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ABSTRACT 

A technique is described for isolating nucleoli from Acanthamoeba castellanii. 
Nuclei isolated by a modification of the technique of F. J. Chlapowski and R. N. 
Band (1971) are sonicated in a sucrose-Tris-MgSO,-KCI-Triton X-100 buffer and 
centrifuged on a linear sucrose gradient extending from 1.3 M to 1.5 M with a 2.6 
M cushion, at 41,000 rpm for 90 min. The only apparent contaminants in the 
nucleolar preparation are outer cyst walls. A procedure is described for the 
isolation of chemically pure outer cyst walls, and a comparison of the proteins with 
the nucleolar preparation reveals that outer cyst walls represent negligible 
contaminants. The ultrastructure of these isolated nucleoli examined with trans- 
mission electron microscopy is found to be identical with that of nucleoli from 
whole cells, fixed in an identical manner. The 50 nucleolar proteins separated by 
SDS gel electrophoresis have been examined throughout the growth cycle of 
Acanthamoeba and into the start of induced encystment. No protein changes are 
observed until the beginning of encystment, at which time 10 protein bands 
disappear, 11 bands are observed to decrease, and 8 are seen to increase in 
concentration. Phenol-soluble proteins are extracted from the nucleolus which 
correspond to 29 of the 50 nucleolar proteins, with 17 of these proteins 
corresponding to nucleolar proteins that change at the onset of encystment. These 
nucleolar proteins are also compared with those of rat liver nucleoli by gel 
electrophoresis, resulting in the observation that extremely few protein homologies 
exist between the two. Numerous quantitative and qualitative changes in the gel 
pattern of phenol-soluble nuclear proteins during early and late log phase growth 
and the onset of stationary phase were also observed. 

Information is now accumulating on the acid-solu- 
ble nucleolar proteins from a number of tissues (1, 
22~ and on acidic and SDS-soluble nucleolar 
proteins (7, 13, 16, 33). Extensive electrophoretic 

analyses of rat liver nucleolar proteins have re- 
cently confirmed the great biochemical heteroge- 
neity of these important organelles (22). 

The nucleolus is known to be the site of synthesis 
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of r ibosomal  proteins as well as the location of 
r ibosomal  precursor  assembly and processing (7). 
This  subnuclear  organelle is therefore a useful 
model for the study of  biochemical  events accom- 
panying gene act ivat ion and  r ibosomal  precursor  
assembly and processing. 

This paper  presents a method for the isolation of 
nucleoli and nuclear phenol-soluble proteins f rom 
a model system suitable for the s tudy of both  of 
these events. A canthamoeba casteilanii is a simple, 
single-celled eukaryot ic  organism which can be 
induced to undergo cellular differentiat ion involv- 
ing the shut-down of its metabol ism and the 
format ion  of resistant cysts with hard cellulose 
walls (19). 

The proteins of the Acanthamoeba nucleolus 
were studied during log growth,  s ta t ionary  phase, 
and into the beginning of induced encystat ion to 
de termine  whether  they change during periods of 
gene act ivat ion a n d / o r  deactivation.  Since phenol-  
soluble nuclear proteins have been shown to 
change dramat ica l ly  in content  during differentia- 
t ion in Physarum (15, 16), this fraction of the 
nuclear proteins was also analyzed on SDS poly- 
acrylamide gels during induced encystat ion.  

M A T E R I A L S  A N D  M E T H O D S  

Culture Methods 

Axenic cultures of A. casteltanii, strain Mayorella 
palinensis (MP), were grown in silicone-coated Erlen- 
meyer flasks in proteose-peptone-glucose medium (PPG) 
(2), using a New Brunswick Scientific Co., Inc. (New 
Brunswick, N.J.) controlled environment incubator 
shaker at 31 ~ and 180 rpm. Cells were grown to varying 
cell densities (6 • 104 to 3 • 108 cells per ml) as 
determined by direct count with a hemacytometer. To 
induce cell differentiation and preparation for encyst- 
ment, cells were transferred to and grown for 48 h in 
PPGF, reduced glucose medium (3, 4), after having 
reached a density of 1.2 • 10 e - 1.5 • 10 a cells/ml in 
PPG. 

Nuclear Isolation 

Nuclei were isolated following a modification of the 
procedure of Chlapowski and Band (8). A Sorvall RC2-B 
automatic refrigerated centrifuge (Dupont Instruments, 
Sorvall Operations, Newtown, Conn.) and a Beckman 
Model L preparative ultracentrifuge (Beckman Instru- 
ments, Inc., Spinco Div., Palo Alto, Calif.) were used in 
the following procedures. 3 liters of cells grown in PPG 
(or PPGF) were harvested directly and washed twice in 
0.25 M STM (0.25 M sucrose, 0.005 M Tris, 0.002 M 
MgSO4) for 5 min, using a Sorvall GSA rotor at i,000 

rpm. The 25-35 ml of washed, packed cells obtained were 
resuspended to twice their volume in 0.25 M STM and 
homogenized with 30-40 up and down strokes (until ~ 

90% of the cells were broken with nuclei still intact) in a 
50 mi Potter-Elvehjem glass-Teflon homogenizer, model 
74, 3/8 in drill at 1,000 rpm. The homogenate was 
brought to two times its volume with a 0.25 M STKM 
(STM with 0.025 M KC1) and centrifuged at 3,500 rpm 
for 15 rain using a SS-34 rotor. The top light layer of the 
resulting biphasic pellet was carefully resuspended in 0.25 
M STKM without disturbing the underlying dark peUet 
containing whole cells and cysts which was discarded. 
The suspension was washed three times in 0.25 M STKM 
by centrifugation at 2,000 rpm for 15 rain, in the Sorvall 
SS-34 rotor. The washed pellet was resuspended in 3-4 
ml of 1.3 M STKM, layered over a 4.5 ml continuous 
STKM gradient, extending from 1.3 M to 2.1 M, and 
centrifuged at 41,000 rpm for 45 rain, in a Spinco 50.1 
swinging bucket rotor. The resulting translucent pellet 
contains pure nuclei. 

Nucleoli Isolation Procedure 

The sides of the tubes were wiped clean with tissue 
paper, and the nuclear pellets were suspended in 6 ml of 
1.3 M STKM, 1% Triton X-100 and sonicated for 5 s a t  

the maximum setting on a Savant lnsonator, Model 500 
sonicator (Savant Instruments, Inc., Hicksville, N.Y.). 
The sonicate was layered over a 4 ml continuous STKM 
gradient extending from 1.3 M to 1.5 M with a 2.6 M 
cushion and centrifuged at 41,000 rpm for 90 rain in a 
Spinco 50.1 swinging bucket rotor. The pellet contains 
95-99% pure nucleoli contaminated only by outer cyst 
walls (Fig. 1). The supernate was poured offand the sides 
of the tubes were wiped clean with tissue paper, care 
lacing taken to get all of the adhering contaminants from 
the 2.6 M - 1.5 M interface. The nucleoli were then 
ready to be prepared for electrophoresis (SDS-mer- 
captoethanol extraction), phenol extraction, and phase 
or electron microscopy as described below. 

Outer Cyst Wall Isolation 

Cells grown as described above to a density of ~ 2.75 
• 106 cells/ml were harvested at 1,000 rpm for 5 rain in a 
GSA rotor. All subsequent operations were carried out at 
0~ The cells were washed twice with 0.01 M sodium 
phosphate buffer, 0.24 M sucrose, pH 7, suspended in 
0.01 M sodium phosphate buffer, 0,24 M sucrose, 1% 
Triton X-100, pH 7 (NaPST), and homogenized 30 times 
(up and down), breaking up 95% of the cells in a 50-ml 
glass Teflon homogenizer at 1,000 rpm. The homogenate 
was spun at 3,500 rpm for 15 min in a SS-34 rotor. The 
pellet was resuspended in NaPST to 10 times its volume, 
sonicated for 2 rain at the maximum setting, and 
centrifuged again at 3,500 rpm for 15 min in a Sorvali 
SS-34 rotor. This last step was repeated until all the 
nucleoli were destroyed as determined by examination 
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FIGURE I A light micrograph of isolated Acanthamoeba nucleoli. Note the presence of vacuoles in several 
of the nucleoli. • 280. 

under the phase microscope. The nucleoli-frer pellet was 
then suspended in 2 ml of 1.3 M STKM (see above), 
layered over a 5-ml continuous STKM gradient extend- 
ing from 1.3 M to 1.5 M with a 2.0 M cushion, and spun 
at 41,000 rpm for 90 min using a 50.1 swinging bucket 
rotor. The pellet containing outer cyst walls and a few 
whole cysts was resuspended in 1.3 M STKM, layered 
over a 1.3 M, 1.5 M step gradient and centrifuged in an 
IEC International clinical swinging bucket centrifuge, 
model CL, (Damon/IEC Div., Damon Corp., Needham 
Heights, Mass.) at 3,000 rpm for 25 min, to remove any 
remaining debris from the cyst walls. The pellet ob- 
tained was prepared for electron microscopy, phase 
microscopy, or gel electrophoresis as described below 
(Fig. 2). 

Isolation of Whole Cysts 

Cells grown as described above to a density of 2.75 • 
10' cells/ml were harvested at 1,000 rpm for 5 rain in a 
GSA rotor. These ceils were repeatedly washed with 
distilled water at 1,000 rpm for 5 rain, lising a GSA rotor 
until all cells had lysed, leaving only whole cysts in the 
pellet. This cyst pellet was layered over a step gradient of 
1.3 M, 1.5 M sucrose and centrifuged in an IEC 
International clinical swinging bucket centrifuge, model 

CL, at 3,000 rpm for 15 rain to remove any cellular debris 
remaining in the cyst pellet. The pure cyst pellet thus 
obtained was prepared for gel electrophoresis as de- 
scribed below. 

Determination of Protein 

The protein content of each step of the nucleolar 
isolation procedure was determined by the method of 
Lowry et al. (17). Bovine serum albumin (BSA) was used 
as a standard. Aliquots for the protein determination 
were suspended in 0.25 M STKM solution and diluted 
with water. 

Extraction of Phenol-Soluble Nuclear and 
Nucleolar Proteins 

Phenol-soluble nuclear and nucleolar proteins were 
extracted according to the procedure of LeStourgeon and 
Rusch (16) involving the successive extraction of salt-and 
acid-soluble proteins, lipid extraction, and final phenol 
extraction of the residue. The proteins from 1.4 liters of 
i.5 • 10' cell/ml were precipitated from the phenol layer 
by diluting it to four times its volume with 100% ethanol 
and letting it sit at - 2 0 ~  for 3-5 days. The protein thus 
obtained was pelleted by centrifugation in a SS-34 rotor 
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at 16,000 rpm for 25 min using a Sorvall RC2-B 
automatic refrigerated centrifuge. The supernate was 
decanted, and 10 ml of 100% ethanol were added to the 
pellet which was allowed to stand at 0~ for 5 h and 
centrifuged again at 16,000 rpm for 25 rain. The ethanol 
was poured off and the pellet heated in a water bath to 
dry it before preparation for gel electrophoresis as 
described below. This heating did not affect the protein 
gel patterns of the SDS-extracted final pellet. 

Isolation of Rat Liver Nucleoli 

Rat liver nucleoli were isolated according to the 
procedure of Muramatsu and Fujisawa (18), where the 
pellets were prepared for gel electrophoresis as described 
below. 

Gel Electrophoresis 

The polyacrylamide thin (16 x 12 x 0.08 cm) slab gel 
system of Laemmli (13) and O'Farrel et al. (21) was used, 
giving gels with an acrylamide concentration of 12% and 
a sodium dodecyl sulfate (SDS) concentration of 0.1%. 
Gels were made up no more than 72 h nor less than 12 h 
before use and were run at 12 mA through the spacer gel 
and at 15 mA in the lower gel. 

FIGURE 2 A light micrograph of isolated outer cyst 
walls. • 200. 

Coomassie brilliant blue R (Sigma Chemical Co., St. 
Louis, Mo., 23C-0950) (I 1) was used at a concentration 
of 1% in 25% trichloroacetic acid (TCA). Destaining 
took I-2 days, employing changes of 8% acetic acid and 
mild shaking. Pellets obtained by the various procedures 
were dissolved in hot sample buffer, 10% glycerol, 5% 
mercaptoethanol, 2% SDS, 0.0625 M Tris, made up with 
bromophenyl blue as the tracking dye, before being 
applied to the gel. 

Microscopy 

Phase optics were used for monitoring the isolation 
procedures and for obtaining light micrographs which 
were taken at a magnification of 40. The organelles 
examined were suspended in 0.25 M STKM. The approx- 
imate percentage of cell breakage after homogenization 
was determined by direct counting with a hema- 
cytometer. 

For electron microscopy, amoebae, nucleoli, and cyst 
walls were fixed in 3% glutaraidehyde in 0.01 M phos- 
phate buffer (pH 7) for 1 h, washed with three changes of 
buffer over a 2-h period, and postifixed for 40 min in 3% 
osmium tetroxide. After dehydration the pellets were 
embedded in Epon, and sections were cut with a dia- 
mond knife and examined with a Philips-300 electron 
microscope. 

Molecular Weight Determination 

The approximate molecular weight of the various 
peptides separated by SDS electrophoresis was deter- 
mined from the linear relationship between electropbo- 
retic mobility and the logarithm of the molecular weights 
of the following protein standards (30): chymotrypsino- 
gen-A (beef pancreas), ovalbumin, gamma-globulin (hu- 
man), albumin (bovine), cytochrome c (horse heart). 
Measurements were made from the middle of the band 
for each molecular weight standard and amoeba proteins. 
Band length measurements of the molecular weight 
standards indicated a range in molecular weight values of 
no greater than 5 % of the known molecular weight of any 
given standard. 5% was then taken as the range in 
accuracy of the molecular weight values determined from 
gels of amoeba proteins. 

R E S U L T S  

One of the most  impor tan t  physical factors of the 
isolation procedure was the sonication time. With 
too little sonication the nucleolar  pellet was con- 
t amina ted  with nuclei; however, with too much 
sonicat ion the nucleoli were broken up and com- 
pletely dispersed. The amount  of  sonication de- 
scribed above resulted in disruption of over 99% of 
all the nuclei, with a min imum of nucleolar 
breakage.  Removal  of  divalent" cat ions by washing 
the nuclear  pellet in S T K M  lacking divalent 
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cations or by adding EDTA or EGTA caused 
nucleolar disruption during sonication but did not 
free the nucleoli from the nuclei under milder 
homogenization conditions such as teflon pestle 
homogenization. 

The relative amounts of protein present in the 
various stages of the isolation procedure are 
presented in Table I. The low percentage of protein 
present in the final nucleolar pellet is most likely 
due to loss during nuclear isolation and loss at the 
2.6 M sucrose cushion where considerable nucleoli 
are trapped, as revealed by phase optics. 

SDS gel electrophoresis revealed the outer cyst 
wall to contain nine proteins (see Fig. 7 E). All but 
one (at a mol wt of 13,000 daltons) of these 
proteins are in the medium-to-high mol wt range 
(45,000-90,000), with the major protein band of 
the outer cyst wall having a tool wt of approxi- 
mately 70,000. 

The only major contaminants (1-3% of the total 
particulate material) of the nucleolar pellet were 
outer cyst walls, as determined by phase and 
electron microscopy (see Fig. 2). These were 
determined to be outer cyst walls by their subfibril- 
lar ultrastructure and by the fact that at this stage 
of culture age most cells possess only an outer cyst 
wall. This is consistent with recent work which 
indicates that the outer cyst wall is synthesized 
before the inner cyst wall (29). The amount of this 
contaminant increased as the cell density, age, and 
proximity to encystment increased. As can be seen 
in Fig. 7 E, however, none of the nine proteins of 
the cyst wall resolved by electrophoresis corre- 
spond to major bands in the nucleolar samples 
(Fig. 7); and, in the nucleoli, isolated from ceils 
kept in glucose-starved media (PPGF), which had 
the greatest number of contaminating cyst walls, 
only two of the corresponding nucleolar bands 
increased in density (bands 18, 49). Only the 
increase in band 18 of this nucleolar sample could 

TABLE ] 

The Relative Amounts of Protein Present in Vari- 
ous States of  the Isolation Procedure for Acan- 
thamoeba NucleoH 

Step of procedure Protein 

% 

Whole cell homogenate 100 
Homogenate after STKM washes 30.0 
Nuclear pellet 1.8 
Nucleolar pellet 0. l 

be due to cyst wall contamination, as this is the 
major protein band of the outer cyst wall. The 
great increase in band density of nucleolar protein 
49 could not be due to outer cyst wall contamina- 
tion alone, because the nucleolar proteins corre- 
sponding to the other minor cyst wall bands did 
not increase to a similar extent. The other nucleo- 
lar bands which co-electrophoresed with the cyst 
wall bands underwent no change in density at all, 
there being even a slight decrease in the density of 
nucleolar band 20. Therefore, only the changes 
observed in nucleolar band 18 will be assigned to 
the possibility of cyst wall contamination during 
early encystment. 

The outer cyst wall pellet used in these compari- 
sons was contaminated by a few whole cysts. This 
contamination was negligible, however, as deter- 
mined by a comparison of electrophoretic profiles 
of whole cyst preparations vs. outer cyst wall 
preparations (not shown) and by the fact that only 
one component constituted over 90% of the stain- 
ing on the outer cyst wall gel (Fig. 7). 

Uitrastructure o f  the Nucleol i  

Phase and electron microscopy show that both 
the gross and fine structure of the isolated nucleoli 
are preserved by the isolation procedure (Figs. l, 3, 
and 4). Both the intact and isolated nucleoli are 
observed to consist of two types of structural 
components, one granular and the other fibrillar, 
with each being segregated into distinct regions. 
The granular regions are located mainly along the 
periphery, with a small amount being near the 
center, of the nucleolus. The fibrillar regions are 
located in the center of the nucleolar mass and are 
surrounded by the granular areas. Electron-diffuse 
areas, variable in size and shape and confined 
mainly to the fibrillar regions, are observed and 
believed to be lacunar regions. These are constant 
features of the interphase nucleolus in whole cells 
and of isolated nucleoli and are characterized by 
the presence of chromatin material within their 
confines (9, 10). All of the observations are 
consistent with our present knowledge of the 
nucleolar ultrastructure of other organisms (7, 27). 

Comparison  with R a t  L iver  Nucleol i  

As shown in Fig. 5 there is very little homology 
between the 42 rat liver and the 50 Acanthamoeba 
SDS-soluble nucleolar proteins visualized by SDS 
gel electrophoresis. It is of interest that the four 
major proteins of the rat liver nucleoli are of low 

744 TH~ JOURNAL OF CELL BIOLOGY �9 VOLUME 68, 1976 



FIGURE 3 Electron micrograph of isolated nucleoli showing the purity of the preparation and the intact 
nucleolar ultrastructure. • 9,500. 

mol wt, 12,000-18,000 (perhaps histones), while 
the four major protein bands of the Acanthamoeba 
nucleoli are in the medium mol wt range of 
32,000-65,000. 

Changes in Nucleolar Proteins During the 

Culture Growth 

No consistently observed changes occurred in 
the protein make-up of the Acanthamoeba nu- 
cleolus during the normal growth cycle (see Fig. 6 
for growth curve) as indicated by samples A, B, 
and C of Fig. 7. After the cells have been in 
glucose-starved medium (PPGF) (3, 4), however, 
for 48 h, which stimulates them to start undergoing 
differentiation (5), many protein changes are ob- 
served (sample D, Fig. 7). Of the 50 bands 

visualized by electrophoresis from nucleoli isolated 
from growing cells, only 37 are present in nucleoli 
of starved cells (bands 8, 15, 16, 21, 24, 35, 39, 41, 
43 are not visible in PPGF nucleoli). Several high 
molecular weight components (bands 1, 3, 4, 6, 7, 
9, 10, 1 I, and t2) and a few bands of medium and 
lower molecular weights (bands 20, 22, 28, 34, 36, 
42) appear to decrease slightly in concentration at 
this time. The electrophoretic profiles of six pro- 
tein bands (bands 14, 18, 23, 26, 40, 45) increase in 
concentration along with those of four other 
bands, mostly of low molecular weight (bands 31, 
46, 48, 49), their concentration increasing greatly 
over the same protein bands from nucleoli isolated 
from growing cells. 

Nuclei and nucleoli could not be isolated from 
cells placed in encystment media (20), due to the 
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FIGURE 4 Electron micrographs of isolated nucleoli (a) and a nucleolus in the intact cell (b). Lacunar 
regions (L); granular regions (G); fibrillar regions (F). (a) • 22,000; (b) • 33,000. 

formation of both the inner and outer cyst walls. 
Once this happens, the cells cannot be lysed by 
homogenization procedures which preserve nucleo- 
lar structure. 

Characterization of  Nucleolar and 
Phenol-Soluble Nuclear Proteins 

A total of 29 protein bands are extracted from 
nucleoli by the method of LeStourgeon et al. (16) 

for extraction of phenol-soluble acidic proteins 
(see Fig. 8). The bulk of these proteins are in the 
medium to high molecular weight range, with 
relatively few in the lower molecular weight range. 
Of these protein bands, one (band 30) is increased 
in concentration in its extracted form as compared 
with its concentration in samples of whole nucleoli. 

Of the 25 bands that disappear or decrease in 
concentration during the onset of encystment, 13 
are phenol soluble (bands 8, 15, 16, 1, 3, 9. 11, 12, 
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FIGURE 5 An SDS polyacrylamide gelcomparing SDS- 
mercaptoethanol-soluble rat liver nucleolar proteins (B) 
and Acanthamoeba nucleolar proteins (A). Note the 
striking lack of homology between the two. 

34, 20, 22); and of the nine bands which increase in 
concentration, five are pheno-solublc (bands 23, 
31, 40, 45, 46). Band number 29 was found to have 
the same electrophoretic mobility as actin, but 
constituted one of the less prominent components. 

For unknown reasons, the resolution of bands 
from phenol extracts of whole nuclear prepara- 
tions was considerably less clear than that of bands 
from nucleolar preparations with extensive band 
spreading. However, 15 components were consist- 
ently observed. A comparison of densitometric 
traces (Fig. 9) of phenol-soluble acidic nuclear 
proteins extracted from cells in early log phase 
growth (a) and from the PPGF starvation-induced 
stationary phase (b) reveals the overall changes in 
these proteins from widely separated stages in 
culture growth. Generally, the changes are charac- 
terized by a decrease in the number of protein 
species during the stationary phase, especially in 
the higher tool wt range from 46,000 to 100,000 
daltons, as compared to those present during 

350 

300 

251 

~200 
"i 

=" 1so 

100 

I ! so ,oo 11o 2h 2[o 3~o 
Hours After Inoculation 

FmURE 6 The growth curve of the Aconthamoeba. 
Samples A, B, and C (of Fig. 9) were harvested at the 
points indicated on the growth curve, representing cul- 
tures containing low, medium, and high densities of cells. 

periods of active growth. There is a marked in- 
crease in the amounts of several lower tool wt 
proteins from 18,000 to 25,000 daltons, and the 
relative concentrations of the proteins of tool wt 
43,000 and 56,000 have been reversed. 

The heterogeneous protein composition at each 
of the observed stages of culture growth showed 
unique reproducible patterns which differed qua0- 
titatively and qualitatively from stage to stage. 
Some of the changes in nucleolar and nuclear 
protein molecular weight profiles could be due to 
changing nuclear protease levels during encyst- 
ment. At the lowest cell density (A, Fig. 6), nine 
major proteins were observed. As the cell density 
increased (B, Fig. 6) more proteins appeared; there 
were three in the mol wt range 48,000 to 58,00~, a 
high mol wt protein at 100,000, and the large 
protein aggregate at 24,000-28,000 became three 
separate components. This pattern was observed 
until the cell density reached the level of ap- 
proximately 2 • 106 cells/ml (C, Fig. 6). At this 
stage the aggregate reappeared, a new component 
at 19,000 appeared, and two high molecular weight 
proteins at 73,000 and 80,000 daltons disappeared. 
Several more proteins at 8,000, 10,000, 24,- 
000-28,000, 49,000, 53,000, 90,000 and 100,000 
daltons disappeared at 130 h (see Fig. 6). By 300 h 
during poststationary decline and,during the 
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FIGURE 7 An SDS polyacrylamide slab gel of repre- 
sentative nucleolar samples from cells harvested during 
active growth at a density of 1,015,000 cells/ml (A); 
1,980,000 cells/ml (B); 2,700,000 cells/ml (C); and 
nucleoli from cells kept in glucose-starved medium 
PPGF, which initiates the beginning of encystment (D). 
Sample E is outer cyst wall proteins. Note the concentra- 
tion differences between the proteins extracted during 
active growth and those extracted during the initial stages 
of encystment. Also note the existence of only one major 
protein band in the outer cyst wall. 

PPGF starvation-induced stationary phase (not 
shown), a major protein of tool wt 23,000 reap- 
peared and the protein of tool wt 19,000 increased 
dramatically in concentration. 

The quantitative changes in the proteins of tool 
wt 43,000 and 46,000, which were the most promi- 
nent bands on the electrophoretic profiles, are 
demonstrated by the densitometer traces shown in 
Fig. 9. As cell density increased, the higher mo- 
lecular weight protein (left vertical line) steadily 
increased while the relative amount of the lower 
molecular weight protein (right vertical line) de- 
creased. 

Comparison of Phenol-Soluble Nuclear and 

Nucleolar Proteins 

Comparison of the phenol-soluble acidic nuclear 
proteins and the phenol-soluble acidic nucleo- 

FIGURE 8 A gel comparing phenol-soluble nucleolar 
proteins (A) and total nucleolar proteins (B). Note the 
great number of nucleolar proteins that are phenol 
soluble. Also note that the bulk of the phenol-soluble 
acidic proteins are of medium to high molecular weight, 
with very few being in the low molecular weight range. 

lar proteins which were resolvable on densitometer 
traces indicated that the lower tool wt component 
of 43,000 daltons is probably nucleolar in origin. 
The major protein components of mol wt 50,000, 
52,500, and 57,000 also appear to be of nucleolar 
origin. 

DISCUSSION 

The nucleoli isolated from A. castellanni by the 
procedure presented in this paper, being pure and 
intact (see Fig. 1), can now be used in a number of 
studies involving cellular differentiation and ge- 
netic regulation. Although acidic nucleolar pro- 
teins have been analyzed by one-dimensional elec- 
trophoretic techniques for Physarum polycepha- 
lum (16), in which one protein change was ob- 
served during cellular differentiation, and for rat 
liver (33), to date there has been no information on 
whether or not any of the proteins extracted from 
the whole nucleolus change during differentiation. 
The present results demonstrate that certain nu- 
cleolar proteins isolated from Acanthamoeba ap- 
pear in greater concentrations during differentia- 
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FIGURE 9 Abscissa: molecular weight • 104. Ordinate: 
absorbance (590 rim). Comparison of densitometric 
traces of phenol-soluble acidic nuclear proteins extracted 
during (a) early log phase growth (point A, Fig. 6), and 
(b) after PPGF starvation. Note disappearance of high 
molecular weight proteins, the marked increase in the 
proteins of molecular weight near 23,000 daltons, and the 
quantitative differences in the proteins of mol wt 43,000 
and 46,000 daltons. 

tion while others disappear or are observed to be in 
lesser quantities at this time. 

Research presently underway in this laboratory 
and elsewhere indicates that protein synthesis in 
Acanthamoeba continues through the induction 
phase and into the initiation phase (20) (first 
appearance of round forms) of encystment, at 
which time it is turned off. This is consistent with 
the findings presented here which show few quali- 
tative or quantitative changes in nucleolar peptides 
until the first appearance of outer cyst walls and 
precysts (round forms). 

it is of interest that 29 of the 50 nucleolar 
proteins resolved by gel electrophoresis are phenol 
soluble. This finding is consistent with previous 
reports that nucleolar proteins are largely acidic 
and/or phenol soluble in character (6, 27). Some of 
these acidic nucleolar proteins are thought to be 
enzymes involved in nucleolar metabolism and 
rRNA synthesis; some are ribosomal proteins 
destined to combine with rRNA (7, 27). 

Since acidic nuclear proteins are thought to be 
involved in gene regulatory functions (15, 24, 25, 
28, 32), it is possible that some if not all of the 

acidic nucleolar proteins which change during 
cellular differentiation are involved in the masking 
or unmasking of nucleolar DNA coding for 
rRNA. 

The observed result that phenol-soluble nucleo- 
lar protein band 30 is increased in its extracted 
form as compared with its concentration in sam- 
ples of whole nucleoli could be due to the protein's 
having a very high solubility in phenol over the 
other proteins, or the protein's being less tightly 
bound in the nucleolus than the rest of the proteins 
extracted by this procedure. 

Isolated whole (inner + outer) cyst walls of 
Acanthamoeba have been reported to be 33% 
protein, 33% cellulose, 6% lipid and 8% ash (20), 
with the outer cyst wall being synthesized before 
the inner cyst wall (29). It is of interest that the 
outer cyst walls isolated according to the proce- 
dure presented in this paper contain nine proteins, 
with only one of these being a major protein band. 
Hence, the cyst wall protein content is very 
homogeneous. 

The result indicating little protein homology 
between rat liver nucleoli and Acanthamoeba 
nucleoli is surprising since all eukaryotes synthe- 
size ribosomes with similar sedimentation coeffi- 
cients, yet the protein composition of the nu- 
cleolus, the site of assembly of these ribonucleo- 
protein particles (6, 7, 27), has not been preserved 
throughout evolution. In another study the nucleo- 
lar proteins were also observed to differ slightly 
between normal rat liver nucleoli, in which 97 
proteins are visualized by two-dimensional gel 
electrophoresis, and Novikoff hepatoma ascites 
cell nucleoli (22), although those differences are 
not as striking as the ones observed in this study. 

The results of the phenol-soluble nuclear protein 
study indicate a temporal relationship between 
alterations in the composition of the phenol-solu- 
ble acidic nuclear proteins and cellular differentia- 
tion during culture growth. First, there are more 
protein components during active exponential 
growth than during the stationary and poststation- 
ary phases. Second, some of the polypeptides are 
present only at particular phases of culture growth, 
either log phase or stationary and poststationary 
phases. Third, the relative amounts of the phenol- 
soluble nuclear proteins also changed. And, fi- 
nally, many of these qualitative and quantitative 
changes began to occur specifically as cultures 
reached high cell density (2 • 10 e cells/ml). It was 
at this stage that round forms first appeared before 
their encystment in late stationary phase. 
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In general, the results of this study are in strong 
agreement with recent reports of nuclear protein 
alterations during induced differentiation in P. 
polycephalum (14-16). Those reports have dem- 
onstrated dramatic changes in the quantitative and 
qualitative content of phenol-soluble nuclear pro- 
teins during induced differentiation in that ame- 
boid organism. Acanthamoeba may well represent 
a similar type of  biological system. Of  particular 
interest is the report (14) that amoeba actin is a 
major constituent of Physarum nuclei. Bands 
having a molecular weight similar or identical to 
that of rabbit muscle actin have been observed in 
the nuclear phenol-soluble fraction as well as the 
nucleolar phenol-soluble fraction from Acan- 
thamoeba, Acanthamoeba actin is known to pos- 
sess numerous characteristics in common with 
rabbit muscle actin (23, 31). Work in progress in 
this laboratory suggests that amoeba actin ex- 
pressed as a percentage of total cellular protein 
increases dramatically during induced encystation 
(26). However, we have found that Acanthamoeba 
actin represents the most prominent band on SDS 
gels from whole cell homogenates and can easily 
contaminate organelle preparations. An analysis 
of the role of Amoeba actin in the nuclear events 
associated with induced different ia t ion in 
Acanthamoeba is beyond the scope of this study. 
In conclusion, this study has shown the isolated 
nucleus and nucleolus of A. castellanii to be a 
convenient and workable model system for the 
study of biochemical events involved in cellular 
differentiation. 
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