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Abstract 

In this study, using the immunofluorescent
method, the immunopositive signals to ubiqui-
tin and proteasomes in nucleoli of root meris-
tematic cells of soybean seedlings have been
observed. In fact, those signals were present
exclusively in nucleolar vacuoles. No signals
were observed in the nucleolar territory out of
the nucleolar vacuoles or in the nucleoli with-
out vacuoles. The ubiquitin-proteasome sys-
tem (UPS) may act within the nucleoli of
plants with high metabolic activities and may
provide an additional level of regulation of
intracellular proteolysis via compartment-spe-
cific activities of their components. It is sug-
gested that the presence of the UPS solely in
vacuolated nucleoli serves as a mechanism
that enhances the speed of ribosome subunit
production in very actively transcribing nucle-
oli. On the other hand, nucleolar vacuoles in a
cell/nucleus could play additional roles associ-
ated with temporary sequestration or storage
of some cellular factors, including components
of the ubiquitin-proteasome system.

Introduction

Intracellular protein degradation is impor-
tant for the regulation of many fundamental
cellular processes for both plants and animals.
The ubiquitin-proteasome-dependent prote-
olytic pathway that has been found in all
eukaryotes is one of the nonlysosomal protein
degradation systems.1,2 The 26S proteasome is
a multicatalytic proteinase complex that acts
as the ATP-dependent degradation system and
digests vast majority of intracellular proteins
tagged with a multiubiquitin chain as a degra-
dation signal.3,4 In all eukaryotes the ubiquitin-
proteasome system (UPS) degradation deter-
mines the turnover rate for a wide range of
proteins including long- and short-lived ones
as well as regulatory proteins e.g. metabolic
key enzymes, transcription factors, cyclins,
inhibitors of cyclin dependent kinases as well
as regulators of DNA replication, repair and
apoptosis.4

Generally in all eukaryotes the UPS is
engaged in lots of key processes. Proteasomal
proteolysis is engaged in regulation of nuclear
structure and functions such as replication,
transcription and splicing.5 Cell cycle-depend-
ent changes in the localization of the protea-
somes suggest that it may have a regulatory
function related to the cell cycle.6,7 Ubiquitin
and proteasomes are intimately involved in
chromatin structure modifications and gene
control that is accompanied with histone ubiq-
uitination.8 The proteasomes play an impor-
tant role in the processing of antigen presenta-
tion.9 Proteasomes can be activated by various
unfavourable environmental conditions10 and
ageing.11 Degradation, by the proteasomal sys-
tem, of oxidatively modified proteins plays an
important role in the antioxidant defenses.12

This system provides for cellular quality con-
trol since it prevents accumulation of misfold-
ed or damaged proteins.13

In plants the UPS has been implicated in the
regulation of almost every developmental
process from embryogenesis to floral organ
production.14 This pathway participates in the
regulation of such processes as differentiation
of vascular bundles,15 auxin signal transduc-
tion pathway,16 apoptosis,17 selective ion
uptake through plasma membrane proton
pomp,18,19 nitrogen recycling.20 Transcription
factors are regulated via the UPS during
organogenesis and vascular differentiation.21

The UPS is involved in the replacement of his-
tones with protamine-like proteins during
spermatogenesis in algae.22 Ubiquitin-mediat-
ed proteolysis regulates hormone biosynthesis,
transport, perception and signaling.23 The role
of the plant UPS has been established in the
defense against pathogen and in disease
resistance,24 against abiotic stresses including
heat shock and wounding as well as in organ
senescence.20,25,26 The ubiquitin-proteasome
pathway is also involved in the regulation of
programmed cell death (PCD).27

The presence of ubiquitin and proteasomes
in all parts of plants has been documented.
However, the highest amount was observed in
the root and shoot apical meristems, in leaf
primordia and vascular tissue of young sun-
flower21 and rice plants28 suggesting that prote-
olysis mediated by the 26S proteasomes may
be involved in organ formation. Hence, an
enhanced level of ubiquitin and proteasomes
can be observed at the onset of organogene-
sis.21

Generally in animal cells the proteasomes
are more abundant in cytosol than in nucleo-
plasm, although the UPS is an active compo-
nent of the cell nucleus29 and this proportion
varies with the cell type and growth condi-
tions.30 Localization of the proteasome is often
cell cycle-dependent.6 Nuclear distribution of
proteasomes is species-specific and differs in

higher versus lower eukaryotes.29

The UPS has been implicated in various
aspects of nucleolar function. Recently involve-
ment of the UPS in ribosome biogenesis has
been suggested in mammalian cells. An impor-
tant function of the nuclear UPS is to control
the supply of ribosomal proteins for the assem-
bly of new ribosomal subunits in the nucleolus.
Ubiquitin and ubiquitin-like proteins play a
role in ribosome biosynthesis and control the
flow of materials to and from a nucleolus.31 It
was shown that complexes associated with
pre-rRNA processing factors were ubiquitinat-
ed and immunofluorescence revealed that
ubiquitin was present within nucleoli.
Inhibition of proteasome activity resulted in
nucleolar morphology disruption and accumu-
lation of 90S preribosome, it also affected the
distribution of rRNA-processing proteins in
nuclei, resulting in impaired rRNA process-
ing.32 Moreover, fibrillarin and nucleophosmin,
main nucleolar proteins participating in early
and late rRNA processing, respectively, under-
go ubiquitination.33,34 That is why the aim of
the present work was to check, by immunoflu-
orescence, the presence of ubiquitin and pro-
teasomes within plant root meristematic cell
nucleoli. To date, localization of the UPS ele-
ments has been reported neither in animal nor
in plant normal nucleoli, except in the above
mentioned examples.
Root meristematic cells of soybean

seedlings seem to be an attractive object to
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study plant nucleoli. There is a single, quite
big nucleolus in the nucleus of this cell.
Nucleoli of soybean, a plant from subtropical
climate, clearly responded to chilling showing
differences in ultrastructure and considerably
reduced transcriptional activity.35,36 Moreover,
in the nucleoli of plants subjected to recovery
after chilling stress transcriptional activity and
transport of ribosomal subunits to the cyto-
plasm were even more intensive than in the
control and then characteristic, single, huge,
and centrally located nucleolar vacuoles
appeared in them.37 It seems that the UPS con-
tributes indirectly to changes of nucleolar
activity and structure in soybean cells quickly
responding to environmental conditions.
Current studies showed that immunosignals
against 20S proteasomes and ubiquitin were
present in nucleolar vacuole territories.

Materials and Methods

Material 
Seeds of soybean (Glycine max (L.) Merr.)

cv. Aldana (obtained from Plant Breeding and
Acclimatization Institute in Radzików, Poland)
were germinated for three days at 25°C in
darkness in Petri dishes on filter paper mois-
tened with distilled water (control).
To obtain nucleoli with vacuoles the control

seedlings were treated with chilling (10°C) for
four days, and then the plants were transferred
to 25°C for one day.

Immunofluorescence
Root apical meristems were cut off from the

seedlings and fixed in 4% paraformaldehyde in
0.01 M phosphate buffered saline (PBS), pH
7.4 for 45 min at room temperature (RT) and
then washed in PBS. Next the material was
treated with a digestion mixture (1% pecti-
nase, 1% cellulase, 1% pectolyase in PBS) for
30 min at RT. After washing in PBS squashed
preparations were made. Slides were air-dried
and then incubated in 5% BSA with 0.5% Triton
X-100 in PBS for 60 min at RT, washed in PBS
with 0.5% triton X-100. The preparations were
covered with the mouse monoclonal antibody
to 20S proteasomes (10 µg/mL diluted in PBS
with 0.1% Triton) or with the rabbit polyclonal
antibody to ubiquitin (1:300 diluted in DAKO
solution; DAKO, Chełmniec, Poland) and both
left for 12 h at 4°C then washed five times in
PBS with Triton. The secondary antibodies
conjugated with FITC - anti-mouse Ig (1:30;
Sigma Aldrich, Poznan, Poland) and anti-rab-
bit Ig (1:80; Sigma) to proteasomes and ubiq-
uitin, respectively, were incubated for 2 h in
darkness at RT. After this, the slides were
washed in PBS with 0.5% Triton and once only

in PBS. Dried preparations were covered with
PBS:glycerol mixture (9:1) with 2.3% DABKO
(Sigma). Observations were performed using
Optiphot-2 epifluorescence microscope
equipped with B-2A filter (blue light; λ=470
nm) for FITC. Images were recorded using
DXM 1200 CCD Nicon camera.
Slides incubated only in the secondary anti-

body served as a negative control. Moreover,
the control tests with other antibodies, i.e.
polyclonal rabbit tri-methyl histone H3 (lys4)
antibody (H3K4met3) and rabbit polyclonal
acetyl histone H3 (lys9) antibody (H3K9acetyl)
(Cell Signaling Technology, Inc., Danvers, MA,
USA) were carried out. Immunofluorescencent
procedures were similar to those for protea-
some and ubiquitin.

Semi-thin section preparation
Root tips of each variant were fixed in 2%

glutaraldehyde in 1% cacodylate buffer (pH
7.2-7.4) for 3 h at 4°C. Then they were post-
fixed in 1% OsO4 in the same buffer. After
dehydration in the ethanol series, the material
was embedded in a medium containing the
mixture of Epon 812 and Spurr’s resin. Semi-
thin sections were placed on microscopic
slides and stained with toluidine blue.
Nucleolar vacuoles were observed by means of
light microscope Jenamed-2 (Carl Zeiss, Jena,
Germany) and CCD CAMERA MTV - 1801 CB
connected to a microscope and computer-aided
IMAL-512 system.

Statistic
Meristematic cells with nucleoli showing

high activity, i.e. those from the control and
post-chilling recovered plants were taken into
account to check both the number of vacuolat-
ed nucleoli and for immunofluorescent stud-
ies. Five root tips for each experimental vari-
ant and 150 cells from each root tip were exam-
ined. The number of cells with vacuolated
nucleoli was counted on semi-thin sections,
while the number of cells with nucleoli with
immunosignals was estimated on squashed
preparations. Significance of difference
between vacuolated and immunolabeled vac-
uolated nucleoli as well as between nucleoli
immunolabeled with the antibodies against
proteasome and ubiquitin was estimated for
the control and recovered seedlings. Standard
deviations for each value (±SD) were evaluat-
ed. Statistical significance of differences were
done using the Student’s t-test (P<0.05).

Results and Discussion

Genes encoding subunits of the ubiquitin-
proteasome system (UPS) are present in

organisms ranging from some prokaryotes to
all studied eukaryotes, and appear to have
been highly conserved throughout evolution,38

hence in the current work the antibodies to
core subunits of the human 20S proteasomes
and to the human ubiquitin were used to iden-
tify proteasomes and ubiquitin in the plant
material. In this study the immunocytofluores-
cent microscopy showed nuclear and cytoplas-
mic labeling with the antibodies against 20S
proteasomes and ubiquitin in all studied cells
of soybean root meristems suggesting that
both elements of the UPS were present in the
nucleus as well as in the cytoplasm. In other
eukaryotes both components of the UPS are
also found in the cytoplasm and within the
nucleus. Proteasomes alone are found in the
cytoplasm, both free and attached to the cyto-
plasmic reticulum, and in Golgi apparatus,30,39

associated with cytoskeletal elements and in
the nuclei of eukaryotic cells.40 In the cell
nucleus proteasomes are present throughout
nucleoplasm, concentrating in subnuclear
structures such as splicing speckles,33 promye-
locytic leukemia (PML) nuclear bodies41 and
clastosomes.42 In all mammalian cells analysed
so far endogenous proteasomes were distrib-
uted throughout the cytoplasm and nucleo-
plasm, however they were detectable neither
in the nuclear envelop nor in nucleoli.5

It is interesting that in these studies
immunopositive signals were also present in
the nucleoli of soybean cells. However,
immunostaining was not observed in every
nucleolus and those which were stained were
labeled only partially. Immunosignals for pro-
teasomes and ubiquitin were present solely in
these nucleoli which most probably contained
nucleolar vacuoles. The nucleoli without vac-
uoles were excluded from immunostaining
(Figure 1A,A’). Observations showed that the
distribution and pattern of labeling for both
proteasomes and ubiquitin in the soybean root
meristematic cells were almost identical
(Figure 1 A,A’,B,B’,C,C’,D,D’). Dimensions of
the labeled areas in particular nucleoli were
various depending, as we suppose, on sizes of
nucleolar vacuoles. The labeling was most fre-
quently located in the central part of a nucleo-
lus and occupied relatively big area  (Figure 1
B,B’). There were also immunosignals which
occupied single, small areas (Figure 1 C,C’)
and a few small foci in one nucleolus (Figure 1
D,D’). The sizes of immunosignal areas and
their location were in agreement with the
sizes and location of nucleolar vacuoles
(Figure 2 A,B,C,D). In order to show that
occurrence of cells with nucleolar vaculoles as
well as labeling of these vacuoles are not rare
or accidental the rows of neighbouring cells, as
they occur in root meristems, were demon-
strated in Figure 3 A,B,C. Earlier and present
studies showed that in the cells of control
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plants there were 18-26% vacuolated nucleoli
while in the cells of plants recovered after 4-
day chilling there were many more nucleoli
with vacuoles, 40-54%. In most cases the
nucleolar vacuoles were huge, single and cen-
trally located in those nucleoli43 (Table 1).
Current studies showed that higher number of
nucleoli with immunosignals was observed in
the cells of plants subjected to recovery in com-
parison to the control plants. These experi-
ments, on the basis of sizes and localization of
immunosignals, indeed, would confirm the
fact that immunopositive reactions were
localised to nucleolar vacuole territories. In
this paper only nucleoli of the recovered plants
were demonstrated in Figures, although nucle-
oli of the control plants also contained nucleo-
lar vacuoles with immunosignals, but these
were less spectacular than those of the recov-
ered plants.  
Although the number of vacuolated nucleoli

was somewhat higher than of those with
immunosignals in both experimental variants,
the statistical analysis showed that there was
no significance of difference between them
(Table 1). Similar situation occurred in the
case of the number of nucleoli labeled with the
antibodies to proteasome and ubiquitin (Table
1). On the basis of the obtained results a con-
clusion could be drawn that all vacuolated
nucleoli contained immunosignals for protea-
somes or ubiquitin.
Some experimental procedures, especially

fixation, may induce artefact formation.29 In
order to check that immunosignals present in
nucleolar vacuoles were not artifacts some
control tests were carried out.  The negative
controls without primary antibodies did not
show any specific immunosignals at the whole
cell areas  (Figure 4A). Tests with the use of
antibodies to nuclear proteins, H3K4met3 and
H3K9acetyl, and the same procedure as in the
case of proteasome and ubiquitin, did not show
any immunosignals at the nucleolar territory.
(Figure 4 B,C).
Presence of the UPS components in a nucle-

olus was rarely documented. The nucleoli
themselves are generally thought to be devoid
of proteasomes under normal growth condi-
tion40 as detailed proteomic analysis of human
nucleoli showed44 and the role of nucleolus in
the proteasomal activity in degradation of the
nucleolar proteins has not been documented to
date,5,40 but ubiquitin is present in normal
nucleoli.32 However, SUMO proteases have
been identified in the nucleoli of HeLa cells.45

Moreover, sumoylation acting in coordination
with the UPS regulates the maintenance of
nucleolar integrity. A nucleolus is also the key
organelle in which SUMO-1 conjugates accu-
mulate in response to proteasome inhibition.46

In some cases, under particular conditions,
components of the UPS can be found within a

Original Paper

Figure 1. Immunofluorescent detection of proteasomes (A, B, C, D) and ubiquitin (A’, B’,
C’, D’) in root meristematic cells of soybean; A,A’), nucleoli free of immunosignals; B,B’),
nucleoli with one big, centrally located labeled area; C,C’), nucleoli with one small
labelled area; D,D’), nucleoli with a few small labelled areas. Scale bar: 15 µm.
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nucleolus. For example, proteasomes and their
potential substrates accumulated in nucleoli
during inhibition of proteasomal protein
degradation by MG 132 in human cells,47 dur-
ing increased Myc expression48 and when
altered localization of the nuclear protein PML
occurred,47 suggesting that nucleoli are the
site of protein degradation. Proteasome inhibi-
tion exerts specific effects on certain compo-
nents of nucleolar architecture and on early
and late processing factors of pre-ribosome
biosynthesis, as well as it disrupts multiple
processes in ribosome biogenesis and sub-
stantially influences Pol I transcription.32 Even
in the soybean seedlings treated with epox-
omycin, an inhibitor of the proteolytic activity
of proteasomes, alterations in nucleolar ultra-
structure can be seen (Stępiński, unpublished
data). Cic1p/Nsa3p yeast protein is associated
with 26S proteasome and localised to nucleo-
lus. This protein is required for early pre-rRNA
processing and for release of pre-60S from the
nucleolus into the nucleoplasm.49 Additionally
the functions of ubiquitin and nucleoli seem to
be connected. A possible role for ubiquitin in
nucleolar disassembly was suggested.50

Moreover, several proteins associated with
ribosome biosynthesis are ubiquitinated. Also
ubiquitin ligase is known to regulate the pro-
cessing and nuclear export of tRNA, mRNA as
well as rRNA in yeast.51 Ubiquitin has been
localized within both the nucleolus and the
pre-ribosomal complexes of mammalian
cells.32 Since biosynthesis of ribosomal precur-
sors is regulated at multiple levels including
the transcription of ribosomal genes, phospho-
rylation, methylation and acetylation of nucle-
olar factors,52 the levels of these factors could
be controlled by the UPS, hence, it is suggest-
ed that the UPS is required for multiple steps
of ribosome biogenesis.32

More speculatively, one could believe that
presence of both components of the UPS, ubiq-
uitin and proteasomes in a nucleolus estab-
lishes a functional degradation pathway of
nucleolar and ribosomal proteins in this
organelle so their transport to distinct subnu-
clear domains or to the cytoplasm would not be
necessary. However, the nucleolar protein, fib-
rillarin, was described to be degraded in nucle-
oplasmic foci under conditions that specifical-
ly inhibit nucleolar transcription. It means that
nucleolar proteins are degraded out of nucle-
oli.33 In mammalian cells upon inhibition of
proteasome-dependent proteolysis, nucleolar
proteins, fibrillarin and UBF, did not accumu-
late so it is suggested that they do not repre-
sent proteasomal substrates and they general-
ly do not co-localize with protein degradation
foci in interphase nuclei.5 However, more
recent data show that USP36, a deubiquitinat-
ing enzyme, plays an essential role in regulat-
ing nucleolar structure and function and

specifically localizes to nucleoli together with
its substrates, namely fibrillarin and nucle-
ophosmin, nucleolar proteins which undergo
deubiquitination. Moreover, USP36 in coopera-
tion with B23 regulates the level of nucleolar

protein ubiquitination.53 Nucleoli of all eukary-
otic organisms, including plants, play the same
general function, i.e. ribosome subunit produc-
tion, and contain almost identical set of fac-
tors/proteins to act the function, hence, it is
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Table 1. Frequency of vacuolated and of immunolabeled vacuolated nucleoli in control
and recovered soybean seedlings.

Growth conditions Frequency (%) of 
Vacuolated Vacuolated nucleoli immunolabeled 

nucleoli with antibody against
Proteasome Ubiquitin

Control (3d/25°C) 26.3±3.1 23.8±3.6 25.1±3.9
Recovery(3d/25°C + 4d/10°C + 1d/25°C) 53.7±5.9 49.3±6.2 51.5±5.8

Mean values ± SD; there is no significance of difference between vacuolated and immunolabeled vacuolated nucleoli as well as
between nucleoli immunolabeled with antibody to proteasome and ubiquitin for both control and recovered experimental variants,
P<0.05.

Figure 2. Nucleoli of root meristematic cells of soybean on semi-thin sections. A), nucle-
oli without vacuoles; B), nucleoli with one, big, centrally located vacuole, characteristic
of plants recovered after chilling stress; C), nucleolus with a small vacuole; D), nucleolus
with a few small vacuoles. Scale bar: 10 µm.
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possible that components of UPS might be
present also in nucleoli of plant cells. 
It is interesting and intriguing that ubiqui-

tin and proteasomes have been localised exclu-
sively in nucleoli possessing vacuoles.
Vacuolated nucleoli are less common in animal
cells than in plant ones. In addition nucleolar
vacuoles appear most of all in very active
nucleoli. This might be the reason why ubiqui-
tin and proteasomes have not been identified
in other objects so far. In the case of soybean,
vacuolated nucleoli appeared in plants grown
at optimal temperature of 25°C as well as in
those subjected to 4-day chilling stress (when
rRNA transcription considerably slowed down)
and subsequently recovered at optimal temper-

ature. In the latter case the nucleoli with big
vacuoles appeared and rRNA transcription pro-
ceeded even more intensively than in the con-
trol.37 So, presence of the UPS components
solely in the vacuolated nucleoli proves the fact
that the ubiquitin-proteasome pathway is pres-
ent in nucleoli with intensified activity. It can-
not be excluded that nucleolar and ribosomal
proteins predestined to be degraded in poorly
active, non-vacuolated nucleoli, are transport-
ed to the extranucleolar nucleoplasm or to the
cytoplasm and their proteolysis takes place
there. On the other hand in very active, vacuo-
lated nucleoli, where there is no time for trans-
port of proteins predestined for degradation
out of nucleoli the whole machinery of the UPS

is brought to nucleoli and proteolysis occurs
inside nucleolar vacuoles. Under normal con-
ditions synthesis and import  of ribosomal pro-
teins is in excess in relation to needs.54 The
more so as the excess of such proteins may
occur in the most active cells, i.e. in plants sub-
jected to recovery. Ribosomal proteins that
have failed to assemble into ribosomal sub-
units in nucleoli and excessive ribosomal pro-
teins are also degraded by the proteasome.54

Moreover, in mammalian nucleoli the struc-
tures called nucleolar aggresomes, which con-
tain proteins and other compounds are formed.
Such aggregation of proteins often results
from insufficient protein degradation by the
UPS. Aggresomes are also formed under vari-
ous forms of stress as well as when cells are
treated with poteasome inhibitors. Most pro-
teins accumulating in nucleolar aggrosomes
are degraded in proteasomes but a question
whether this process takes place in nucleoli
remains opened.55 Increased nuclear load of
proteins which are destined to be degraded
enhances aggresome formation. The more so
as such a situation could take place in soybean
plants under chilling stress during which dam-
age of proteins could appear.   
Moreover, communication between ribo-

some assembly factors and proteasome activity
could be an important mechanism to synchro-
nize ribosome synthesis with cell growth and
division. Especially it might refer to the cells
with active, vacuolated nucleoli where meta-
bolic processes proceed with high speed and
the activity of the factors controlling biochem-
ical processes has to be quickly regulated also
by the UPS. It is accepted that nucleolar vac-
uoles appear when transport of ribosomal sub-
units exceeds their synthesis.56,57 However, the
UPS may help form or enlarge nucleolar vac-
uoles by digestion of nucleolar matrix proteins
at the site of nucleolar vacuole arising. 
On the one hand, these observations can

suggest that the UPS may act within the nucle-
olus and may provide additional level of regula-
tion of intracellular proteolysis via compart-
ment-specific activities of its components.
Possibly, the localization of proteasomes and
ubiquitin is associated with the need for
enhanced proteolysis in individual cell com-
partments, in this case in a very active nucleo-
lus, to regulate nucleolar processes as well as
to clean up unwanted proteins produced as the
consequence of stress. Stress conditions may
create situations in which massive amounts of
ribosomal proteins become unemployed and
thus become potential substrates for the
nuclear UPS.31 On the other hand, it is worth
noticing that immunopositive signals for ubiq-
uitin and proteasomes present both in nucleo-
lus and in the other cellular compartments
refer to free ubiquitin and its various conju-
gates. Proteins modified with ubiquitin are not

Original Paper

Figure 3. Rows of neighbouring cells in soybean root meristems with: immunodetection
of proteasomes (A) and ubiquitin (B) as well as a semithin section of cells with nucleolar
vacuoles (C). Scale bar: 7.5 µm. 

Figure 4. Control tests: A), without primary antibody, scale bar: 15 µm; B), with nuclear
antibodies H3K4met2 and C), with H4K12acetyl, scale bar: 10 µm.
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necessarily predestined for degradation but
their activity and localization can be also regu-
lated through ubiquitylation.58 That is why the
presence of ubiquitin in a nucleolus does not
necessarily mean that degradation of ubiquiti-
nated proteins takes place in a nucleolus, how-
ever it may indicate that nucleoli, precisely the
nucleolar vacuoles, may not merely be useless
empty space formed in active nucleoli as a con-
sequence of intensive transport of pre-riboso-
mal particles out of the nucleoli, but they could
be the site of temporary sequestration or stor-
age of the UPS components or ubiquitin conju-
gates as well as other biochemical cellular
components in plant cells,59 similarly as differ-
ent discrete, focal regions in animal nucleoli
are used as storage compartments for certain
enzymatic and regulatory proteins, which can
be released in a regulated manner to exert
their function elsewhere.60,61
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