galactosamine-induced hepatic necrosis.
The surviving recipient animals were
killed at intervals over 2 weeks. Liver
sections were examined by radio-
autography for the presence of labeled
cells. There was no significant uptake of
the labeled donor cells by the regenerat-
ing livers. Therefore, the transplanted
liver cells did not repopulate the recipi-
ent injured livers. Moreover, allogeneic
(Buffalo and ACI strain) and xenogeneic
(porcine) liver cells were as effective as
syngeneic cells in prolonging survival
after galactosamine administration (9).
Unless the liver is a privileged site, the
rapid destruction of these foreign cells
by immune mechanisms argues further
against repopulation.

We have shown that either liver or
bone marrow cells can prolong the sur-
vival of rats with experimental acute he-
patic failure. Liver cells can reverse the
hepatic failure brought about by toxic or
ischemic necrosis. The effect of bone
marrow does not appear to be mediated
by macrophages, but may be dependent
on some other cell type yet to be isolat-
ed.

However, the recent evidence indicat-
ing that hepatic macrophages (Kupffer
fer cells) are of bone marrow origin (10,
11) raises interesting questions concern-
ing the role of cells derived from bone
marrow. Repopulation of the liver by the
transplanted cells does not occur. Wheth-
er these cells maintain metabolic sup-
port during the period of maximum
hepatic failure, or whether a factor de-
rived from these cells increases the rate
of regeneration in the recipient liver re-
mains to be determined.
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Calcofluor White ST Alters the in vivo Assembly

of Cellulose Microfibrils

Abstract. The fluorescent brightener, Calcofluor White ST, prevents the in vivo
assembly of crystalline cellulose microfibrils and ribbons by Acetobacter xylinum. In
the presence of more than 0.01 percent Calcofluor, Acetobacter continues to synthe-
size high-molecular-weight B-1,4 glucans. X-ray crystallography shows that the al-
tered product exhibits no detectable crystallinity in the wet state, but upon drying it
changes into crystalline cellulose I. Calcofluor alters cellulose crystallization by hy-
drogen bonding with glucan chains. Synthesis of this altered product is reversible
and can be monitored with fluorescence and electron microscopy. Use of Calcofluor
has made it possible to separate the processes of polymerization and crystallization
leading to the biogenesis of cellulose microfibrils, and has suggested that crystalliza-
tion occurs by a cell-directed, self-assembly process in Acetobacter xylinum.

Calcofluor White ST (4,4'-bis[4-ani-
lino-6-bis(2-hydroxyethyl)amino-s-triazin-
2-ylamino]-2,2’'-stilbenedisulfonic acid) is
a fluorescent brightener used commer-
cially to whiten cellulosic textiles and
paper. Because of its ability to hydrogen
bond with B8-1,4 and B-1,3 polysaccharides
(1) as a vital stain (2), it has also been
used by biologists to localize cellulose
and chitin (3). In this report we describe
results indicating that Calcofluor White
ST alters cellulose synthesis in the Gram-
negative bacterium Acetobacter xylinum
by separating the polymerization of high-
molecular-weight B-1,4 glucans from
their crystallization into cellulose I
microfibrils.

Acetobacter xylinum normally pro-
duces crystalline 30-A microfibrils in as-
sociation with intracellular synthesizing
sites and a longitudinal array of ex-
trusion sites in the lipopolysaccharide
layer of the bacterium ¢). The micro-
fibrils hydrogen bond together (5) into an
extracellular ribbon of cellulose (Fig. 1, a
and b); ribbons from many bacteria inter-
twine into a tough pellicle on the surface
of the culture medium.

When actively synthesizing A. xyli-
num cells are incubated in medium or
phosphate buffer containing more than
0.01 percent Calcofluor, ribbon assembly
is disrupted (Fig. 1, e and f). Instead of
twisting ribbons, the bacteria synthesize
broad bands of bent fibrils. High-resolu-
tion micrographs reveal that the smallest
fibrils in the band product measure 15 A
(x4 A) (Fig. 1i). Larger fibrils appear to
arise by fasciation of the smaller 15-A fi-

brils. These 15-A fibrils frequently show
pronounced curvature and undulation,
which suggests low crystallinity (6),
while the larger aggregates often bend
sharply and appear more rigid.

The altered cellulose synthesized is
known to be high-molecular-weight,
noncrystalline 8-1,4 glucans by the fol-
lowing evidence: (i) the band is rapidly
degraded by purified cellulase (7); (ii) ra-
dioactive glucose is incorporated into an
alkali-insoluble product (8) and into a
band next to the cell, as visualized by au-
toradiography in the presence of Calco-
fluor; (iii) viscosity measurements show
that the Calcofluor-induced product has
a degree of polymerization comparable
to that of control samples (9); and (iv) x-
ray crystallography studies indicate that
the Calcofluor-induced product has cel-
lulose I crystallinity after drying al-
though it has no detectable crystallinity
in the wet state (/0). This lack of crys-
tallinity before drying indicates that the
Calcofluor-induced product is pro-
foundly different from native cellulose of
A. xylinum, which has about the same
cellulose I crystallinity (//) in the wet
and dry states, the crystallite size being
65 and 74 A, respectively. The size of the
cellulose I crystallites obtained after
drying of the altered cellulose depends
on the initial concentration of Calco-
fluor—69-A crystallites resulting if a
concentration of 0.025 percent is used
and 28-A crystallites if 0.1 percent or 0.5
percent concentration is used to induce
the alteration.

The noncrystalline nature of the un-
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dried band cellulose indicates that Cal-
cofluor effectively separates polymeriza-
tion from crystallization in the wet state
by preventing microfibril assembly. On
drying, the hydrogen bonds of the nas-
cent crystal lattice must be more favor-
able than the association between Cal-
cofluor and glucans, so that Calcofluor is
displaced and the cellulose I lattice
forms. It is exceptional that cellulose I
can be produced by drying of non-
crystalline cellulose, since the parallel
chain cellulose I crystal lattice is ther-
modynamically less favorable than the
antiparallel chain cellulose II crystal lat-
tice (5). In order for this to happen, the
glucan chains must be synthesized in ori-
ented parallel bundles that do not dis-
sociate after extrusion from the cell. The
ordered nature of the wet band cellulose

is confirmed by observation with polar-
ized light (Fig. 1c¢).

The effect of Calcofluor is reversible.
In large cultures containing Calcofluor, a
soft, filmy mass of altered cellulose is ini-
tially produced at the bottom of the cul-
ture. After synthesis time, which is pro-
portional to the initial Calcofluor concen-
tration (if inoculum size is constant),
normal ribbon assembly and pellicle pro-
duction resume. Rapid reversion (within
seconds) can also be effected by experi-
mental manipulation. When free Calco-
fluor is removed from the incubation me-
dium of a cell synthesizing band cellu-
lose, ribbon synthesis begins immediate-
ly (Fig. 1g); and when it is added to the
incubation medium of a cell synthesizing
a normal ribbon, band synthesis begins
immediately (Fig. 1d). This rapid revers-

ibility, along with the charged nature and
large size of the brightener, suggests that
Calcofluor exerts its effect extracellularly
and does not directly interfere with cell
metabolism or cellulose-synthesizing en-
zymes. Dark-field fluorescence micros-
copy of whole cells incubated in Calco-
fluor and thin sections of cells also incu-
bated in this brightener before fixation (/2)
confirm that it is not incorporated or
bound to the cells under our experi-
mental conditions. Furthermore, the
rapid reversibility described suggests
that crystallization occurs near the cell
surface.

During the gradual transition from pro-
duction of band material to production of
normal ribbons, aggregates of cellulose
are observed that are intermediate be-
tween the band cellulose described and

Fig. 1. (a) Electron micrograph of negatively stained dividing Acetobacter xylinum showing a newly synthesized, twisting cellulosic ribbon (scale
bar, 1 um). (b) Dark-field light microscopy of Acetobacter synthesizing ribbons under normal culture conditions (scale bar, 1 um). (c) Polarization
microscopy with crossed Nicols of band material synthesized in 0.025 percent Calcofluor for 24 hours (scale bar, 25 um). (d) Electron micrograph
of a negatively stained cell that was attached to the grid, exposed to Calcofluor-free medium for 3 minutes, and then to 0.025 percent Calcofluor
medium for 3 minutes (scale bar, 1 um). (e) Electron micrograph of negatively stained A. xylinum producing band material in phosphate buffer
containing 0.025 percent Calcofluor (scale bar, 1 um). (f) Dark-field fluorescence microscopy of a cell producing band material (scale bar, 1 um).
(g) Electron micrograph of a negatively stained cell that was attached to the grid, exposed to 0.025 percent Calcofluor medium for 3 minutes,
washed in buffered glucose, and then exposed to Calcofluor-free medium for 3 minutes (scale bar, 1 um). (h) Electron micrograph of a negatively
stained cell synthesizing a broad, curving intermediate ribbon. Compare this intermediate form with the two forms in (g) at the same magnifica-
tion (scale bar, 1 um). The inset shows the part of this intermediate ribbon near the cell at higher magnification (scale bar, 1 um). (i) Electron
micrograph of negatively stained band material showing the fibrillar subunits in detail. Note the varied size of the fibrils and the frequent bends
(scale bar, 0.1 um).
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normal ribbons. The intermediate forms
are broad, loose aggregates of continu-
ous fibrillar subunits resembling the mi-
crofibrils of the normal ribbon more
closely than the bent fibrils of the band
(Fig. 1h). These aggregates are probably
formed near the threshold concentration,
which suggests that concentration of un-
bound Calcofluor is critical in determin-
ing the morphology of the cellulose prod-
uct. Similarly, the x-ray data indicate
that concentration of Calcofluor deter-
mines the size of the crystallites obtained
after drying. Therefore, we conclude
that Calcofluor prohibits ribbon assem-
bly and microfibril crystallization by
competing for the hydrogen bonding
sites that form the crystalline lattice (5).
As cellulose synthesis continues, more
binding sites become available, the con-
centration of free Calcofluor decreases,
and an increasing degree of normal hy-
drogen bonding becomes possible.

How does the evidence described here
relate to the current understanding of
cellulose microfibril and ribbon biogen-
esis in A. xylinum? Zaar (I13) has inter-
preted the row of extrusion sites in the
lipopolysaccharide layer of Acetobacter
in light of the multienzyme complex
model proposed by Brown and Willison
(4), suggesting that the extrusion pores
facilitate crystallization of bundles of
glucans synthesized by multiple enzyme
complexes. Since Calcofluor can inter-
fere with the normal process of crystalli-
zation only after extrusion of the poly-
merized product, we conclude that under
normal conditions crystallization occurs
after the glucan bundles have exited the
pores. However, the pores are critical to
crystallization because they aggregate
parallel glucan chains into non-
dissociable bundles.

If microfibrils of uniform dimensions
and twisting ribbons are formed by the
interaction of noncrystalline, oriented
glucan bundles at the cell surface, it is
probable that the synthesis-extrusion
sites are precisely spaced and arranged
to coordinate the crystallization process.
We propose that biogenesis of cellulose I
in A. xylinum occurs through a cell-di-
rected process that could occur as fol-
lows: (i) the multiple enzyme complexes
determine the number and polarity of
glucan chains originating at one site, (ii)
the extrusion sites facilitate the aggrega-
tion of the chains into nondissociable
bundles, and (iii) the microfibrils crystal-
lize by self-assembly as glucan bundles
from adjacent sites interact. It is possible
that bundles from more than one site are
involved in the formation of one micro-
fibril. Therefore, we conceive polymeri-
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zation and crystallization to be con-
secutive, not simultaneous (/4), process-
es. However, the two phases remain
closely associated through the formation
of ordered bundles of chains and the me-
diation of the cell surface.

Compatible with the concept of cell-di-
rected crystallization, atypical cases have
been observed in which A. xylinum syn-
thesizes an abnormal product even with-
out Calcofluor (15). This coiled, nonfibril-
lar product may well result when the cellu-
lar organization mediating consecutive
polymerization and crystallization into
the normal product is disturbed. Gid-
dings et al. (I6) have also suggested
that the geometrical arrangement of
supposed microfibril-synthesizing com-
plexes, called rosettes, determines the
size of fibrils and their ordered pattern of
deposition in secondary walls of the
green alga Micrasterias denticulata.
They observed that the size of cellulose
fibrils is proportional to the number of
aligned rosettes involved in their forma-
tion, which is compatible with a mecha-
nism similar to the cell-directed inter-
action of glucan bundles that we have
proposed for A. xylinum. Other workers
have reported organized microfibril ter-
mini in algae and higher plants (/7), and
it is possible that the correlation of high-
ly crystalline, highly organized cellulose
I fibrils with such cellular structure will
be found to be the most common mecha-
nism of fibril assembly.

How does the Calcofluor-induced al-
teration of cellulose synthesis that we
have described relate to the elementary
fibril concept proposed by Frey-Wyss-
ling (18)? Giddings et al. (16) suggest that
the elementary fibril in Micrasterias
could be redefined as the product of one
rosette. On the basis of our data, we pro-
pose one possible mechanism of fibril
formation in A. xylinum, namely, that
highly crystalline 30-A fibrils are formed
by fasciation of two 15-A units of syn-
thesis with low crystallinity. The lowest
crystallite size of 28 A obtained from the
Calcofluor-altered product corresponds
closely to the commonly reported micro-
fibril size of 30 A, the same size predict-
ed by fasciation of two 15-A units. The
30-A microfibril in A. xylinum may be the
smallest aggregate of chains able to form
a highly crystalline cellulose I fibril, or
an elementary fibril. A range of larger
crystallites could be synthesized in vari-
ous organisms [for example, 69 A in A.
xylinum, 140 A in Valonia (19)] by the
cell-directed juxtaposition of many ter-
minal complexes that synthesize glucan
bundles capable of interaction with their
neighbors before final crystallization.

Larger crystallites could still be com-
posed of crystalline subunits in the size
range of the elementary fibril that would
be revealed by mechanical disruption
(20). The concept of crystalline subunits
within larger crystallites would help clar-
ify the long-standing discrepancy be-
tween crystallite sizes measured by x-
ray diffraction and microfibrils measured
in electron microscopy (5). It seems pos-
sible, then, to define the elementary fibril
not only in terms of a specific size but
also in relation to its biogenesis from a
minimum number of oriented glucan
chdins that aggregate into a thermody-
namically metastable cellulose I fibril.
Thus an experimental probe has been
used to alter, in vivo, the molecular dy-
namics of cellulose microfibril crystalli-
zation and ribbon assembly. Our results
support the hypothesis advanced before
on the basis of morphological evidence
(16, 17) that the cell-directed coordina-
tion of synthesizing sites is essential for
the biogenesis of the cellulose I fibrils
characteristic of a given organism. The
possibility of using Calcofluor White and
other probes to experimentally manipu-
late cellulose assembly in organisms oth-
er than A. xylinum has great potential for
leading to a new understanding of cellu-
lose I biogenesis.
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Micromolar Ca*" Stimulates Fusion of Lipid Vesicles with

Planar Bilayers Containing a Calcium-Binding Protein

Abstract. Fusion of phospholipid vesicles with a planar phospholipid bilayer mem-
brane that contains a calcium-binding protein appears to mimic the essential aspects
of cytoplasmic-vesicle fusion with plasma membranes (exocytosis) in that (i) there is
a low basal rate of fusion in the absence of Ca**, (ii) this basal rate is enormously
increased by micromolar (~ 10 uM) amounts of Ca**, and (iii) this rate is not in-
creased by millimolar Mg**. Essential to this process is an osmotic gradient across
the planar membrane, with the side containing the vesicles hyperosmotic to the op-
posite side. Similar osmotic gradients or their equivalent may be crucial for biologi-

“cal fusion events.

Exocytosis, the fusion of intracellular
vesicles with plasma membranes and the
subsequent extracellular discharge of ve-
sicular contents, is fundamental to such
diverse biological phenomena as trans-
mitter release at synapses (I), secretion
by endocrine and exocrine glands (2, 3),
and raising of the fertilization membrane
after union of sperm and egg (4). Recent-
ly, we demonstrated that this process is
modeled by the interaction of multila-
mellar phospholipid vesicles with planar
phospholipid bilayer membranes (5, 6).
In this model system, the existence of an
osmotic gradient across the planar mem-
brane is a prerequisite for fusion; the cis
compartment containing the vesicles
must be hyperosmotic with respect to
the opposite (trans) compartment (6).
We noted (6) that this osmotic condition,
or its equivalent, may be required for bi-
ological exocytosis, and that there are
basic similarities between fusion of phos-
pholipid vesicles with planar phospho-
lipid bilayer membranes, on the one
hand, and fusion of cytoplasmic vesicles
with plasma membranes, on the other.
There is a major difference, however, be-
tween these two systems in the Ca?* re-
quirement. Whereas millimolar amounts
of any divalent cation (Mg?*, Ca**, Ba?*)
stimulate fusion in the model system (6),
micromolar amounts specifically of Ca**
are necessary to stimulate biological
exocytosis (7, 8). This difference is not
surprising, since phospholipids alone
have neither the sensitivity nor the speci-
ficity for Ca?** manifested in exocytosis

(9, 10); Ca*" sensitivity and specificity
must arise from other components, pre-
sumably a protein or proteins, in the
plasma or vesicle membrane. We now
report that fusion of multilamellar phos-
pholipid vesicles with planar phospholip-
id bilayer membranes is catalyzed by 10
uM Ca%*, but not by 1 mM Mg?*, if a cal-
cium-binding protein extracted from syn-
aptic membranes is included in the pla-
nar membranes.

Upon addition of vesicles, under ap-
propriate conditions, to one of the two
aqueous compartments on either side of
a planar membrane, fusion is seen by
two independent criteria: (i) the transfer
of vesicular contents across the planar
membrane into the trans aqueous com-
partment (5) and (ii) the incorporation of
a vesicular membrane marker into the
planar membrane (6). The latter criterion
is used in the present study. We chose as
the membrane marker the intrinsic mem-
brane protein, VDAC (the voltage-de-
pendent anion channel), obtained from
outer mitochondrial membranes (11, 12).
As reported previously (6), fusion events
are characterized by sudden jumps in
conductance of the planar membrane;
because vesicles can contain more than
one channel in their outermost lamella,

some of these jumps result from ‘‘simul-’

taneous’’ (within 200 usec) incorpora-
tion of several channels into the planar
membrane.

Figure 1A demonstrates the effect of
Ca?' on the fusion rate of multilamellar
vesicles with a planar phospholipid bi-
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layer membrane that contains the cal-
cium-binding protein. This water-insol-
uble, membrane-associated protein which
is partially purified from calf brain,
has a molecular weight of ~ 16,000
and a Michaelis constant (K ,) for Ca?* of
~ 15 uM (13). In the complete absence
of Ca?", there is a low but finite rate of
fusion (not shown in this record) when
the cis compartment is hyperosmotic with
respect to the trans side. (The osmotic
gradient is here established by 100 mM
glucose in the cis compartment.) This
basal fusion rate is increased by several
orders of magnitude on addition to the
cis compartment of Ca®* to a concentra-
tion of 10 uM.

The requirement for an osmotic gradi-
ent is shown in Fig. 1B. In the presence
of 10 uM Ca?*, no fusion occurs until the
cis compartment is made hyperosmotic
to the other side. An effective osmotic
gradient can be established either by
adding an osmoticant (solute that creates
the osmotic gradient) to the cis com-
partment or by removing one from the
trans compartment.

When calcium-binding protein is pres-
ent in the planar membrane, the fusion
process also shows Ca?* specificity. Un-
der otherwise appropriate conditions 1
mM Mg2t does not stimulate fusion, but
subsequent addition of 100 uM Ca** ini-
tiates fusion events (Fig. 1C). The pres-
ence of calcium-binding protein does not
alter the effect of Mgt on fusion; con-
centrations > 5 mM are still required for
Mg?* alone to promote fusion events.
Nor does the calcium-binding protein al-
ter any other conditions for fusion of
multilamellar vesicles to planar bilayer
membranes; only sensitivity and speci-
ficity for Ca?* are enhanced. An osmotic
gradient across the planar membrane (cis
side hyperosmotic) is still required; in-
deed this alone, in the complete absence
of divalent cation, causes fusion, albeit
at_ a low rate.

Figure 2 depicts our proposed mecha-
nism for fusion of a phospholipid vesicle
with a plariar membrane. The figure
shows a single-walled vesicle because
this is a simpler physical system to ana-
lyze than the multilamellar vesicles used
in the present study; we have in fact ob-
tained fusion of single-walled vesicles
with planar membranes using conditions
very similar to those we describe for
multilamellar vesicles.

For the sake of clarity, let us assume
that both compartments as well as the
vesicles initially contain 100 mosM glu-
cose in addition to 200 mosM salt (/4,
15). If glucose is now removed from the
trans compartment, water flows across
the planar membrane from the trans to

SCIENCE, VOL. 210, 21 NOVEMBER 1980



	Article Contents
	p.903
	p.904
	p.905
	p.906

	Issue Table of Contents
	Science, Vol. 210, No. 4472, Nov. 21, 1980
	Front Matter [pp.833-850]
	Letters
	Science Advice [p.846]
	IDEA [p.846]

	Erratum: Prizes that Predict Nobel Winners [p.846]
	Science Policy: New Directions? [p.849]
	Is the Proton Stable? [pp.851-860]
	Assembly of Proteins into Membranes [pp.861-868]
	The National System of Scientific Measurement [pp.869-874]
	News and Comment
	Magnet Failures Imperil New Accelerator [pp.875-878]
	Gene Goldrush Splits Harvard, Worries Brokers [pp.878-879]
	A New Visibility for Gifted Children [pp.879-882]

	Briefing
	Advising Reagan on Science Policy [pp.880-881]
	Congress Begins the Republican Shuffle [p.881]

	Research News
	Evolutionary Theory under Fire [pp.883-887]
	The 1980 Nobel Prize in Chemistry [pp.887-889]

	Book Reviews
	Hunter-Gatherers in Africa [pp.890-891]
	Social Psychology [p.891]
	Radiobiology [pp.891-892]
	Carbon Dioxide [pp.892-893]

	Reports
	Martian Valleys: Morphology, Distribution, Age, and Origin [pp.895-897]
	Solar Neutrino Production of Long-Lived Isotopes and Secular Variations in the Sun [pp.897-899]
	Anesthetics as Teratogens: Nitrous Oxide Is Fetotoxic, Xenon Is not [pp.899-901]
	Cellular Transplantation in the Treatment of Experimental Hepatic Failure [pp.901-903]
	Calcofluor White ST Alters the in vivo Assembly of Cellulose Microfibrils [pp.903-906]
	Micromolar Ca$^{2+}$ Stimulates Fusion of Lipid Vesicles with Planar Bilayers Containing a Calcium-Binding Protein [pp.906-908]
	Microencapsulated Islets as Bioartificial Endocrine Pancreas [pp.908-910]
	Inhibition of Biological Activity of Mouse β-Nerve Growth Factor by Monoclonal Antibody [pp.910-912]
	Transporting Renal Epithelium: Culture in Hormonally Defined Serum-Free Medium [pp.912-914]
	Persistence of Crystallin Messenger RNA's with Reduced Translation in Hereditary Cataracts in Mice [pp.914-916]
	Dorsal Root Ganglion Neurons are Destroyed by Exposure in utero to Maternal Antibody to Nerve Growth Factor [pp.916-918]
	Fourier-Transformed Infrared Photoacoustic Spectroscopy of Biological Materials [pp.918-920]
	Resource Concentration and Herbivory in Oak Forests [pp.920-922]
	Reference: The Linguistic Essential [pp.922-925]
	Nutmeg Dispersal by Tropical Birds [pp.925-927]
	Nerve Terminals are as Metabolically Different as the Muscle Fibers they Innervate [pp.927-928]
	The Role of Zinc and Follicle Cells in Insulin-Initiated Meiotic Maturation of Xenopus laevis Oocytes [pp.928-930]

	Back Matter [pp.893-948]





