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ABSTRACT. We have expressed, purified, and characterized glutamate receptor ion channels (GIuR)

assembled as homomers of the subunit GIuRB.

For the first time, single-milligram quantities of bio-

chemically homogeneous GIUR have been obtained. The protein exhibits the expected pharmacological
profile and a high specific activity for ligand binding. Density-gradient centrifugation reveals a uniform
oligomeric assembly and a molecular mass suggesting that the channel is a tetramer. On the basis of
electron microscopic images, the receptor appears to form an elongated structure that is visualized in
several orientations. The molecular dimensions of the molecule are approximatelg4d.% 17 nm, and
solvent-accessible features can be seen; these may contribute to formation of the ion-conducting pathway
of the channel. The channel dimensions are consistent with an overall 2-fold symmetric assembly, suggesting
that the tetrameric receptor may be a dimer of dimers.

The ionotropic glutamate receptors (GldRre ligand-

of the core of the ligand-binding domain of GIuRB, repre-

gated cation channels of the central nervous system, wheresenting~25% of the molecular mass of the complete subunit

they play an important role in both physiological and
pathological processes (reviewed in IgfPharmacologically
distinct subfamilies of GIuR have been identified. GIuR with
high affinity for AMPA (o-amino-5-methyl-3-hydroxy-4-

(9). Little structural information is available on the interdo-
main and intersubunit interactions that are presumably
important for GIuR activation and desensitization. The oligo-
meric state of the glutamate receptors has also not been

isoxazole propionate) are responsible for most fast excitatorydefinitively established (reviewed in r&j, although recent

synaptic signaling in the brain. Recent evidence also im-
plicates the AMPA receptors in the activity-dependent modu-

lation of synaptic strength (reviewed in r2y.

evidence suggests a dimer-of-dimers mo@! (
While functional insect-cell expression of GIURD and
GIuRB/D ion channels and purification of GluRD AMPA

AMPA receptors are formed by homo- or heterooligomers receptor homomers have been previously reported, the

of the subunits GIURAD (also known as GluR14)
(3—5). The GIuRB subunit is particularly important in

determining the ion permeability characteristics of the chan-

purified protein exhibited levels of aggregation unacceptable
for structural studiesl1Q, 1% unpublished data). Here, we
report the milligram-scale expression and purification of

nels: receptors containing GIURB have a very low calcium affinity-tagged GIURB AMPA receptors, optimized for

permeability compared to those not containing@y. (In-
teractions of the cytoplasmic C-terminus of GIURB with

ligand-binding activity, yield, and structural homogeneity.
The resulting material permits assessment of the channel’s

proteins of the postsynaptic density appear to play a key rolestoichiometry and characterization of its gross structural

in the targeting and localization of GIuR ion channéf¥ (
but not in the assembly of functional channed. (
The direct structural information currently available for

the AMPA receptors is a series of crystallographic structures
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features and molecular dimensions.

EXPERIMENTAL PROCEDURES

Plasmid and Baculdrus Generation. Affinity-tagged
cDNA containing the flop isoform of the rat GIURB subunit
(SWISS-PROT accession number P19491,4efvas as-
sembled by PCR techniques in a pFastBacl derivative
harboring a baculoviral signal peptide (ecdysteroid UDP-
glucosyltransferase), fused to a FLAG epitofd®)(and a
cloning linker (RPHAMG). The vector also contained a
C-terminal hexahistidine tad.), preceded by a four-residue
linker (MNSR). The C- and N-terminal tags are used for
immobilized metal-affinity chromatography (IMAC) and
immunoaffinity purifications, respectively, of the recombi-
nant GIuRB homomers. Correctness of all PCR-derived
sequences was verified by DNA sequencing. The construct
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omits the native C-terminal lle residue of GluRpand thus TX-100 (buffer A) containig 1 M NaCl and 10 mM
corresponds to residues—861 of the mature sequence. imidazole, followed by wash steps with buffer A containing
Recombinant baculovirus v506-2 was generated using thefirst 200 MM NaCl and 10 mM imidazole (3 CV), then 100
Bac-to-Bac protocol (Gibco), and amplified 8podoptera mM NaCl and 10 mM imidazole (3 CV), and finally 100
frugiperda Sf21 cells. mM NaCl and 50 mM imidazole (5 CV). GIuRB was eluted
Cell Culture and Protein Expressiofror initial charac- in buffer A containing 100 mM NaCl and steps of 100 (5
terization, Sf21 cells were infected and harvested as describedCV), 200 (5 CV), and 500 (10 CV) mM imidazole. These
for GIURD (11). Large-scale cell culture was performed in eluates were analyzed by SBBAGE, and GluRB-contain-
shaker flasks. Protein expression was performed in Sf21 oring fractions were pooled to give a typical final volume of
Trichoplusia niHigh Five insect cells infected with multi- 200 mL for a large-scale prep. Protein bands in silver-stained
plicity of infection (MOI) > 4 in Ex-cell 400 medium (JRH  gels were quantitated with 1D Image Analysis software
Biosciences), and viral expansion was performed in Sf9 cells (Kodak Digital Science).
in TNM-FH medium supplemented as describéd)( Cell Immunoaffinity Chromatographi1 a-FLAG affinity gel
viability was assayed 86 h after infection by staining with (IBI Kodak/Sigma, 3 mL) was equilibrated in M1 buffer
trypan blue (Gibco). If the viability was95% or cells had (TBS supplemented with 3 mM CagCand 0.1% TX-100).
lost their round and uniformly clear appearance, they were Pooled GluRB-containing fractions from the IMAC column
harvested. Otherwise they were left shaking for another 4 h. were adjusted to 3 mM Cagand applied to the gel at G:A
Cell Harvest and LysisAll further steps were performed mL min~t. After the column was washed with 20 CV of
at 4°C. Cells were harvested by use of a Contifuge 20 S, M1 buffer, GIURB was eluted in 20 CV of TBS containing
equipped with rotor type 8684 and a Pericor CD 240 500 mM NacCl, 10% glycerol, 0.1% TX-100, and 10 mM
peristaltic pump (Heraeus), at 291000 rpm) and a flow  EDTA. The protein concentration was determined by Amido
rate= 280 mL mirrl. Alternatively, cells were centrifuged Black assay (Bio-Rad). Pooled M1 eluates (typically 60 mL)
at 150@ for 10 min. The cell pellet was washed with 300 were concentrated by use of Centriplus-100 concentrators
mL of TBS (150 mM NaCl and 50 mM Tris, pH 7.4) (Millipore) or Nanosep-100 concentrators (Pall-Filtron).
containing 0.1 mM phenylmethanesulfonyl fluoride (PMSF; Ligand-Binding AssayBinding assays were performed as
Sigma) and then resuspended in 100 mL of lysis buffer (20 described 11), with 25-50 ug of protein per reaction.
mM HEPES pH 7.4, and 5 mM EDTA), supplemented with Protein activity was quantified as describdd)( except that
0.1 mM PMSF and Complete protease inhibitor tablets (one 15 nM [PHJAMPA (Dupont-NEN) was used. In competition
tablet dissolved in 500 mL of buffer; Roche Molecular binding assays, the concentration of radioligand was 5 nM,
Biochemicals). The suspension was divided into 16 aliquots, ICsq values were determined by nonlinear curve fitting to a
each of which was homogenized with a Polytron 1200 C model for one-site binding (GraFit, Erithacus Software;
(Kinematica) for 3x 10 s at 5000 rpm. Tubes were incubated Prism, GraphPad Software), and apparent affinitgswere
on ice between pulses. Each tube was then filled with an determined by use of the ChenBrusoff equation15).
additional 30 mL of lysis buffer and the membranes were  Glycerol Density-Gradient Centrifugatiodnalysis was
pelleted at 3100§for 30 min. The pellet was resuspended performed in a linear, 2680% (v/v) glycerol density
and centrifuged twice more, the first time in lysis buffer and gradient in TBS and 0.1% TX-100 (total volume 9.5 mL).
then in 20 mM HEPES, pH 7.4, 200 mM NaCl, and 0.5 mM GIuRB (50ug in 0.5 mL) as well as the reference proteins
EDTA, each supplemented with PMSF and Complete pro- thyroglobulin, apoferritin, and alcohol dehydrogenase (500
tease inhibitors as above. This treatment lyz@9% of all ug in 0.5 mL) were centrifuged in an Optima LE-80K
cells, as determined by visual inspection. centrifuge using a Ti67 rotor (Beckman) for 16 h at 18000
Receptor SolubilizatiorPellets were pooled and suspended (37000 rpm) at £C. Fractions of 0.5 mL were collected.
in 250 mL of solubilization buffer [20 mM HEPES, pH 7.4, GIuRB was quantitated byH{JAMPA binding assay. Protein
200 mM NacCl, and 10% (v/v) glycerol], supplemented with standards were quantitated by the method of Bradfb@l (
PMSF and Complete protease inhibitors as above. The Electron MicroscopyPurified GIURB (3uL) was applied
protein concentration was determined by bicinchoninic acid to hydrophilic carbon films at a concentration of 29 mL™2.
assay (Pierce). The solubilizate was diluted<té mg/mL The grid was washed with two droplets of 25 mM Tris, 20
protein with solubilization buffer, typically to a final volume  mM NacCl, and 2 mM EDTA, pH 7.4, stained with 2% uranyl
of 2 L for a large-scale prep. Triton X-100 (TX-100; Roche acetate and 0.1% glucose, and air-dried. The preparation was
Molecular Biochemicals; purified for membrane protein performed at 4°C. Images were recorded at a nominal
research) was added to 1.5% (v/v). The suspension wasmagnification of 50008 with a Zeiss CEM 902 operating
mixed for 90 min with a Reax-20 overhead mixer (Heidolph) at 80 kV, with an electron dose 6f10 e /A2 and discarding
at 4 rpm, and clarified by centrifugation, either at 75600 electrons scattered inelastically with an energy loss greater
for 30 min or at 185009 for 15 min. than about 15 eV. The objective lens defocus was chosen
Immobilized Metal-Affinity ChromatographyChelating such that the first reversal of the phase contrast transfer
Sepharose fast flow (Pharmacia, 10 mL) was charged function was at~0.05 A-1. The negatives were digitized
essentially as describetll) with Zn?*, Ni2*, or Co**. Before with a Zeiss SCAI scanner at a resolution of 2.
loading, the clarified solubilizate was adjusteditM NacCl The single particle image analysis was carried out es-
and 5 mM imidazole. The suspension was gently mixed for sentially according to Schatz et al.7 and Serysheva et al.
12 h at 4 rpm. Subsequently, the resin was recovered by(18) in the context of the IMAGIC-5 software systerhd.
filtration through a 500 mL glass frit (medium porosity; More than 10 000 single-molecular images were selected.
Schott). The Sepharose was washed with 5 column volumesThey were aligned with the “alignment by classification”
(CV) of 20 mM HEPES, pH 7.4, 10% glycerol, and 0.1% approach 20), by which bias toward any specific reference
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Table 1: Ligand-Binding Pharmacology of Recombinant GIURB 25ug/L obtained with Sf21 cells. Moreover, protein obtained

Expressed in Sf21 Cells with Sf21 cells showed an obvious high molecular mass band
ligand Kq (M) ICad? (M) K (M) in both the silver-stained gel and the Western blot, reflecting
AVIPA 168423 partial gggregaﬂon (F|gure' 1_A,B, arrow). Protein obtalned
L-Glutamate T 0.50 0.01 0.39+ 0.01 from High Five cells exhibited much less aggregation,
kainate 4705 3.64+0.4 although some was occasionally detectable in highly devel-
CNQX© 0.28+0.04 0.21+ 0.03 oped Western blots (e.g., Figure 1C). Overall, the data

a|Cy is the concentration required to displace 50% of radioligand Suggest that Hi_gh Five 99"3 prodyce !arger amounts of
binding.® K, is the apparent affinity1(5). ¢ CNQX is 6-cyano-7-nitro- GIuRB and provide an environment in which the ion channel

quinoxaline-2,3-dione. is less prone to aggregation than Sf21 cells.
GIuRB expression levels were then monitored as a function
A B C of the conditions of infection in High Five cells. The time
Sf21 High5 Sf21 High5 batch flow course of radioligand binding was monitored during the
kD  |W— —_— — - course of infection and reached a maximum 86 h postinfec-
205— tion. The falloff in AMPA binding was rather sharp on either

side of the optimal time point,.. Twenty-four hours before

116 —| St e | | St ol | *
97— - and aftertma, AMPA binding was 30% and 50% less than

66—| | X the maximum, respectively. The ligand-binding activity of
L cells infected at different MOl showed maximal expression
48.5— . for MOI = 3. In practice, the MOI was chosen between 4
and 5.
— We also compared batch and continuous-flow centrifuga-
29— : tion methods for cell harvest, since experience with seven-

FiGURe 1: Comparison of GIURB expression conditions. (A, B) transmembrane helical proteins had indicated that continuous-
GIuRB expressed in different insect cell lines, after purification by flow centrifugation was advantageous in avoiding premature
metal-chelate and immunoaffinity chromatography. (A) Silver cell lysis (G. Schertler, personal communication). The yield

stained SDSpolyacrylamide electrophoretic gel; (B) MIFLAG ; _ .
Western blot of GIuRB samples isolated from Sf21 and High Five of GIuRB from cells harvested by continuous-flow centrifu

cells. (C) MIo-FLAG Western blot of GIURB from High Five cells  dation was 134ug/L, somewhat higher than the value
harvested by conventional batch centrifugation (left lane) or obtained from the same batch of infected cells harvested with

continuous-flow centrifugation (right lane). In each comparison, conventional batch centrifugation (104)/L). In addition,
equal fractions of the purified protein were loaded. The asterisk the continuous-flow approach further reduced the slight

indicates the GIuURB monomer band; the arrow marks the position . . .
of GIURB that did not enter the gel. (13(I:L;RB aggregation detected with the batch method (Figure

image is avoided. Class averages resulting from this proce- Purification of the ReceptoHaving optimized conditions
dure were used as the starting set of reference images fof®" the overexpression and harvest of GIuRB, we next
iterative cycles of multireference alignment (MRA), multi- attémpted to improve the purification scheme. The construct
variate statistical analysis (MSA), and classification. One- contains a C-terminal hexahistidine tag and 21%10 N-terminal
fifth of the molecular images were discarded in the classi- FLAG €pitope, so initial purifications used aNicolumn
fication, and the average number of members per class wagdo!lowed by o-FLAG immunoaffinity chromatography.
25. The MRA-MSA—classification procedure was iterated However, the immunoaffinity eluates exhibited several

until stable classes were obtained. contaminants (Figure 1A). The purity of the IMAC eluates
was very poor when Ni was used as the cation (Figure
RESULTS 2A, right-hand panel), and some of these contaminants

evidently coeluted with GIURB during immunoaffinity chro-
Protein ExpressionSf21 cells infected with the GIURB-  matography (Figure 2B, right-hand panel, lanes el and e2).
encoding baculovirus v506-2 producec~d00-kDa band  To improve the initial IMAC purification, ZA" and C8*
by SDS-PAGE that immunoreacted with a FLAG-specific were investigated as alternative cations. The use éf Zn
antibody. This band was not observed in uninfected cells instead of Ni* dramatically reduced contamination in the
nor in cells infected with wild-type ACNPV baculovirus (data IMAC eluates and permitted the isolation of essentially pure
not shown). Cell membranes prepared from v506-2-infected material following immunoaffinity purification (Figure 2A,B,

Sf21 cells showed specific and high-affinity binding #f- left-hand panels). It also resulted in elution of GIURB at
AMPA and a ligand-binding pharmacology typical of GIURB  somewhat lower imidazole concentrations than observed with
(Table 1) @1). Ni%*. The yield at this step was typicalty80%. The use of

We next compared expression in Sf21 cells with that in Co?™ had an intermediate effect.

High Five insect cells, which are suitable for the expression  The optimized protocol has been reproducibly used in
of a variety of membrane protein22) and for large-scale  preparations at the 16 L scale. SBBAGE analysis of each
production (4). Equal volumes of Sf21 and High Five cells step of a large-scale purification is shown in Figure 2C. In
were infected with v506-2 at MO+ 5 and harvested 90 h  the final sample, GIURB is detected as a single band with
later. Protein was purified by metal-chelate amdFLAG an apparent molecular mass of 104 kDa, without indication
immunoaffinity chromatography and analyzed by SBS of aggregation. This corresponds to the predicted amino acid
PAGE and Western blotting (Figure 1A,B). The yield from sequence (99.1 kDa) together witld.9 kDa of glycosylation
High Five cells was 8%g/L, significantly higher than the  (at up to four potential N-linked glycosylation sites). Yields
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Ficure 2: Purification of GIuRB. (A, B) Role of metal-affinity
cations. Silver-stained SD$olyacrylamide electrophoretic gels
are shown for the IMAC (A) and immunoaffinity (B) purification
steps, with either Z& or Ni?™ as cations. (A) IMAC. For Z#,
solubilized membrane proteins (sol) are shown, together with
column flowthrough (ft) and wash/elution steps at various imidazole
concentrations (millimolar). For Rif only eluate fractions are
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Ficure 3: Density gradient centrifugation of Triton X-100-
solubilized GIuRB. The protein was quantitated by radioligand
binding (bar graph). Standard proteins used for the calibration of
the gradient (arrows above graph and inset) were thyroglobulin
(THR, 669 kDa), apoferritin (APO, 443 kDa), and alcohol dehy-
drogenase (ADH, 150 kDa).

obtained a filter-binding signal that was consistent[g0%

of the theoretical maximum. Assuming that filter-binding
studies detect a similar fraction of GIuURB binding sites, the
true number of AMPA binding sites would be close to the
theoretical maximum of~10 000 pmol/mg, for one agonist
molecule per monomer.

Purified GIuRB is assembled in a uniform oligomeric state
as determined by density gradient centrifugation in glycerol
(Figure 3) and sucrose (not shown). Its distribution in the
gradient can be described as a single peak with a possible,

shown. The asterisk marks the expected GIURB molecular mass.small higher molecular-mass shoulder (fraction 11, Figure
(B) Immunoaffinity purifications. For each cation, the pooled IMAC  3). The molecular mass of the GIURB complex was calibrated
eluates (pool), the column flowthrough (ft), column wash (w), and  relative to soluble proteins (Figure 3, inset), yielding a value

two 10 mM EDTA eluates (el and e2) are shown. (C) Overview
of final GIURB purification on a silver-stained SB$olyacrylamide
electrophoretic gel. Lane 1, Triton X-100 solubilized insect-cell
membranes; lane 2, pooled IMAC eluates {2nlane 3, pooled

immunoaffinity eluates. Lanes in panel C are from separate gels.

at this scale were consistently in the range of830ug of
highly purified GIURB/L of cells.

Biochemical CharacterizationiThe purified, solubilized
receptor had &p of 18.2+ 0.9 nM for PHJAMPA and a

of 495 kDa. The GIuRB peak is only slightly broader than
those of the standard proteins, with a half-width 056
fractions, vs~4 fractions for apoferritin.

Electron Microscopy.Purified GIuRB homomers were
negatively stained with uranyl acetate and visualized by
electron microscopy (Figure 4A). Individual particles of
uniform size are observed in several different orientations.
More than 10 000 single molecular images were selected,
aligned, classified, and averaged to improve the signal-to-

Bmax Of 2140 pmol/mg of GIURB, as assayed by filter binding. noise ratio. Five out of a total of 155 class averages are
Since filter binding is a nonequilibrium technique, the shown in Figure 4C, together with corresponding single
reported capacity does not necessarily reflect the specificmolecular images (Figure 4B). Since the molecule is
activity of the protein. To establish approximately what elongated, the projections vary in appearance from ap-
fraction of GIURB is active, we performed filter-binding proximately round to extended. The projected dimensions
experiments with soluble GIURD ligand-binding domains correspond to a molecule with a long dimension of 17 nm
known to exhibit~100% specific activity by equilibrium  and a perpendicular cross section ofXd14 nm. The particle

dialysis measurement&3). Using the soluble construct, we also is indented or hollow, i.e., it contains internal solvent-
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GIuRB yields a single peak in density-gradient centrifuga-
tion (Figure 3), confirming the uniformity of the oligomeric
assembly. Although the peak is slightly broader than those
of the standard proteins, this additional broadening may
reflect heterogeneity in the TX-100 micelles, which typically
range in size from 63 to 97 kD&%). Assuming that one
~80 kDa micelle is bound per complex, the observed 495
kDa molecular mass of the complex corresponds well to that
expected for a tetrameric molecule ¥4104 kDa+ 80 kDa
= 496 kDa). In contrast, a pentameric glutamate receptor
should have a molecular mass of at least 580 kDa (520 kDa
protein+ >60 kDa detergent). Hence we conclude that the
recombinant GIuRB most likely forms a tetramer.

This finding is consistent with a growing body of elec-
trophysiological and biochemical evidence that supports a
tetrameric assembly for GIluR§—29). Such an assembly

: o . . would be expected on the basis of the homology of the GIUR
FiGURe 4: Electron microscopic images of negatively stained transmembrane domains to tetrameric potassium channels

GIuRB. (A) Representative field from an electron micrograph of - (30_32) Our measurement is, however, inconsistent with
negatively stained single particles. Scale bar, 50 nm. (B, C) ! !

Classification and averaging of single particles of GIURB. (B) Single €XPeriments that suggest a pentameric stoichiometry, par-
particle images that were assigned to five different classes (of a ticularly for N-methylp-aspartate-selective GIuRBZ—35).

total of 155), together with corresponding class averages (C). In  Single-particle images of the GIuRB homomers in negative
panels B and C, the edge of one frame corresponds to 27 nm.  stain suggest that the ion channel is an elongated structure

] o o with solvent-accessible internal features (Figure 4), some of
accessible volumes seen as stain-filled structures within the\yhich may correspond to ion-conducting pathways in the

molecular_ outlines of the clags averages. I_Equ_ivalent featureschannel. The distribution of perspectives and observed
are seen in the unaveraged images, albeit with the expectedynisotropy of the particle are reminiscent of the voltage-gated
lower signal-to-noise ratio. sodium channel36). The dimensions of the particle are
consistent with its molecular weight and could accommodate

DISCUSSION a tetrameric assembly ef100 kDa protomers. The unequal

A major barrier to structural and functional studies of particle dimensions are not consistent with a 4-fold sym-
membrane proteins that are not naturally abundant is themetrical molecular assembly but would be consistent with
difficulty of expressing the required milligram quantities with  internal 2-fold symmetry. To reconcile this observation with
the required homogeneity and functionality (reviewed in ref the presence of four subunits in the channel, one can
22). Here we report a system for the expression and puri- speculate that the receptor may be assembled as a dimer of
fication of a homomeric GIURB ion channel that addresses dimers, consistent with recent biochemical studies on the
several of these issues. This has permitted us to characterizassembly of chimeric AMPA/kainate receptor subungs (
the channel’s hydrodynamic properties and to determine itsand with the observation that the ligand-binding domain
overall structure and molecular dimensions by electron typically crystallizes in a dimeric form9j. The proposed
microscopy. 2-fold symmetry cannot be seen in the input projections

Several factors were essential in obtaining receptor (Figure 4C); however, symmetry can be masked by the
preparations of the high biochemical quality required. The orientations adopted by the particles on the film, as it was
purity of the GIURB preparation was decisively influenced for most single-particle images of the 4-fold symmetric
by the use of ZA" rather than Ni* or Co** cations during sodium channel 36). In our case, the putative internal
metal-chelate chromatography. This contrasts with observa-symmetry axis may be preferentially oriented parallel to the
tions made with GIURD, for which Ri proved the most  plane of the carbon film and therefore inaccessible to direct
suitable cationX1). In our case, the improvement in purity visualization by electron microscopy.
appears to reflect a reduction of nonspecific binding of A three-dimensional reconstruction of the molecular
contaminants to the 2h column. Although the binding of  envelope of the GIURB homomer by angular reconstitution
the hexahistidine tag was also weakened, consistent withhas been performed (data not shown). However, due to an
peptide-binding experiments24), the specificity of the unfavorable spatial distribution of perspectives and the lack
interaction increased, permitting recovery of protein at much of clear molecular symmetry that could be imposed during
higher purity. Expression in High Five rather than Sf21 cells angular reconstitution, we cannot reliably interpret features
and harvest by continuous-flow centrifugation were important beyond those that are visible in the input projections (Figure
in minimizing protein aggregation, which had limited the 4C). Nevertheless, good agreement between the model and
usefulness of earlier glutamate receptor preparations fromthe input projections confirms that the single GIuRB channels
insect cells 11). Continuous-flow centrifugation is com-  were correctly preserved and imaged in negative stain and
monly used to harvest bacterial cells expressing recombinantthat the different class sums represent distinct perspectives
proteins. However, our results suggest that it also may beof a single molecular structure. Thus, potential artifacts of
an attractive alternative to batch centrifugation for pilot-scale the negative stain technique (e.g., partial staining and
expression of membrane proteins in the baculovirus system,flattening; see reB87) appear to have been minimized. This
where it has not yet found wide application. being the case, other experimental approaches are available
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to deal with limited perspectives. In the random conical tilt
reconstruction technique, collection of pairs of electron
micrographs of tilted and untilted particles provides a set of
perspectives for each class of particles sufficient to determine
independent 3D reconstructions for each cl&8. (Similar
reconstructions can be merged, providing a relatively com-
plete set of perspectives on the particle. Imaging particles
in vitrified buffer or stain may yield additional, complemen-

tary perspectives and provide an independent check on the =

absence of staining artifacts in the reconstruction. Alterna-
tively, if we can independently identify the molecular sym-
metry (e.g., from a random conical tilt reconstruction), then
that symmetry can also be used to improve the reconstruction
of untilted images by angular reconstitution.

We have purified functional, recombinant GIURB ho-
momers that reveal a probable tetrameric stoichiometry and
an elongated structure that would be consistent with a dimer-
of-dimers assembly for these ion channels. The protein is
well-suited to further biochemical and structural analysis.
In particular, antibody labeling of known sequence epitopes
should permit assignment of domains within an improved
molecular envelope. Furthermore, the ability to express milli-
gram quantities of high-quality material should support two-
dimensional crystallization and functional reconstitution
experiments designed to provide higher resolution structural
and functional data, respectively.
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