Lysosomes.

Lysosomes

he lysosomes (Gr., lyso=digestive + soma=body)

are tiny membrane-bound vesicles involved in in-

tracellular digestion. They contain avariety of hydro-
lytic enzymes that remain active under acidic conditions. The
lysosomal lumenismaintained at an acidic pH (around 5) by an
ATP-driven proton pumpinthemembrane. Thus, theseremark-
ableorganellesareprimarily meant for thedigestion of avariety
of biological materialsand secondarily cause aging and death of
animal cellsand also avariety of human diseasessuch ascancer,
gout, Pompe’ s disease, silicosisand I-cell disease.

HISTORICAL

During early el ectron microscopic studies, rounded dense
bodies were observed in rat liver cells. These bodies were
initially described as“ perinuclear densebaodies’. C. deDuve,
in 1955, renamedtheseorganellesas’ lysosomes’ toindicatethat
the internal digestive enzymes
only became apparent when the

membrane of these organelles .
waslysed (See Reid and L eech,

1980). However, the term lyso-

some means lytic body having - 8

digestive enzymes capable of

lysis(viz., dissolutionof acell or -

tissue; (De Robertis and De
Robertis, Jr., 1987).

Lysosomes were investi- .._I .
gated accordingtofollowingtwo .
schools: (1) C. deDuveand his =

coworkers (1963, 1964, 1974) Christian de Duve (Born 1917,
workedin Belgium and their ap- won Nobel Prize in 1974).
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176 CELL BIOLOGY

proachwashbiochemical one. (2) Alex Novikoff and hisresearch group (1962, 1964) workedin United
States and their approach was morphological and cytochemical. For the discovery of lysosomes and
abrilliant series of experiments on them, de Duve shared the 1974 Nobel Prize for physiology with
Palade and Claude, both were pioneer cell biologists.

OCCURRENCE

Thelysosomesoccur in most animal and few plant cells(Table8-1). They areabsent in bacteria
and mature mammalian erythrocytes. Few lysosomes occur in muscle cells or in acinar cells of the
pancreas. Leucocytes, especially granulocytes are a particularly rich source of lysosomes. Their
lysosomesare solarge-sized that they can be observed under thelight microscope. Lysosomesareal so
numerousinepithelial cellsof absorptive, secretory and excretory organs(e.g., intestine, liver, kidney,
etc.). They occur in abundancein the epithelial cellsof lungsand uterus. Lastly, phagocytic cellsand
cells of reticuloendothelial system (e.g., bone marrow, spleen and liver) are also rich in lysosomes.

STRUCTURE

The lysosomes are round vacuolar structures which remain filled with dense material and are
bounded by single unit membrane. Their shape and density vary greatly. Lysosomesare 0.2 to 0.5um
in size. Since, size and shape of lysosomes vary from cell to cell and time to time (i.e. they are
polymorphic), their identification becomes difficult. However, on the basis of the following three
criteria, acellular entity canbeidentified asalysosome: (1) It should bebound by alimitingmembrane;
(2) It should containtwo or moreacid hydrol ases; and (3) It should demonstratethe property of enzyme
latency when treated in away that adversely affects organelle’ s membrane structure.

Table 8-1 Examples of plant and animal cells, tissues and or gans containing lysosomes (Sour ce:
| Sheeler and Bianchi,1987).

A. Animal tissues B. Protozoa

1. Liver 15. Leucocytes

2. Kidney 16. Amoeba

3. Nervecdls 17. Tetrahymena

4. Bran 18. Paramecium

5. Intestinal epithelium 19. Euglena

6. Lung epithelium C. Plants

7. Macrophages 20. Onion seeds
(of spleen, bone marrow, liver and 21. Barley seeds
connective tissue) 22. Corn seedlings

8. Thyroid gland 23. Yeast

9. Adrenal gland 24. Neurospora

10. Bone D. Tissue culture cells

11. Urinary bladder 25. Hel A cdlls

12. Prostate 26. Fibroblasts

13. Uterus 27. Chick cells

14. Ovaries 28. Lymphocytes

ISOLATION AND CHEMICAL COMPOSITION

Lysosomesare very delicate and fragile organelles. Lysosomal fractions have beenisolated by
sucrose-density centrifugation (or I sopycnic centrifugation) after mild methodsof homogeni zation.
Sincetheoriginal deDuve' sisolatedlysosomal fractionswerehaving contaminationsof mitochondria,
microsomes and microbodies, so, in 1960's it was investigated that rats injected with dextran or
Triton WR-1339, incorporated these compoundsinto their lysosomes, thereby altering their density
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and making their cleaner separation possible

by differential centrifugation and density gra-

dients (see Reid and L eech,1980). - 0.05 205 um .
Lysosomestendtoaccumul atecertaindyes e - S,

(vital stainssuch asNeutral red, Niagara, Evans Acid hydrolases u

blue) and drugs such asanti-malarial drug chlo- - :?ﬂ::ssgssmp y

roquine. Such‘loaded’ Iysogomescan be dem- = glycosidases 'I_

onstrated by fluorescence microscopy. B lipases .
Thelocation of thelysosomesinthecell | phosphatase

can also be pinpointed by varioushistochemi- i :‘;}E’Sﬁiﬁg ase

cal or cytochemical methods. For example, 1 i

lysosomesdemonstratetheproperty of metach- - ‘s

romasia with toluidine blue and give a posi- . " pH~5 -

tive acid Schiff reaction (see Chapter 2). pH 7.2 " -~

Metachromasia is the property exhibited by R - o

certain pure dyestuffs, chiefly basic stains,of = —

colouring certaintissueelementsinadifferent -". .'1

colour. Certain lysosomal enzymes are good I ATP ADP | + Pi

histochemical markers. For example, acid

phosphataseistheprincipal enzymewhichis | rig 81, A lysosome showing itsvarious

used asamarker for thelysosomesby the the characteristics (after Albert et al., 1989).

use of Gomori’'staining technique
(Gomori,1952). Specific stainsare al so used for other lysosomal enzymessuch asB- glucuronidase,
aryl sulphatatase, N-acetyl-B-glucosaminidase and 5-br omo-4-chlor oindolacetate ester ase.

Lysosomal Enzymes

Accordingtoarecent estimate,alysosomemay contai n upto40typesof hydrolyticenzymes(see
Alberts et al.,1989). They include proteases (e.g., cathepsin for protein digestion), nucleases,
glycosidases(for digestion of polysaccharidesand glycosides), lipases, phospholipases, phosphata-
sesand sulphatases(Table 8-2). All lysosomal enzymesare acid hydrolases, optimally active at the
pH5 maintai ned within lysosomes. The membrane of thelysosome normally keepsthe enzymes|atent
and out of the cytoplasmic matrix or cytosol (whose pH is about ~7.2), but the acid dependency of
lysosomal enzymes protectsthe contents of the cytosol (cytoplasmic matrix) against any damage even
if leakage of lysosomal enzymes should occur.

The so-called latency of the lysosomal enzymesis due to the presence of the membrane which
isresistant to the enzymesthat it encloses. Most probably thisis dueto the fact that most lysosomal
hydrolases are membrane-bound, which may prevent the active centres of enzymesto gain accessto
susceptible groupsin the membrane (see Reid and L eech,1980).

Table 8-2. Some lysosomal enzymes and their substrates (Source: Sheeler and Bianchi, 1987).

Enzyme Substrate
A. Proteasesand peptidases ] ) ]
1. Cathepsin A,B,C,D and E Various proteins and peptides
2. Collagenase Collagen
3. Peptidases Peptides

B. Nucleases
4. Acid ribonuclease
5. Acid deoxyribonuclease

RNA
DNA
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Enzyme Substrate
Phosphatases
6. Acid phosphatase Phosphate monoesters

7. Phosphodiesterase

Enzymes acting on oligosaccharide
chainsof glycoproteinsand glycolipids
8. b-galactosidase

9. Acetylhexosaminidase

10. b-Glucosidase

11. & Glucosidase

12. aMannosidase

13. Sialidase

Enzymesactingon glycosaminoglycans
14. Lysozyme

15. Hyaluronidase

16. b-Glucuronidase

Enzymesacting on lipids

17. Phospholipase

18. Esterase

Oligonucleotides, phosphodiesters

b-Galactosides

Acetylhexosaminides, heparin sulphate
b-Glucosides

Glycogen

aMannosidase

Siaic acid derivatives

Mucopolysaccharides, bacterial cell wall
Hyaluronic acid, chondroitin sulphates
Polysaccharides, mucopolysaccharides

L ecithin, phosphatidyl ethanolamine
Fatty acid esters

Lysosomal Membrane

The lysosomal membrane is slightly thicker than that of mitochondria. It contains substantial
amountsof carbohydratematerial, particularly sialic acid. Infact, most lysosomal membrane proteins
are unusually highly glycosylated, which may help protect them from the lysosomal proteasesin the
lumen. The lysosomal membrane has another unique property of fusing with other membranes of the
cell. This property of fusion has been attributed to the high proportion of membrane lipids present in
themicellar configuration (L ucy,1969). Surfaceactiveagentssuch asliposol ublevitamins(A,K,D and
E) and steroid sex hormoneshave adestabilizinginfluence, causing release of lysosomal enzymesdue
toruptureof lysosomal membranes. Onthecontrary, thecortisone, hydrocorti soneand other drugstend
to stabilize the lysosoma membrane and have an anti-inflammatory effect on the tissue.

Theentire process of digestioniscarried out within thelysosome. Most lysosomal enzymesact
in an acid medium. Acidification of lysosomal contents depends on an ATP-dependent proton pump
which is present in the membrane of the lysosome and accumulates H* inside the organelle
(Reijngond,1978). Lysosomal membraneal so containstransport proteinsthat allow thefinal products
of digestion of macromoleculesto escape so that they can be either excreted or reutilized by the cell.

KINDS OF LYSOSOMES (POLYMORPHISM IN LYSOSOMES)

Lysosomes are extremely dynamic organelles, exhibiting polymorphism in their morphol ogy.
Followingfour typesof lysosomeshavebeen recognizedin different typesof cellsor at different times
inthe same cell. Of these, only thefirst isthe primary lysosome, the other three have been grouped
together as secondary lysosomes.

1. Primary Lysosomes

These are also called storage granules, protolysosomes or vir gin lysosomes. Primary lysos-
omes are newly formed organelles bounded by a single membrane and typically having adiameter of
100 nm. They contain the degradative enzymeswhich have not participated in any digestive process.
Eachprimary lysosomecontainsonetypeof enzymeor another anditisonly inthesecondary lysosome
that the full complement of acid hydrolasesis present.

2. Heterophagosomes

They area socalled heter ophagicvacuoles, heter olysosomesor phagol ysosomes. Heterophago-
somesareformed by thefusion of primary lysosomeswith cytoplasmic vacuol escontaining extr acel -
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lular substancesbrought into the
cell by any of avariety of endocytic
processes (e.g., pinocytosis,
phagocytosisor receptor-mediated
endocytosis, see Chapter 5). The
digestion of engulfed substances
takes place by the enzymatic ac-
tivities of the hydrolytic enzymes
of the secondary lysosomes. The
digested material haslow molecu-
lar weight and readily passess
throughthemembraneof thelyso-
somes to become the part of the
matrix (Fig. 8.2).

3. Autophagosomes

They arealsocalledautoph-
agic vacuole, cytolysosomes or

. . a-'.-'.".'.'.". .

digestive vacuole

n
, I. .H -. u - B )
= Tr - primary IySosomes
- e - e r (‘azurophilic’) granules
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Fig. 8.2. Diagram of awhiteblood cell (neutrophil) ingesting bacteria.

o

u
" alkaline phos-
phatase

antibacterial protein

Twotypesof granulesfusewiththephagocytoticvacuol esand
contribute digestive enzymes and other components.

autolysosomes. Primary lysosomes are able to digest intracellular structuresincluding mitochon-
dria, ribosomes, peroxisomes and glycogen granules. Such autodigestion (called autophagy) of
cellular organelles is a normal event during cell growth and repair and is especially prevaent in
differentiating and dedifferentiating tissues (e.g., cells undergoing programmed death during meta-
morphosisor regeneration) and tissue under stress. Autophagy takes several forms. In some casesthe
lysosomeappearsto flow around the cell structureand fuse, enclosingitinadoublemembrane sac, the
lysosomal enzymeshbeinginitially confined betweenthemembranes. Theinner membranethen breaks
down and the enzymes are able to penetrate to the enclosed organelle.In other cases, the organelleto
bedigestedisfirst encased by smooth ER, forming avesiclethat fuseswith aprimary lysosome (Fig.
8.4). Lysosomes also regularly engulf bits of cytosol (cytoplasmic matrix) which is degraded by a

process, called micr oautophagy.

As digestion proceeds, it becomes increasingly difficult to identify the nature of the original
secondary lysosome (i.e., heterophagosome or autophagosome) and the more general term digestive
vacuoleis used to describe the organelle at this stage.

4. Residual Bodies

They are also called telolyso-
somes or dense bodies. Residual
bodies are formed if the digestion
inside the food vacuole is incom-
plete. Incomplete digestion may be
due to absence of some lysosomal
enzymes. The undigested food is
present in the digestive vacuole as
theresiduesand may taketheform of
whorls of membranes, grains, amor-
phousmasses, ferritin-likeor myelin
figures (Fig.8.3).

Residual bodies are large,
irregular in shape and are usually
quite electron-dense. In some cells,

- myelin fibres of R
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- o "um — =
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Fig.8.3. Lysosomes of the kidney cells of rat, showing the
presence of residues (A).
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such as Amoeba and other potozoa, theseresidual bodiesareeliminated by defecation. Inother cells,
residual bodiesmay remainfor along timeand may |oad the cellstoresultintheir aging. For example,
pigment inclusions (age pigment or lipofuscin granules) foundinnervecells(alsoinliver cells, heart
cells and muscle cells) of old animals may be due to the accumulation of residual bodies.

ORIGIN

The biogenesis (origin) of the lysosomes requires the synthesis of specialized lysosomal
hydrolasesand membrane proteins. Both classesof proteinsare synthesized inthe ER and transported

lysosomal hydrolase -
precursor - |
receptor dependent
from |JF 'I _h i Piransport E_
RER I I l -~ -+i L}

binding of
® H6P receptor i
addition of " = " -
phosphate = - -
u removal
E - transport vesicle dissaciationt OL 2{385'
| ]

o o atacidic pH=
et
| Lgr-si
|_ ._.'I.- ..1 receptor recycling P late endosome
cis trans
Golgi Golgi

A summary of the autophagic pathway.

throughtheGol gi apparatus, thentransported from
the trans Golgi network to an intermediate com-
partment (an endolysosome) by meansof trans-
port vesicles (which are coated by clathrin pro- " |

tein; Fig. 8.4). Thelysosomal enzymes are glyco-
lipofuscin I-;%

x exocytosis

proteins, containing N-linked oligosaccharidesthat
are processed in aunique way in the cis Golgi so
that their mannose residues are phosphorylated.
These mannose 6-phosphate (M 6P) groups are
recognized by M 6P-receptor s (which are trans-

re5|dual L
body

membraneproteins) inthetransGol gi network that
segregates the hydrolases and helps to package
them into budding clathrin-coated vesicleswhich
quickly lose their coats. These transport vesicles
containing the M 6P-receptors act as shuttles that
move the receptors back and forth between the
trans Golgi network and endolysosomes. Thelow
pH inthe endolysosomedissociatesthelysosomal
hydrolases from this receptor, making the trans-
port of the hydrolases unidirectional.

FUNCTIONS OF LYSOSOMES

Theimportant functionsof lysosomesareas
follows:

lysosome

transport vesicle g
with Iysosomal . |-|. B
enzymes g =1
Golg| complex autophago-
m‘. Iysosome

forming
autophagic
vacuole ':

I—ER

mltochondrla
A summary of the autophagic pathway.
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1. Digestion of large extracellular particles. The lysosomes digest the food contents of the
phagosomes or pinosomes. The lysosomes of leucocytes enable the latter to devour the foreign
proteins, bacteria and viruses.

2.Digestion of intracellular substances. Duringthestarvation, thelysosomesdigest thestored
food contents, viz., proteins, lipids and carbohydrates (glycogen) of the cytoplasm and supply to the
cell neccessary amount of energy.

bacterlum plasma membrane

phagosome

- . -
-~ -,
" * et .
|
Golgi, phagocytosis -hl.'E:-:ll" .II
hydrolases and [

u

a apparatu
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."l transport

« | enpdocytosis n

L | —l-'#l_ ‘F%E— - I}I:_:.;.l:l

phagolysosome I

L et conmany 505
1 -y '-.
i f
"= endoplasmic . mitochondrion I
'-...reticulum f ]
- . 1 .
. - autophagolysosome =
-- |
T — _a,utophagy autophagosome -

Fig. 8.4. Recently understood mechanism of the origin of three types of lysosomes : phagolysosome,
lysosome (the classical secondary lysosome) and autophagolysosome. Transport vesicles (the
classical primary lysosomes) originate from trans Gol gi network to fuse with endolysosomewhich
contains already endocytosed materials for digestion (after Albertset al., 1989).

3. Autolysis. In certain pathological
conditionsthe lysosomes start to digest the
various organelles of the cellsand this pro-
cessisknown as autolysis or cellular au-
tophagy. When a cell dies, the lysosome
membrane ruptures and enzymes are liber-
ated. These enzymes digest the dead cells.
Inthe processof metamorphosisof amphib-
iansand \tuni catesmany embryonictissues,
e.g., dills, fins, tail, etc., aredigested by the
lysosomes and utilized by the other cells.

4. Extracellular digestion. Thely-
sosomes of certain cells such as sperms
discharge their enzymes outside the cell
duringtheprocessof fertilization. Thelyso- The lysosomes of sperms discharge their enzymes out-
somal enzymes digest the limiting mem- side the cell during the process of fertilization. Here a
branes of the ovum and form penetration human sperm is being seen fertilizing an egg.
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path in ovum for the sperms. Acid hydrolases are rel eased from osteoclasts and break down bone for
the reabsorption; these cells also secrete lactic acid which makes the local pH enough for optimal
enzyme activity. Likewise, preceding ossification (boneformation), fibroblasts release cathepsin D
enzyme to break down the connective tissue (Dingle, 1973).

LYSOSOMES AND DISEASE

Malfunctioning of lysosomes often resultsin various
pathological disorders affecting the life of the cell or an
individual. Some of these are inborn diseases, caused by
gene mutation (e.g., I-cell disease, gout, Pompe’s disease,
Tay-Sach’s disease, etc.) and others are induced by some
environmental pollutants (e.g., silicosis). Typically, the ac-
cumulated materials (e.g., low-molecular weight materials,
drugs, dyes, etc.) may cause malignant transformation of
cells by bringing about |eakage of lysosomal enzymes that
attack the genetic material inthe DNA.

LYSOSOMES IN PLANTS

Two out of the three siblings in this picture
Plants contain several hydrolases, but they are not | are suffering from Pompe’s disease, a

aways as neatly compartmentalized as they are in animal |3 inborn disease.

cells. Many of these hydrolases are found bound to and functioning withinthevicinity of thecell wall
and are not necessarily contained in membrane-bound vacuol es at these sites. Many types of vacuoles
and storage granules of plants are found to contain certain digestive enzymes and these granules are
considered aslysosomesof plant cell (Gahan, 1972). Accordingto M atile (1969) the plant lysosomes
can be defined as membrane-bound cell compartments containing hydrolytic digestive enzymes.
Matile (1975) has divided vacuoles of plantsinto following three types:

1. Vacuoles

Thevacuoleof amatureplant cell isformed fromtheenlargement and fusion of smaller vacuoles
present in meristematic cells; these provacuol es, which are believed to be derived from the ER and
possibly the Golgi and contain acid hydrolases. These lysosomal enzymes are associated with the
tonoplast of large vacuol e of differentiating cells. Sometimes, mitochondriaand plastidsare observed
inside the vacuol e suggesting autophagy in plants (Swanson and \Webster, 1989).

2. Spherosomes

The spherosomes are membrane-bounded, spherical particles of 0.5 to 2.5 um diameter,
occurring in most plant cells. They have afine granular structureinternally whichisrichinlipidsand
proteins. They originate from the endoplasmic reticulum (ER). Oil accumulates at the end of astrand
of ERandasmall vesicleisthen cut off by constrictiontoform particles, called pr ospher osomes. The
prospherosomes grow in size to form spherosomes. Basically, the spherosomes areinvolved in lipid
synthesis and storage. But, the spherosomes of maize root tips (M atile, 1968) and spherosomes of
tobacco endospermtissue(Spichiger, 1969) havebeenfoundrichinhydrolytic digestiveenzymesand
so have been considered as lysosomes. Like lysosomes they are not only responsible for the
accumulation and mobilization of reserve lipids, but also for the digestion of other cytoplasmic
components incorporated by phagocytosis.

3. Aleurone Grain

The aeurone grains or protein bodies are spherical membrane-bounded storage particles
occurring in the cells of endosperm and cotyledons of seeds. They are formed during the later stages
of seed ripening and disappear in the early stages of germination. They store protein (e.g., globulins)
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and phosphateintheformof phytin.
Matile (1968) has demonstrated
that aleurone grains from pea seed
contain awide range of hydrolytic
enzymes including protease and
phosphatasewhich arerequired for
the mobilization of stored protein
and phosphate, although the pres-
ence of other enzymes such as f3-
amylase and RNAase suggest that
other cell constituents may also be
digested. Thus, like spherosomes,
aleuronegrainsstorereserve mate-
rials, mobilize them during germi-
nation and in addition form acom-
partment for the digestion of other
cell components(Hall etal., 1974).
Thealeuronegrainsarederivedfrom
the strands of the endoplasmic
reticulum.

Duringgermination of barley
seed, the activity of hydrolases is
foundto becontrolled by hormones
suchasgibberellicacid (Fig. 8.5).
Gibberellicacid, aplant growthhor-
mone, isreleased by the embryo to
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Fig. 8.5. Role of hormone and hydrolytic enzymes in seed
germination. A—Ultrastructure of seed before germi-
nation; B—During germination, gibberellins (G) pass
from the embryo to the aleurone layer, where the de
novo synthesisof hydrolyticenzymesisinduced. These
enzymes break down the macromolecular stored re-
serves and the low molecular weight products are

transported to the embryo, where they function as
nutrients (after Thorpe, 1984).

B

thealeuronelayer where, inturn, the hydrol asesare rel eased to the endosperm. Thishormone operates
by derepressing appropriate genesin the aleurone cells, which then begin to crank out new hydrolytic

proteins (see Thor pe, 1984).

Extra-cellular Digestion by Plants

Plant cellsare generally unableto engulf large particles, presumably because of therestrictions
imposed on the cell by cell wall. The secretion of hydrolases to carry out extracellular digestion,
therefore, becomes an important process. Hydrolases are commonly secreted by fungi, enabling the
organism to degrade and grow on macromoleculesit cannot transport into the cell. Higher plantsalso
secrete hydrolases, a notable example being the insectivorous pitcher plants, which produce a
proteinase-containing liquid in which victims are trapped and digested.

REVISION QUESTIONS

1.  What are the lysosomes ? Describe their origin, structure and function.

2. Describe the method of isolation of lysosomesin the cells of plants and animals. Add a note about
histochemical marking of lysosomal components : membrane and enzymes.

3. Describethe process of autophagy. What is the ultimate fate of the digestive vacuole ?
4.  Write short notes on the following :
(i) Polymorphism in lysosomes;

(if) Lysosomes and disease;

(iif) Lysosomal enzymes;
(iv) Lysosomes of plants.
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