3, are not nearly long enough to span the approximate 30 A
hydrophobic dimension of the native membrane, suggesting
that the hydrophobic span of the membrane mimetic is
insufficient. Throughout much of helices 1, 3, and 4, there is
hydrogen—deuterium exchange in the amide backbone,
suggesting exposure to water and consequently a weak
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hydrophobic environment. In addition, numerous hydrophilic
side chains (Ser409, Thr413, Ser448, Thr452, and Asn493) are
exposed to what would be the lipid interstices as opposed to
being oriented toward the interior of the helical bundle. Indeed,
it appears as if there is a minimal number of hydrophilic side
chains oriented toward the interior of the bundle.

Trimeric S-lipoxygenase-activating protein (FLAP) has four
TM helices per monomer. FLAP (Figure 1b) has been
characterized by X-ray crystallography (PDB entry 2Q7M),
showing both Lys116 and Ar§l 17 in what would be the middle
of the hydrophobic region.>* Both the guanidinium group of
Argl17 and the backbone amide of Phel38 form electrostatic
contacts with a neighboring trimer in the crystal. As a result,
helix 4 (including Lys116 and Argl17 residues) appears to be
shifted along the direction of the helical axis to the extent that
the interhelical loop (residues 108—115) extends to the center
of what would be the membrane, exposing a large number of
hydrophilic amides to the hydrophobic environment of the
would-be membrane interior. Moreover, the C-terminal
residues (138—149) of the neighboring trimer have their
amides completely exposed to the would-be membrane interior
surrounding the first trimer. Another member of this protein
family, microsomal prostaglandin E synthase 1, has been
characterized in a lipid environment by electron crystallography
(PDB entry 3DWW) and shows four complete TM helices with
no exposure of charged residues or amides from nonhelical
segments exg)sosed to the fatty acyl chains of the lipid
environment.

There are two crystal structures of the acid-sensing ion
channel (ASIC) using somewhat different constructs.>®%’
These structures are also trimers with each monomer
contributing a pair of TM helices. The very large symmetric
extracellular domains from the two structures superimpose well,
but while the TM domain of the 2009 structure has
approximate 3-fold symmetry (Figure 1d), the 2007 structure
lacks this symmetry (Figure 1c), possibly because of substantial
crystal packing interactions. This latter structure has long
helices that would readily span the membrane, while the 2009
structure has a very short hydrophobic dimension resulting
from helices that are both kinked and tilted at an overly large
angle to the symmetry axis. The result is that the 2009 structure
is not consistent with the hydrophobic dimension of native
membranes and the 2007 structure deviates from the expected
3-fold symmetry.

B GLYCINE RESIDUES IN TRANSMEMBRANE
HELICES

Glycine and proline residues are surprisingly common in TM a-
helices,***® even though these residues are known to be helix-
destabilizing in water-soluble proteins.*’ > There have been
several reasons identified for their presence in TM helices. In
the TM environment, helical hydrogen bonds are stronger
because of the low dielectric of this environment.”' >>%* The
resulting helical regularity would limit helix packing oppor-
tunities, and hence glycine (having access to a much greater ¢
and y torsional space) and proline (lacking an amide proton for
hydrogen bonding within the helix) are present to induce kinks.
These two residues, although destabilizing the helical structure,
permit enhanced tertiary structural interactions from an
increased surface area between helices and hence enhanced
tertiary structural stability that would otherwise be very
limited.*
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Table 1. Benchmark Set of 26 Membrane Proteins

PDB entry resolution or method name oligomeric state

a 1FX8 22A Escherichia coli glycerol facilitator tetramer
b 1L7V 324A E. coli vitamin B12 ABC transporter dimer

c 1P7B 3.65 A potassium channel KirBacl.1 tetramer
d 2A65 1.65 A bacterial homologue of Na*/Cl™-dependent neurotransmitter transporter dimer

e 3NDO 35A cyanobacterial HCI exchange antiporter dimer

f 2AHY 24 A Bacillus cereus NaK channel tetramer
g 2EI4 214A archaerhodopsin-2 tetramer
h 2GIF 29 A E. coli multidrug efflux transporter AcrB trimer

i 2J7A 23A cytochrome ¢ quinol dehydrogenase dimer

j 2L0J solid state NMR influenza A M2 proton channel tetramer
k 2KYV solid state/solution NMR phospholamban pentamer
1 2NS1 1.96 A E. coli GInK-bound ammonia channel trimer

m 3DQB 324 G-protein peptide-bound G-protein-coupled receptor opsin dimer

n 3DWW electron crystallography glutathione-bound microsomal prostaglandin E synthase 1 trimer

o 3EAM 29 A Gloeobacter violaceus ligand-gated ion channel pentamer
P 3NCY 324A arginine agmatine antiporter dimer

q 2YVX 3.5 A Thermus thermophilus magnesium transporter dimer

r 20NK 314A ModA-bound Archaeoglobus fulgidus molybdate ABC transporter dimer

s 2R9R 24 A chimera Kv2.1 and Kv1.2 potassium channel tetramer
t 20AR 35 A Mycobacterium tuberculosis large mechanosensitive channel pentamer
u 3HD6 214A Homo sapiens ammonium transporter Rh type C trimer

v 307Q 31 A E. coli fucose transporter monomer
w 3MKT 3.65 A Vibrio cholera multidrug and toxic compound extrusion transporter monomer
X 3M71 12A Haemophilus influenzae SLAC1 channel trimer

y 2BL2 21A Enterococcus hirae V-type Na*-ATPase rotor decamer
z 2ZW3 35S A H. sapiens connexin-26 gap junction channel hexamer

During functional processes, membrane proteins frequently
undergo significant structural rearrangement involving kinking
and repacking of helices.*** The presence of glycine and
proline residues can facilitate such rearrangements. Indeed, TM
helices can be remarkably regular even in the presence of these
residues, leading to the moniker that these residues can be pro-
kink sites; i.e., they induce kinks in some functional states and
not in others.”® Kinks also lead to exposure of amide hydrogen
bonding sites for structural or functional purposes. Such
exposure is needed, because there are few hydrophilic side
chains that can provide chemically active sites, and hence, the
backbone is a very important source for functional activity, for
instance, in the solvation of ions in the gramicidin A channel
and in the KcsA channel.'"* The exposure of backbone amides
through helix kinks may also lead to the binding of water in the
bilayer interstices where its presence is very limited. Water is
known to play important roles in TM domains, including the
facilitation of structural interconversion through hydrogen
bond rearrangements®>*”® and proton wires;*”’® the exposure
of backbone amides through kinks could greatly enhance these
functional activities.

Moreover, glycine residues are known to be important for
helix packing by allowing close approach of the helical
backbones.”" The pioneering studies of glycophorin identified
GxxxG motifs that permitted close packing of a dimer and
increased helix—helix stability associated with an increased
number of van der Waals contacts,*””? an increased number of
long-range electrostatic interactions between helices, and the
potential for C,—H hydrogen bonding.**”* Since then, GxxG
motifs and permutations involving alanine, serine, and
threonine have been widely identified.”*~”” In addition, glycine
zippers (GxxxGxxxG) have been described for helices that pack
with a modest crossing angle.”®
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This extensive use of glycine in TM helices could facilitate j3-
strand formation, but the frequent presence of proline residues
would counter this tendency toward the formation of fj-
strands,””7%° resulting in the assurance that TM helices are
formed despite the extensive use of glycine. Consequently, it
would seem that glycine is used judiciously for facilitating
tertiary and quaternary structural stability.

B A BENCHMARK OF NATIVE-LIKE STRUCTURES

Using two criteria, an adequate hydrophobic dimension for
spanning the hydrophobic dimension of the bilayer and a lack
of exposure of the hydrophilic site to what would be the
interstices of native membranes, an initial set of benchmark
proteins from the PDB were identified. From these proteins, we
extracted distributions and rules that are expected to be
followed by native-like structures. Structures that deviate from
these norms can then be suggested to contain non-native-like
features.

The 26 proteins comprising our benchmark are listed in
Table 1 and displayed in Figure 2. These structures span many
of the structure—function families identified for TM helical
proteins on the “Membrane Proteins of Known 3D Structure”
website (http://blanco.biomol.uci.edu/mpstruc/listAll/list). In
identifying structures for our benchmark set, we did not include
any with multiple cofactors stabilizing the TM domains as these
cofactors contribute significantly to structural stability. For the
remaining structure—function families, nearly half are repre-
sented in our benchmark set. We have considerable confidence
that these and many other proteins from the same structure—
function families have native-like structures. (Many structures
from the other structure—function families may also be native-
like, but we have chosen conservatively so that the statistics of
native-like structures are not distorted.) None of the bench-

dx.doi.org/10.1021/bi300090x | Biochemistry 2012, 51, 4779—4789
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Figure 2. Transmembrane domains of benchmark membrane protein structures. C, atoms of glycines are shown as spheres and color-coded
according to their conservation scores [red for highly conserved, blue for not conserved, and pale colors for intermediate (see the Supporting
Information for details)]. Default parameters for residue conservation were used for all the proteins except for the ligand-gated ion channel (PDB
entry 3EAM), where the minimal sequence identity for sequence alignment was lowered from the default (35%) to 25%. (a—z) Structures
corresponding to entries a—z, respectively, in Table 1. Note that the outward-facing surface of the helices in these proteins is rarely interrupted by a

glycine sphere.
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Figure 3. Scatter plots displaying relative accessibility and distance (expressed as lzl, i.e., the absolute value of z) from the membrane central plane for
the conserved residues in the benchmark proteins. Relative accessibility [i.e., the percentage of the nominal maximal area (irrespective of secondary
structure) (see the Supporting Information)] was calculated for either a whole residue or for the backbone polar atoms (C, O, and N) only.
Oligomeric protein structures were used to calculate the solvent accessibility of each residue. However, for each oligomeric protein, only a single
chain was used to count the number of glycines and other residues as well as for the backbone statistics. (a—c) Whole-residue relative accessibility for
glycine, aspartate, and alanine residues. The hydrophobic region was conservatively defined as the region 10 A from the bilayer center. Surface
exposure above 20% was considered significant. (d) Backbone relative accessibility for all 20 types of residues. Lipid-facing surface exposure of the
backbone above 15% was considered significant. The two backbone sites in the entire benchmark set that have significant exposure are both proline
residues (Pro31S of the B12 ABC transporter, PDB entry 1LV7, and Pro300 of a ligand-gated channel, PDB entry 3EAM). The glycine residue with
the greatest level of exposure (Gly87 of the NaK channel, PDB entry 2AHY) is highlighted as a blue plus.

mark structures have charged residues in the hydrophobic
interstices, and they all have helices that appear to span a
hydrophobic dimension consistent with native membrane
environments. These proteins range in size from the solid
state NMR structure of the tetrameric conductance domain
(PDB entry 2L0J) of the influenza A M2 protein with a single
TM helix per monomer," and the X-ray crystallographic
structure of dimeric cytochrome ¢ quinol dehydrogenase (PDB
entry 2J7A) also with a single TM helix per monomer,*’ to the
crystallographic structure of the dimeric HCL exchange
transporter (PDB entry 3NDO0).**

B CONSERVED GLYCINES AND THEIR STRUCTURAL
ROLES

The 26 benchmark proteins have a total of 673 glycines,
compared to 837 alanines and 244 aspartates. Below we
contrast these residues in terms of sequence conservation,
solvent accessibility, and distance (z) from the would-be bilayer
center (presented as the absolute value, Izl). The bilayer center
was defined (see the Supporting Information) on the basis of
the distribution of the C, atoms of charged residues in each
protein and could have a significant error. As a result, the
hydrophobic region of the bilayer was conservatively limited to
the region 10 A from the bilayer center for evaluating the
characteristics of glycine residues. Sequence conservation scores
were obtained from the ConSurf web server;*> we refer to
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residues with the top 20% of the conservation scores as being
conserved.

Of the 673 glycines, 264 (39%) reside in the hydrophobic
region, illustrating just how common glycine residues are in
TM helices. In comparison, 40% of the alanines but only 8% of
the aspartates have |zl values of <10 A. Glycine thus has a
tendency to be located in the hydrophobic region similar to
that of alanine, while aspartate avoids the hydrophobic region
of the bilayer. Therefore, on the basis of this sampling, glycine,
despite the nearly lowest helical propensity (proline is the only
residue with a lower propensity), has the same likelihood of
being in a TM helix as alanine, the residue with the highest
helix propensity.’"

Of the 264 glycines in the hydrophobic region of the bilayer,
147 (56%) are conserved; in contrast, only 31% of the glycines
outside the hydrophobic region are conserved. For the alanines,
29% are conserved in the hydrophobic region and 19% are
conserved outside the hydrophobic region. There are too few
aspartates with |z| values of <10 A to contrast the two regions in
terms of conservation, but overall, 75% of these residues are
conserved. The fact that a very high fraction of the glycines are
conserved further confirms that the glycines have important
roles in these helices, as described above. Indeed, without a
good reason to be present, and hence conserved, one might
expect an evolutionary pressure to remove these glycine
residues, because they destabilize helical structures.

dx.doi.org/10.1021/bi300090x | Biochemistry 2012, 51, 4779—4789
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In Figure 3a—c, we present scatter plots for the conserved
glycines, alanines, and aspartates showing their whole-residue
(ie, including the side chains) relative accessibility as a
function of Izl value. Surprisingly, in the hydrophobic region
(ie., Izl < 10 A), the glycines are similar to the aspartates in
avoiding exposure to the lipid fatty acyl chains. No residues of
either type have >20% accessibility to the hydrophobic
interstices of the bilayer. In comparison, 4% of the alanines
in the hydrophobic region have >20% accessibility to the
hydrophobic interstices. Here 20% was used as the threshold in
whole-residue relative accessibility for considering a residue to
be exposed. As a reference, residues in ideal poly-Gly, poly-Asp,
and poly-Ala helices would have 64, 66, and 59% whole-residue
exposure, respectively.

Glycine thus exhibits a strong tendency to avoid exposure to
the hydrophobic interstices of the bilayer. While the exact
numbers for accessibility may be subject to variation because of
calculation details (e.g, the nominal maximal areas used for
calculating relative accessibility and the value, 20%, used here as
the accessibility threshold for considering a residue as exposed),
the avoidance of exposure for glycine is unmistakable. This is
likely driven by two factors: the inability of glycine residues to
perform their function (summarized above as promoting
tertiary structure) while exposed to the hydrophobic environ-
ment and the need to avoid exposure of hydrophilic backbone
atoms (N, C, and O) to the hydrophobic environment.
Whereas glycines in an ideal poly-Gly helix have as much as
31% backbone exposure, Figure 3d shows that, in the
hydrophobic region (ie, lzl < 10 A) the greatest level of
exposure of the backbone by any glycine residue in our
benchmark set is only 9%. Furthermore, all hydrophilic
backbone atoms, regardless of side chain type, are well shielded
from the hydrophobic interstices of the bilayer; all but two
residues (two prolines) have <15% accessibility. While other
types of residues can rely on side chains to partially shield their
hydrophilic backbone atoms (backbone exposure is down from
31% in a poly-Gly helix to 15% in a poly-Ala helix and to only
2% in a poly-Asp helix), the only recourse for glycine is tertiary
contacts, which means avoiding lipid-facing positions.

Of the 147 conserved glycines with Izl values of <10 A in our
benchmark set, 96 (65%) are found in close helix—helix
contacts, meaning that these glycines are separated from the
partner helix by no more than 110% of the minimal distance of
a helix pair. Presumably, some of the other glycines could be in
helix—helix contacts in alternative functional states of these
proteins. In Figure 4a, we further show that, among the 26
benchmark proteins, 92 of the 220 helix—helix pairs that have
heavy atom contacts with distances of <5 A located in the
hydrophobic region involve at least one glycine residue in these
contacts. Furthermore, the results suggest that when glycine
residues are involved the minimal distance between helices is
somewhat decreased. Such a decrease in distance promotes not
only additional van der Waals interactions but also potentially
additional electrostatic interactions.

Glycine residues facilitate helix packing in a wide variety of
ways (Figure 4b—f). Helices pack at different crossing angles.
When the crossing angle is relatively small, various glycine
motifs facilitate interactions over a considerable helical length
(e.g., Figure 4d,e). When the crossing angle is larger, glycine
residues also facilitate packing, sometimes with them on both
helices (Figure 4f), but frequently on a single helix (Figure
4b,c). Glycines also facilitate helix kinking such as in Figure 4b,
thereby increasing the helical contact. Without such a kink, the

4785

2 90 b N ¢
B Gly-involved packing ‘1 q‘
£ W non-Gly-invelved packing ‘ ‘i
™ o
a 60 F ;
] F 3
£ i
% 30 ..
2 )
]
0 >

2-3 3-4 4-5
Minimum distance between helices (A)

Figure 4. Involvement of glycines in helix packing. A total of 220
helix—helix pairs in the 26 benchmark proteins were identified. (a)
Number of helix—helix pairs binned according to distance of the
closest contact and grouped according to whether glycine is involved.
(b—f) Examples of helix pairs showing helix packing facilitated by
glycine residues, highlighted here in space-filling mode. (b) Helix 1
(yellow) residue 27 and helix 6 (green) residues 204, 211, 214, and
218 from PDB entry 2NS1. Gly27 and Gly211 both appear to induce
kinks in the helix that facilitate helix—helix interactions along the entire
length of the TM helices despite substantial crossing angles at both
crossing points. (c) Helix 7 (gray), helix 8 (yellow) residues 264 and
268, and helix 9 (green) residue 288 from PDB entry 2NS1. (d) Helix
3 (yellow) residues 97 and 104 and helix 4 (green) residues 123 and
130 from PDB entry 307Q. The i to i + 7 glycine residues on both
helices, along with a small crossing angle, result in a large van der
Waals interaction surface. (e) Helix 11 (yellow) residues 402, 406, and
410 and helix 12 (green) residues 421, 424, and 428 from PDB entry
3MKT. Here a GxxxGxxxG motif interacts with a GxxGxxG motif. (f)
Helix 4 (yellow) residues 151, 155, and 159 and helix S (green)
residues 176 and 180 from PDB entry 3NDO. Here a GxxxGxxxG
motif interacts with a GxxxG motif.

interactions between this pair of helices would be significantly
reduced.

B SURFACE EXPOSURE OF GLYCINES

The forgoing results show that in native-like structures
conserved glycine residues are primarily involved in enhancing
helix—helix interactions and are not likely to be exposed to the
lipid environment. The results led us to posit that the lack of
exposure of conserved glycine residues to the fatty acyl chains
of native membranes may be used as a criterion for assessing
the native-like quality of membrane protein structures.

As a simple test of our glycine-based validation approach, we
searched for exposed, conserved glycines in the three structures
in Figure 1, which we already recognized as being non-native-
like based on insufficient helix lengths, exposure of hydrophilic
side chains, and a lack of oligomeric symmetry. Indeed, a
number of conserved glycines are exposed in all these
structures, including G444 located in helix 2 of KdpD (Figure
Sa) and G435, G439, and G443 in TM helix 2 of ASIC (Figure
Sb). A conserved glycine, G100, in helix 3 of FLAP was also
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Figure S. Application of the glycine-based validation tool. Conserved
glycine residues that are exposed to the lipid interstices are highlighted
in space-filling mode. (a) Gly444 from PDB entry 2KSF. (b) Glycine
residues 435, 439, and 443 from each monomer of PDB entry 2QTS.
(c) Glycine residues 333, 336, 340, and 341 of the multidrug
transporter, EmrD (3.5 A resolution structure, PDB entry 2GFP).

exposed as a result of the helix 3—helix 4 loop being drawn into
the membrane interstices.

We also found exposed conserved glycines in the structure of
EmrD (PDB entry 2GFP) ;%* four conserved glycine residues,
G333, G336, G340, and G341, in helix 11 are all exposed to the
hydrophobic environment (Figure Sc), suggesting that there is
a local packing problem. The loop between helices 11 and 12
contains only hydrophilic, not charged, residues, so the
boundaries between the loop and these helices as well as the
rotational orientation of these helices may be sensitive to a
presumably weak hydrophobic environment in the crystal
lattice. Indeed, several hydrophilic residues in these two helices
are exposed (residues GIn343, Thr360, and Ser364), although
both GIn343 and Thr360 are relatively close to the bilayer
interfacial region. Consequently, these hydrophilic residues
alone might not generate very much concern for this structure,
while the exposed glycine residues generate a more significant
concern. Other than the potential problem with helices 11 and
12, much of the rest of this large structure appears to be native-
like. These results displayed in Figure S collectively support a
need for validating whether a given membrane protein structure
is compatible with the native membrane environment.

B CONCLUDING REMARKS

A structural validation approach based on the exposure of
conserved glycine residues has been suggested and supported
through the development of a set of benchmark proteins
representing approximately half of the helical membrane
protein structure—function families and the identification of
several distorted proteins having conserved glycine residues
exposed to what would be the membrane interstices. The
exposure of glycine to the lipid interstices is avoided in native-
like structures, both to prevent exposing the helix backbone to
the lipid hydrophobic environment and to allow for
strengthened helix—helix packing. This validation approach
was effective both in confirming putative non-native-like
structures and in identifying a previously unrecognized non-
native-like structure. Wide applicability is thus expected.

It should be recognized that, if a protein formed an
oligomeric state or some other protein—protein complex,
there might be a reason to have conserved glycine residues at
the monomer—monomer interface. Many single-TM helical
proteins have glycine residues, and we can expect that these
proteins will either form oligomers or interact with other
membrane proteins such that in complex the glycine residues
will not be exposed. We would further anticipate that exposing
conserved glycine residues to the membrane interstices should
drive the binding reaction toward complex formation.*’
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Interestingly, in the set of benchmark membrane proteins
analyzed here, the monomeric units of oligomeric proteins
appear to utilize conserved glycine residues only infrequently at
the monomer—monomer interfaces, while alanine residues
appear to be more common at these interfaces.

Given their destabilizing influence on water-soluble helices,
how can the large number of glycine residues be tolerated in
TM helices? These helices are primarily composed of aliphatic
residues embedded in a low-dielectric environment that is
largely devoid of water, leading to strengthened intrahelical
hydrogen bonds.”"** Therefore, secondary structural stability is
substantially increased in the membrane environment, and
consequently, glycine residues can be tolerated at some cost to
helical stability. However, the glycine residues facilitate helix—
helix packing, allowing for strengthened electrostatic and van
der Waals interactions between the helices. Therefore, the
result of the increased level of glycine residues in TM helices is
that excess secondary structural stability is sacrificed for
increased tertiary structural stability, demonstrating an
ingenious adaptation of membrane proteins to their environ-
ment.

Membrane protein structures are fundamentally important
for many scientific communities, including those interested in
understanding cellular physiology and the development of
pharmaceuticals. Our inability to characterize protein structures
in the native membrane environment leads to the use of
membrane mimetics that may or may not be good models of
the native environment for a given membrane protein. The
validation approach described here can facilitate the verification
of native-like structures and the recognition of non-native-like
features that could otherwise mislead researchers who depend
on the high fidelity of these important membrane protein
structures.

B ASSOCIATED CONTENT
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Details of how the structures from the PDB were processed and
analyzed as well as reference helical structures, details for the
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