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Heterotrimeric G proteins interact with receptors and
effectors at the membrane-cytoplasm interface. Struc-
tures of soluble forms have not revealed how they inter-
act with membranes. We have used electron crystallog-
raphy to determine the structure in ice of a helical array
of the photoreceptor G protein, transducin, bound to the
surface of a tubular lipid bilayer. The protein binds to
the membrane with a very small area of contact, re-
stricted to two points, between the surface of the protein
and the surface of the lipids. Fitting the x-ray structure
into the membrane-bound structure reveals one mem-
brane contact near the lipidated G� C terminus and G�
N terminus, and another near the G� C terminus. The
narrowness of the tethers to the lipid bilayer provides
flexibility for the protein to adopt multiple orientations
on the membrane, and leaves most of the G protein sur-
face area available for protein-protein interactions.

G proteins mediate signal transduction pathways on the
membranes of virtually all eukaryotic cells. In the inactive,
GDP-bound, heterotrimeric state most G proteins are them-
selves tightly membrane associated. Activation takes place
when GTP is exchanged for GDP in a complex with an integral
membrane G protein-coupled receptor, which produces sepa-
rated and active G�-GTP and G�� proteins. These active sub-
units are then free to move along the membrane and regulate
their downstream effectors that may be either peripherally
membrane associated (e.g. cGMP phosphodiesterase, phospho-
lipase C) or integral membrane proteins (e.g. adenylyl cyclase
and ion channels).

There have been numerous studies of G protein-membrane
interactions using biochemical, functional, and mutagenic ap-
proaches. These have made it clear that membrane association
and localization play a critical role in G protein function and
have also revealed biochemical features of G� and G� that are
important for membrane binding. All G� subunits have one or
more fatty acids added at or near their N termini, and both the

fatty acids and the amino acids in the N-terminal region are
important for membrane binding (1–3). The attachment site is
either an N-terminal glycine, which is linked to fatty acid,
usually myristic acid, in an amide linkage, or a cysteine at
position 2, which is linked to palmitic acid in a thioester link-
age. The G� subunits are proteolytically processed to leave a
C-terminal methyl-esterified cysteine residue linked via a
thioether to either a 15- or 20-carbon isoprenyl chain (4–8).
Forms of G� without these modifications have been studied,
and they show reduced interactions with membranes and de-
fective signaling properties (9–14).

In the crystal structures of G protein heterotrimers (15, 16)
these hydrophobic modifications and their immediately adja-
cent amino acids are missing; however, the resolved portions of
the G� C terminus and the G� N terminus are close to one
another in space, suggesting a common site for membrane
insertion. The only G protein structure in which a lipid modi-
fication is present and visible is the complex of G��t with
phosducin, in which the farnesyl group is tucked into the �-pro-
peller blades of G�t (17), and which has greatly diminished
affinity for membranes. Another region thought to be near the
membrane is the C terminus of the � subunit, because of its
critical role in binding to receptors (18, 19).

A proposed membrane-binding surface for the heterotrimer
was identified by adding to these constraints a criterion of
electrostatic matching between positively charged or neutral
regions of the protein surface and the negatively charged phos-
pholipid (16). However, this model remains in question because
studies with the retinal G protein transducin have suggested
that there is no electrostatic attraction to the membrane. In
fact, low ionic strength is routinely used to remove this protein
from membranes, suggesting that the net electrostatic forces
are actually weakly repulsive in nature (20–22). In general it is
not clear that there is a strong driving force for the dehydration
of the polar surfaces of both the protein and the lipid head
groups required to bring about close contact between them.
Thus a fundamental question about a peripheral membrane
protein binding to a lipid bilayer is whether their facing sur-
faces interact primarily with water or with one another.

Because of the intrinsic difficulty of incorporating a mem-
brane-protein interface into three-dimensional crystals suita-
ble for x-ray crystallography, we have used the approach of
electron crystallography to determine the structure of the G
protein-membrane complex. In this approach the protein is
allowed to assemble into an ordered lattice on the surface of a
lipid bilayer, and electron microscopy of samples preserved in
vitreous ice is used to obtain images for structural analysis.
Although in most cases only low resolution structural maps are
obtained from this technique, it is possible to fit high resolution
structures into these maps computationally (23–26), and thus
obtain information about the interactions of specific parts of
the protein with the membrane.
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We reported previously that ordered lattices could be ob-
tained for the photoreceptor G protein transducin either on
planar monolayers (27) or tubular bilayers (28), and that the
tubular structures were occasionally obtained using endoge-
nous lipids co-purifying with the protein, although a specific
mixture of synthetic lipids formed them most efficiently. Only
the tubular structures, which have helical symmetry, proved to
be suitable for structural analysis. We report here the results of
reconstructing the protein-lipid complex and fitting of the x-ray
crystal structure of the heterotrimeric G protein (16), which
allow us to identify the mechanisms by which the G protein
interacts with the membrane surface. In addition to revealing
the G protein orientation on the membrane surface, these re-
sults suggest that electron crystallography using helical pro-
tein lattices assembled on lipid tubules may be a generally
applicable approach for determining membrane orientations
for peripheral proteins.

EXPERIMENTAL PROCEDURES

Reagents and Materials—Buffer A was 5 mM Tris, 0.5 mM MgCl2, pH
7.4, 1 mM dithiothreitol. Buffer B was 20 mM MOPS,1 2 mM MgCl2, pH
8.0, 50 mM NaCl, 1 mM dithiothreitol, 0.2 mM EDTA. Buffer C was 10
mM MOPS, 10 mM MgCl2, pH 7.4, 1 mM dithiothreitol. Tube buffer was
Buffer B supplemented with 5% (v/v) glycerol, 10 �M N,N,N�,N�-tet-
rakis(2-pyridylmethyl)-ethylenediamine (TPEN, Aldrich), and 10 mM

CaCl2.
All buffers were filtered through 0.2-�m nitrocellulose filters imme-

diately before use. Buffers used in purification also contained a small
amount of solid protease inhibitor, phenylmethylsulfonyl fluoride
(Roche Applied Science).

Gt was purified essentially as described (28). Briefly, crude Gt was
prepared by stripping Gt from bleached, washed bovine rod outer seg-
ment membranes (ROS) with GTP and buffer A. Crude Gt was then
exchanged into buffer C and purified over an high performance liquid
chromatography anion exchange column (Waters DEAE-5PW), by elu-
tion with increasing NaCl. Purified protein was exchanged into buffer B
and stored in 50% glycerol at �20°C. Dioleoyltrimethylammonium pro-
pane and diphytanoyl phosphatidylcholine were purchased from Avanti
in CHCl3 and stored at �80°C under argon, unless otherwise noted.

Two-dimensional Crystallization—Conditions for helical crystalliza-
tion were similar to those described previously (28). Gt (0.1–0.2 mg/ml)
in tube buffer with 5% (v/v) glycerol (glycerol concentration is critical for
reproducible tube formation) was pipetted into clean 10-�l Teflon wells
and �1 �l of a 0.5–1 mg/ml lipid mixture (20:80 mol/mol dioleoyltri-
methylammonium propane:diphytanoyl-PC) in 1:1 (v/v) chloroform:
hexane was floated over the solution to form a lipid monolayer. The
samples were kept in a humid environment by placing the Teflon plates
on damp filter paper in glass Petri dishes at 4°C. Tubes formed in under
2 h.

Grid Preparation—Tubes were transferred by pipetting 5 �l from
either the surface or the subphase onto 400-mesh copper electron mi-
croscope grids (Gilder, Ted Pella) to which a carbon-coated holey film
had been applied (29, 30) so that the sample was suspended in a thin
aqueous layer across the holes. For cryo-preservation of the helical
tubes, excess sample was wicked off with Whatman No. 1 filter paper,
and then the grid was immediately plunged into liquid ethane. Samples
were stored in liquid nitrogen.

Electron Microscopy and Image Digitization—The specimen was ex-
amined on a JEOL 1200EX cryo-microscope operating at 100 kV and
outfitted with a Gatan cryo-stage maintained at ��162°C (31). The
images were taken at �40,000 magnification with an electron dose of
�12 electrons/Å2 and recorded on Kodak So-163 film. The film was
developed in Kodak Developer D19 for 12 min at 20°C and fixed for 10
min in Kodak fixer. Images were digitized on a Zeiss SCAI microden-
sitometer at a step size of 3.5 Å/pixel.

Image Processing and Helical Reconstruction—Tubule images with
the same diameters and long straight regions were selected visually,
then the tubes were boxed and floated into a square area using the
software routine Boxer in the EMAN suite (32). Inspection and prelim-
inary identification of layer lines in computed Fourier transforms were
carried out in SPECTRA (33). Images with strong symmetrical diffrac-

tion patterns and sharp layer lines were selected for further processing.
Indexing was facilitated by programs that calculated a range of possible
Bessel orders for each layer line, and cross-checked potential selection
rules for self-consistency among all these possible Bessel orders. In
addition, a test for odd versus even Bessel orders by examining the
phases of the layer lines was performed to further narrow the choice of
Bessel orders; all were found to be multiples of six. Layer line extraction
and refinement as well as reconstruction by Fourier-Bessel inversion
were performed with programs based on the original MRC helical
reconstruction algorithms (34) updated to accommodate our image pa-
rameters and data formats. The final map was derived from both sides
of 3 tubes of the same class at defocus values near 1.3 �m, with a total
of 3800 heterotrimers. For each layer line, data from both sides of all
three tubes were averaged after 2-fold symmetry was enforced, and
data out to the first zeros of the CTF (22-23 A) were included. The
amplitude-weighted phase residual for 2-fold symmetry was 24°, calcu-
lated from all Fourier terms (not including equatorial peak) with am-
plitudes higher than 2% of the highest peak in the off-equatorial data
for both sides of three tubes (six sides total). Inter-particle phase resid-
uals were 28.8°, 31.3°, and 30.1°, and intra-particle (near versus far
side) phase residuals were 34.9°, 36.0°, and 39.2°. The radial density
profile was calculated by back-transformation of the equatorial line in
the Fourier transform. To test for Fresnel fringe effects in this profile,
an approximate contrast transfer function (CTF) amplitude correction
was performed on the transform after low-pass filtering, by using a
predicted CTF for the experimental defocus value with an estimate of
10% amplitude contrast. The predicted CTF was used as an inverse
filter for the equatorial data in Fourier space to produce the solid curve
in Fig. 3D.

Fitting of X-ray Structure into EM-derived Density Map—The recon-
struction was visualized using IRIS Explorer (Numerical Algorithms
Group, Ltd., Oxford, UK) with custom designed modules (35), and a
single heterotrimer unit excised computationally. The coordinate file
for the G���t trimer structure determined by x-ray crystallography
using Protein Data Bank code 1GOT (16) was obtained from the Protein
Data Bank (RCSB (36)) and used to generate a density map at 30 Å
resolution using the program PDB2MRC in the EMAN suite (32). It was
fitted into the heterotrimer density of the reconstruction based on a
local six-dimensional (rotation and translation) cross-correlation search
using Foldhunter (23). The solution was independent of the initial
orientation and position selected. The assignment of the best fit was
judged by the maximal correlation coefficient, and confirmed by visual
inspection of matching of the fitted structures. Because the data are
from projection images, an ambiguity exists with respect to the hand-
edness of the EM map determined by the arbitrary selection of the signs
of the Bessel orders of the layer lines in the computed diffraction
pattern. Both choices were tested, and the one giving the best fit to the
x-ray structure was used. Surface representations were generated and
the electrostatic potential map was colored using GRASP (37).

RESULTS

Electron Microscopy of Gt Tubules—The Gt helical crystals
observed in images obtained by electron cryo-microscopy fall
into multiple classes or families with a range of diameters from
430– 750 Å. An image of a Gt tubule embedded in vitreous ice,
from a commonly observed family with a diameter of 540 Å, is
shown in Fig. 1A. The tubes formed using the conditions de-
scribed under “Experimental Procedures” are generally wider
than those reported previously (28), which were typically closer
to 270 Å in diameter. The computed Fourier transform (Fig.
1B) of each tubule is composed of a series of sharp layer lines
extending to an axial resolution of 31 Å (outlined by a rectangle,
Fig. 1, B and C), which were indexed according to the notation
(h, k; n), as labeled in Fig. 2, indicating lattice position (h, k)
and helical start number, or Bessel order (n) as described (34).
In addition to the family used for reconstruction, an example of
which is shown in Fig. 1, we also processed several additional
tubes with diameters ranging from 430–680 Å (data not
shown), and found that most have a similar pattern of layer
lines in their Fourier transforms, but with different spacings.
This similarity indicates that essentially the same surface lat-
tice is used to form the different diameter tubes, likely using
common points of protein-protein and protein-lipid contact.
This observation of multiple tube diameters based on essen-

1 The abbreviations used are: MOPS, 4-morpholinepropanesulfonic
acid; CTF, contrast transfer function.
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tially identical surface lattices is a fairly common one for tu-
bular crystals (38–41). As also observed for nicotinic acetylcho-
line receptor (39), sarcoplasmic reticulum Ca2�-ATPase (42),
and the cytochrome bc1 complex (43), each tubule has 2-fold
symmetry about an axis perpendicular to the long axis of the
tube, so that the phases for the peaks in the transform are
expected to be either 0° (360°) or 180°. The phase plots (Fig. 2A)
for off-equatorial layer lines ranging from the strongest (1, 1;
�6) to one of the weakest (�3, 2; 48) show good matching for
most peaks with phases at amplitude maxima close to either 0°
(360°) or 180°, indicating good 2-fold rotational symmetry. To
evaluate the symmetry, the amplitude-weighted phase resid-
ual for 2-fold symmetry was calculated for each tube (with near
and far sides averaged) from all off-equatorial Fourier terms
with amplitudes higher than 2% of the highest of such terms in
each transform. The phase residuals for the three tubes were
22.1°, 26.1°, and 24.4°.

Helical Reconstruction—The helical reconstruction shown in
Fig. 3 was generated using merged data out to a maximum
isotropic resolution of 23 Å and an axial resolution limit of 31 Å,
from three tubes of the same family as the tube illustrated in
Figs. 1 and 2 with a total of �3800 heterotrimer units. In Fig.
3 and subsequent figures, for clarity, the map is presented with
a density threshold selected to include 85% of the molecular
volume of each heterotrimer. The main features of the tube are
a relatively smooth continuous cylinder, consistent with a lipid
bilayer, and an outer layer of globular densities of the size and
shape of G���t heterotrimers. The arrows in the cross-sectional
view shown in Fig. 3A indicate peaks of density at radii of 176
and 204 Å, consistent with a bilayer width of 28 Å, and visible
in the radial density profile (Fig. 3D). The strongest peak of
protein density is found at a radius of 248 Å. There is a trough
in the radial density profile between the peaks corresponding
to protein and lipid, consistent with minimal contact between

the protein and lipid (arrow in Fig. 3D). To determine whether
this minimum is an artifact of Fresnel fringe effects we applied
an approximate correction for the CTF to the equatorial data in
the Fourier transform after low-pass filtering. After this pro-
cedure the minimum between the protein and lipid peaks was
still clearly visible.

The protein units making up the surface lattice can be seen
in the cross-sectional view of the tube (Fig. 3A), with one
marked in magenta; note the 6-fold symmetry of the cross-
section, consistent with all layer lines having Bessel orders, n,
that are integral multiples of six. A close-up view of the outer
tube surface is shown in Fig. 3B. The protein repeating unit has
2-fold rotational symmetry, and has the size and shape of a
dimer of heterotrimers, one of which is highlighted in magenta
in Fig. 3. There are even more extensive contacts between
adjacent heterotrimers in each helical strand, primarily made
by the outermost parts of each molecule, across the diagonal
lines drawn in Fig. 3C.

Protein and Lipid Contacts—A computationally isolated het-
erotrimer unit is shown in Fig. 4. Its lipid contacts can be seen
in the side view of Fig. 4A. It is clear that each heterotrimer
makes two strong contacts (i.e. ones that are still present when
the density threshold is increased to enclose only 40% of the
molecular volume) with central lipid; they are labeled i and ii in
Fig. 4. To reveal how the protein is oriented on the membrane
surface, the lipid was cut off so that the protein side of the
protein-lipid interface can be seen (Fig. 4B) as viewed from the
lipid surface. The two protruding “feet” (marked i and ii) cor-
respond to the membrane binding portions of the protein. The
surface areas of these contact regions are 390 and 125 Å2. This
total represents less than 2% of the 28,000 Å2 total surface area
of the protein as probed with a sphere of 4 Å radius.

Fitting the X-ray Structure of G���t into the EM Map—The
single heterotrimer unit was computationally isolated by cut-

FIG. 1. Electron micrograph and computed diffraction pattern. A, electron micrograph of a Gt tube embedded in vitreous ice taken at a
magnification of �40,000. The section shown is one-third the length of the tube used for reconstruction. The scale bar represents 300 Å. B, a
computed Fourier transform. The rectangle drawn in the upper half indicates the position of a meridional layer line at a resolution of 31 Å. C,
close-up of transform from panel B, with enhanced contrast.
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ting with planes tangential to and perpendicular to the tube
surface, as shown in Fig. 4, A and B. This unit was then used
to obtain the best fit of the G���t x-ray crystal structure (16)
using the program Foldhunter (23); the crystal structure at a
resolution of 30 Å is shown in Fig. 4, C and D. The rough
position of the structures is largely determined by the region of
highest density, which is in the core of the �-propeller of G�t.
Optimizing the cross-correlation between the two structures
yielded the alignment shown in Fig. 4, E and F. The aligned
position of the crystal structure is shown in greater detail in
Fig. 5. On a relative scale for the cross-correlation score of �1
to 1, the value for the optimal position is 0.45.

Fig. 4, E and F, shows side and bottom views of a portion of
the EM map corresponding to a single heterotrimer, repre-
sented as a mesh surface, superimposed on a ribbon represen-
tation of the crystal structure in the best-fit orientation. The
membrane surface lies on a horizontal plane just below the
protein in Fig. 4E, and is parallel to and above the page in Fig.
4F. In this position the N-terminal helix of G�t and its �2–�3
loop are close to the membrane surface, and none of the regions
of G�t and G�t visible in the crystal structure are immediately
adjacent to the membrane. The last visible residue on the C
terminus of G�t, Glu66 (the green terminus near the “i” in Fig.
4E), is positioned so that the missing residues 67–71, including

the farnesyl moiety on Cys71, could easily extend to the mem-
brane surface. It is likely that the missing portions of the C
terminus of G�t and the N terminus of G�t, including their
covalently attached lipids, make up most of the density con-
necting to the membrane at attachment site i shown on the
left-hand side of Fig. 4E. The residues at attachment site ii, on
the right-hand side of Fig. 4E, shown in closer detail in Fig. 5,
A and B, appears to be those from the G�t �2–�3 loop, espe-
cially Lys188 (yellow) and Asp189 (purple), as well as Arg28 (tan)
from the C-terminal end of the N-terminal helix of G�t (all
color-coded residues are shown in ball and stick representa-
tion). The side chains of both Asp189 and Arg28 extend toward
the membrane surface in this position, whereas that of Lys188
points away from the membrane toward aspartate residues 333
and 337.

DISCUSSION

Restriction of Membrane Contacts to Two Narrow Surfaces—
Perhaps the most surprising result from the reconstruction is
that the area of contact between protein and lipid is quite
small, involving only 2% of the protein surface. This conclusion
follows from inspection of the map, and does not depend on the
details of the fitting. It can actually be drawn simply from the
radial density profile (Fig. 3D) prepared by back-transforma-

FIG. 2. Layer line indexing. A, amplitude and phase plots. The plots shown are averages from both sides of three tubes. Solid lines, radial
amplitudes; circles, phases. The (h, k; n) indices are given above each plot. The phases at amplitude maxima are close to either 0 (360°) or 180°
indicating good 2-fold symmetry. Arrows indicate the ranges of data used, with the one at high resolution corresponding to the isotropic 23 Å
resolution limit for each layer line height. B, surface lattice and indexing scheme. The h, k lattice is drawn and peak positions are identified by
lattice position and Bessel order, n, as (h, k; n) for layer lines arising from one side of the tube (green). Off-lattice peaks correspond to the lattice
from the opposite side. Layer line numbers are indicated next to the circled peaks, and follow a selection rule of l � tn � um, where l is the layer
line number, n is the Bessel order, t is the number of turns, �4, u is the number of units in t turns, 7, and m is an integer.

Transducin-lipid Helical Tubules33940

 at H
A

M
-T

M
C

 Library on July 3, 2008 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


tion of the equatorial line in the Fourier transform, and there-
fore does not even depend on the accuracy of the reconstruction.
A model proposed previously (16) for binding of Gt to the
membrane, based on the crystal structure and electrostatic
calculations, implied extensive interactions between the sur-
faces of the protein and the lipid. In contrast, the structure
revealed by electron crystallography indicates very few direct
contacts between the lipid surface and the protein, and the
regions near the membrane surface are predominantly of neg-
ative charge (Fig. 6B).

Limited contact between protein and lipid surfaces is char-
acteristic of a number of peripheral membrane proteins whose
membrane interactions are known. EPR studies using site-
specific spin labeling of the membrane-associated and lipid-
hydrolyzing bee venom phospholipase A2 demonstrated that
only a small patch of residues directly contacts the membrane
(44), and similar conclusions were reached by applying the
same technique to a different peripheral protein, Thermomyces
lanuginosa lipase (45). Recent calculations (46) for several
phosphoinositide-binding FYVE domains predict minimal con-
tact between the protein and membrane surfaces. Solid-state
NMR studies of another fatty acylated peripheral membrane
protein from photoreceptors, recoverin, also revealed mem-
brane contacts largely limited to the lipid tail and immediately
adjacent residues near the N terminus (47). Our structure
illustrates what is likely a general principle of peripheral mem-
brane protein binding to membranes: both the lipid head
groups and the polar side chains found on protein surfaces
interact strongly with water, and the energetic costs of elimi-
nating these interactions upon forming polar membrane-pro-
tein contacts tend to preclude extensive protein-membrane con-

tacts, outside those specific contact points that confer high
affinity. Minimal contacts between lipid and protein may also
facilitate translocation of Gt that has been observed in response
to strong illumination (48, 49).

Another unexpected finding is the close contact made by the
�2–�3 loop, likely in cooperation with the C-terminal residues
missing in the x-ray structure, and arginine 28 from the C-
terminal end of the N-terminal helix (site ii in Fig. 4). When the
x-ray structure is fit into our membrane complex structure, the
side chains of arginine 28 and aspartate 189 extend toward the
lipid bilayer, and these are likely involved in polar contacts
with lipid head groups. In the x-ray structure the C� position of
lysine 188 is such that the side chain could easily extend
toward the bilayer; however, in the crystal, the �-amino group
is sandwiched between the �-carboxylates of aspartate 333 and
aspartate 337, forming a salt bridge to aspartate 333. It is
possible that when bound to negatively charged native mem-
branes, these interactions could be replaced by interactions
with the lipids. Interestingly, the 188KDL190 sequence is con-
served among all known rod and cone transducin � subunits.

Plasticity of the Membrane Binding Regions—It is possible
that the position of the N-terminal � helix of G�t with respect
to the rest of the heterotrimer is somewhat different when in
membrane bound than in solution or in three-dimensional crys-
tals. The orientation of this helix is different in some other G
protein crystal structures, and too disordered to be resolved in
most G� structures. Fig. 5, C and E, show the dramatically
different orientation of the N-terminal helix in the structure of
G�i in complex with RGS4 (50); both of these orientations are
likely different from the one used for membrane binding.
Changes in position of the G� N-terminal helix could be facil-

FIG. 3. Helical reconstruction of Gt-lipid tubules. The reconstruction shown was generated using merged data from three tubes of a single
family illustrated in Figs. 1 and 2. A, cross-section of the reconstruction viewed down its long axis. Inner and outer arrows indicate the features
interpreted as the inner (i) and outer (o) surfaces of the lipid head groups of the bilayer; noise in the center of the reconstruction is not shown. The
magenta colored area represents one heterotrimer unit of the protein in the outer shell, including its contacts with the outer lipid head groups.
Scale bar, 150 Å. B, side view, showing the surface lattice of G proteins. The magenta colored regions correspond to the repeating dimer of
heterotrimers that make up the surface lattice. C, close-up view of the outer tube with a symmetry-related pair of heterotrimers highlighted. Two
additional kinds of inter-heterotrimer contacts occur across the black diagonal lines. D, radial density plot before (dashed lines) and after (solid
line) low-pass filtering and CTF correction. L and P mark the features interpreted as the lipid bilayer and peripherally bound protein, respectively.
The features proposed to represent the inner and outer head groups of the lipid bilayer are labeled i and o, respectively; these are not resolved after
the low-pass filtering used in the CTF correction. The vertical arrow indicates the minimum in the density corresponding to the region between
the protein and the outer lipid head group, present both with and without CTF correction to reduce Fresnel fringe effects.
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FIG. 4. Fitting of x-ray structure of heterotrimer into membrane complex structure. A and B show a side view and a view from the
membrane surface, respectively, of an individual heterotrimer unit, corresponding to the magenta colored features in Fig. 3, cut at the narrowest
points of membrane contact. The dashed lines indicate the outlines of the crystal structure at 30 Å resolution as shown in C and D. E, and F show
side and bottom views, respectively, of the x-ray structure, in ribbon representation, fit into the membrane complex structure, shown as a
transparent mesh corresponding to the surface enclosing 85% of the molecular volume. A spatial gradient of color is used to help identify
corresponding portions of the surface in panels E and F. In E, the immediately adjacent region of the membrane surface is also shown. G� is shown
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itated by electrostatic interactions between negatively charged
lipid groups and the six basic residues (Lys10, Arg13, Lys17,
Lys20, Lys25, and Arg28) favorably positioned on the side near

the membrane surface. Not surprisingly, as can be seen in Fig.
4E, the fit of this part of the crystal structure is not as good as
the rest, consistent with a somewhat different position in the

in red, G� in blue, and G� in green. The green chain terminus near the letter (E) shows the last C-terminal G� residue visible in the crystal
structure, which is followed by five residues and a covalently attached farnesyl group not seen in the x-ray structure. The N-terminal helix of G�
is seen running nearly parallel to the membrane surface at the bottom of panel E. Also near the membrane surface in panel E is the last residue
of the C terminus of G�, visible in the crystal structure, shown in cyan ball and stick representation.

FIG. 5. Plasticity of the membrane binding regions. In panels A and B, the ribbon diagram of Gt from the heterotrimer structure (16) is
shown oriented with respect to the membrane as determined from the fit to the EM reconstruction. The membrane is shown as a blue-gray bar.
Of the G� residues visible in the x-ray structure, those closest to the membrane are shown in ball and stick representation: Arg28, tan; Asp189,
purple; and Lys188, yellow. The last visible residue at the C terminus of G�, Asn343, is shown in cyan. It is followed by seven residues not visible
in the crystal structure; the length of this missing segment is more than sufficient to reach the membrane surface. Panel C shows an alignment
of a different G� structure, from the RGS4�G�i�GDP�AlF4

� complex (50). This alignment illustrates the potential mobility of the N-terminal helix
and the C-terminal region; close-ups are shown in panels E and F. The same color coding is used for the identical near-membrane residues as in
panels A and B, except that the last C-terminal residue in the G�i structure, Phe355, corresponding to C-terminal Phe350 in G�t, is colored in cyan.
This C-terminal residue would contact the membrane in this orientation. Panel D shows the structure of G��t from the phosducin complex (17) in
the same orientation as the membrane bound form. In this structure the last G� C-terminal residue that is resolved is Glu66, but the C-terminal
farnesyl group attached to Cys71, is visible, and is shown in yellow. The four intervening residues could easily provide sufficient length for
membrane insertion by the farnesyl group.
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membrane complex as opposed to its position in solution or in
the three-dimensional crystal.

The same may be true for the farnesylated C terminus of G�.
Fig. 5D shows the position of the farnesyl group covalently
attached to the C-terminal cysteine of G�t, in the one structure
in which it is resolved (17), and found to be bound in a surface
groove of G�t. This structure is actually a complex of G��t with
phosducin, which renders normally membrane-attached G��t

soluble, so it is likely that in the membrane-attached form, this
lipid moiety is inserted into the membrane, requiring large
scale movement from the position shown in Fig. 5D. There is
sufficient length of polypeptide chain plus the farnesyl group to
reach the membrane at a site adjacent to the fatty acid at-
tached to the N terminus of G�t, and the intervening sequence
includes hydrophobic residue Leu66 and the positively charged
Lys67. Likewise, the C terminus of G�i seen in the RGS4
complex is in a position that could easily reach the membrane
surface (Fig. 5, C and E). The missing C-terminal residues
include one positive charge, Lys345, and three hydrophobic
groups, Leu344, Leu349, and Phe350.

Functional Implications—The resting GDP-bound form of
the Gt heterotrimer present in the crystals has as its major
function recognition of photoexcited rhodopsin, R*. Three fea-
tures of the structure observed may assist in this function.

First, it is likely that the orientation of the protein with
respect to the lipid surface is close to the orientation with
respect to the cytoplasmic surface of rhodopsin that is used in
forming the G���t�R* complex. The N terminus of G�t, and its
C terminus, which are positioned close to the membrane sur-
face in the reconstruction, have been implicated in R* binding,
as has the C terminus of G� (51, 52). Addition of an ADP-ribose
group by pertussis toxin at position cysteine 344, the fourth
residue from the C terminus of G�t, abolishes R* interactions
without affecting spontaneous nucleotide exchange or hydrol-

ysis (53). Cross-linking of R* to G���t yielded primarily cross-
links to residues in the C-terminal region of G� (54), and
mutagenesis and peptide studies support an important role for
the C terminus of G� (18, 19). All these regions are positioned
near the membrane surface in our structure.

Second, the limited areas of contact between membrane and
protein allow for conformational and positional flexibility. It
seems likely that there is considerable motion of G���t about
the average position found in the reconstruction, because of the
paucity of constraints from membrane interactions. Thus
G���t is able to sample many different orientations rapidly in
its search for photoexcited rhodopsin, which it may encounter
from many different directions as a consequence of two-dimen-
sional diffusion, freely rotating in the plane of the membrane
and also toward and away from the membrane surface.

Third, very little of the surface of G���t is masked by the
membrane. Although we do not yet know precisely the struc-
ture of the interface between R* and G���t, it seems likely that
it occupies much of the surface area of the cytoplasmic loops of
rhodopsin. The scarcity of lipid contacts allows easy access of
the R* surface to that of G���t.

Links between Heterotrimers—It is unclear whether the ex-
tensive contacts each Gt makes with neighboring heterotrimers
in each strand and across the 2-fold symmetry axis represent
physiologically relevant complexes, or are induced by our crys-
tallization conditions. There is evidence from cross-linking and
other studies that under certain conditions Gt can form dimers
or multimers (55–58). Atomic force microscopy of photoreceptor
membranes indicates that rhodopsin can form rows of dimers
(59, 60), implying that Gt may interact with R* as a dimer or
higher order complex. Recent photobleaching recovery experi-
ments in transgenic Xenopus rods2 support the notion that
Gt-R* participates in a very slowly diffusing multimeric com-
plex in vivo. It is not clear whether conditions in rod outer
segments would be conductive to formation of Gt�Gt complexes,
because while the concentration of Gt inside the rod outer
segment is actually more than 200-fold higher than the sub-
phase concentration we used for crystallization, the average
surface density is lower than in our helical lattice.

Relationship to Structure on Photoreceptor Membranes—Two
features of the environment of the structure presented here
differ substantially from in vivo conditions: the assembly of a
lattice completely covering the membranes, and the presence of
an unnatural mix of lipids. Several control experiments and
lines of reasoning suggest that the interactions with the mem-
brane seen here closely resemble functional interactions inside
the cell. First, we have verified that the lipids used in crystal-
lization support the conformational change in Gt induced by
the transition state analogue, GDP-AlF4 (28), even in the crys-
talline lattice. Moreover, the same lipids support very efficient
activation of the natural effector enzyme PDE6 (27, 61). The
observation that similar helical lattices form on tubes com-
posed of endogenous rod outer segment lipids present in par-
tially purified Gt (28) further support the notion that the mem-
brane complex we observe is unlikely to be drastically different
from one formed on native membranes. There are, of course
some uncertainties in the higher resolution features of our
reconstruction and the fitting in of the x-ray structure. How-
ever, the basic conclusions about which parts of the protein are
near the membrane also hold true for other fits with slightly
worse scores as well as for the best fit shown here, because
these have the same basic orientation. The conclusion about a
narrow area of contact between the lipids and protein does not
depend on the details of the reconstruction and fitting at all.

2 X. Zhang and T. Wensel, unpublished observations.

FIG. 6. The membrane binding surface of G���. Panel A shows a
surface representation, as seen from the membrane surface, colored by
subunit: G�, red; G�, blue; G�, green. Protuberances closest to the
membrane are outlined with dashed circles. In panel B, the same
surface representation is colored by electrostatic potential (scale in
units of kBT). The membrane contact points have negative or near
neutral potentials, but there are somewhat more distant patches of
positive potential on this surface that may act to reduce electrostatic
repulsion. Surface representations and electrostatic calculations were
prepared using GRASP (37).
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Finally, there is excellent agreement between the regions of the
protein we identify as interacting with the membranes and
biochemical data on the role of lipid modifications and on the
role in R* binding of the C-terminal. All of these considerations
argue that if the orientation we observe with respect to the
membrane is not the one that is primarily occupied in vivo, it is
almost certainly one that is occupied a significant fraction of
the time. Because the structure and fit make strong predictions
about the roles of individual residues, they can be readily
tested by techniques of mutagenesis and transgenesis.

Future Expectations—The power of electron cryo-microscopy
and electron crystallography for studying membrane-depend-
ent signaling complexes is only just beginning to be realized. In
this study we have determined the structure of the membrane
complex formed by the G protein heterotrimer alone. The pho-
totransduction system may provide a useful source of sub-
strates for determination of additional structures of signaling
complexes using electron cryo-microscopy. At the membrane
surface, Gt interacts with rhodopsin, the peripheral membrane
protein cGMP phosphodiesterase (PDE6), and the GTPase ac-
celerating complex of RGS9–1, G�5L, and R9AP. All of these
complexes can be readily reconstituted on membranes from
purified components for structural analysis, and serve as mod-
els for understanding similar complexes of G proteins formed
with receptors, effectors, and RGS proteins in nearly all eu-
karyotic cells.
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