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Summary. The cytoplasmic domain of the rosette terminal complex has
been imaged in situ in patches of plasma membrane isolated from to-
bacco BY-2 protoplasts. By partially extracting the plasma membrane
lipids, cellulose microfibrils were observed through the plasma mem-
brane. Rosette terminal complexes were identified on the basis of their as-
sociation with the ends of these cellulose microfibrils. The cytoplasmic
domain of the rosette terminal complex has been shown to be hexagonal
in shape and has been measured to be 45-50 nm in diameter and
30-35 nm tall. These findings demonstrate that the terminal complex does
indeed have a substantial cytoplasmic component, and that the hexagonal
array observed in the lipid bilayer by freeze fracture is actually only a
small part of the overall complex. These findings will allow better model-
ing of the terminal complex and may facilitate predictions of how many
proteins are associated with the rosette terminal complex in vivo.

Keywords: Terminal complex; Cellulose synthase; Transmission electron
microscopy; Platinum shadowing; Plasma membrane; Tobacco BY-2.

Introduction

Cellulose is the major structural component of the vascu-
lar-plant cell wall. Cellulose is produced by a multisub-
unit enzyme complex which is thought to produce up to
36 glucan chains both simultaneously and in close prox-
imity to one another. The highly ordered nature of this
complex allows the nascent glucan chains to cocrystallize,
forming cellulose microfibrils, which are linear and rigid,
instead of an amorphous mass of B-glucan.

Large, ordered arrays of cellulose-synthesizing proteins
were predicted to exist at the ends of cellulose microfibrils
as early as 1958 (Roelofsen 1958). However, it was not
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until the advent of the freeze-fracture technique that they
were first directly observed (Brown and Montezinos
1976). Due to their association with the termini of cellu-
lose microfibril impressions, they were termed “terminal
complexes™. The first terminal complexes discovered
were in the green alga QOocystis apiculata and were ob-
served to be linear in shape (Brown and Montezinos
1976). Shortly thereafter, rosette terminal complexes were
discovered in Zea mays (Mueller and Brown 1980) and in
the alga Micrasterias denticulata (Giddings et al. 1980).
Since that time, many researchers have used the freeze-
fracture technique to image terminal complexes from a
wide variety of sources (Brown 1996).

Rosette terminal complexes from vascular plants are
approximately 24 nm in diameter and are composed of six
8 nm subunits (Mueller and Brown 1980, Rudolph and
Schnepf 1988, Rudolph et al. 1989, Kimura et al. 1999).
The hexagonal rosette structure of the terminal complex in
vascular plants is very appealing to many researchers, es-
pecially because elementary fibrils (the product of a single
terminal complex) were reported to contain 36 glucan
chains (Herth 1983). These facts gave rise to the theory
that each of the six rosette subunits must synthesize six
glucan chains. Several reviews have been published with
diagrams indicating that six glucan chains evolve from
each of the six members of the rosette (Perrin 2001,
Doblin et al. 2002).

Relatively little thought or discussion has been given to
the possibility that the part of the rosette terminal complex
imaged by freeze fracture is only the hydrophobic, mem-
brane-spanning part of the protein complex, and as such,
may only be the exit pore for the nascent glucan chains,
and that the real cellulose-synthesizing machinery may be
located in the cytoplasm of the cell. One reason for this
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neglect may be the simple fact that the cytoplasmic do-
main of the terminal complex has so rarely been observed
(Robards 1969, Kudlicka et al. 1987). In fact, the cellu-
lose synthase enzyme (CesA) has only recently been di-
rectly demonstrated to be a part of the rosette terminal
complex through immunolabeling of freeze fracture repli-
cas (Kimura et al. 1999).

Although almost all published studies have used freeze
fracture, terminal complexes have been imaged, although
rarely, in sectioned material. Kudlicka etal. (1987) suc-
cessfully imaged the linear terminal complexes of the ma-
rine alga Boergesenia forbesii. Terminal complexes were
identified by their direct association with the ends of cel-
lulose microfibrils in grazing sections of regenerating pro-
toplasts. Once some idea of their dimensions and gross
morphology in these grazing sections were gained, it be-
came possible for terminal complexes to be located in
cross sections of the plasma membrane. The linear termi-
nal complexes were found to extend 30—40 nm into the
cytoplasm. This is one of the few studies to date showing
the cytoplasmic component of the terminal complex. One
earlier study found particles associated with the outer sur-
face of the plasma membrane, which at the time were
thought to play a role in cellulose assembly (Robards
1969).

For these reasons, we sought to image the cytoplasmic
domain of the rosette terminal complex. In order to maxi-
mize the possibility of visualizing the cytoplasmic compo-
nent of the terminal complex, a technique for the isolation
of large areas of the inner surface of the plasma mem-
brane was utilized. The isolation of plasma membrane
sheets by binding cells to poly-L-lysine-coated surfaces
was first reported by Mazia et al. (1975) for the study of
cortical granules in sea urchin eggs, but first applied to
plant cells by Marchant (1978) for the study of cortical
microtubules in the alga Mougeotia sp. Soon after that,
cortical microtubules (Van der Valk et al. 1980) and coated
vesicles (Van der Valk and Fowke 1981) were found on
plasma membrane sheets isolated from tobacco suspension
culture cells.

In 1998, Hirai et al. reported the synthesis of 3-glucans
on plasma membrane sheets isolated from tobacco BY-2
suspension culture cells by repeatedly plunging coverslips
with adherent protoplasts into a hypo-osmotic medium.
However, transmission electron microscopy of plasma
membrane sheets prepared following their mechanical
isolation protocol showed that a significant amount of cy-
toplasmic contamination remained adhered to the plasma
membrane sheets, obscuring much of the inner surface of
the membrane, where the cytoplasmic domain of the ter-

minal complex would be expected to be. Heuser (2000)
advocated the isolation of cell cortices (here called plasma
membrane sheets) from animal cells by sonication with a
high-power, probe-type sonicator. Unfortunately, this
method was found to be excessively destructive to plant
cell membranes. However, it was found that sonication of
substrates with adherent BY-2 protoplasts in a bath-type
sonicator for a controlled amount of time yielded excel-
lent specimens for the observation of the inner surface of
the plasma membrane.

Material and methods

Cell cultures

Nicotiana tabacum Bright Yellow 2 (BY-2) suspension culture cells were
grown in modified Linsmaier-Skoog medium (MLS) containing 3% su-
crose, 370 mg of myo-inositol, 1 mg of thiamine, and 0.2 mg of 24-
dichlorophenoxyacetic acid per ml, pH 5.7. Cultures were kept in the
dark on a gyratory shaker at 60 rpm and 28 °C. Two milliliters of culture
medium containing cells were transferred to 100 ml of fresh MLS
medium in a flask (volume, 500 ml) every 7 days in order to maintain a
high growth rate (Nagata and Kumagai 1999).

Protoplast production and isolation

BY-2 suspension culture cells were digested in a solution containing 1%
(w/v) Onozuka RS cellulase, 0.1% pectolyase, 0.45 M mannitol, and
10 mM morpholineethanesulfonic acid (MES), pH 5.5. This digestion
medium was made up as a 3X stock and diluted with suspension culture
cells in MLS and attached to a rotisserie for 1.5 h at 28 °C. Protoplasts
were gently pelleted in a microfuge at approximately 500 g, and the di-
gestion medium was poured off. The protoplasts were resuspended
in 1 ml of a heavy solution containing 500 mM sucrose, 1 mM CaCl,,
and 5 mM MES-KOH, pH 6.0. This solution was transferred to a glass
centrifuge tube and 1ml of a medium-density solution containing
400 mM sucrose, 100 mM D-sorbitol, I mM CaCl,, and 5 mM MES-
KOH, pH 6.0, was carefully layered on top of the protoplasts. A light
solution consisting of 500 mM D-sorbitol, 1 mM CaCl,, and 5 mM
MES-KOH, pH 6.0, was layered on top of the medium solution, and the
tube was centrifuged for 5 min at 1000 g in a clinical centrifuge. The in-
terface between the top two layers was collected and diluted in addi-
tional light solution and spun again in a microfuge at about 500 g. In
order to increase the chances of visualizing cellulose microfibrils, iso-
lated protoplasts were gently pelleted as above and resuspended in MLS
plus 0.4 M sorbitol and allowed to regenerate for 15-20 min at 28 °C on
a shaker.

Preparation of “sticky” substrates for the production
of membrane sheets

Several different substrates were found to be able to bind protoplasts
tightly enough for the production of plasma membrane sheets. Positively
charged coverslips were prepared by incubating standard glass coverslips
in 50% sulfuric acid plus 5% sodium dichromate for one week to several
months. Coverslips were also coated with poly-L-lysine (PLL) by plac-
ing a drop of 0.1% PLL onto the surface of a clean glass coverslip for
1-2 min. The PLL was washed off in running deionized water and air-
dried. Other glass coverslips were silanized by incubating clean cover-
slips in a 2% solution of 3-aminopropyl triethoxysilane (APTES) in dry
acetone (stored over molecular sieve) for 30 min at room temperature.
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Coverslips were rinsed in running deionized water and air-dried. Freshly
cleaved mica was also coated with PLL and APTES as described above
for glass.

Preparation of membrane sheets

Plasma membrane sheets were prepared by a technique modified from
those of Heuser (2000) and Hirai et al. (1998). Aliquots of regenerating
protoplasts were placed onto “sticky™ substrates for 1-2 min. A beaker
containing “lysis solution” (50 mM piperazine-N,N'-bis(2-ethanesul-
fonic acid), pH 7.0; 2 mM MgCl,; 5 mM EGTA) was placed into a bath-
type sonicator and the sonicator was switched on. The plasma membrane
sheets were generated by plunging substrates (coverslips or mica
squares) with bound protoplasts into the beaker of lysis solution in the
sonicator. The coverslip was vigorously moved up and down in the lysis
solution, with the sonicator running, for 10-20 s and then plunged im-
mediately into a fixative solution of 4% formaldehyde, 1% glutaralde-
hyde, 50 mM cacodylate (pH about 7.4), and 2.5 mM CaCl,. Membrane
sheets were fixed for 30 min to 1 h at room temperature. Some plasma
membrane sheets were postfixed in 1% OsOj (in distilled deionized wa-
ter) for 1 h at room temperature. Some samples were dehydrated after
osmication, and some were tertiary fixed in 1% uranyl acetate (in dis-
tilled deionized water) for 1 h at room temperature. After all fixative
steps, the specimens were rinsed several times with distilled deionized
water. Specimens were dehydrated in a graded series of ethanol (70%,
95%. and absolute for 5 min each) followed by hexamethyldisilazane
(HMDS) for 5 min and then air-dried.

Replication of membrane sheets

Substrates with attached membrane sheets were rotary shadowed in an
Edwards E306A high-vacuum evaporator. Four centimeters of 0.1 mm di-
ameter platinum wire was resistance-evaporated from a graphite electrode
located 8-10 cm above the specimen. Specimens were rotated at full
speed (about 5 revolutions per second) and 75° tilt (15° from vertical).
Platinum was evaporated below 2 X 1073 Torr (ca. 3 X 1077 Pa) with the
rough pump off to minimize vibrations. Specimens were backed with car-
bon at about 10° from horizontal, at full speed rotation, for 8-10s.

Replicas were floated off of the glass by immersing in full strength
(47%) hydrofluoric acid. Replicas were collected from the surface of the
hydrofluoric acid with a glass rod and floated onto glass-distilled water.
Specimens were rinsed on glass-distilled water 3 times and then cleaned
with sulfochromic acid (5% sodium dichromate in 50% sulfuric acid) for
10-60 min. Specimens were then rinsed on three changes of glass-dis-
tilled water and collected on Formvar-covered, 75-mesh copper grids
and examined in a Philips EM420 transmission electron microscope
(TEM) at 100 kV. Digital images were captured with a Gatan Bioscan
camera.

Creation of 3-dimensional anaglyphs
) 48

The goniometer stage of the TEM was tilted +5° and —5° (10° total)
and two images were captured. The two images were pasted into differ-
ent layers using the GNU Image Manipulation Program (the GIMP)
v 2.2, the opacity of the overlaying images was decreased, and particles
from the background were carefully matched. The images were then
cropped to be exactly the same size (areas where the two images did not
overlap were cut off). The images were converted from grayscale to
RGB. The blue and green channels were deleted from the left image (to
generate a red image) and the red channel was deleted from the right im-
age (to generate a blue-green image). Thus, when wearing red-blue 3-D
glasses, each eye sees only one of the two images, which, because the
images were taken at different tilt angles, the human brain interprets as
3-D information.

Results
Ultrastructure of plasma membrane sheets
prepared by sonication

When protoplasts are attached to a polylysine-coated cov-
erslip and then sonicated, patches of plasma membrane

Fig. 1A, B. Ultrastructure of cell cortices prepared by sonication. A
Plasma membrane sheet at low magnification. Note the presence of par-
allel microtubules (arrowheads) and an extensive cortical endoplasmic
reticulum network (asterisks). Bar: 2 um. B At higher magnification,
clathrin-coated vesicles (arrowheads) can just be discerned budding off
the membrane and cross-links can be seen between the microtubules of a
bundle. Here again, a network of endoplasmic reticulum can be seen just
interior to the cortical microtubules. Bar: 1 pm
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remain attached, cytoplasmic side up. What remains at-
tached to the sticky substrate after sonication is less than a
cell ghost, which retains much of the cytoplasmic compo-
nents of the cell, and so the term “plasma membrane
sheet” is used in this manuscript. Plasma membrane
sheets isolated from regenerating BY-2 protoplasts fre-
quently display a large number of parallel, bundled corti-
cal microfibrils (Fig. 1A, B). These plasma membrane
sheets also have what appears to be an extended system of
membrane-bound, cortical rough endoplasmic reticulum
(RER) which passes over (toward the interior of the cell)
the plasma membrane-bound microtubules. The cortical
RER system appears to be organized into a network of
hubs connected by elongated bridges. While all or most of
the bundles of cortical microtubules attached to a given
plasma membrane sheet appear to be co-aligned, the corti-
cal RER system does not appear to be oriented in one spe-
cific direction. Clathrin-coated pits and vesicles can just
be discerned in Fig. | B. Furthermore, at this magnifica-
tion, the surface of the plasma membrane itself can be
seen to have aggregated into a reticulated network.

At higher magnification (Fig. 2), cellulose microfibrils
can be visualized under the plasma membrane due to the
extensive network of holes present in the membrane. An
anaglyph of these microfibrils running behind the plasma
membrane is shown in Fig. 4 C. Also, in Fig. 2C, patches
of clathrin can be seen associated with the plasma mem-
brane.

In order to determine if extraction of membrane lipids
was responsible for the reticulated appearance of plasma
membrane sheets, some aldehyde-fixed plasma membrane
sheets were postfixed with osmium tetroxide and uranyl
acetate. Following this additional fixation regimen, the
plasma membrane surface displays none of the reticulate
structure common to aldehyde-fixed plasma membrane
sheets (Fig. 3). Instead of being totally smooth, a large
number of small bumps can be seen to cover a large per-
centage of the plasma membrane surface. These particles
could represent trans-membrane or membrane-associated
proteins that protrude through the bimolecular leaflet.
Some folds can also be seen in these sheets, possibly oc-
curring when the (nearly) spherical protoplast binds to the
flat glass surface (Fig.3A). The structure of clathrin-

Fig. 2A-C. Cellulose microfibrils are visible underneath extracted plasma
membrane sheets attached to polylysine-coated substrates. The partial ex-
traction of membrane lipids that occurs during specimen dehydration in
ethanol allows the imaging of cellulose microfibrils (arrows) through holes
in the plasma membrane sheets. Bar: A, 0.5 pm; B and C, 0.2 pm
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Fig. 3A, B. Effect of lipid fixatives on membrane sheet ultrastructure. A
Membrane sheet fixed in aldehyde, osmium tetroxide, and uranyl ac-
etate. The surface of the membrane looks totally intact. The presence of
granular particles bound to the membrane can be seen. The structure of
the clathrin-coated vesicles can be seen to be superior to that seen in
membrane sheets fixed with aldehyde only (e.g., Fig. 2). Cellulose mi-
crofibrils, however, cannot be seen under these membrane sheets. B Cel-
lulose microfibrils can be seen in a hole torn through the plasma
membrane sheet, demonstrating that cellulose microfibrils are indeed
present under the membrane sheet even though they cannot be detected.
Bars: 0.2 pm

coated pits and vesicles is markedly improved from alde-
hyde-only fixed specimens. This is most likely due to the
increased preservation of the membrane lipids on which
they self-assemble.

One consequence of this improved preservation of the
plasma membrane ultrastructure is the greatly reduced
ability to detect the presence of cellulose microfibrils un-
der the plasma membrane sheets. Their presence can be
confirmed both around the periphery of the cell as well as
through “windows™ that are occasionally seen torn
through the plasma membranes (Fig. 3B). Where the cel-
lulose microfibrils pass under the plasma membrane sheet,
there is no corresponding visible sign of a clear impres-
sion on the interior surface of the sheet.

Three-dimensional analysis of plasma membrane
sheet ultrastructure

In order to better understand the three-dimensional nature
of the membrane sheets, anaglyphs were made by tilting
the goniometer stage of the TEM +5° and —5° (10° total).
These images must be viewed with red-blue (or red—cyan)
glasses, with the red lens over the left eye. In Fig. 4A, a
bundle of plasma membrane-bound cortical microtubules
can be seen along with several membrane-bound clathrin-
coated vesicles. On the left, a piece of cortical RER can
be seen lying on top of a microtubule and spreading over
an area of the plasma membrane. The surface of the
plasma membrane appears pebbled. In some places, many
clathrin-coated vesicles appear to bud off from a small re-
gion (Fig. 4C). Occasionally, as the cell body tears away,
the cellulose microfibrils which were wrapped around the
cell tear through the delicate plasma membrane (Fig. 4C,
lower right).

Many highly oriented plasma membrane-bound micro-
tubules exist in the cell cortex of BY-2 protoplasts and re-
main bound to the plasma membrane after membrane
sheet isolation. Just interior to this plasma membrane-
bound microtubule system is a large network of RER
(Fig. 4 A, B, D). The specimen shown in Fig. 4D was
postfixed with osmium tetroxide and uranyl acetate (the
same as for the sheets shown in Fig. 3). For this reason,
the structure of the plasma membrane surface as well as
the clathrin-coated vesicles is markedly different from
that in other images in Fig. 4. Although the cortical RER
is directly adjacent to the cortical microtubules, they ap-
pear to be unconnected.

Evidence to support the presence of a cytoplasmic
domain associated with rosette cellulose-synthesizing
complexes of tobacco BY-2 cells

The cellulose microfibrils present under extracted plasma
membrane sheets could sometimes be tracked back to
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Fig. 4 A-D. Three-dimensional analysis of BY-2 membrane sheets. A Relatively low-magnification image showing a bundle of five plasma mem-
brane-bound cortical microtubules. Clathrin-coated vesicles can be seen bound to the membrane surface. Cross-links can be seen between the mem-
bers of the microtubule bundle. B Many highly oriented, plasma membrane-bound cortical microtubules are visible here. Just above the plasma
membrane-bound microtubules is a network of RER. These structures can be easily distinguished by the large number of ribosomes bound all over
their exterior. C A row of clathrin-coated vesicles appears ready to bud off the membrane in this image of the edge of a membrane sheet. A cellulose
microfibril can be seen on the lower right side of the image. It has torn through the soft sheet. D As in Fig. 3, this plasma membrane sheet has been
postfixed with osmium tetroxide and uranyl acetate, greatly enhancing the preservation of the membrane itself as well as clathrin-coated structures.
Plasma membrane-bound microtubules can be seen passing under the cortical RER network. Several clathrin-coated pits and vesicles are apparent at-
tached to the membrane surface between the microtubule systems. Bars: A and B, 0.5 pm; C and D, 0.2 pum

their ends. Globular particles were found associated with
these ends. Some of these particles display a marked
hexagonal geometry (Fig. 5 A-D).

Markham rotational analysis (Markham etal. 1963)
was performed on several putative hexagonal terminal
complexes to confirm the presence of a hexagonal shape
(Fig. 6). Each terminal complex image was copied, ro-
tated 60°, and added to the previous image. The reinforce-
ment of the hexagonal shape by adding images rotated by
60° confirms that these particles are indeed truly hexago-
nal in shape. When the images were rotated at other an-

gles besides 60°, the final shape averaged into a circle
(data not shown).

Hexagonal particles were also seen that were not con-
nected to cellulose microfibrils (Fig. 7). These particles
have the same size and shape as the hexagonal particles
seen attached to cellulose microfibril termini (Fig. 8). Due
to the fact that these plasma membrane sheets were iso-
lated from actively regenerating protoplasts, it is likely
that these hexagonal particles are newly inserted terminal
complexes that have not yet initiated cellulose microfibril
assembly. Another possible interpretation is that these par-
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Fig. 6 A-D. Markham rotational analysis of two significantly hexagonal
C and
s of A and B. Images were rotated in 60°

terminal complexes. A and B Two hexagonal terminal complexes.

D Markham rotational anal

increments and added back to the original image. Rotation of images by

anything other than 60° causes averaging out of the hexagonal shape into
pe (data not shown). Bar: 100 nm

Fig. 5 A-D. Hexagonal structures can be
seen attached direct the ends of cellu-
lose microfibrils. The cytoplasmic domains
of rosette terminal complexes (circled) can

tion with the
termini of cellulose microfibrils (arrows).

Bar: A, 200 nm; B and C, 100 nm; 0, 0.2 pm

Fig. 7 A-D. Hexagonal particles not associated with cellulose microfib-
rils. A—C Hexagonal particles found on the inner surface of the plasma
membrane without apparent association with cellulose microfibril ter-
mini. D Hexagonal particle not as ated with a microfibril terminus, but
in close proximity to a bundle of microtubules. The height of the hexago-
nal cytoplasmic domain can be estimated to be 35 nm on the basis of a
ison with these juxtaposed cortical microtubules. Bars: 200 nm
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ticles are the result of the cellulose microfibrils becoming
disassociated from the terminal complexes, perhaps dur-
ing the process of adhering the protoplasts to the sub-
strate. One hundred and fourteen measurements made
over 38 unique hexagonal particles with and without asso-
ciated microfibrils yielded an average diameter (point-to-
point) of 54.7 = 6.4 nm.

20 m Not associated with MF
18 0 Associated with MF
16 +

14 1—
12 1

Number of particles
S

2 SENENNEUCPESES: [ Iy 1R R Rt g,__l—
fhé ||

0 BRI S

36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74

Diameter in nm

Fig. 8. Size distribution of hexagonal terminal complexes. A high de-
gree of correlation exists between the diameters of hexagonal particles
associated with cellulose microfibril termini and hexagonal particles not
associated with cellulose microfibril termini

In Fig. 7D, a hexagonal particle approximately 50 nm
in diameter can be seen adjacent to a bundle of micro-
tubules. The microtubules in this image have a range of
diameters between 26 and 28 nm. Despite this variation,
their average diameter is in accordance with the known
diameter of microtubules obtained through X-ray and
electron crystallography (Nogales etal. 1999, Amos
2000). The microtubules in this image, being isolated
from a living cell, almost certainly have many types of
microtubule-associated proteins bound to them, thus in-
creasing their apparent diameters and resulting in the ob-
served irregularity in their diameters. Since microtubules
are circular in cross section, the height of these micro-
tubules is probably very similar to their width (26-28 nm).
The hexagonal particle shown in Fig. 7D appears slightly
taller than the neighboring microtubule, i.e., approximately
30-35 nm tall.

Occasionally, cellulose microfibrils terminate in non-
hexagonal structures (Fig. 9), which are frequently com-
posed of many small objects (Fig. 9C, D). These non-
hexagonal structures have been tentatively identified as
terminal complexes in the process of being inactivated
and broken down, possibly by proteolytic mechanisms

Fig. 9 A-D. Nonhexagonal particles associ-
ated with the ends of cellulose microfibrils.
A Cellulose microfibril that appears to end
with no conspicuous particle associated with
it. B Cellulose microfibril ends with a large,
amorphous structure. C and D Three differ-
ent cellulose microfibril termini, each with a
varying number of small, roughly spherical
particles in the immediate vicinity Bar: A
and B, 0.2 pm; C and D, 100 nm
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(Nakashima et al. 2003). Therefore, these small substruc-
tures may in fact be the individual cellulose synthase sub-
units that compose the terminal complex and/or accessory
proteins associated with the terminal complex at the time
of its inactivation.

Discussion

The cytoplasmic domain of the terminal complex

In order to visualize the cytoplasmic region of the rosette
terminal complex, large regions of plasma membrane with
the cytoplasmic face exposed were isolated. These patches
of plasma membrane were cleaned of adhering cytoplas-
mic material by a brief sonication. In order to ensure the
best preservation of cellular ultrastructure, the plasma
membrane sheets went from intact protoplasts, through ly-
sis and sonication, and into fixative in less than 10 s. The
isolation of large regions of plasma membrane free of any
covering layer of cytoplasmic proteins has made possible
the visualization of the cytoplasmic domain of the vascu-
lar-plant cellulose-synthesizing rosette terminal complex.
Terminal complexes were positively identified by their lo-
cation at the end of a cellulose microfibril. The relatively
small standard deviation in the measured size of hexago-
nal terminal complexes seems to indicate that these are in
fact intact and complete terminal complexes and not an
intermediate stage in terminal complex maturation.

In terms of absolute dimensions, it should be noted that
an enlargement of the apparent diameters of terminal com-
plexes is due to the presence of the metal coating itself as
well as the accretion of a metal “cap” during shadowing:
On the basis of the mass of platinum evaporated, the angle
of the specimen, and the distance to the specimen, the
thickness of the platinum-carbon film has been calculated
to be 2.5 nm (Bradley 1965, Willison and Rowe 1980).
Furthermore, the accretion of a metal cap by particulate
specimens shadowed at high angles is usually less than
5 nm (Willison and Rowe 1980). This is in agreement with
the observed amount of broadening of microtubule diame-
ters, from which the thickness of the shadowing film has
been independently estimated to be 2-2.5 nm. Therefore,
approximately 4-5nm (the thickness of the film) and
1-5nm (from the “cap” material) should be subtracted
from the values measured on the replica to estimate the
“true” size of the terminal complex. The expected diame-
ter of the cytoplasmic domain of the terminal complex,
therefore, is approximately 45-50 nm (point to point). This
is roughly twice the 25 nm diameter reported for rosette
terminal complexes seen by freeze fracture.

Estimation of the height of shadowed structures can be
done in several ways. The estimation of the height of par-
ticles by measuring the shadow length in unidirectionally
shadowed samples is only possible on very flat surfaces
(e.g., purified molecules on mica or glass). Due to the fact
that the surface of the plasma membrane is so uneven fol-
lowing the ethanol extraction, unidirectional shadowing
for the estimation of particle height is of limited value. It
is also theoretically possible to measure the height of
shadowed particles by measuring the height of the parti-
cles at high tilt angles. Here again, the unevenness of the
partially extracted plasma membrane makes this measure-
ment unreliable. Furthermore, the height of the particles
in these images will be smaller than their true height due
to the flattening effect of drying biological specimens for
metal shadowing. Despite these facts, some idea of the
height of the rosette terminal complexes has been ob-
tained through comparison of the apparent height of the
cytoplasmic component of the terminal complexes with
other structures present on the plasma membrane sheet of
known size, such as microtubules, ribosomes, and the cel-
lulose microfibrils themselves.

Other methods to aid in the identification
of rosette terminal complexes

Besides their association with the ends of cellulose mi-
crofibrils, the identification of terminal complexes was at-
tempted by other complementary techniques. The PATAg
method of Roland and Vian (1991) was used to deposit
silver particles along the cellulose microfibrils, thus iden-
tifying them as cellulose as well as facilitating the track-
ing of the microfibrils to their termini. Unfortunately, this
method did not work on our specimens. Plasma mem-
brane sheets are generated with the cellulose microfibrils
trapped between the membrane and the glass. PATAg
reagents applied from the cytoplasmic sheets do not have
access to the cellulose microfibrils (the holes are formed
during dehydration and extraction with ethanol). After the
coverslips had been dissolved, the replicas were floated in
the PATAg reagents, but the cellulose microfibrils may
have been degraded or altered by their immersion in hy-
drofluoric acid. Cellulase—colloidal gold conjugates were
also used in an attempt to identify the cellulose microfi-
brils. This did not work either. It is likely that residual cel-
lulase in the cellulase-gold solution very rapidly degrades
the (approximately) 36-glucan chain, single-terminal
complex-product microfibrils present in these specimens.
We also attempted to localize the terminal complexes with
anti-CesA antibodies, similar to the work of Kimura et al.
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(1999). We found that the blocking agents required for
background-free localization of CesA antigens with this
antibody totally obscured the nanometer-scale features of
the plasma membrane surface, such as the 2—4 nm cellu-
lose microfibrils and the hexagonal shape of the rosette
terminal complexes.

Recently, Paredez et al. (2006) have shown that treat-
ment of cells with 2,6-dichlorobenzonitrile (DCB) causes
a buildup of fluorescently tagged CesA-containing struc-
tures on the plasma membrane. Perhaps this technique
could be used with BY-2 protoplasts to increase the num-
ber of terminal complexes available for analysis on a
given plasma membrane sheet. An increase in the number
of terminal complexes following treatment with DCB
would provide further evidence that these structures are
the same CesA-containing structures visualized by Pare-
dez et al. However, when BY-2 protoplasts were treated
with DCB, they were found to synthesize an amorphous,
nonfibrillar product (data not shown). For this reason,
and because the exact effect of DCB on the structure of
the cytoplasmic domain of the terminal complex is cur-
rently unknown, these experiments were not pursued fur-
ther until a method of labeling the terminal complex
besides being attached to a microfibril is discovered. Fur-
thermore, protoplasts could be treated with isoxaben,
which would cause the disappearance of hexagonal ter-
minal complexes from the plasma membrane. Unfortu-
nately, the occurrence of visible terminal complexes is
already so rare that their disappearance may be uncon-
vincing.

Comparison of cytoplasmic domains with terminal
complexes observed by freeze fracture and sectioning

Rosette terminal complexes from vascular plants are
known to be composed of six subunits. These rosettes are
integral membrane proteins. Furthermore, the size and
shape of the rosette terminal complexes seen in vascular
plants by freeze fracture is constant (Brown 1996).
Freeze-fracture micrographs show the presence of rosette
structures on the P fracture face. Since the P fracture face
is the cytoplasmic leaflet of the plasma membrane bilayer,
there are no cellulose microfibrils present. The rosette ter-
minal complexes are therefore identified by their associa-
tion with “microfibril impressions’ (Brown and Monte-
zinos 1976, Mueller and Brown 1980). The hexagonally
shaped terminal complexes seen in this study are directly
connected to cellulose microfibrils. This mirrors what
has long been observed indirectly on freeze-fracture mi-
crographs.

The isolation of plasma membrane sheets allows the
observation of very large areas of what would be referred
to as the PS face in freeze fracture terminology (Branton
etal. 1975). Observation of this face in specimens pre-
pared by freeze fracture is very rare. Thus, for the obser-
vation of the cytoplasmic domain of transmembrane
protein complexes, the current plasma membrane sheet
technique is much preferred and more useful.

Terminal complexes have only rarely been seen in sec-
tioned material. One reason for this is probably that the
rosette terminal complex is only a fraction of the size of
the extremely large linear terminal complexes found in
B. forbesii (Kudlicka et al. 1987). Also, in cross section,
rosette terminal complexes would not have the distinctive
hexagonal shape seen in the en face view seen in this
study, nor would they be able to be correlated with the
ends of microfibrils. However, now that the cytoplasmic
domain of the rosette terminal complex has been shown to
have a distinct hexagonal shape, perhaps terminal com-
plexes can be identified in grazing sections. This might be
an excellent use for the new GFP-CesA model system re-
cently created by Paredez etal. (2006). Also, because
blocking reagents do not occlude ultrastructure in plastic
sections, perhaps immunolabeling of CesA in grazing sec-
tions would be possible.

The linear terminal complexes of B. forbesii have
been measured to extend 35 nm from the exoplasmic
face to the endoplasmic face (Kudlicka et al. 1987). Fur-
thermore, these terminal complexes were reported to ex-
tend into the plasma membrane somewhat deeper than
the neighboring cortical microtubules. In the present
study, the terminal complexes also appear to be taller
(i.e., extend deeper into the cytoplasm) than the adja-
cent microtubules (e.g., Fig. 7D). Pristine, in vitro poly-
merized microtubules to be 24nm in
diameter by X-ray crystallography; however, the micro-
tubules imaged in the current study are somewhat larger
than this due to the presence of the various microtubule-
associated proteins which are present in living cells.
Therefore, the height of the cytoplasmic domain of the
rosette terminal complex in tobacco BY-2 cells is proba-
bly very similar to the 35 nm height of the linear termi-
nal complexes seen in B. forbesii by Kudlicka et al.
(1987). It is possible, however, that the cortical micro-
tubules may have settled onto the surface of the cover-
slip upon extraction of the plasma membrane lipids,
while the terminal complexes, which extend through the
plasma membrane and therefore would not settle as the
membrane is removed, did not. This would add 4-5 nm
(the thickness of the plasma membrane) onto the appar-

are known
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ent height of the terminal complexes, such that their
true height may be closer to 30 nm. The actual height of
the terminal complexes is therefore likely to be between
30 and 35nm from the inner surface of the plasma
membrane.

Nonhexagonal terminal complexes

The cytoplasmic regions of some terminal complexes do
not have any apparent hexagonal symmetry and are
highly variable in structure (Fig.9). Perhaps the most
likely explanation of this nonhexagonal morphology is
that these terminal complexes are in the process of being
broken down and/or inactivated. The particles composing
these terminal complexes could be proteolytically
cleaved portions of the terminal complex (Nakashima
etal. 2003). These disrupted, partially degraded terminal
complexes may aggregate but retain some members still
bound to the microfibril tip. Terminal complexes have
been reported to have a very short half-life (Rudolph
etal. 1989). In fact, in the moss Funaria hygrometrica,
large percentages (20%) of rosette terminal complexes
were observed to be in a nonrosette conformation (Reiss
et al. 1984). The authors’ conclusion was that these termi-
nal complexes may represent disintegrating or aggregat-
ing terminal complexes. Furthermore, that study used
quick-freeze followed by freeze fracture, where the spec-
imen disturbance during preparation would be minimal.
Thus it seems likely that the nonhexagonal images shown
in the current study are not an artifact of the specimen
preparation technique, although this cannot be com-
pletely ruled out.

Alternatively, this variable morphology may be indica-
tive of the presence of various adapter proteins associated
with the cytoplasmic face of the terminal complexes
(Delmer 1999, Somerville etal. 2004). These adapter
proteins may attach to the cytoplasmic face of the termi-
nal complex and modify its behavior. One example of a
protein that might be associated with the cytoplasmic do-
main of the terminal complex is sucrose synthase (Amor
etal. 1995, Salnikov etal. 2001). The sonication may in
some cases remove noncovalently bound proteins, thus
exposing the hexagonal shape of the underlying cellu-
lose-synthetic apparatus, while in other cases, the nonco-
valently bound proteins may remain attached to the
terminal complex, obscuring the hexagonal shape. It
should also be mentioned that it is possible that these are
an artifact of the rather violent specimen generation
process or they may be some type of unrelated cellular
debris.

Effect of secondary and tertiary fixations on plasma
membrane sheet ultrastructure and cellulose synthases

Both osmium tetroxide and uranyl acetate are well known
lipid fixatives (Glauert and Lewis 1998). The inclusion of
both of these lipid-specific fixatives greatly enhances the
preservation of the plasma membrane; therefore, the in-
creased preservation of the ultrastructure of the clathrin-
coated vesicles is not surprising. In fact, the surface of the
plasma membrane of the specimens shown in Fig.3 is
very similar to what has been seen in animal cells
(Aggeler and Werb 1982, Heuser 2000) and plant cells
(Grout 1975, Willison and Cocking 1975, Williamson
etal. 1977) using the quick-freeze—deep-etch technique.
However, for the current study, the increased preservation
of the plasma membrane is a disadvantage because it pre-
cludes any direct correlation between cytoplasmic and ex-
tracellular structures. Only when the plasma membrane is
partially extracted can cellulose microfibrils be discerned
beneath the plasma membrane sheet.

Can microtubules guide terminal complexes
(or vice versa)?

The cytoplasmic domain of terminal complexes can be
seen to protrude from the inner surface of the plasma
membrane farther than neighboring cortical microtubules.
Furthermore, a tight association between cortical micro-
tubules and the plasma membrane can be inferred from
the fact that these structures remain attached to the plasma
membrane after sonication, which should remove all
loosely bound cellular material. Thus, it seems reasonable
to conclude that these microtubules and terminal com-
plexes have the ability to interact with and orient each
other.

One recent report has shown that fluorescently labeled
terminal complexes follow microtubule tracks along the
inner surface of the plasma membrane in intact plant cells
(Paredez et al. 2006). Due to the high degree of spatial
and temporal association between terminal complexes and
cortical microtubules, especially so-called discordant and
curved microtubules, the authors concluded that the cyto-
plasmic domain of terminal complexes associates directly
with microtubules. While some evidence of parallel corti-
cal microtubules and extracellular cellulose microfibrils
was observed on plasma membrane sheets (data not
shown), arrays of terminal complexes tracking along mi-
crotubules were not observed. Although the current data
seem to support the theory that terminal complexes are
bracketed between microtubule guide-rails (Giddings and
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Staehelin 1991), and not continuously bound to them,
there are several reasons why this conclusion cannot be
made from the data presented herein.

Possible implications of the hexagonal morphology
and the relatively large observed size of the cytoplasmic
domain of the terminal complex

An analysis of proteins of different cross-sectional areas
has revealed that a linear relationship exists between the
number of trans-membrane alpha-helices of a protein and
the size of the cross-sectional area on freeze-fracture
replicas (Eskandari et al. 1998). The area contributed by
an individual alpha-helical transmembrane domain is
1.40 nm? (Eskandari et al. 1998). The diameter of the sub-
units of the rosette terminal complex determined by UHV
freeze fracture is 8 nm (Reiss et al. 1984, Rudolph and
Schnepf 1988, Rudolph et al. 1989). The area of an 8 nm
circle is 50.3nm? The area of 36 alpha helices is
50.4 nm’. Therefore, the presence of as many as 36 trans-
membrane alpha-helices is theoretically possible in this
area. Six transmembrane helices are predicted at the
COOH terminus of CesA proteins and two are predicted
at the N terminus (Pear etal. 1996, Arioli etal. 1998,
Doblin et al. 2002). If each CesA molecule has 8 trans-
membrane regions, then perhaps each subunit of the
rosette contains 4 CesA proteins (32 transmembrane re-
gions, or 44.8 nm?), with the “extra” area due to the pres-
ence of a central pore for cellulose mini-sheets to move
through to the outside of the cell. The observed size of the
cytoplasmic region of the terminal complex is consistent
with the presence of this number of CesA proteins. Fur-
thermore, the relatively large size of the cytoplasmic do-
main of the terminal complex strongly suggests that other
proteins besides just CesAs are associated with the termi-
nal complex in vivo.

Conclusions

The cell ghost—cortex isolation technique has been refined
specifically for imaging the cytoplasmic domains of trans-
membrane proteins and correlating these structures with
extracellular landmarks. This involves both the stripping
of cytoplasmic proteins by sonication and the partial ex-
traction of membrane lipids by the omission of lipid fixa-
tives coupled with dehydration in ethanol. This technique
was used to visualize the cytoplasmic domain of rosette
terminal complexes in plasma membrane sheets isolated
from tobacco BY-2 cells. Rosette terminal complexes
were identified on the basis of their association with the

termini of cellulose microfibrils. Although a cytoplasmic
component has been predicted by the sequence of the
CesA protein, this is the first direct evidence supporting
the hypothesis that rosette terminal complexes have a sub-
stantial cytoplasmic domain. The cytoplasmic domain of
the rosette terminal complex was shown to be hexagonal
in shape, mirroring the shape of the transmembrane region
seen by freeze fracture. The size of the hexagonal terminal
complex was shown to be 45-50 nm in diameter and the
height of the hexagonal particles was estimated to be ap-
proximately 30-35 nm. The relatively large size of the cyto-
plasmic component of the terminal complex is compatible
with the existence of multiple types of terminal complex-
associated proteins. Images of terminal complexes com-
posed of multiple subunits were also seen and are thought
to be terminal complexes in the process of inactivation, on
the basis of previous sightings of analogous structures in
freeze-fracture specimens.
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