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The formation of the chitin primary 
septum of budding yeast is subject to 
precise temporal and spatial regulation 
(1). The onset of this event appears to be 
linked to the transformation of a zymo- 
gen, or latent form of chitin synthetase, 
into active enzyme (2). We have success- 
fully solubilized the synthetase and have 
shown that the latency of the enzyme 
was preserved after solubilization and 
therefore was not due to shielding by a 
membranous structure (3). 

According to a hypothesis explaining 
the localization in space of septum initia- 
tion (2), the chitin synthetase zymogen is 
uniformly distributed on the plasma 
membrane, and is activated only in a re- 
stricted area by a factor carried inside 
vesicles. The bulk of the chitin synthet- 
ase zymogen is indeed associated with 
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purified, intact plasma membranes (4), 
but its distribution on the membrane re- 
mained unexplored. Although the most 
direct way of ascertaining the location of 
chitin synthetase would be through the 
use of a labeled antibody against the en- 
zyme, this procedure is not available be- 
cause the enzyme has not yet been puri- 
fied to homogeneity. An indirect ap- 
proach was suggested by the finding that 
the reaction product, chitin, remains as- 
sociated with the particles used to cata- 
lyze its formation. It was concluded that 
the position of the enzyme could be in- 
ferred from that of the nascent chitin 
chains. 

Saccharomyces cerevisiae X2180 
(ATCC 26109) was grown, and plasma 
membranes were purified (4). 

Purified plasma membranes were first 
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Purified plasma membranes were first 

activated with trypsin, and then incu- 
bated with UDP-N-[1C]acetylglucosa- 
mine (UDP, uridine diphosphate) in the 
chitin synthetase reaction mixture; the 
mixture was finally divided into two por- 
tions: in one, the amount of radioactivity 
incorporated into chitin was determined 
(5). The other portion was subjected to 
centrifugation in a Renografin gradient 
identical to that previously used in the 
isolation of the membranes (4). Of the 
radioactivity incorporated into chitin, 73 
percent was found in the reisolated mem- 
brane band, an indication that most of 
the chitin remained attached to the par- 
ticles on which it was formed. 

An attempt to visualize the poly- 
saccharide synthesized by the particu- 
late preparation was made. In order to 
observe the newly formed chitin, the flu- 
orescence produced by interaction be- 
tween the polysaccharide and a bright- 
ener, Calcofluor White MR2 New (6), 
was used. With this technique, mem- 
branes that had synthesized some chitin 
showed patches of fluorescent material 
all over their surface (Fig. 1, B and D). 
The spotty appearance of the fluores- 
cence is more pronounced in Fig. 1D, 
where individual membranes are shown, 
than in Fig. 1B, where the membranes 
are in clumps. Under direct observation 
the spots appeared to be smaller and 
more numerous than in the photographs, 
which are somewhat blurred because of 
the impossibility of bringing each plane 
of the membrane into focus at the same 
time. Importantly, the fluorescent areas 
were restricted to the location of plasma 
membranes, thus indicating the absence 
of smaller particles with the ability to 
catalyze chitin synthesis. A control (Fig. 
1, E and F) in which the chitin synthe- 
tase inhibitor polyoxin D was added to 
the reaction mixture, showed no fluo- 
rescence. 

These observations were repeated 
with the electron microscope because of 
greater resolution. In this case UDP-N- 
[3H]acetylglucosamine was used as sub- 
strate, and the product was located by 
autoradiography. Subsequent to the in- 
cubation, some manipulation of the 
membranes was required in order to 
eliminate the excess labeled substrate. It 
was found, however, that centrifugation 
of the membranes, followed by suspen- 
sion and washing, resulted in the aggre- 
gation of chitin into large clumps, there- 
by destroying the intitial localization of 
nascent chains. In order to preserve the 
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configuration of the system, and to im- 
mobilize membranes and nascent poly- 
saccharide, the membranes were en- 
robed in small agar blocks. The agar al- 
lowed diffusion in and out of UDP-N- 
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Chitin Synthetase Distribution on the Yeast Plasma Membrane 

Abstract. Purified, intact yeast plasma membranes were allowed to synthesize chi- 
tin, and the nascent chains of polysaccharide were observed either by the fluores- 
cence produced with a brightener or by autoradiography. By both methods, it was 
concluded that the newly formed chitin emerged at many sites on each membrane. 
Thus, the synthetase that catalyzes chitin formation has a similar distribution. Since 
chitin synthetase is found mainly in a zymogen form, these results confirm the hy- 
pothesis that initiation of the chitinous primary septum of Saccharomyces occurs by 
localized activation of the uniformly distributed zymogen. 
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Fig. 1. Fluorescence of 
plasma membranes after 
chitin synthesis. Purified 
plasma membranes were 
first treated with trypsin 
and then incubated with 
UDP - N - acetylglucosa - 
mine (unlabeled) (5), for 
30 minutes at 30?C. 
A solution of Calco- 
fluor White M2R New 
(provided by American 
Cyanamid) was added 
to yield a final concen- 
tration in brightener of 
0.007 percent, and each 
sample was observed 
both in phase contrast 
(A, C, and E) and in the 
fluorescence microscope 
(B, D, and F), as report- 
ed (6). (E) and (F) repre- 
sent a sample which con- 
tained polyoxin D (120 gg/ 
ml) in the incubation mix- 
ture. 

acetylglucosamine, which could be in- 
troduced before incubation and later 
washed out without disturbing the organ- 
ization of the system. Fixation, embed- 
ding, sectioning, and subsequent autora- 
diography revealed that most of the 
grains were on or close to membrane 
profiles (Fig. 2, A and B). No grains were 
found in areas devoid of membranes. 
Thus the enrobing in agar seems to pre- 
serve the association between mem- 
branes and chitin, despite the large num- 
ber of steps during the preparation. 
Since the sections were less than 0.1 itm 
thick and a yeast cell is about 6 Afm in 
diameter, only a small portion of each 
membrane is represented by each sec- 
tion. Thus, many clusters of grains 
would be found in a complete mem- 
brane, in confirmation of the observa- 
tions with the fluorescence microscope. 
Again, incubation in the presence of 
polyoxin D resulted in lack of visible 
grains (Fig. 2C). 

The above described results confirm 
the previous conclusion that chitin syn- 
thetase is associated with the plasma 
membrane. Ruiz-Herrera and Bartnicki- 
Garcia have reported on a preparation of 
soluble chitin synthetase (7). It was later 
found that this "soluble" preparation 
contained chitin synthetase-bearing par- 
ticles, which were termed "chitosomes" 
(8). No evidence was found of con- 
tamination of the membrane preparation 
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Fig. 2. Autoradiography of sectioned plasma membranes after chitin synthesis. To a suspension of purified membranes, activated with trypsin (5) 
and briefly warmed in bath at 44?C, an equal volume of a 3 percent solution of Noble agar at the same temperature was added and mixed well. 
The mixture was taken up in a long-stem Pasteur pipette fitted with a pipetting device and delivered slowly into ice-cold 0.05M tris (pH 7.5) with 
2mM MgSO4. As the agar solution emerged, it solidified into a long cylindrical "noodle," which was then cut into pieces 1 mm long with a razor 
blade. These blocks were incubated for 20 minutes at 30?C in a standard reaction mixture for chitin synthetase (5), with UDP-[6-3H]N-acetyl- 
glucosamine (5 x 108 cpm/4mole) as substrate. After incubation, the liquid was withdrawn with a Pasteur pipette, the blocks were fixed with 3 
percent glutaraldehyde, washed several times with the same solution, rinsed, and postfixed in 1 percent osmium tetroxide. The blocks were 
dehydrated in a graded series of ethanol and embedded in Epon 812 (10). Thin sections were coated with Ilford L-4 nuclear emulsion by the flat 
substrate method (1 l). The emulsion-coated sections were exposed for 3 weeks, then developed (Microdol-X) for 3 minutes. The sections were 
stained with uranyl acetate and lead citrate before microscopy. (A and B) Two representative sections after incubation with labeled substrate and 
autoradiography. (C) The incubation was carried out in the presence of polyoxin D (120 /xl/ml). 
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with smaller chitin-synthesizing parti- 
cles, such as chitosomes, as shown by 
the absence of fluorescence outside the 
membrane areas in Fig. 1. Both by fluo- 
rescence and autoradiography, it ap- 
pears that the synthetase is present at 
many different locations on the mem- 
brane. Other evidence (2, 3) indicates 
that most of the enzyme is found in the 
zymogen state if proteolytic activation is 
prevented. Thus, the initiation of chitin 
septum at a specific site of the membrane 
most probably occurs by localized acti- 
vation of the zymogen, as postulated in 
our scheme (2). The results are not in 
agreement with an alternative hypothe- 
sis, namely, that localization of septum 
synthesis is attained by delivery of chitin 
synthetase to specific sites. If this were 
the case, the enzyme would be found on- 
ly in a very small zone of the membranes 
and most of it should already be in the 
active form, because it would be partici- 
pating in septum synthesis. 

Sloat and Pringle (9) have reported 
that a temperature-sensitive yeast mu- 
tant, which is defective in bud initiation, 
shows, at the nonpermissive temper- 
ature, delocalized chitin deposition over 
the whole cell wall. This behavior sharp- 
ly contrasts with the precise localization 
of chitin at the mother cell-bud junction 
in normal cells. Our working hypothesis 
(1, 6) assumes that during budding initia- 
tion, vesicles containing an activator of 
the chitin synthetase zymogen is direct- 
ed, by a still unknown apparatus, to a 
specific site. It seems possible that, 
when cells are arrested in a prebudding 
state for a relatively long time, the direc- 
tional apparatus might become dis- 
organized; the vesicles containing the ac- 
tivating factor would then collide with 
the plasma membrane at random: activa- 
tion of chitin synthetase and chitin depo- 
sition would occur over the entire sur- 
face of the cell as observed by Sloat and 
Pringle. 
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The regulatory role of cyclic nucle- 
otides on cell function has been demon- 
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been carried out with nonlymphoid tis- 
sues, there is now evidence that these 
nucleotides are important mediators of 
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Lithium Theoph. Salb. Isopro. DBcAMP 

Fig. 1. Lithium modulation of drug effects on 
E-rosette formation. Peripheral blood mono- 
nuclear cells, obtained by Hypaque-Ficoll 
gradient centrifugation, were incubated with 
the drugs for 60 minutes at 37?C. In the study 
shown, lithium was added either 5 minutes be- 
fore or 60 minutes after the drugs, and the 
mixtures were incubated for a further 60 min- 
utes at 37?C. Sheep red blood cells were then 
added, the mixtures were centrifuged (200g) 
for 5 minutes at room temperature, and the 
pellet was maintained at 4?C for 2 hours. The 
pellet was then gently resuspended and the 
number of rosetting cells counted and ex- 
pressed as a percentage of mononuclear cells. 
Controls, in the absence of any treatment, 
ranged from 50 to 62 percent. The means of 
three experiments, carried out in duplicate, 
are shown, in which an optimal concentration 
of lithium (5 x 10-3M) was used; values are 
expressed as a percentage of the control. Mo- 
lar concentrations are: lithium, 5 x 10-3; the- 
ophylline, 5 x 10-3; salbutamol, 1 x 10-4; 
isoproterenol, 1 x 10-4; and dibutyryl cyclic 
AMP, 1 x 10-4. Abbreviations: Theoph., the- 
ophylline; Salb., salbutamol; Isopro., isopro- 
terenol; and DBcAMP, dibutyryl cyclic AMP. 

Lithium Theoph. Salb. Isopro. DBcAMP 

Fig. 1. Lithium modulation of drug effects on 
E-rosette formation. Peripheral blood mono- 
nuclear cells, obtained by Hypaque-Ficoll 
gradient centrifugation, were incubated with 
the drugs for 60 minutes at 37?C. In the study 
shown, lithium was added either 5 minutes be- 
fore or 60 minutes after the drugs, and the 
mixtures were incubated for a further 60 min- 
utes at 37?C. Sheep red blood cells were then 
added, the mixtures were centrifuged (200g) 
for 5 minutes at room temperature, and the 
pellet was maintained at 4?C for 2 hours. The 
pellet was then gently resuspended and the 
number of rosetting cells counted and ex- 
pressed as a percentage of mononuclear cells. 
Controls, in the absence of any treatment, 
ranged from 50 to 62 percent. The means of 
three experiments, carried out in duplicate, 
are shown, in which an optimal concentration 
of lithium (5 x 10-3M) was used; values are 
expressed as a percentage of the control. Mo- 
lar concentrations are: lithium, 5 x 10-3; the- 
ophylline, 5 x 10-3; salbutamol, 1 x 10-4; 
isoproterenol, 1 x 10-4; and dibutyryl cyclic 
AMP, 1 x 10-4. Abbreviations: Theoph., the- 
ophylline; Salb., salbutamol; Isopro., isopro- 
terenol; and DBcAMP, dibutyryl cyclic AMP. 

11. M. M. Salpeter and L. Bachmann, in Principles 
and Techniques of Electron Microscopy, M. A. 
Hyat, Ed. (Van Nostrand Reinhold, New York, 
1972), p. 221 

12. We thank Drs. G. Ashwell, W. B. Jakoby, J. 
Molano, I. Polacheck, L. Shematek, and M. Sla- 
ter for a critical reading of the manuscript. 

28 August 1978 

11. M. M. Salpeter and L. Bachmann, in Principles 
and Techniques of Electron Microscopy, M. A. 
Hyat, Ed. (Van Nostrand Reinhold, New York, 
1972), p. 221 

12. We thank Drs. G. Ashwell, W. B. Jakoby, J. 
Molano, I. Polacheck, L. Shematek, and M. Sla- 
ter for a critical reading of the manuscript. 

28 August 1978 

hormonal action on a variety of specific 
lymphocyte functions [reviewed in (1)]. 
Thus, adenosine 3',5'-monophosphate 
(cyclic AMP) has been shown to regulate 
the formation of E rosettes, a marker of 
T cells, as well as the activation, prolifer- 
ation, differentiation, and effector func- 
tion of T lymphocytes. In addition, there 
is considerable evidence that cyclic 
AMP regulates the synthesis and release 
of immunoglobulin from antibody-pro- 
ducing cells. Membrane adenylate cy- 
clase, through the production of cyclic 
AMP, plays a crucial role in the trans- 
duction of regulatory signals in cells fol- 
lowing recognition and triggering (2). 
Lithium, probably through its ability to 
interfere with adenylate cyclase activa- 
tion, can affect a variety of cyclic nucle- 
otide-dependent events in the kidney, 
thyroid, and adrenal glands (3). We have 
examined the role of drugs known to in- 
volve cyclic nucleotide synthesis or deg- 
radation, in modulating the expression of 
different human lymphocyte functions, 
and have shown that these drug-induced 
effects were effectively countered by 
lithium chloride. 

Formation of E rosettes by human T 
lymphocytes is inhibited by drugs that 
increase the intracellular levels of cyclic 
AMP via different mechanisms (4). The- 
ophylline, salbutamol, isoproterenol, 
and dibutyryl cyclic AMP lead to a dose- 
dependent inhibition of E-rosette forma- 
tion. As shown in Fig. 1, incubation with 
5 x 10-3M lithium chloride, for as little 
as 5 minutes prior to the addition of the 
drugs, could abrogate drug-related inhi- 
bition of rosette formation in all in- 
stances except for inhibition induced by 
dibutyryl cyclic AMP. Moreover, lith- 
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Lithium: A Modulator of Cyclic AMP-Dependent 
Events in Lymphocytes? 

Abstract. Theophylline, salbutamol, isoproterenol, and dibutyryl cyclic AMP in- 
hibited E-rosette formation by human T lymphocytes and immunoglobulin M secre- 
tion from human plaque-forming B cells and augmented T-suppressor cell activity in 
three patients with agammaglobulinemia. Lithium chloride increased mitogen-in- 
duced lymphocyte proliferation and inhibited suppressor cell activity. In the pres- 
ence of lithium, the effects of all the drugs except dibutyryl cyclic AMP could be 
prevented. The data suggest a role for lithium in the modulation of cyclic AMP- 
dependent events in lymphocytes. Its potential role as an inhibitor of suppressor cell 
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