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Helical protein arrays on lipid tubules are valu-
able assemblies for studying protein structure and
protein-lipid interactions through electron micros-
copy and crystallography. We describe conditions
for forming such arrays from two proteins, IgG and
transducin, the photoreceptor G protein, using a
variety of lipid surfaces. Anti-dinitrophenyl (DNP)
IgG arrays formed on DNP-phosphatidylethanol-
amine (DNP-PE) mixed with either galactosyl-
ceramide lipids or phosphatidylcholine (PC) display
different pH sensitivities and dimensions, yet have
similar helical symmetries. DNP-PE/PC mixtures
formed small crystals and large well-ordered flat-
tened tubules. The peripheral membrane protein
transducin (G;) formed helical arrays either on a
mixture of cationic and neutral lipids or on residual
photoreceptor lipids. Despite differences in lipid
composition, the G; arrays have similar structures
and show similar sensitivity to activation and varia-
tions in ionic environment. G; activation causes the
helical assemblies to collapse to small vesicles, a
process resembling the vesiculation of activated
dynamin-lipid tubules. In a preliminary three-
dimensional reconstruction, the hapten-bound IgG
appears to make two contacts to the central lipid
tubule, presumably via the F,;, domains. The ability
to generate a three-dimensional reconstruction with-
out tilts illustrates one advantage of helical struc-
tures for two-dimensional crystallography, espe-
cially for visualizing protein-lipid interactions.
© 1999 Academic Press

INTRODUCTION

Electron crystallography is a powerful method for
studying the structure and function of proteins that
form large complexes, that are membrane associ-
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ated, or for which the amounts of sample are limited.
The vast majority of moderate-sized soluble proteins
studied by EM have been solved from two-dimen-
sional crystals grown on lipid monolayers (Uzgiris
and Kornberg, 1983). The lipid layer approach de-
pends upon tight protein—lipid interactions and is
often facilitated by the introduction of modified
lipids with covalently attached protein-binding sites.
Analysis of these crystals is often hampered by the
difficulty of transferring a stable intact lipid mono-
layer to the electron microscope grid and by the need
to collect a tilt series in the microscope in order to
retrieve three-dimensional information. Recently,
several groups have identified sample conditions
allowing soluble proteins to form helical crystals on
the surfaces of lipid tubules (Polyakov et al., 1995;
Ringler et al., 1997; Sweitzer and Hinshaw, 1998;
Takei et al., 1998; Wilson-Kubalek et al., 1998),
eliminating the need for tilt series and allowing the
manipulation of samples in solution or suspension
rather than at the air-monolayer—water interface.
To this end, Wilson-Kubalek et al. (1998) have identi-
fied a specific class of lipids, the galactosylceramide
glycolipids, which naturally form tubules that can
serve as cylindrical substrates for helical assembly.
While this is an exciting emerging approach in
electron crystallography, there are still relatively
few examples of its application, and little is known
about different proteins’ influence and packing on
different lipid tubules.

Parameters that guide tubule formation may also
be important in vivo as suggested by the membrane-
binding protein, dynamin, which has been shown to
induce tubule formation from otherwise nontubular
native membranes (Hinshaw and Schmid, 1995;
Takei et al., 1995). Activation of dynamin causes both
the native tubular structures and those originating
from liposomes to vesiculate (Hinshaw and Schmid,
1995; Sweitzer and Hinshaw, 1998; Takei et al.,
1995, 1998), suggesting that conditions that alter
the assembly of ordered membrane-associated pro-
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tein arrays may also modulate the structure of the
membrane surfaces.

To better understand protein—lipid interactions in

the formation of helical protein assemblies on lipid
tubules, we have explored the parameters of their
formation using two different proteins: IgGs bound
to hapten-derivatized lipids, one of the best charac-
terized interactions for formation of planar 2-D
crystals (Uzgiris and Kornberg, 1983), and the G
protein transducin, a molecule whose lipid-binding
properties are central to its physiological function
and whose binding and hydrolysis of GTP are tied to
important structural changes, as observed for dyna-
min.
Anti-DNP IgG was among the first proteins crystal-
lized using the lipid layer technique (Uzgiris and
Kornberg, 1983), by introduction of lipids with a
covalently attached DNP moiety (DNP-PE) into the
monolayer. Projection structures of two-dimensional
crystals had a hexagonal lattice that suggested a
trimeric packing of F, domains from individual IgG
molecules (Uzgiris and Kornberg, 1983). The au-
thors proposed that both F,;s were associated with
DNP-PE, positioning the IgG in a plane parallel to
the membrane. Ultimately, however, determination
of the packing and orientation of the IgG molecules
requires a three-dimensional reconstruction. Be-
cause the protein and the lipids are readily avail-
able, and because the structures of IgG’s domains
and location of the combining sites are well known,
IgG makes an appropriate test sample for investigat-
ing protein—tubule-forming parameters.

The heterotrimeric G protein (see review by
Wensel, 1999) transducin (Gy) is found in the rod
photoreceptor cells of the retina and is responsible
for mediating the visual signal transduction cascade
on photoreceptor disc membranes (Fung et al., 1981).
It is a peripherally associated membrane protein
bound to the membrane through two covalently
attached lipid modifications, a myristoyl group on
the o subunit and a farnesyl group on the vy subunit.
The X-ray structure of the heterotrimer (Lambright
et al., 1996) is missing these modifications but
suggests that the two species may be close together
in space and act as a single membrane insertion site.
To determine how the protein interacts with the
membrane, it will be necessary to solve its structure
bound to a lipid surface. We have characterized
conditions that lead to the formation of small crystal-
line arrays using the lipid layer technique (T.M.,
unpublished observations), but these have not proven
suitable for structural studies. We present here
conditions for forming helical tubules that present a
more tractable substrate for determining the struc-
ture of the G-—membrane complex.

METHODS

Materials and Reagents

Hypotonic Buffer A is composed of 5 mM Tris, 0.5 mM MgCl,, pH
7.4, 1 mM DTT. Hypotonic Buffer B is made up of 10 mM Mops, 2
mM MgClg, pH 7.4, 1 mM DTT. Hypotonic Buffer C is composed of
10 mM Mops, 10 mM MgCl,, pH 7.4, 1 mM DTT. IgG Buffer A is
made of 25 mM Tris, pH 7.4, 150 mM NaCl. IgG Buffer B is
composed of 10 mM POy, 150 mM NaCl. G; tubule buffer is made of
10 mM Mops, pH 7.4, 2 mM MgCl,, 1 mM DTT. All buffers were
filtered through 0.2-pm nitrocellulose immediately before use.
Buffers used in the purification of rod outer segment (ROS) or G
also contained a small amount of solid protease inhibitor, phenyl-
methylsulfonyl fluoride (PMSF, Boehringer Mannheim). All lipids
were purchased from Avanti in CHCl3 and were stored at —80°C,
unless otherwise noted. Rat anti-DNP IgG,; monoclonal was
purchased from Zymed.

G Purification

Purified bleached bovine ROS membranes were stripped of
most peripherally associated membrane proteins by washing in
moderate and hypotonic buffers (Melia et al., 1997). G; remains
associated with these bleached membranes through complex
formation with activated rhodopsin. Crude G; was extracted from
these washed ROS using GTP and hypotonic A buffer. GTP
addition activates Gy, resulting in separation of its « and By
subunits (Fung, 1983) and release from rhodopsin. After the ROS
were removed via centrifugation, the Gi-containing supernatant
was collected. Because isolated Gy, hydrolyzes GTP in about 30 s
(Navon and Fung, 1984), this supernatant contains reassociated
heterotrimers. This protein, which is >85% Gy, is hereafter
referred to as “crude Gy.” For some studies with activated Gi,-
GTP~S, the crude G; was prepared with GTPyS instead of GTP
and contained dissociated subunits. For most experiments, G; was
further purified on one or both of the following columns. For
hexylagarose purified Gy, crude G was collected and concentrated,
exchanged into hypotonic B buffer, and loaded onto an open
hexylagarose (Sigma) column. The protein was eluted in increas-
ing [NaCl]. In some experiments, this protein was further purified
by concentrating the cleanest peaks off of the hexylagarose
column, changing the buffer to hypotonic C, loading onto an HPL.C
anion-exchange column (Waters DEAE-5PW), and eluting in
increasing [NaCl]. All purified protein was stored in 40-50%
glycerol at —20°C.

Phosphate Analysis of Crude G;

Chloroform/methanol extraction was used to isolate the re-
sidual phospholipid in crude G;. One volume of crude Gy in
hypotonic A buffer was extracted against 1 vol of 2:1 (v/v)
chloroform methanol. Control experiments with known quantities
of phospholipid demonstrated quantitative recovery from the
extraction. Phospholipid concentrations were determined by total
phosphate analysis using a well-characterized colorimetric method
(Chen et al., 1956).

Aluminum Fluoride Activation of G;

Purified G (0.2 mg/ml) was mixed with 1 mM NaF in Gy tubule
buffer and activated with 30 uM AlICl;. In control samples, 1 mM
NaCl substituted for NaF and AICls.

Helical Crystallization of IgG

On GalCer lipid tubules. Galactosylcerebrosides (Type II Bo-
vine Brain Lipids (Sigma C-1516)), containing galactosyl ce-
ramide (GalCer), were stored in chloroform:isopropanol:water
(70:29:1) at —20°C at a concentration of 5 mg/ml. DNP-PE (30%
w/w) was added to GalCer, dried under a stream of argon, and
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vacuum-dried overnight. Tubules were formed by resuspending
the lipid mixture in IgG Buffer A to a final concentration of 1
mg/ml. Lipids were diluted 1:50 and IgG was added to a final
concentration of 0.2 mg/ml. Samples were incubated for >12 h at
room temperature and then 5 ul was applied to a carbon-coated
continuous nitrocellulose EM grid and stained with 1% uranyl-
acetate.

From monolayers with egg—PC or DOPC. PC-containing tu-
bules were formed using the lipid layer technique under monolay-
ers consisting of 5-20% DNP—caproyl-phosphatidylethanolamine
(DNP-PE) and 80-95% dioleoyl-phosphatidylcholine (DOPC) or
egg L-a-lecithin-phosphatidylcholine (egg—PC). Although a range
of conditions resulted in helical crystals (Table I), we primarily
used the following standard conditions, which lead to reproducible
and efficient tubule production: 0.3 mg/ml IgG in IgG Buffer B (pH
8.4) was pipetted into clean Teflon wells. A monolayer of 5%
DNP-PE, 95% egg—PC (in chloroform:hexane 1:1, 1.0 mg/ml lipid)
was floated on the solution and the Teflon dish was sealed in a
glass petri dish under an argon blanket for 15-18 h at room
temperature before being transferred to continuous carbon-coated
nitrocellulose on nickel electron microscope grids. When nitrocel-
lulose-covered copper grids were applied to the well, the solution
turned blue, suggesting that metal ions were being leached off the
grid in significant quantities, likely explaining the grid-type
dependence observed in Table I.

Helical Crystallization of G;

Conditions for helical crystallization were first determined
using the lipid layer technique (Uzgiris and Kornberg, 1983), in
an attempt to form two-dimensional crystals. G; (0.2 mg/ml in Gy
tubule buffer) was pipetted into 12-pl Teflon wells and ~1 pl of a
0.5—-1 mg/ml lipid mixture (20:80 mol/mol dioleoyl-trimethylammo-
nium-propane (DOTAP): diphytanoyl-PC) in 1:1 v/v chloroform:
hexane was layered on top to form a lipid monolayer. The Teflon
plates were kept on damp filter paper in glass petri dishes at 4°C
for 2 h before the sample was transferred to electron microscope
grids. Although tubules were first discovered in the transfer with
the monolayer, they were also found in the subphase. The
presence of tubules in the subphase may either reflect the
formation of helical arrays on lipid surfaces other than the
monolayer (e.g., on vesicles that form as the result of excess lipid
applied during the formation of the monolayer or aggregated lipid
on the edges of the well) or simply indicate that the helical arrays
are denser than the surrounding buffer and sink over the course of
the experiment. In the case of crude Gy, tubules could be formed
simply by dilution of crude Gy into G; tubule buffer in a microcen-
trifuge tube. Tubules prepared in this way were collected by
centrifugation and resuspension of the tubule-containing pellet.

Grid Preparation

Samples were applied to electron microscope grids (400 mesh
copper grids unless otherwise noted (see Table I); Ted Pella) that
were covered with a carbon-coated holey film prepared from a
cellulose—acetate—butyrate (Triafol) solution (Fukami and Adachi,
1965; Toyoshima, 1989) or with a carbon-coated continuous nitro-
cellulose (E. F. Fullam, Inc., New York) film. The sample was
transferred to the grid either by floating the grid on the monolayer
for a few minutes (for the lipid layer technique) or by pipetting a 4-
to 5-ul volume directly onto the grid (for samples in microcentri-
fuge tubes or in the monolayer subphase). Excess sample was
wicked away with filter paper and the grid was washed with 5-10
pl buffer before either negative staining or plunging into ice. For
negative stain, each grid was washed with 5-10 pl of 1% uranyl
acetate (Ted Pella). To freeze in vitreous ice, the sample was
rapidly plunged into liquid ethane and maintained under liquid
nitrogen until use.

Electron Microscopy and Image Digitization

Images were collected on a Jeol 100CX, a Phillips CM12, or a
Zeiss 902 CEM operating at 80 kV and nominal magnifications of
30,000-50,000X. Images were taken on Kodak 4489 film with a
100-um objective aperature and were digitized on a Zeiss SCAI
microdensitometer with a 7-um step size and twofold averaging
equivalent to 4.66—2.80 A/pixel, depending on the magnification.

Image Processing

Straight segments of tubule images were computationally iso-
lated and floated into a square area before the Fourier transform
was calculated using the software package I.C.E. (Hardt et al.,
1996). Analysis and indexing of the computed Fourier transforms
were carried out predominantly in SPECTRA (Schmid et al.,
1993a).

Helical Reconstruction

Layer line extraction and Fourier-Bessel inversion were per-
formed with helical reconstruction programs (Schmid et al.,
1993b) based on the original MRC helical reconstruction algo-
rithms (DeRosier and Moore, 1970). Reconstructions were carried
out using individual images of negatively stained DNP-PE/DOPC
IgG tubules. The structures were displayed and manipulated with
the Explorer software package. Domains of IgG from the X-ray
crystallographic structure of IgGs, (Harris et al., 1997) were fit
visually into the density of the reconstructions.

RESULTS
IgG Tubule Formation

IgG tubules were grown on two different lipid
systems, with or without GalCer. Under buffer and
pH conditions similar to those that promote two-
dimensional crystallization on DNP-PE monolayers
(Uzgiris and Kornberg, 1983), we formed well-
ordered helical assemblies on mixtures of DNP-PE
and bovine brain galactosyl-ceramide (GalCer). IgG—
GalCer tubules are approximately 33 nm in diam-
eter (Fig. 1A), compared to the 30- to 50-nm-
diameter of the protein-free DNP-PE/GalCer tubules
alone, suggesting that IgG binding is selective for, or
induced formation of, smaller diameter lipid tubules.
The regular order of the IgG-GalCer tubules is
visible in the electron micrograph (Fig. 1A) and more
obvious in Fourier-filtered images (Fig. 1B). The
computed Fourier transforms (FT) display strong
layer lines out to a resolution of 3.1 nm (Fig. 1C).

In contrast, the same IgG protein exposed to
monolayers containing DNP-PE and either egg—PC
or DOPC displayed no tendency to order at any pH
below 8.2. Above pH 8.2, we observed both small
ordered planar arrays (data not shown) and large
tubules (Fig. 2), suggesting that ionizable protein
residues with pK, values in the basic region may be
important for array formation on these neutral
surfaces. Stabilizing interactions due to the carbohy-
drate head group on the GalCer-containing lipids
may compensate for effects of a higher net protein
charge at lower pH values. In previous studies IgG
arrays formed on hapten-bearing lipid layers at pH
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FIG. 1. Helical tubules of IgG on DNP-PE:GalCer lipids. (A) Micrograph of negatively stained tubules formed by anti-DNP IgG
incubated with the tubule forming galactosyl-ceramide lipids and DNP-PE (70:30 GalCer:DNP-PE) in IgG Buffer A. The width of the
tubule is approximately 28 nm (scale bar, 30 nm). (B) Filtered image, generated using the equatorial, 12.9-nm, and 6.2-nm layer lines in the
computed Fourier transform (C). The lines correspond to layer lines observed at resolutions of 239, 12.9, 6.2, 4.1, and 3.1 nm.

values below 8.2; however, the amino acid sequence
of the rat IgG,; used here is not identical to that of
the antibodies used in these previous studies, so it is
not surprising that crystallization conditions differ
somewhat.

The tubules were larger (~56 nm diameter) than
those formed with GalCer lipids. Helical array forma-
tion required specific protein concentrations and
buffer conditions (Table I), and the lipids alone did
not form tubular structures. FTs from these tubules
bear a striking similarity to those from the IgG—
GalCer tubules (Figs. 1C and 2B), with strong layer
lines detectable in both at ~12-, ~6-, and ~4-nm
resolution. These similarities indicate that the pro-
tein likely packs onto these different tubules with
similar lattices. In some cases, large flattened tu-
bules, which can be treated as mosaics of two crystal-
line arrays, are even better ordered and contain
reflections to beyond 3.0-nm resolution (Figs. 2C
and 2D).

Fourier Transform Indexing

We first determined an appropriate indexing lat-
tice for FTs computed from the crystalline flattened
tubules, which could then be directly applied to F'Ts

from the helical nonflattened samples grown on
DNP-PE:phosphatidylcholine monolayers. Compari-
son of phases from the near and far reflections were
consistent with our Bessel order (n) determination,
which was calculated by solving for J, = 2urR,
where r is the real space radius of the tubule (~28
nm) and R is the radial position of the first maximum
along the layer line. Layer line 1 is just off the
equator and describes a helix with a 239-nm helical
repeat. The FT is dominated by the strongest reflec-
tions at layer lines 1 and 40, with Bessel orders of 7
and 1, respectively.

We have also collected some images in vitreous ice
(Fig. 2E), which show tubules of similar dimensions
and helical order. There appears to be variability in
the axial position of the first layer line from images
inice (Fig. 2F), perhaps reflecting a variable superhe-
lical component.

Helical Reconstruction of an IgG-Lipid Tubule

Figure 3 shows our preliminary three-dimensional
reconstruction of an IgG—lipid helical assembly deter-
mined from a single negatively stained tubule, which
is representative of most of our images. While this
reconstruction suffers from noise and low resolution
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FIG. 2. IgG tubules formed from DNP-PE:PC monolayers. Under conditions similar to those that produce crystals (Uzgiris and
Kornberg, 1983), micrometer-long helical tubules were observed. (A) Tubules grown on DNP-PE:PC monolayer in IgG Buffer B (pH 8.2).
The typical tubule diameter varies from ~50 to 70 nm. (B) Summed Fourier transforms from several short, straight, well-ordered segments
along the tubules. (C) A flattened tubule, characteristic of a type often observed, with two superimposed planar crystalline arrays. (D) The
computed Fourier transforms of these arrays are much better ordered and frequently have reflections extending out to 1/2.9 nm~! (circle,
1Q = 3) or beyond. (E) Tubule preserved in vitreous ice. Tubules were prepared as in (A) and transferred to holey film-covered nickel grids.
The sample was blotted and rapidly plunged into liquid ethane and stored in liquid nitrogen until use. The image was taken at 30,000
magnification on a Jeol 1200EX microscope operating at an electron dose of ~6 e~/A?, as described previously (Avila-Sakar and Chiu, 1996).
Tubule images that displayed strong optical diffraction were digitized and the Fourier transform was computed (F). In general, the
transforms resemble those of the negatively stained samples, although there is some variability in the axial position of the first strong layer
line. Layer lines in B correspond to the same resolutions as in Fig. 1, except the near-equatorial line, which is at 1/39.8 nm 1. Scale bars are
(A) 100 nm, (C) 50 nm, (E) 50 nm. Lines in D correspond to the same resolutions as in Fig. 1.

due to the limited number of helical repeats present
in the image and possibly from artifacts introduced

TABLE I by negative stain, some interesting conclusions can
IgG Tubule Conditions still be drawn. First, the end-on view clearly shows a
Ranges that allow ~ NoPC-TgG  GalCer—IgG central ring of density surrounded by seven indi-
PC-IgG tubule tubules tubule vidual densities, consistent with our expectation of a
formation formed conditions central lipid bilayer core to which individual pro-
% DNP-PE 5-20% DNP-PE  >20% DNP-PE 30% DNP—PE teins are bound in a helical arrangement. The diam-
Filler lipid Egg—PC or DOPC Plant-PC GalCer eter of the entire lipid cylinder is ~18 nm and the
pH 8.2-8.5 <82 7.4 width of the bilayer is ~5 nm, similar to bilayer
Grid types  Ni, Mo CIXE_II;I:;; dCu Cu widths measured by low-angle X-ray scattering of
stainless steel phosphatidylcholine mixtures with varying acyl

Time 15-72h 3h ~15h chains (Caffrey and Feigenson, 1981).

IgGl 0.2-0.3 mg/ml <0.2 mg/ml 0.2 mg/ml

We have isolated the repeating density in the

DTT _ 2mM - reconstruction (Fig. 4) and superimposed it on indi-
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FIG.3. Helical reconstruction of IgG,1 tubules grown on DNP-PE:DOPC lipids. The helical reconstruction was generated from a single
negatively stained image that was representative of the majority of tubule images. (A) End-on view of the IgG—lipid tubule. The central
continuous ring of density is likely the lipid tubule. (B) Side view of the reconstruction, showing the shallow helical pitch consistent with a
239-nm helical repeat. Highlighted in dark blue is the repeating unit, likely corresponding to a single IgG molecule. Scale bar, 100 A.

vidual F,;, and F, domains from the X-ray crystallo-
graphic structure of an IgGy, monoclonal (Harris et
al., 1997) displayed at 4-nm resolution. The place-
ment is far from certain, but suggests that these
fragments are consistent in shape and size with our
reconstruction. Furthermore, both F,s are best ori-
ented with their combining regions facing the lipid
surface, suggesting that each likely makes contact
with the haptenated lipid.

G.Lipid Tubule Growth

G is a naturally membrane-bound protein and,
unlike IgG, conditions for the two-dimensional or
helical crystallization of G; have not previously been
published. Therefore we screened through a wide
range of conditions using the lipid layer technique
before we succeeded in forming Gi—lipid tubules. G;
is an anionic protein at neutral pH, and under

C.

Lipid Bilayer

FIG. 4. Comparison of the repeating density with a known IgG structure. The X-ray structure of IgGg, molecule (A) was displayed at
4-nm resolution (highlighted domains in B and C), similar to the resolution of our helical reconstruction. The repeating density in the
helical reconstruction (B and C) compares favorably with the overall size of the X-ray structure. The lower two domains in the figure are in
close proximity to the lipid surface and are likely to be F,s. Because the regions between the F. and the F}, domains of IgG are known to be
flexible, we visually fit each domain into the reconstruction independently (B and C). Scale bar, 75 A.
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hypotonic conditions we detected increased binding
(either by radioactive labeling or by electron micros-
copy) to positively charged monolayers that were
transferred to EM grids. The tubules were grown on
the cationic lipid mixture 20:80 mol/mol DOTAP:
diphytanoyl-PC and formed in as little as 20 min but
peaked in number around 2 h (Figs. 5B and 5C).
With highly purified Gy, no tubular structures were
seen in the absence of lipid. G; tubules are about 27
nm in diameter and can grow to several micrometers
in length. The tubules display a variety of helical
symmetries as evidenced by the differences in com-
puted Fourier transforms (Figs. 5D-5F); however,

the majority appear to fall into a single class exempli-
fied by the transform in Fig. 5D. This class has
strong layer lines at 8- and 4-nm resolution, which
correspond to the strong regular spacing of the
striations seen in the tubule image.

Tubule formation is restricted to highly specific
protein and lipid conditions (Table II) and did not
occur with lipids alone. Replacement of the unsatu-
rated lipid DOTAP with the saturated but otherwise
similar lipid DSTAP prevents tubule formation, de-
spite the fact that the same replacement is tolerated
in small planar arrays of G; (T.J.M., unpublished
observations). Incorporation of small quantities of

FIG. 5. Gy forms helical tubules on different lipid surfaces. (A) Crude G¢, which is >85% pure but still contains some residual
retinal-derived lipids, forms helical tubules. After extraction, Gy was diluted into Gy tubule buffer to 0.2 mg/ml, allowed to incubate for
30-120 min, and applied to carbon-coated holey film grids. While tubules were observed belonging to a number of different helical families,
the most common gave rise to computed transforms of the kind shown in (D). (B) Highly purified G; did not form ordered arrays alone, but
in the presence of a DOTAP:Diphytanoyl-PC monolayer, the long helical tubules shown were produced. (C) In the presence of Ca2* more
tubules were produced, with similar dimensions and order. Fourier transforms of these tubules reveal that they belong to many different
helical families (e.g., E and F), but most resemble the dominant pattern shown in (D) for retinal-derived lipid tubules. All computed Fourier
transforms are from straight segments of individual tubules. Lines in D and E correspond to 1/80 and 1/40 nm . Lines in F correspond to

1/100 and 1/50 nm 1.
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TABLE II
G; Tubule Conditions
Tubule
Conditions numbers®
Standard conditions 20:80 DOTAP:diphytanoyl- 100%
PC + highly purified Gy
in G tubule buffer
Other lipid mixtures  20:80 DSTAP: 0%
diphytanoyl-PC
20:80 DOTAP:DOPC 0%
1:20:79 FITC-PE:DOTAP: ~1%
diphytanoyl-PC
20:80 DOTAP:bromi- <1%
nated-PC
All other lipid mixtures 0%
tried
Activation of G Activation by GTPyS on 0%
ROS membranes
Activation by AIF3, either 0%
before or after tubule
formation
Tonic strength Addition of 100 mM NaCl 0%
Cations Increased Mg?* up to 10 >100%
mM
Addition of Ca2* up to 10 >100%
mM
Addition of EDTA or EGTA 0%
Addition of TPEN >100%
Crude Gy Semipure crude <5%

Gy + endogenous lipids

@ Tubules counted per grid square by electron microscopy of
several grids relative to standard conditions.

lipids with modified acyl chains or headgroups also
dramatically reduced successful tubule formation.

Influence of Divalent Cations on Tubule Growth

G; tubules formed only at relatively low ionic
strength (<20 mM), but displayed a specific require-
ment for divalent cations. No tubules were formed
without Mg?*, and Ca?* enhanced tubule formation.
The addition of the chelator TPEN, which binds
transition metals but not Mg?* or Ca?*, further
enhanced tubule formation, suggesting that small
quantities of contaminating heavy metals are inhibi-
tory, possibly by competing for binding of Mg2* or
Ca?". One possible role of divalent cations may be to
bridge anionic G; molecules and further stabilize
protein—protein contacts.

G, Tubules Can Form on Endogenous Lipids

While highly purified G; requires a very specific
lipid mixture in the monolayer in order to form
tubules, crude G; can form tubules completely inde-
pendently of an exogenous lipid monolayer simply by
dilution into G; tubule buffer (Fig. 5A). In this case,
less than 5% of the total G; exists in helical arrays, as
determined from tubule pelleting assays, consistent
with the limited amount of lipid that is still present

in this crude protein. Phosphate analysis indicates
that this protein contains about two residual phos-
pholipids for every G;. Given that the surface area of
G, interacting with the membrane should occlude
30-50 phospholipids (depending on orientation) and
that that the membrane is a bilayer, we would
predict that each G; in a tubule would require
60-100 phospholipids. With residual phospholipid
totaling only 2/G;, we would predict that tubule
formation would be reduced to 1-3% of total G,
consistent with our pelleting result. Interestingly,
the stability of these arrays is sensitive to all of the
same parameters in Table II as the arrays formed on
cationic lipids, including the loss of tubules if the
protein solution is introduced under an inappropri-
ate lipid mixture. Sensitivity to the added lipids
suggests that there is a competition between the
small quantity of residual endogenous lipid present
in the protein preparation and the vast excess of
lipid provided by the monolayer for binding of G;.
The dimensions and helical order of these arrays are
also similar to those formed on cationic lipids. As
such, they provide evidence that the formation of
tubule arrays, and therefore the orientation and
binding of G; on these lipids, is not limited to cationic
surfaces, but instead mimics a binding and packing
of G; onto endogenous retinal-derived lipids, under
some conditions.

Activation of G; Destroys G,-Lipid Tubules

Activation of G, with aluminum fluoride stabilizes
Gy, in a transition-like state and causes the separa-
tion of Gy, and Gyg, subunits (Antonny and Chabre,
1992; Bigay et al., 1985). Activation with aluminum
fluoride, which occurs in the absence of receptor
(Bigay et al., 1985), also prevents tubule formation
and is sufficient to eliminate tubules that have
already formed (Fig. 6). In the latter case, the
tubules are reduced to small vesicular structures or
very small (<50 nm) cylindrical structures with no
apparent helicity. Preactivation of G; on ROS mem-
branes with the nonhydrolyzable analog GTPyS also
causes subunit separation and eliminates the ability
to form tubules. Sensitivity to GTPyS and aluminum
fluoride indicates that heterotrimeric G, is necessary
for tubule formation.

DISCUSSION

Comparisons of Tubule Forming Parameters

The results presented here, as well as previous
studies of tubule formation, indicate that lipid com-
position is one of the most important parameters for
formation of helical arrays. Theoretical descriptions
of the formation of lipid tubules with large diameters
(~500 nm) suggest that highly ordered interactions
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FIG. 6. Activation of G causes the lipid tubules to vesiculate.
Activation with either the nonhydrolyzable analog GTPyS or with
the transition state stabilizer AlF;~ results in a separation of the
« and By subunits and loss of tubule stability. (A) Field of G
tubules grown on DOTAP-diphytanoyl-PC monolayers in Gy tu-
bule buffer plus 1 mM NaCl. (B) G; in G tubule buffer activated
with 1 mM NaF and 30 uM AlCl;3 before a DOTAP-diphytanoyl-PC
monolayer was layered over the solution. While the majority of
the structures are vesicular, some small disordered tubules
remain (arrowhead). Similar vesiculation was observed if tubules
were formed first and then G; was activated. Scale bars are 100
nm in both panels.

between chiral lipid molecules induce a curvature in
the lipid bilayer (Schnur, 1993). The degree of curva-
ture is related both to the chiral nature of the lipid
and to the degree of unsaturation that determines
the ratio of the surface area occluded by the lipid

headgroup to the area occluded by the acyl chains. A
dependence on these parameters was also observed
for small-diameter tubules containing biotinylated
lipids (Huetz et al., 1997) that were used for the
helical crystallization of streptavidin (Ringler et al.,
1997).

A comparison of the results with IgG and G
suggests that for any given protein, various lipid
mixtures can support tubule formation, but for each
tubule-forming mixture, there is fairly low tolerance
to changes in lipid composition. For example, G;
tubules do not form when the unsaturated DSTAP is
substituted for DOTAP. However, endogenous lipids,
of uncertain composition, but containing no cationic
lipids whatsoever, also support formation of G; tu-
bules. Similarly, replacement of egg—PC, which con-
tains predominantly palmitic acid, with plant—PC,
which contains over 60% linoleic acid, eliminates
IgG tubule formation, but tubules also formed when
there was no PC present, and GalCer was used
instead.

For G, unlike IgG, the lipids covalently attached
to the protein are likely important for determining
which lipid mixtures support ordered tubule forma-
tion. Disorder introduced into the hydrocarbon phase
by the diphytanoyl methyl groups may facilitate
insertion of the fatty acyl and isoprenoid tethers. A
related phenomenon is the improved binding and
activation of a complex of activated Gi, and cGMP
phosphodiesterase (another doubly lipidated periph-
eral membrane protein) on unsaturated, compared
to saturated, phosphatidylcholine vesicles (J. A. Ma-
linksi and T. G. Wensel, unpublished observations).

An interesting feature of both sets of tubules (IgG
and Gy) is the very tight radius of curvature of the
central lipid layer. The radius of the G—lipid tubule
is only 13.5 nm, of which 5-9 nm can be attributed to
protein, depending on orientation. Therefore the
radius of curvature (R,) for the central lipid tubule
must be 4.5-8.5 nm, similar to or smaller than the
smallest R.s observed for phosphatidylcholine lipo-
somes (7.5-10 nm: (Brouillette et al., 1982; Mason
and Huang, 1978)). To maintain this very small
radius, the lipids in the inner leaflet of the vesicle
bilayer must twist their headgroups out of plane and
maintain a highly ordered alignment to avoid over-
lapping with adjacent lipids (Brouillette et al., 1982).
Assuming similar constraints are present in the
Gi-lipid tubules, the low tolerance for lipids with
other headgroup structures, and in particular for
lipids conjugated with additional moieties such as
FITC-PE (see Table II), is not surprising. For both
proteins, computed FTs from the assemblies ob-
tained with very different lipid mixtures suggested
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similar if not identical packing of protein subunits,
indicating that in each tubule the protein binds the
membrane surface in a similar orientation. For IgG
it seems obvious that the lipid-binding site must be
at the interface between the F,;, and the DNP moiety,
and therefore the protein orientation is probably
restricted. G; requires its lipid-modified termini
(Fukadaet al., 1990; Yang and Wensel, 1992) in order
to bind neutral lipid membranes (Yang, 1993), and
X-ray crystallographic structures of G; and the highly
related G; suggest that these modifications are prob-
ably very close to one another (Lambright et al.,
1996; Wall et al., 1995), perhaps acting as a single-
point tether to the membrane surface. Given that the
entire surface of G; is highly anionic, one might have
expected its binding to anionic endogenous mem-
branes and to the cationic tubules to involve very
different faces of the protein. Therefore it is some-
what surprising that comparisons of the FTs indicate
nearly identical lattices, consistent with a single,
highly preferred, protein orientation.

Other studies have noted changes in antibody
packing and crystalline lattice with pH changes
(Reidler et al., 1986; Uzgiris, 1990), suggesting that
low and high pH values optimize different sets of
protein—protein interactions. The two sets of IgG
tubules formed on very different lipids as well as at
different pH values yet appear to involve similar
protein packing (based on similarities in the com-
puted FTs). Thus lipid composition and pH may
contribute quantitatively to the overall stability of
the structure without drastically altering protein—
protein interactions.

G, Activation within the Helical Array

Because there is no evidence that G; forms helical
arrays in the cell, it was important to determine
whether it retains its normal functional properties
in the helical arrays. Perhaps the most important
function of G; is the conformational change and
subunit dissociation it undergoes upon binding of
GTP or an analogue (Fung, 1983). We were able to
induce this activity in situ with the tubules by
adding AlF,~, which has long been known to induce a
GTP-like conformation of G;, as evidenced by disso-
ciation of the G, and Gg, subunits and by the ability
to activate the effector enzyme, cGMP phosphodies-
terase (Bigay et al., 1985; Stein et al., 1985). Indeed,
treating G; tubules with this activating reagent
leads to a dramatic structural change consistent
with subunit dissociation. The small vesicular struc-
tures that result from G, activation are reminiscent
of those observed after activation of dynamin and
subsequent vesiculation of its tubule arrays (Sweitzer

and Hinshaw, 1998; Takei et al., 1998). The collapse
of G, tubules to vesicles is consistent with the
observation that tubules are not readily formed by
this lipid mixture in the absence of heterotrimeric
G;. Presumably the small R, of the central lipid
tubule is energetically unstable and therefore it is
not surprising that the formation of this structure is
dependent on protein—protein interactions and that
changes in these interactions cause the tubular
structures to collapse. Whether dynamin-mediated
GTP hydrolysis initiates vesicle formation from tu-
bules through a similar mechanism by simply disor-
dering the dynamin helix, or instead represents a
specific and distinct “pinching” mechanism for vesicu-
lation, remains to be determined. However, it is
intriguing that another GTPase, G;, with no known
role in membrane dynamics, shows similar behavior.

Helical Reconstruction of IgG

Although several groups have now developed con-
ditions for the helical crystallization of soluble pro-
teins on lipid tubules (Polyakov et al., 1995; Ringler
et al., 1997; Sweitzer and Hinshaw, 1998; Takei et
al., 1998; Wilson-Kubalek et al., 1998), only one has
been used to generate a three-dimensional recon-
struction (Darst et al., 1998). Frequently the limiting
step in generating such reconstructions is determin-
ing the correct indexing scheme for the layer lines in
the Fourier transforms of the images. We were able
to generate a preliminary reconstruction of the IgG
tubules rapidly, because the indexing was fairly
straightforward. All of the DNP-PE/DOPC tubules
appear to belong to the same helical family and the
presence of some well-ordered flattened tubules al-
lowed the lattice to be determined as for planar
arrays and then applied to indexing the layer lines
for less flattened tubules.

Although we have made tentative assignments of
protein domains to the different densities in the IgG
reconstructions, these are by no means definitive,
due to the limited number of helical repeats included
in the processing and the relatively low resolution.
However, it seems likely that contacts with the inner
lipid tubule must be with individual F, domains;
therefore the tilted and elongated domain furthest
from the lipid surface represents the F, region. As
shown in Fig. 4, the X-ray crystallographic structure
of each of these domains fits well in the predicted
densities. This assignment is also consistent with
the interpretations of projection structures from
other IgG two-dimensional crystalline assemblies
(Reidler et al., 1986; Uzgiris and Kornberg, 1983).
The rapidity with which such reconstructions can be
generated, once the correct indexing scheme is deter-
mined, is one of the advantages of tubular crystals,
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which should be particularly useful for determining
structures of membrane complexes of peripheral
membrane proteins, such as G;.
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