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Abstract

Introduction

Inherently unstable, detergent-solubilized membrane protein complexes
can often not be crystallized. For complexes that have a mass of >300
kDa, cryo-electron microscopy (EM) allows their three-dimensional (3D)
structure to be assessed to a resolution that makes secondary structure
elements visible in the best case. However, many interesting complexes
exist whose mass is below 300 kDa and thus need alternative approaches.
Two methods are reviewed: (i) Mass measurement in a scanning trans-
mission electron microscope, which has provided important information
on the stoichiometry of membrane protein complexes. This technique is
applicable to particulate, filamentous and sheet-like structures. (ii) 3D-
EM of negatively stained samples, which determines the molecular enve-
lope of small membrane protein complexes. Staining and dehydration
artifacts may corrupt the quality of the 3D map. Staining conditions thus
need to be optimized. 3D maps of plant aquaporin SoPIP2;1 tetramers
solubilized in different detergents illustrate that the flattening artifact can
be partially prevented and that the detergent itself contributes significant-
ly. Another example discussed is the complex of G protein-coupled recep-
tor rhodopsin with its cognate G protein transducin.

3D-electron microscopy, detergent belt, membrane protein complex,
negative staining, rhodopsin-transducin complex, scanning transmission
electron microscopy

crystallize. About 300 unique membrane protein

Membrane proteins fulfill a large variety of vital
physiological functions and are important drug
targets. Approximately 26% of the human genes
have been estimated to code membrane proteins [1].
Structural information is key to understanding the
chemistry and biology of membrane protein function
and for developing new drugs. the
complex physical chemistry of membrane proteins
has made them difficult to express, purify and

However,

structures are in the Protein Data Bank archive,
which comprises 85000 structures, with a minority
of them from human membrane proteins (<20),
reflecting the hurdles in the determination of mem-
brane protein structure. Although X-ray crystallog-
raphy has contributed the vast majority of
membrane protein structures [2], electron crystallog-
raphy has produced atomic structures of bacterior-
hodopsin [3-5], acetylcholine receptor [6-8], tubulin
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[9] and different aquaporins [10-13]. Moreover,
cryo-electron microscopy (EM) has made tremen-
dous progress as a result of improved instrumenta-
tion and image processing methods. Maps
calculated from projections of vitrified complexes
have reached a resolution that allows the polypep-
tide backbone to be traced and side-chain densities
to be assigned [14]. Such complexes need to be
large enough to produce sufficient signal for accur-
ate alignment as illustrated in [15], yet thin enough
to prevent phase errors across the depth of the par-
ticle [16].

Membrane protein complexes that are too small for
cryo-EM and that cannot be crystallized can be quan-
titatively analyzed by scanning transmission electron
microscopy (STEM) and their 3D envelope can be
determined by negative stain transmission EM. Here
we review mass determination by STEM [17] and
present a short summary of negative staining [18-20].
We have applied negative staining to assess the deter-
gent belt that keeps an aquaporin tetramer in solution
for different detergents and measured belt dimen-
sions. The recent low-resolution structure of the
active rhodopsin-G protein (Rho*-Gt) heteropentamer
[21] is discussed in view of the detergent belt sizes
measured.

Materials and methods

Expression and purification of SoPIP2;1

Expression of SoPIP2;1 in Pichia pastoris strain
X-33 using the EasySelect™ Pichia Expression Kit
(Invitrogen, Carlsbad, CA, USA) was performed as
described [22]. Pichia pastoris cultures were grown
in 1L BMGY medium at 29-30°C for 48h on a
shaker operated at 180 rpm. Subsequently, the
medium was exchanged to 10 L (BMMY) and overex-
pression induced with 0.5% methanol. Sterile metha-
nol (0.5%) was added every 24h. Cells were
harvested after 96 h, resuspended in 100 mL of
breaking buffer (50 mM phosphate buffer; pH 7.4, 1
mM EDTA, 5% glycerol, 1 mM PMSF added shortly
before use) and lysed by 4 passages at 110 psi
through a microfluidizer (Microfluidics Inc., Newton,
Ma). The lysate was centrifuged at 10000g to
remove cell walls and unbroken cells, before pellet-
ing the membranes at 125000g for 2 h. The pellet
was subsequently resuspended and homogenized in

breaking buffer (3 mL/2.5L of culture). Peripheral
and membrane-associated proteins were removed
by urea/alkaline washing. Three milliliter aliquots of
homogenized membranes were mixed with 90 mL of
4 M urea, 5 mM Tris—HCI; pH 9.5, 5 mM EDTA, 5 mM
EGTA, 0.01% NaNs;, re-homogenized and pelleted at
150 000g (1 h, 4°C), homogenized in 20 mM NaOH,
pelleted at 150 000g (1h, 4°C), homogenized in 5
mM Tris-HCl, pH 8.0, 2mM EDTA, 2 mM EGTA,
100 mM NacCl, centrifuged at 150 000g, 1 h, 4°C, and
resuspended in 4 mL of 10 mM phosphate buffer; pH
7.8, 50 mM NacCl, 10% glycerol, 0.03% NaN.

Membranes were solubilized by gently stirring them
in 10 mM phosphate buffer; pH 7.8, containing 6%
OG, 10% glycerol and 0.03% NaNs3; at room tempera-
ture for 4 h. Insolubilized material was pelleted by
ultracentrifugation for 1 h at 200 0009 and 4°C. The
supernatant was diluted 1:1 with equilibration buffer
(10 mM phosphate buffer; pH 7.8, containing 2% OG,
0.01% NaNs) to lower the salt concentration before
binding to the cation exchange column consisting of
CM Sepharose Fast Flow, which was previously
washed with ~10x bed volume of 1 M NaCl and 10x
bed volume of equilibration buffer. Column-bound
material was washed with 5-10x bed volume of equili-
bration buffer and the wash was collected in 1 mL
fractions. SoPIP2;1 was eluted with different deter-
gents [2% n-octyl-B-D-glucopyranoside (OG), 0.1%
n-dodecyl-p-D-maltoside (DDM), 0.05% lauryl maltose
neopentyl glycol (LMNG)] in 10 mM phosphate buffer;
pH 7.8, 200mM NaCl, 0.01% NaNs. Amphipol ex-
change was performed as described in [23].

Negative staining and EM

Purified protein solutions were diluted to 10 pg mL™
in a buffer solution containing 20 mM Tris—-HCl (pH
8.0), 100 mM NaCl, and the corresponding deter-
gent, a diluted tobacco mosaic virus (TMV) solution
was added at a volume ratio of 1:10 to reach a TMV
concentration of ~b5 g mL™!, and protein complexes
were adsorbed for 1min to glow-discharged, 400
mesh carbon-coated grids. The grids were washed
on 4 drops of distilled H,O and negatively stained
with 2% (w/v) uranyl acetate. Both single-film and
double-film sandwich negative staining methods
were used [19]. A sufficiently thick film of stain solu-
tion was left on the grid before letting it dry.
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Micrographs were taken at low dose on a FEI
TF20 operated at 200kV (FEI, Eindhoven,
Netherlands). Tilt pairs were recorded at 0° and 45°
or 0° and 60° tilt, at a nominal magnification of
69 000x on a Gatan Ultrascan 4 k CCD (Gatan Inc,
Pleasanton, CA 94588, USA). The magnification was
calibrated a posteriori by measuring the meridional
reflection of co-prepared TMV.

Image processing

For contrast transfer function (CTF) correction, a
Wiener filter approach was implemented in the
SEMPER package [24] and applied to all the images
prior to particle selection. The defocus was deter-
mined for 8 x8 regions containing 5127 pixels to
define tilt angle and axis. Stripes with a defocus
range Af' <50 nm were selected, CTF-corrected and
merged in the CTF corrected image [25]. Tilt angle
values obtained by the CTF correction approach
corresponding to those obtained from the pair-
picking algorithm within 0.2 + 0.6°, as measured for
one series comprised of 24 tilt pairs.

Single-particle processing was performed with the
EMANZ software package [26]. Particle pairs were
selected manually by using the tilt pair picker
implemented in EMANZ2. The random conical tilt
(RCT) method [27] was accomplished as described
in the EMAN2 documentation and with the help of
John Flanagan and Steven Ludtke. Alternatively,
initial models were calculated from 96 class
averages of each set of the SoPIP2;1 preparations
solubilized in OG, DDM, LMNG and AMPH, using
the standard protocol offered by EMANZ, imposing
C4 symmetry. Initial models were refined until no
visual changes were detected using the standard
EMANZ protocol, and their resolution was mea-
sured with the Fourier shell correlation method.
Maps were displayed using Chimera [28], setting the
isocontour threshold to include the total mass of
the complex and the detergent bound to it.

Scanning transmission electron
microscopy (STEM)

The STEM raster scans a focused electron beam
(the probe) over n® picture elements (pixels), and
collects ~70% of all elastically scattered electrons
by the annular dark-field detector to produce an
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image of particular clarity [29]. Assuming perfect
electronic and mechanical stability, the resolution is
given by the properties of the probe forming object-
ive lens/corrector system and can be better than 1 A
[30]. This resolution cannot be achieved on beam-
sensitive samples such as biological macromole-
cules, where the structure is changed at a dose of
~100-500 electrons per nm®. The annular dark-field
detector counts single electrons producing a digital
signal (ADS) that is directly proportional to the
number of atoms, N, irradiated by the STEM probe,
weighted by their elastic scattering cross sections, o,
and the collection efficiency, €. This signal can thus
be used as a measure of mass [31,32]:

ADS=N-o0-¢-D,

where D is the dose determined by the probe
current, dwell time and pixel area. Electron-count-
ing statistics and background fluctuations resulting
from the thin carbon film dictate the mass resolution
[17]. Mass information on particles, filaments and
planar structures is extracted from these digital dark
field images by the software package MASDET [33].

To determine the mass of protein complexes to an
absolute accuracy of +3%, the instrumentation needs
to be precisely calibrated and the samples prepared
with all precautions to prevent contaminants that
would impair the mass measurement [34]. Protein
solutions are adsorbed to thin carbon films, washed
extensively with double-distilled water and freeze-
dried. Single membrane protein complexes, tubular
structures and reconstituted 2D crystals have been
studied by STEM, yielding data on their stoichiom-
etry, detergent-binding capacity and their structure
[35]. STEM determined the mass of OG solubilized
human aquaporin-1 (AQP1) tetramers to 202 + 3 kDa
[36], compatible with the mass of three unmodified
polypeptides of 28 kDa each, one glycosylated poly-
peptide of 50 kDa [37] and 68 kDa of bound OG
(Fig. 1a and b; [36]). The error given is the standard
error of the mean. However, the calibration error of
the method limits it absolute relative accuracy to
+3% [34].

Recently, the mass of the solubilized Rho*-Gt het-
eropentamer has been determined by STEM [21].
Unstained, freeze-dried Rho*-G; complexes were
imaged by low-dose dark-field STEM (Fig. 1c), and

mass values calculated from their electron
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Fig. 1. Mass determination of solubilized membrane protein complexes by electron scattering. (a) Dark-field STEM image of OG-solubilized
AQP1 oligomers. The relatively high recording dose of 1100 electrons per nm? allows unstained AQP1 oligomers to be easily distinguished.
Scale bar, 100 nm. (b) The histogram displays the raw mass data of 3309 particles, from images recorded in the dose range 200-1100
electrons per nm?. Beam-induced mass-loss was corrected by extrapolation of the data set to zero dose by linear regression, giving a mass of
202 + 3 kDa (99% confidence band). The error given is the standard error of the mean and does not take calibration error into account. (c)
Low-dose STEM dark-field image of freeze-dried Rho*-Gt complex solubilized in DDM recorded at 300 electrons per nm? White circles mark
particles selected for mass analysis and gray circles the areas selected for background determination. Selection was based on size, shape and
brightness of the particles. The large fraction of particles in this field with either low intensities or sizes smaller than 100 A resulted from
dissociated Rho*-Gt complexes. Scale bar: 500 A. (Inset) From a total of 136 particle projections of the major mass-histogram population
(average mass 211 + 17 kDa), three class averages comprising 116 projections were calculated using the EMAN software. The class averages
indicate that the projections of the selected unstained, freeze-dried particles are elongated and have a length of ~130 A. The precision of the
measurement is limited by the pixel size of 9.2 A required to record digital, low-dose, dark-field STEM images for mass measurement. Scale
bar: 150 A. (d) Histogram of particle masses measured for freeze-dried, unstained Rho*-Gt samples by STEM. The major peak is at 221 kDa,
suggesting that the Rho*-G; complex is composed of 2 Rho* molecules (monomer mass: 39 kDa) and one G; molecule (heterotrimer mass: 86
kDa) with associated DDM. The fitted Gaussian peaks have variable widths (standard deviations); the position of the major peak has an
uncertainty of +12 kDa. Secondary peaks are Rho*-Gt aggregates comprising 2, 3 or 4 complexes.

scattering power were assembled in a histogram
(Fig. 1d). The major particle population had a mass
of 221 +12 kDa, whereas secondary peaks repre-
sented multiples of this value. This result agrees
best with a 2:1 Rho (39 kDa) : G; (86 kDa) absolute
stoichiometry, because the expected heteropenta-
mer mass is ~210-240 kDa, depending on the
amount of the bound detergent. Average projections
calculated for particles from the major population
having a mass of ~220 kDa revealed elongated par-
ticles that are ~130 A long and 90 A wide (inset
Fig. 1c).

Negative staining

Preserving the structure of protein complexes for
exposure to a high vacuum is a challenge, which has
been overcome by the vitrification method [38]. As a
result of low contrast and beam sensitivity of vitri-
fied protein solution layers, it is difficult to visualize
protein complexes <300 kDa. Preparing them in a
solution of a heavy metal salt and air-drying defines
their envelope as a result of the stain’s high electron
scattering power. However, during dehydration the
surface tension at the receding air-liquid interface
may flatten and distort proteins and their

assemblies. If the stain layer is sufficiently thick to
support the protein complexes during dehydration,
the structural preservation is adequate and the con-
trast provided by the stain allows small protein com-
plexes to be depicted [18,19]. One simple measure to
judge the stain layer thickness is the co-preparation
of TMV, a compact helical cylinder with a diameter
of 180 A and a pitch of 23 A. When the TMV is prop-
erly embedded, its width is close to 180 A and it
changes less than 15% upon tilting. Even large
protein complexes in the vicinity of such TMV rods
will only be flattened marginally by surface tension
during dehydration. In addition, TMV may serve as
an accurate magnification standard.

Vitrification of protein solutions containing ammo-
nium molybdate overcomes the surface tension arti-
facts, delivers high contrast [39] and reduces the
sample’s beam sensitivity [40]. Increased exposure
of the sample to the saturated ammonium molybdate
staining solution may however induce dissociation
of protein complexes [41], thus limiting its applic-
ability. Another problem of this method is its incom-
patibility with the presence of detergents that are
indispensible for keeping membrane proteins in so-
lution. Negative staining, whether applied during air-
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Fig. 2. Tilt pair of negatively stained SoPIP2;1 tetramers and co-prepared TMV. (a) The homogeneity of the preparation is illustrated by the
image taken at a 0° tilt. As a result of sample flattening the TMV is 195 + 5 A wide instead of 180 A. (b) Same area taken at a 45° tilt indicates
the quality of the stain layer. The TMV rod is narrower (163 +4 A than in a) compatible with a flattening of approximately 10%. (¢ and d)
Magnified areas of the tilt pairs marked in (a and b). (e and f) CTF corrected areas displayed in (c) and (d). The marked boxes have a width

of 890 A.

drying or using the vitrification method, remains to
be the method of choice to visualize (membrane)
protein complexes <300 kDa. A critical comparison
of samples prepared either by negative staining or
vitreous ice for 3D-EM [42] led to the conclusion
that both techniques have their strengths and limita-
tions, which remains essentially the same today [20].

Negative stain TEM is certainly an excellent
method to assess the quality of a purified mem-
brane protein preparation. Homogeneity and purity
are directly revealed — a more stringent test than
SDS gels, gel filtration profiles or dynamic light-
scattering measurements. Here we present recent
results that demonstrate the usefulness of conven-
tional negative staining for the visualization of
membrane protein complexes <300 kDa.

Results: application of negative staining
to aquaporin tetramers

The quality of purified plant aquaporin SoPIP2;1 is
exemplified in Fig. 2. This complex has a slightly

smaller mass than the solubilized AQP1 tetramer
(4 x29.9 kDa + 68 kDa =190 kDa) and thus cannot
easily be observed in a vitrified state. The tilt pair
in Fig. 2a and b also shows TMV rods viewed at 0°
and 45° tilt. At 0° the TMV has a width of 195+5 A
indicating a flattening of =10%, which is reflected by
the width of the same TMV projected at a 45° tilt,
165+4 A. In this situation the SoPIP2;1 tetramers,
which have a thickness of ~60 A, are well embed-
ded in the continuous stain layer.

Figure 2c and d display two selected areas from
the tilt pair in Fig. 2a and b. They provide a closer
view of particles, whose square shape is visible in
some cases. Particles are more clearly seen on the
same areas after CTF correction (Fig. 2e and f).
Comparing the shapes of particle projections from
the tilted sample with those recorded at 0° suggests
that many of the SoPIP2;1 tetramers from the grid
held at 0° are not projected along the 4-fold axis of
the particle, reflecting the roughness of the carbon
film to which they adsorb.
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Visualization of the detergent belt by 3D
reconstruction

3D maps from tilt pairs of SoPIP2;1 tetramers solu-
bilized in OG, DDM, LMNG and amphipol A8-35
(AMPH) were calculated to assess the size of the
detergent belt. Because all preparations were
derived from the initially OG-solubilized membranes
by exchanging detergents during later steps in the
purification procedure, protein complexes were
likely devoid of lipids (see Material and Methods).

The RCT approach [27] is the method of choice to
bootstrap a 3D map from particle projections, as it
avoids the need to generate an initial model that
would introduce a bias. RCT requires pairs of par-
ticle projections recorded at tilts of 0° and >45°.
Preferably, micrograph pairs are CTF corrected
(see Material and Methods) before particle pairs
are selected, because a posteriori CTF correction
of particle projections from a tilted sample is diffi-
cult. In addition, sample projections are more easily
selected after CTF correction as demonstrated in
Fig. 2e and f. Class averages from projections taken
at 0° tilt that reflect the major features of the
protein complex are selected to calculate maps
from the corresponding projections taken at a 45°
tilt, whose Euler angles are calculated from the tilt
geometry and the angular alignment of correspond-
ing 0° projections.

This approach was not successful with projec-
tions of negatively stained SoPIP2;1 tetramers
shown in Fig. 2, although the 0° projections yielded
convincing class averages (Fig. 3a). From tilt pairs
of the 23 best classes, individual 3D maps were cal-
culated using the RCT algorithm implemented in
EMAN2Z [26]. Nine 3D maps showed sections exhi-
biting the 4-fold symmetry of the complex, one
example being displayed in Fig. 3b. These maps
were aligned, averaged and 4-fold symmetrized. As
illustrated in Fig. 3b, 32 sections have a signal
above background in their center, corresponding to
a particle thickness of 111 A. Accordingly, the
resulting structure is elongated along the 4-fold
symmetry axis and reflects the missing cone
problem, as illustrated by Fig. 3c.

Instead, initial models were generated by applying
the standard EMANZ2 protocol to class averages cal-
culated from the entire data set including both the
0° and 45° projections (Fig. 3d). Imposing the C4

symmetry during model generation yielded a con-
vincing result: the majority of generated models suit
for bootstrapping the refinement (Fig. 3e). The re-
finement was accomplished following the EMANZ2
standard protocol, leading to the 3D map shown in
Fig. 3f. Its resolution is 24 A as determined by the
Fourier shell correlation method.

Using the same approach, maps for SoPIP2;1 solu-
bilized in DDM (resolution: 24 A), LMNG (reso-
lution: 25 13;), and AMPH (resolution: 28 A) were
determined (Fig. 4). Maps were rendered to include
a mass of 190 kDa (OG; based on STEM mass mea-
surements), 220 kDa (DDM; based on the assump-
tion that the same number (230) of DDM molecules
bind as OG molecules), 280 kDa (LMNG; based on
visual inspection, corresponding to 160 LMNG mole-
cules bound per tetramer) and 340 kDa (AMPH,;
based on the amphipol binding capacity of bacterior-
hodopsin of 1.8-2 (w/w) [43]). Accordingly, the de-
tergent belts had a thickness of 11+2 A (0OG),
13+2A (DDM), 15+2A (LMNG) and 19+3A
(AMPH), as summarized in Table 1. The pronounced
central cavity observed in the maps of SoPIP2;1
solubilized by LMNG or AMPH is likely related to a
dehydration artifact (Fig. 5).

Summary of the rhodopsin-transducin
heteropentamer structure

Absorption of a photon by the G protein-coupled re-
ceptor (GPCR) rhodopsin (Rho) initiates the
process of vision [44,45]. Rho transitions to its acti-
vated form (Rho*), which binds the heterotrimeric
G protein transducin (G;) inducing GDP to GTP ex-
change and G; dissociation. These events proceed
in the rod outer segments (ROS) of photoreceptors,
highly specialized neurons of the retina. A ROS
houses a stack of many hundreds of disk mem-
branes that are densely packed with Rho. Atomic
force microscopy of native disks revealed Rho to be
arranged in rows of dimers [46], a result that has
been highly debated because of the on-going con-
troversy whether GPCRs function as monomer or
oligomer [47-49].

In pursuit of the molecular architecture of the
active Rho*-G; complex, we used nucleotide deple-
tion and affinity chromatography to purify and
analyze the DDM-solubilized complex biochemically
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Fig. 3. 3D reconstruction of the OG-solubilized SoPIP2;1 tetramer. (a) Class averages from the tilt pair particles taken at 0° tilt. Many show
the 4-fold symmetry of the complex. The random conical tilt method was used to calculate 3D maps for twenty-three 0° classes from the
corresponding particles recorded at a 45° tilt; nine maps exhibited sections with C4 symmetry. Asterisks mark the corresponding class
averages. (b) The stack of sections from the best of the nine maps. 32 sections of 3.48 A thickness exhibit a central signal above background,
corresponding to a particle thickness of 111 A (c) Accordingly, the C4 symmetrized average of the nine maps has an elongated shape,
indicating the missing cone artifact. (d) A larger variety of class averages is obtained when 0° and 45° particle projections are merged. (e)
Imposing C4 symmetry and applying the statistical method implemented in EMANZ2, initial models emerge from the class averages in (d) that
reflect the rough shape of a SoPIP2;1 tetramer. (f) Refining the merged dataset against any of the initial models in (e) produced the map of
the OG-solubilized SoPIP2;1 tetramer at 24 A resolution. The isocontoured surface includes a mass of 190 kDa. The atomic model fitted
manually demonstrates negligible flattening and allows the thickness of the detergent to be measured. All boxes are 223 A wide. Scale bars
represent 50 A in (c, and e), and 20 Ain ().

and structurally [21]. STEM showed its mass to be  and 3D maps were determined from projections of
221 = 12 kDa (Fig. 1d). Since this complex was too Rho*-G; complexes (Fig. 6; [21]). This transient
small for cryo-EM of vitrified protein solution, nega- complex is labile and exhibits heterogeneity when
tively stained preparations were imaged by TEM,  visualized by negative stain EM (Fig. 6a). Elongated
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Fig. 4. 3D maps of SoPIP2;1 tetramers solubilized in OG (a), DDM (b), LMNG (c) and AMPH (d). Isocontours include 190 kDa (a), 220 kDa

(b), 280 kDa (¢) and 340 kDa (d). Scale bar represents 20 A

Table 1. Parameters characterizing SoPIP2;1 tetramers solubilized
in different detergents

Detergents oG DDM LMNG AMPH
Resolution [A] 24 24 25 28
Mass of protein and detergent 190 220 280 340
[kDa]

Detergent belt thickness [A] 11+2 13£2 15+2

particles that have a length of ~130 A can neverthe-
less be discerned and >10000 projections were
selected for producing 3D maps (Fig. 6b). A model
of the Rho*-G; complex was then built to fill this
low-resolution envelope defined by the stain, taking
into account all biochemical and structural informa-
tion available [21]. Figure 6¢ demonstrates the fit of
the Rho dimer and allows the detergent belt to be
measured. Its thickness is variable and has an
average value of 11 +4 f&, slightly smaller than the
DDM belt found on SoPIP2;1 tetramers.

Discussion

STEM and negative staining are methods that still
are of great practical value, although the observa-
tion of vitrified layers of protein solutions has now
become the predominant method for structural ana-
lyses by EM. In particular, negative staining is the
only approach to obtain useful information by EM
on protein complexes that have a mass of <300 kDa
and that cannot be crystallized [19,50]. Here we
review these methods and illustrate their usefulness
with two examples. The first concerns a study of
the detergent belt keeping the plant aquaporin
SoPIP2;1 in solution, the second is the recently pub-
lished low-resolution structure of the Rho*-G; het-
eropentamer. Both complexes have a mass that
makes them unsuitable for cryo-EM in the vitrified

state (SoPIP2;1: 190 kDa; Rho*-G; heteropentamer:
220 kDa), and both are solubilized by detergents.
The importance of stain quality is documented in
Fig. 2. Uranyl formate is known to be among the
best staining salts in terms of graininess [50].
However, the thickness and evenness of the stain
layer is likely to play a more important role than
the stain itself. We have used uranyl acetate
throughout in this study and have obtained 3D
maps of the SoPIP2;1 solubilized either in OG or in
DDM, which did not exhibit the common flattening
artifacts (Figs. 3 and 4). Using the same approach
for preparing tetramers kept soluble by the larger
micelles formed by LMNG and AMPH, however, a
staining artifact emerged that led to a large cavity
at the 4-fold symmetry center. Intuitively, this puz-
zling observation may be related to the soft 15 A
(LMNG) or 19 A (AMPH) belts, which are consider-
ably larger than those of OG and DDM and do not
pack the tetramers during dehydration as firmly as
the drying, more solid stain layer. Hence, the initial-
ly small central cavity filled by stain will be
enlarged by the crystallizing stain acting as a
wedge, providing space for more stain to accumu-
late, as illustrated in the side views shown in Fig. 5.
Such a pronounced central stain accumulation is
also observed independent of the detergent used
when the stain layer is too thin to provide support
and tetramers are flattened by surface tension.
Negatively stained Rho*-G; heteropentamers are
partially flattened, because they were prepared with
the double-film method [19], which warrants even
staining and symmetrical embedding, but induces
stronger dehydration forces than a sufficiently thick
stain layer on single films. Further, the detergent
ring, the softest part of the structure, being perpen-
dicular to the carbon film, will be flattened more
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Fig. 5. Maps of DDM (a), LMNG (b) and AMPH (c) solubilized SoPIP2;1 tetramers. The individual monomers of the atomic model have been
rotated by ~10° in (b and c) to open the central cavity according to the 3D maps of Fig. 4c and d. Scale bar represents 20 A.

Fig. 6. The Rho*-Gt heteropentamer [21]. (a) Negatively stained preparations demonstrate the presence of elongated particles of ~130 A
length, but also the heterogeneity of these labile complexes that dissociate during isolation. (b) 3D maps of the Rho*-Gt heteropentamer
calculated from >10 000 projections of crosslinked complexes (top row) and from >1000 projections of native complexes (bottom row). (c)
Views of the 3D map and the fitted model of the Rho*-Gt heteropentamer. Scale bars represent 200 A in (a), 100 Ain (b) and 20 Ain (o).
Panel (b) was adapted from [21].

than the detergent micelle bound to SoPIP2;1. The  Rho*-G; heteropentamer (Fig. 6) than in the
overall result of these effects is a less clear contri- = DDM-solubilized SoPIP2;1 tetramer, where the de-
bution of the detergent in the DDM-solubilized tergent belt is clearly visible (Fig. 5). Nevertheless,
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Fig. 7. Euler angle plots resulting from one refinement iteration against the particle projections recorded at a 0° tilt using the SoPIP2;1-OG
map generated with the full data set. Particles appear to be tilted over the range +40° and a minor particle population is viewed side-on.
(a) the angular distribution and (b) the population of different projection directions. Plots have been generated using EMAN2 [26].

the 3D envelope of the Rho*-G; complex is clearly
not compatible with a tetrameric complex that com-
prises a single Rho molecule [21].

The detergent-binding capacity of membrane
protein complexes has been subject to studies using
different methods (see [51]). Ultracentrifugation
[62,63], size exclusion chromatography [54] and
surface tension measurements [55] have been used
to determine the molecular ratio of detergent to
protein. The numbers of bound detergent molecules
per membrane protein are in general larger than
those determined by STEM, because in the latter
case protein complexes are extensively washed on 4
drops of double-distilled water after adsorption to
the carbon film [34]. The mass of the bound deter-
gent has been measured for many solubilized mem-
brane protein complexes, showing that typically 2
detergent micelles remain bound to a membrane
protein complex of 100-300 kDa in solution after ex-
tensive washing [17,35,56]. The dimensions of deter-
gent belts have been measured by neutron
diffraction [57], NMR [58] and EM [59-61]. Reported
values are in the range of 8-20 A, depending on the
detergent and the measurement method. The values
determined in this work (Table 1) are representative
for negative stain electron microscopy and may help
to interpret images of negatively stained membrane

protein complexes. They agree within experimental
errors with previous measurements (OG: 13 A [67];
DDM: 14 A [60]; AMPH: 20 A [61] and 10-20 A [62]).
They contradict, however, the recent interpretation
of single-particle averages of the LMNG solubilized
Bo-adrenoceptor-Gs complex, where the LMNG belt
was assumed to have a thickness of >25A [63].

The study of SoPIP2;1 tetramers provides insight
into a practical limitation of the RCT approach. Tilt
pairs of a protein complex adsorbed in a preferential
orientation to the carbon film recorded at 0° and 45°
inevitably leads to missing cone artifacts, as demon-
strated by Fig. 3b and c. Although image pairs of
samples tilted at 0° and 60° were recorded, suitable
well-preserved particle pairs were sparse, which
limited efficient particle selection and thus explor-
ing if missing cone artifacts can be overcome (data
not shown). In contrast, using large data sets of par-
ticle projections collected at tilts of 0° and 45° and
the power of reference free alignment [64] and statis-
tical classification [65,66] can yield a set of class
averages (Fig. 3d) from which the statistical ap-
proach implemented in EMANZ2 provides suitable
initial models to bootstrap the refinement (Fig. 3e).

When a homogeneous sample such as the
SoPIP2;1 tetramers discussed here is available, one
expects images recorded at a 0° tilt to reveal mainly
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square-shaped particles. This is not the case, as illu-
strated in Fig. 2. Is it reasonable to argue that most
of the particles have been substantially altered
during sample preparation? Although negative stain-
ing has severe limitations, the outcome obtained by
merging particle projections collected at tilts of 0°
and 45° and keeping 80% of all projections in the
refinement cycles suggests that most of these projec-
tions come from structurally well-preserved com-
plexes. A Dbetter explanation for the different
appearance of the particles than bad structural pres-
ervation is that they are projected from different
angles. Even preferentially adsorbed small mem-
brane protein complexes are expected to assume a
broad range of orientations with respect to the
carbon film plane, reflecting the carbon film surface
roughness and the architecture of the detergent
solubilized protein, as illustrated by refining the
SoPIP2;1-OG map against all particle projections
recorded at a 0° tilt. The Euler angle plot after one it-
eration shows that tetramers can be tilted over a
range of +40° and that a few particles appear to
match calculated projections perpendicular to their
4-fold axis best (Fig. 7). This observation needs
further quantification, which will be achieved with
the tilt-pair parameter plot method [15].

Concluding remarks

Electron microscopy offers excellent possibilities to
study membrane proteins. If membrane protein
complexes resist 2D or 3D crystallization and have
a mass of <300 kDa, their mass can be measured by
STEM and their 3D structure can be determined to
a resolution of 20-30 A by 3D-EM of negatively
stained samples.
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