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Note

Triple-stranded, left-hand-twisted cellulose microfibril*
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Because the crystal structure cellulose I is, from X-ray work, modeled as
parallel chains of (1-»4)-8-D-glucan organized in parallel, off-set planes'—3, it is
generally assumed that the units of cellulose synthesis can fasciate laterally along
crystallographic lattice planes, forming microfibrils of a range of thicknesses and
crystallite sizes. The width of the cellulose crystallites has been estimated from the
equatorial X-ray fiber diffraction line broadening*>, which gives crystallite widths
of 65-75 A in Acetobacter xylinum>5, and larger crystallites in other organisms*57
(100-200 A). These sizes have been generally assumed to be the microfibril width.

Submicrofibrils of 1020 A, or microfibrils of 35 A, or both, have been seen
by transmission electron microscopy (TEM) in ramie®?, jute®, cotton®, A.
xylinum510-14_ auincel, wood?, and rose!’. Although this evidence should be signi-
ficant, the concept of lateral fasciation has been invoked to explain how negative
staining or prior treatment, or both, or sonication of larger crystallites, has sep-
arated them into smaller fibrils®> 1418,

We shall show by high-resolution Pt-C replication, a method which has re-
solved!%2 the helix features of DNA, that there are, within the 36.8-A microfibril,
three 17.8-A submicrofibrils that are twisted in left-handed fashion around its axis.
Because the surfaces of the longitudinal axis of the microfibril are not single lattice
planes as previously modeled, the concept of lateral fasciation along corresponding
crystallographic planes (fusing to form thicker microfibrils) is no longer feasible.

EXPERIMENTAL

The tobacco lower epidermal peels were prepared from a Coker 319 leaf
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(No. 13 on stalk). These peels were immersed in 1:3 ethanol-water blotted to re-
move the excess solution and then frozen on 1.25-cm mica discs by rapid immersion
in liquid propane (—190°). This sample was freeze-dried for 3 h at —70°, and then
replicated with 15.9 A Pt-C (45° angle) at —178° in vacuo (6.67 uPa) and backed
with 139 A of carbon, (Wiltek Industries modified Balzer’s 301 with cryopump and
rebuilt cold stage?!).

The A. xylinum was grown on 40mMm D-glucose and 5M phosphate (pH 7, 20°)
until it formed a white, flocculent surface cap on the solution. Samples prepared in
this way were then grown consecutively on 25uM Tinopal for 1 h, on 0.25mMm
Tinopal for 1.5 h, on 25uM Tinopal for 1 h, and then on 40mM D-glucose and 0.5M
phosphate (pH 7, 20°) for 1 h. Each cohesive mass of cellulose with cells growing
at its periphery was sequentially rinsed in 5 separate dishes of water followed by
sequential rinsing in 5 separate dishes of 1:3 ethanol-water. Each sample was
placed on a 1.25-cm Whatman 50 filter paper disc, blotted, and frozen in liquid
propane. A. xylinum, grown normally was freeze-dried for 1.5 h at —78° then
replicated with 17.3 A Pt—C (at —178°), and backed with 90.2 A carbon. The
Tinopal-treated sample was freeze-dried for 2.8 h at —~70°, replicated with 16.4 A
Pt-C (at —178°), and backed with 156 A of carbon. The A. xylinium treated with
boiling trifluoroacetic acid was frozen in 1:3 ethanol-water, freeze-dried for 2 h at
~70°, replicated with 15.2 A Pt-C, and backed with 173 A of carbon. All of the
samples were digested in 80% sulfuric acid. The replicas were rinsed in de-ionized
water and then picked up with carbon-coated, 300-mesh grids from underneath and
examined on a JEM 100CX instrument as described previously?. Indirectly evapo-
rated carbon films?2 of ~80 A thickness, suspended on 300-mesh grids, were used
to support A xylinum cellulose that had been treated with boiling trifluoroacetic
acid to remove hemicellulose. This sample was negatively stained with 2% uranyl
acetate at pH 3.8.

To contrast-enhance undirectional 15-18 A thick Pt-C-coated cellulose
specimens backed with 100-173-A thick carbon films, micrographs were contrast-
reversed on Kodak 7302 fine-grain, positive film?2. In addition to increasing the
contrast of 10-20-A features, the Pt—C-coated surfaces are now white, and the
molecular details are modulated on this background in blacks and shades of grey
for easy structural interpretation!%:202-25, By shooting a tilt series at 10° intervals
at 10° X on a JEM 100CX at 80 kV with a 5-mm focal length and a 40 um objective
aperture, a 6.6-A resolution and a 2710 A depth of field are achieved in the picture
series?2. The tilt series is generally viewed stereoscopically, and then a single
image representing the 3-D structure is shown, in order to estimate the real size of
a filament underneath its Pt—-C coating (unidirectional at a 45° angle), the
longitudinal axis of a filament has to be within 10° of the general shadow-direction
on the replica surface, so that both sides of the filament are Pt-C coated. The
filament should be roughly at a 45° angle with the Pt—C source (checked by stereo-
viewing), although filaments Pt—-C-coated at approximately a 90° angle were only 1
A smaller®. A series of fiber-width measurements that are made at image magnifi-
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cations of 2-5 million, and that usually number less than 100, are averaged, and the
Pt-C film thickness, measured on the quartz-crystal monitor, is subtracted from the
average width, to give an estimate of the real filament diameter?. It has recently
been found?-25 that this width-correction method should be reduced by 1.5 A.

Spacings along a Pt—C-coated microfibril or submicrofibril, in contrast, should be
directly related to uncoated fibril spacings.

Fig 1. (a) Bundled array of cellulose microfibrils in lower epidermal cell-wall (facing mesophyll cells)
of Coker 319 tobacco leaves Epidermal peel was freeze-dned, Pt-C rephcated (15.9 A thick), and
carbon-film backed. (b) Cellulose microfibnl 15 seen connecting two bundied arrays of microfibnis
(simalar to those in Fig. 1(a)). This Pt-C-coated mucrofibril averages 51 A 1 width, shows left-handed
surface striations, and splits mnto three smaller submicrofibrils labeled 1, 2, and 3. (¢) Tobacco primary
cell-wall, Pt-C-coated microfibril averaging 50 A shows left-handed surface striations at ~33 A intervals.
(d) Three 17-18 A submucrofibnls 1n adjacent ndges wrap (see arrows) 1n a nonpenodic, left-handed
fashion around the microfibril axis-bar, 100 A (e) Optical diffraction pattern of Fig 1(d); there are no
left-handed, helical spacings. There are submicrofibnl-surface spacings of 71 +4 A and 36 2 A n the
direction of their wrapping
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RESULTS AND DISCUSSION

In Fig. 1{3), a freeze-dried, Pt—-C-replicated, bundled array of parailel micro-
fibrils is shown in the lower epidermal cell~wall of a Coker 319 tobacco leaf. In Fig.
1{b), one microfibril connects two microfibril bundles (similar to Fig. 1(a)). This

(a) Neutral sugars,after 514
acid hydrolysis

(a) xylose 3.2°/.0f total
(b) glucose 96.8°/.0ft total

(2) Protein content 30.0

b
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Fig. 2. (a) Chemical charactetization of A xylinum pellicle materials®, The predominant neutral sugsr
is, D-glucose, which is expected, as the pellicle is cellulose. Xylose is generally found in hemicellulosie
materials!, (b} Electron diffraction pattern (c1 = 4& cm) of 4. xylinum celfulose suspended over 100+
mesh grid without a support film. Although 240 and 360-cm camera lengths were used, no spacings of
about 33 A or 17.8 A could be detectad, Nonetheless, normal equatorial cellulose | orystal spacings™ of
6, 3.3, and 4 A were recorded. (¢} BC-N.m.x. spectrum of dry A, aylinum, which dernonstrates cefiulose
1 spectrum previously reported, Carbon atoms of the D-giucosyl monomer unit of cellulose are labeled.
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microfibril shows left-handed, surface striations, and splits into three smaller sub-
microfibrils. Width correction for the Pt—C coating (15.9 A thick) indicates a micro-
fibrillar diameter of 36.8 %3 A. Primary cell-wall microfibrils of the lower epidermis
also show left-handed surface striations (see Fig. 1(c)). Such a microfibril exhibits
periodic ridges and grooves at intervals of ~33 A. At 2.9x 106 magnification (see
Fig. 1 (d)), three 17-18 A submicrofibrils in three adjacent ridges are visible
traversing (see arrows) the microfibril in a left-handed direction. The optical
diffraction pattern in Fig. 1(e) 1s of the microfibril in Fig. 1(d). This pattern does
not show any regular left-handed periodicities between the submicrofibnls, but it
does show 71 +4 A and 36 +2 A surface periodicities along the 17.8 A submicro-
fibrls. We shall return to this point later.

Native cellulose I from A. xylinum also forms a three-stranded, left-handed
helicoidally wrapped microfibril. We have demonstrated by examination of a 3C-
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Fig 3 A xylnum cellulose microfibnils (a) Treated with hot trifluoroacetic acid to remove hemi-
cellulose, and negatively stained with 2% uranyl acetate The upper microfibril averages 35 A in width
and shows left-handed surface stnations at approximately 33 A intervals (b and ¢) Native microfibnls,
freeze-dnied and coated with 17 3 A Pt~C, bar, 100 A (d) Pellicle matenal was botled in triffuoroacetic
acid, freeze-dried, and coated with 15 2 A Pt—-C Microfibnl has been shghtly opened up, so 1t clearly
shows left-handed twists of the submicrofibnls as they wrap around the fiber axis
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Fig 4. Assembly of triple-stranded mucrofibnl at surface of A. xylinum cell Pt-C (17.8 A thick) coated
submicrofibrils 1 and 2 join, making a Pt-C-coated, double fiber of 54 A (37 6 A, Pt-C corrected
diameter) A third Pt-C-coated submucrofibrl, 3, (supercoiled) of 37 A (~20 6 A, Pt-C corrected
diameter) jowns two submicrofibrils, producing a Pt—C-coated microfibril of ~54 A (real size, 37 6 A)
This microfibnl 1s not formed by lateral fasciation?3816 along cellulose I crystal-lattice planes, but by
twisting two 17 8 +2 2 A submucrofibrils together and wrapping a third 17 8 2.2 A submucrofibril into
the groove between them

c.p.-m.a.s. n.m.r. spectrum?’ (see Fig. 2(c)) and by an electron-diffraction pattern6-28
(see Fig. 2(b)), which shows the expected equatorial spacings® of approximately 6
A, 53 A, and 4 A) that pellicle-material carbohydrate is 96.8% D-glucose® (see
Fig. 2(a)) and 1s of the native, cellulose I, crystal form. Fig. 3(a) shows a negatively
staned A. xyhnum 35-A cellulose microfibril with a left-handed-band structure
occurring roughly at intervals of 33 A. Although this same 33-A banding pattern
can be seen in Fig. 3(b) (arrows) on a 36.8 A microfibril (corrected for a 17.3 A
Pt—C film), the microfibnl directly below it and the one in Fig. 3(c) show irregular,
left-handed banding. From such freeze-dried A. xylinum cellulose microfibril
images as those in Fig. 3(b) and 3(c), we conclude that the microfibril is not a
regular, helical structure. When the microfibril (see Fig. 3(d)) has been slightly
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denatured in boiling tnfluoroacetic acid, the left-handed, helicoidal structure is
opened up, and the Pt-C-coated (15.2 A thick) submicrofibrils averaging 31.5 A
are seen (17.8 A actual width).

In Fig. 4, A xylinum grown normally after being grown on Tinopall® was
freeze-dried (3 h at —70°), Pt—C-replicated (16.4 A thick), and carbon-film backed.
The replica was photographed at tilt intervals of 10° at 10° magnification, so it could
be viewed stereoscopicaliy?2. This picture, one of the series, shows the formation
of a three-stranded microfibril. At the upper right, submicrofibrils 1 and 2 are
twisted together left-handedly (2 crossing over 1) having a Pt-C width of ~54 A.
Then, submicrofibril 3, which appears to be left-hand supercoiled, twists left-
handedly (3 crosses over 1 and 2) around these two coiled submicrofibrils. This
process gives rise to the observed 32.5 +2.1 A submicrofibril banding interval and
produces a Pt-C-coated microfibril of ~54 A (39.1 A real size).

The left-handed, triple submicrofibril construction is seen in bundled and
primary cell-wall microfibrils in tobacco, as well as in the pellicle of A. xylinium.
This mode of microfibril construction is incompatible with lateral fasciation or
fusion of adjacent microfibrils or submicrofibrils along corresponding crystal-lattice

Fig 5 Sections of two submicrofibnls (33 A Pt—C-coated, 17 8 +2 2 A real diameter) showing left-
handed surface striations of 36 A. A xylinum was grown 1n 0 25mM Tinopal, which disrupts microfibril
formation1314| and was freeze-dnied, replicated with 16 4 A Pt—C, and backed with carbon
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planes?? to form microfibrils of 30-200 A, as has been generally assumed?4-614, A
more likely mechanism for microfibril bundling probably occurs by hydrogen bond-
ing of hemicelluloses (xylose content, see Fig. 2(a)) to adjacent microfibrils. This
concept is supported by biochemical evidence!. The 17.8 2.2 A submicrofibril we
see must correspond to the primary fibrillar cellulose product (17 +2 A wide) of a
recently solubilized cellulose synthase from A. xylinum?. This supports previous
findingsS-14 that the self-assembly process illustrated in Fig. 4 makes the 36.8 A
microfibril a secondary product of cellulose synthesis. By visibilizing the 17.8 2.2
A submicrofibrils produced by A. xylinum grown on ~0.25mM Tinopal, which
prevents microfibril formation, we have seen (see Fig. 5) a regular, left-
handed surface striation which corresponds to the half spacing (36 A) of the 72 A,
left-handed helix previously suggested for the packing structure of the (1-»4)-8-D-
glucan chains*. These spacings are also seen in the optical diffraction pattern in
Fig. 1(e). These observations indicate that A. xylinum synthesizes left-handed-
helical submicrofibrils which probably rotate in a left-handed direction during
synthesis as they increase in length. It is probable that such a left-handed sub-
microfibril rotation is the driving force for the self-assembly of the three-stranded,
left-hand-twisted 36.8 +3 A microfibril at the exterior surface of A. xylinum. The
cellulose I fiber diffraction unit cell (orthogonal cross-section to the D-glucan chain
longitudinal axis; see Fig. 6) derived by Ellis and Warwicker® (a = 10.85 A, b =
10.3 A, c = 12.08 A, B = 93°14"), which contains 4 D-glucan chains that encompass

a=1083A, b= 103A,c=12.084,3=93°14'

Fig. 6. Schematic representation of the crystalline four (1—4)-8-D-glucan cellulose I unit ceil, shown in
an orthogonal cross section to its long axis or » axis. Because the unit cell 1s the repeating unit derived
from X-ray fiber diffraction results, 1t is drawn through the centers of the p-glucan chain cross-sections.
In contrast, TEM imaging would visibihze the exterior dimensions of the unit cell (assuming 1t 1s the
submicrofibril) which encompasses mine (1—4)-g-p-glucan chains, and which has diagonal (d, and d,)
and side (s, and s5,) dimensions estimated from the unit-cell parameters printed in the Figure. An average
diameter of the unit cell would measure 17.9 A (the average of the sides and diagonals) and would agree
with the 17.8 +2.2 A values which is the submicrofibril diameter measured by TEM and corrected for
its Pt-C coating (see Experimental section)
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a total of 9 D-glucan chains, probably corresponds to our submicrofibril. The di-
mensions, s, = 15 A, s, = 17 A, d, = 16.5 A, and d, = 23 A (17.9 A average
diameter), estimated from unit-cell dimensions in Fig. 6, corresponds to the
average submicrofibril width of 17.8 £2.2 A measured by TEM. The four-D-glucan-
chain unit-cell is the only unit cell compatible with a left-handed, helical structure,
as it was derived by assuming only that the (1—4)-8-D-glucan chain are parallei®2.
The two D-glucan chains® (s;, = 10 A, s, = 15 A, d, = 15 A, and d, = 17 A; 14.2
A average diameter) and the eight-chain unit cell233 (s, = 17 A, 5, =23 A, d, =
28 A, and d, = 30 A; 24.5 A average diameter) are both strictly derived by
assuming a straight D-glucan chain morphology, are smaller or larger than our
measured submicrofibril average diameter, and do not fall within the 17.8 +2.2 A,
95% fractile uncertainty.

Our observations do not support the accepted models of crystalline cellulose
packed as straight chains that also fasciate laterally to form microfibrils of a range
of sizes. Our results clearly show that the 17.8 + 2.2 A submicrofibril (the crystal-
line unit of cellulose which corresponds to the four p-glucan-chain fiber diffraction
unit-cell) and the 36.8 +3 A mucrofibril are uniquely related, and maintain their
size and structural identities in native cellulose I.
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