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ABSTRACT: The mechanisms of assembly and function
for many important type I/II (single-pass) transmembrane
(TM) receptors are proposed to involve the formation
and/or alteration of specific interfaces among their
membrane-embedded a-helical TM domains. The appli-
cation of lipidic cubic phase (LCP) bilayer media for
crystallization of single-a-helical TM complexes has the
potential to provide valuable structural and mechanistic
insights into many such systems. However, the fidelity of
the interfaces observed in crowded crystalline arrays has
been difficult to establish from the very limited number of
such structures determined using X-ray diffraction data.
Here we examine this issue using the glycophorin A (GpA)
model system, whose homodimeric TM helix interface has
been characterized by solution and solid-state NMR and
biochemical techniques but never crystallographically. We
report that a GpA-TM peptide readily crystallized in a
monoolein cubic phase bilayer, yielding a dimeric a-helical
structure that is in excellent agreement with previously
reported NMR measurements made in several different
types of host media. These results provide compelling
support for the wider application of LCP techniques to
enable X-ray crystallographic analysis of single-pass TM
interactions.

he transmembrane (TM) regions of single-spanning

membrane proteins guide intermolecular interactions
that regulate their functions and oligomeric distributions.
Examples include a number of important therapeutic targets
such as receptor-tyrosine kinases,' cytokine and growth
hormone receptors,” " cell adhesion proteins,” and activating
immune receptors.’ Characterizing the structural features
governing these interactions can thus provide unique insights
into the biologically active forms of receptor complexes and the
mechanisms they employ to communicate information across
the cell membrane. The small number of available structures of
single-TM complexes have been determined primarily using
solution NMR methods applied to detergent micelle or small
isotropic bicelle-embedded systems.” The major barriers to
broader application of these techniques arise from limits on
peptide solubility in NMR-compatible lipids and detergents, the
high propensity of hydrophobic TM peptides to aggregate
nonspecifically, and the challenges involved in identifying a
sufficient number of unambiguous long-range distance
restraints from which to calculate structures. Alternative
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approaches for gaining high-resolution structural information
on TM peptide targets are therefore highly desirable. The use
of lipidic cubic phases (LCP) as host media for “in meso”
crystallization has recently emerged as a major enabling
technology in membrane protein structural analysis.”” How-
ever, the application of LCP techniques to small membrane-
associated peptides has been extremely limited,"°™"* and only
two published examples involve a-helical TM sequences
derived from naturally occurring single-pass membrane
proteins.'”'® As such, significant questions remain regarding
the general suitability of the technique for determining the
biologically relevant structures of single-TM interfaces. In this
study, we wished to examine whether physiological packing
modes are maintained in the context of a crowded crystalline
array and what impact the nature of the host medium has on
the configuration of single-TM interfaces. To address these
issues, we determined the crystal structure of the glycophorin A
(GpA) TM domain, whose dimeric interface has been
thorou§hly characterized using several different biochemi-
cal'*™'® and spectroscopic'’ "> methods, but never crystallo-
graphically.

We first examined whether a recombinantly produced GpA
TM peptide (GpA-TM, Figure la) could be effectively
reconstituted into the cubic phase in a state that allows free
lateral diffusion to support crystal growth. Reconstitution is
commonly achieved using a solution of detergent-solubilized
protein that is mixed with an LCP-forming host lipid.”
However, for small helical peptides that refold easily it is also
possible to precombine peptide and lipid in organic solvent,
remove the solvent by evaporation, and form the cubic phase
by mixing with pure water or buffer solution.'”'* A fraction of
purified GpA-TM was fluorescently labeled with cyanine3
maleimide at an engineered C-terminal cysteine to measure
fluorescence recovery after photobleaching (FRAP). LCP-
FRAP has been successfully used to determine diffusion kinetics
and mobile protein fraction for GPCRs, and both parameters
positively correlate with crystallization.”** High diffusible
fractions (above 70%) were obtained for peptides reconstituted
from hexafluoroisopropanol (HFIP) and from the detergents n-
dodecyl f-p-maltoside (DDM), tetradecylphosphocholine
(TDPC), and lysomyristoylphosphatidylglycerol (LMPG)
(Supplementary Figure 1). The fastest diffusion rate and the
highest fluorescence recovery during the S min analysis time
were observed in the detergent-free HFIP sample. Since this
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a)

GpA-TM: "EPEITLIIFGVIAGVIGTILLISYGIRRL®!C

b)

Figure 1. Structure of a Glycophorin A TM peptide crytallized in a
monoolein lipidic cubic phase. (a) A GpA TM peptide with residues
E70 to L98 including a C-terminal Cys was used for crystallization.
The M8I1I substitution was introduced for production purposes (see
methods) and is shown in red, the helical TM region is underlined. (b)
Two GpA-TM dimers and a structured monoolein form the
asymmetric unit of the crystal. (c) The GpA-TM structure with the
dimerization interface LIxxGVxxGVxxT shown in orange. PDB code
SEH4.

procedure eliminated detergent choice as a variable and
supported high peptide concentrations in the lipid phase, we
opted to screen for crystallization conditions by reconstituting
GpA-TM peptide into monoolein from HFIP to a final
concentration of 40 mg/mL in the LCP sample. The
engineered C-terminal cysteine was retained in the peptide
used for crystallization screening, but the side-chain thiol was
protected by reaction with S-methylmethanethiosulfonate. At
least two different crystal forms were identifiable at time points
from 2 to 48 h after setup and in 26 out of 384 conditions
tested. Data sets recorded from two isomorphous crystals
grown in an optimization screen around one of these
conditions (0.1 M HEPES pH 7.5, 20% (w/v) PEG 8000)
were merged to solve the structure of the GpA TM domain to
2.81 A resolution. The asymmetric unit contains two parallel
GpA-TM dimers (Figure 1b; deposited in the PDB as SEH4)
packed in an antiparallel orientation to each other through
extensive contacts along helices A and D, with a single
structured monoolein in the center. Dimer AB (cyan) and
dimer CD (green) align with a backbone RMSD of 0.3 A in the
TM region (173-195). Each of the two dimers has a right-
handed crossing angle of —37° and features a close packing
interface via the LIxxGVxxGVxxT motif (Figure lc, orange)
that was first identified by mutagenesis'*'> and later observed
in the solution NMR structure.'” As in other LCP structures,
the lattice shows type-1 packing (Figure 2) with the long axis of
the unit cell perpendicular to the plane of the lipid bilayer. N-
and C-termini of the GpA-TM peptides contact adjacent layers
to extend the lattice, and additional lateral contacts revealed no
alternative parallel interfaces. A second crystal form, often
coexisting in the same drop with the dimer crystals, contained
only one GpA-TM helix per asymmetric unit that formed no
parallel interfaces with neighboring peptides in the crystal
lattice (deposited in the PDB as SEH6). This suggests that a
monomer—dimer equilibrium existed in the lipid phase and that
the two species segregated during crystallization.

This structure provides a unique opportunity to compare the
packing of a simple TM helix dimer crystallized from a lipid
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Figure 2. Molecular organization within the GpA-TM LCP crystals.
Dimers are arranged within the LCP bilayer in alternating orientations
with two dimers per asymmetric unit (green). N- and C-terminal
residues of the individual GpA-TM helices contact adjacent layers.
Views are shown parallel (a) and perpendicular (b) to the lamellar
plane.

bilayer environment with existing NMR structures of the same
interface determined in several different types of host media.
Structures of the GpA TM interface have been calculated from
"H-'H NOE restraints measured by solution NMR in DPC
micelles'”'® and DMPC/DHPC bicelles,'® as well as from *C
dipolar coupling restraints measured by solid-state magic angle
spinning (MAS) NMR in phospholipid bilayers."””"** The
crystal structure aligns well with representative structures from
each solution NMR ensemble and the ssNMR model (Figure
3a), yielding pairwise RMSD values well below 1 A in the core
helical region (173-195) and less than 0.6 A in the region of the
dimerization interface (L75-T87) only. Mirroring the diver-
gence in the solution NMR ensembles near the helix ends, the
B-factors in the LCP crystal structure are lowest in the native

Dimer Interface

a) Pairwise Alignment b)

Figure 3. Alignment of GpA-TM structures and interface hydrogen
bond network. (a) Pairwise backbone alignments of the dimerization
interface region (L75-T87) of the SEH4 AB dimer (dark green),
1AFO (micelle) state 19 (light gray), 2KPF (bicelle) state 4 (dark
gray), and ssNMR structures onto the SEH4 CD dimer (light green)
are shown and are all below 0.6 A. G79 and G83 are colored in red for
reference. (b) The proposed backbone—backbone hydrogen bond
network at the dimer interface is formed between 176-G79 (i), G79—
80 (ii), and V80-G83 (iii). The T87 hydroxyl group has been proposed
to form an intramolecular hydrogen bond to G83 (iv) and two
possible intermolecular hydrogen bonds to V84 (v, vi).
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Figure 4. Comparison of interatomic distance measurements for key interface contacts in LCP and NMR structures. For each contact identified in
Figure 3b, 40 interatomic distances are plotted as gray dots for each solution NMR structure ensemble (two symmetrical contacts for the 20
structures in 1AFO and 2KPF ensembles) and two for the single solid-state NMR structure (structures shown in upper right corners). Two
measurements from each of the two dimers in the SHE4 asymmetric unit (red triangles, dimer CD; blue triangles, dimer AB) are superimposed on

each plot of NMR distances for comparison.

interface and increase with distance from the core packing
region (see Supplementary Figure 2 for omit density maps and
B-factor analysis).

The defining feature of the GpA dimer interface is the close
helix—helix packing around the G”*xxG® motif that provides
favorable van der Waals contacts and facilitates backbone—
backbone interactions via noncanonical CaH—O hydrogen
bonds.”* Three such interactions have been identified at 176-
G79, G79-V80, and V80-G83 (Figure 3b, contacts i, i, iii).”"
While H atoms are not directly observable in our electron
density at this resolution, they can be placed in the model with
high confidence to examine these interactions. A comparison of
the relevant interatomic distances among the NMR and crystal
structures (Figure 4) shows that the SEH4 (LCP) measure-
ments fall generally within the range of distances observed in
the 1AFO (micelle) and 2KPF (bicelle) ensembles, as do the
solid state NMR measurements, though for 176-G79 (contact i)
the LCP distances cluster with a minor population of the
closest packed solution NMR structures. Based on mutagenesis
experiments' *'* and free energy measurements,” the T87 side-
chain hydroxyl is also thought to participate in stabilizing
interhelical hydrogen bonds. The solution NMR structures
suggest that this group acts simultaneously as a donor in an
intrahelical hydrogen bond to the i-4 (G83) backbone carbonyl
oxygen (Figure 3b, contact iv) and an acceptor to the V84 CaH
on the opposing monomer (contact v). Based on solid-state
NMR measurements, Smith et al.”’ proposed that the T87
hydroxyl acts instead as a donor for an interhelical hydrogen
bond to the V84 backbone carbonyl oxygen (Figure 3b, contact
vi). Our measurements in this region (Figure 4) are in good
agreement with the solution NMR data and do not support this
alternative hydrogen bond, though we note that the differences
are generally small (1 A or less) and our data do not rule out
the possibility that this conformation is unique to the
phospholipid conditions used to make the solid-state NMR
measurements.

The general concordance of the GpA-TM crystal structure
with mutagenesis data and previously determined NMR
structures provides compelling evidence that crystallization in
an appropriate lipid bilayer medium can reveal the physiolog-
ically relevant packing interfaces even for small, very hydro-
phobic peptides. The recently published structures of the
tetrameric influenza M2 proton channel at 1.10 A resolution in
LCP further highlight the utility of the technique for a similar

class of “minimalist” membrane proteins. Our analysis
demonstrates that, in the case of GpA, the dimeric association
is dominated by protein—protein interactions to the extent that
structures determined in four very different types of membrane
or membrane-like host media show only very minor differences.
Furthermore, the presence of extended non-native (antipar-
allel) contacts between neighboring dimers does not appear to
have perturbed the native interface in the LCP crystal lattice. It
is notable that the GpA-TM peptide readily crystallized despite
the inclusion of membrane-proximal sequences that were very
poorly ordered in the solution NMR structures (N-terminal
EPE; C-terminal RRL), and this example provides a template
for the design of appropriate peptide constructs for crystallo-
graphic studies of other single-pass TM interactions. We
anticipate that these methods will prove applicable to a broad
array of important receptor systems and provide a powerful
complementary and/or alternative approach to the spectro-
scopic methods that are currently the standard for structural
analysis of this challenging class of membrane protein targets.
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