STRUCTURE AND FUNCTION OF
CELLULAR COMPONENTS

a-Actin filaments in vascular smooth muscle cells derived from the mouse aorta. Smooth muscle
cells were collected from the medial layer of the mouse aorta and cultured for 10 days. The o-actin
filaments were labeled with an anti-smooth-muscle o actin antibody (red in color) and observed by
fluorescence microscopy. Cell nuclei were labeled with Hoechst 33258 (blue in color). Scale bar:
Sum. See color insert.

Bioregenerative Engineering: Principles and Applications, by Shu Q. Liu
Copyright © 2007 John Wiley & Sons, Inc.
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A mammalian cell is composed of numbers of subcellular organelles, including the cell
membrane, cytoskeleton, smooth and rough endoplasmic reticulum, Golgi apparatus,
lysosomes, peroxisomes, mitochondria, and nucleus. A cell membrane is a phospholipid
bilayer, which encloses cell contents and separates a cell into different compartments. The
cytoskeleton is constituted with three distinct elements, including actin filaments, micro-
tubules, and intermediate filaments, which not only give a cell shape, strength, and elastic-
ity but also regulate various cellular functions. Endoplasmic reticulum is the site where
proteins and phospholipids are synthesized. The Golgi apparatus is an organelle in which
proteins are processed and modulated. Lysosomes contain digestive enzymes, participat-
ing in the degradation of engulfed molecules or microorganisms. Peroxisomes contain
enzymes for the mediation of oxidative reactions. Mifochondria are machineries that
generate and store energy in the form of ATP. The nucleus contains chromosomes and is
the center for the storage and processing of genetic information. It becomes clear that each
cellular organelle possesses distinct structure and function, yet all cell organelles work
together in a highly coordinated manner, ensuring appropriate regulation of cellular activi-
ties and functions. In this chapter, the structure, organization, and function of major cel-
lular organelles and compartments are briefly reviewed.

CELL MEMBRANE [3.1]

The cell membrane is composed of lipids and proteins. As discussed in Chapter 1, lipids
are amphipathic in nature (i.e., each molecule contains a polar hydrophilic and a nonpolar
hydrophobic end) and can spontaneously form bilayers when mixed with an aqueous solu-
tion. The most abundant lipids are phospholipids in the cell membrane. Each phospholipid
molecule contains a polar hydrophilic head and two nonpolar hydrophobic tails. In addi-
tion, cholesterol molecules can be found in a cell membrane. The membrane of a mam-
malian cell contains about 1 x 10° lipid molecules. Lipid molecules constitute about half
of the membrane mass, while the remaining half is primarily proteins. The lipid composi-
tion is asymmetric between the two lipid layers of the cell membrane. For instance, gly-
cosphingolipids are found primarily in the external layer, whereas phosphatidylserine is
in the internal layer. The primary functions of cell membranes are to separate cellular
contents from the extracellular space, create a suitable internal environment for intracel-
lular activities, and establish subcellular compartments for various metabolic and signal-
ing processes.

A lipid bilayer is a fluid-like structure. Lipid molecules can move laterally or diffuse
within a lipid monolayer, but cannot change the molecular polarity or flip from one lipid
layer to the other. The fluid-like feature of lipid bilayers is dependent on the composition
of the cell membrane. For instance, cholesterol molecules reduce the fluidity of cell mem-
branes, and thus enhance the membrane rigidity. The fluidity of a cell membrane ensures
dynamic movement of membrane components, including not only lipids but also proteins.
The movement of membrane molecules is critical to the function of these molecules as
well as the cell. For instance, integrins move toward the leading edge of cell migration
and participate in the construction of focal adhesion contacts, regulating cell attachment
to the substrate (Fig. 3.1). Growth factor receptors move dynamically, resulting in the
redistribution of the receptors to regions that require increased signal inputs from growth
factors.
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Figure 3.1. Dynamic formation of B3 integrin complexes in porcine arterial endothelial cells.
Endothelial cells were transfected with a GFP-3 integrin gene and cultured to confluence. Cell
wound was created by mechanical scraping, which induces cell migration. The images were taken
from migrating endothelial cells. Note that new integrin aggregates form at the leading edge of the
migrating cells (within the ovals). The times of the sequential images are indicated at the upper
right corners. Scale bar: 5um. (Reprinted from Zaidel-Bar R et al: J Cell Sci 116:4605-13, 2003
by permission of The Company of Biologists Ltd.)

The cell membrane contains various types and amounts of proteins, depending on the
type and function of the cell. For instance, a myelin membrane, which encloses and pro-
tects the nerve axon, contains proteins about 25% of the membrane mass, whereas a cell
membrane that is involved in extensive molecular transport and ligand—receptor interac-
tion may contain up to 75% proteins. Cell membrane proteins may serve as ligand recep-
tors, ion pumps, water and ion channels, or molecule carriers. Membrane proteins can be
divided into several classes based on the structure and relationship with the lipid bilayer.
One type is transmembrane proteins, which pass through the cell membrane and consist
of three domains: the extracellular, transmembrane, and intracellular domains. The extra-
cellular and intracellular domains are usually hydrophilic, whereas the transmembrane
domain is hydrophobic. The hydrophilic domains can interact with water-soluble proteins,
while the hydrophobic domain interacts with the fatty acid tails of membrane lipids via
covalent bonds, serving as an anchoring structure for the protein. The second type of
membrane protein is found at the external surface of a cell membrane. These proteins
attach to the lipid bilayer via the linkage of oligosaccharides. The third type of protein
attaches to the intracellular side of the cell membrane via covalent bonds with fatty acids.
In addition, some proteins attach to membrane proteins via noncovalent bonds. The struc-
tural relationship between a protein and the cell membrane usually determines the protein
function. For instance, transmembrane proteins are responsible for molecular transport
across the cell membrane and signal transduction from extracellular ligands to intracel-
lular signaling pathways. Proteins attached to the cytosolic side of the cell membrane
usually serve as signaling molecules, which relay signals from transmembrane protein
receptors.
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CYTOSKELETON

The cell contains a filamentous framework, known as the cyfoskeleton. There are three
cytoskeletal elements: the actin filaments, intermediate filaments, and microtubules. These
filaments not only determine the shape and mechanical strength but also participate in
the regulation of cellular activities, such as cell adhesion, division, migration, and apop-
tosis. The structure and function of these filaments are briefly discussed here.

Actin Filaments

Structure and Organization of Actin Filaments [3.2]. An actin filament is a helical
structure of 8nm in diameter and is established via polymerization of actin monomers.
Each actin monomer contains about 375 amino acid residues with a molecular size about
43kDa. In mammalian cells, there exist several isoforms of actin (see examples listed in
Table 3.1), including the o and B3 isoforms in muscular cells and § and 7y isoforms in non-
muscular cells. The o type of actin constitutes the contractile actin filaments in skeletal,
cardiac, and smooth muscle cells. The B and vy types of actin participate in the constitution
of the cytoskeleton. Actin filaments with various actin isoforms are localized to different
compartments in both muscular and nonmuscular cells. For instance, in nonmuscular
cells, B-actin is primarily found near the edge of the cell membrane, whereas y-actin
constitutes stress fibers, which are distributed more uniformly. An actin filament is a
polarized structure. When an actin filament is bound with myosin molecules, an array of
asymmetric arrowhead-like structures appears under an electron microscope. The end of
an actin filament consistent with the arrowhead is defined as the pointed end, whereas the
other end is defined the barbed end.

Actin monomers can be self-assembled or polymerized into actin filaments through
biochemical reactions (Fig. 3.2). Actin polymerization is accomplished in several steps,
including actin nucleation, filament growth, and ATP hydrolysis. Actin nucleation is a
process that induces the formation of actin trimers. These trimeric actin structures, known
as actin nuclei, serve as initiators for actin polymerization or filament growth. In addition,
actin polymerization can be initiated from the barbed end of grown actin filaments or
random sites along the side of actin filaments (Fig. 3.2). The addition of an ATP-actin to
an actin nucleus or an actin filament triggers hydrolysis of ATP into ADP and phosphate.
The phosphate group dissociates from the actin, leaving a newly added actin molecule
with a tightly bound ADP.

An actin filament can be simultaneously polymerized and depolymerized at both ends.
Under a steady physiological condition, the addition of actin subunits to the barbed end
of an actin filament is counterbalanced by the dissociation of actin subunits from the
pointed end, resulting in a relatively constant density for actin monomers and filaments.
However, the rate of polymerization and depolymerization may change in response to
environmental alterations. For instance, an increase in the concentration of ATP and the
presence of cations lower the critical level of actin monomers, enhancing actin polymer-
ization. Actin monomers above a critical concentration can be all assembled into actin
filaments.

Actin-Binding Proteins. Actin polymerization and depolymerization are regulated by
numbers of actin-binding proteins. These proteins are classified into various groups on
the basis of their functions, including actin monomer-binding proteins, actin filament-
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Figure 3.2. Actin filament polymerization and branching. Monomer actin molecules were prepared
from rabbit skeletal muscle and labeled on Cys-374 with rhodamine. Actin polymerization was
induced in the presence of 20% rhodamine-actin and observed by total internal reflection fluores-
cence microscopy (TIRFM). The images were subsequently captured at 100, 130, 170, and 210s
after initiating actin polymerization. Scale bar: 4 um. (Reprinted by permission from Amann KJ
et al: Proc Natl Acad Sci USA 98:15009-13, copyright 2001, National Academy of Sciences,
USA)

capping proteins, actin filament-binding proteins, actin filament-severing proteins, and
actin filament crosslinking proteins.

Actin Monomer-Binding Proteins [3.3]. The family of actin monomer-binding proteins
(see Table 3.2) includes several molecules, including B-thymosins, cofilins, profilins, and
formins, which bind actin monomers and regulate the activities of the actin molecules. 3-
Thymosins are molecules that primarily bind to and sequester ATP-actin monomers, and
thus inhibit actin polymerization. Cofilins bind ADP-actin with high affinity and destabi-
lize actin filaments. However, a controversial role of cofilins has been observed. Profilins
bind to ADP- and ATP-free actin monomers and play a role in sequestration of actin
monomers. Profilins also inhibit nucleation and elongation at the pointed end of an actin
filament, but do not influence the nucleation and elongation at the barbed end. Formin is
a homodimer composed of formin homology 1 (FH1) and formin homology 2 (FH2)
domains. The FH2 domain can bind to monomer actin and induce the nucleation and
polymerization of actin filaments. Furthermore, The FH2 domain can bind to the barbed
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end of actin filaments and promote the elongation of the filaments. The FH1 domain can
bind to the actin-binding protein profilin. This process enhances the elongation of actin
filaments.

Actin Filament-Capping Proteins [3.4]. Actin filament-capping proteins (see Table 3.3)
are molecules that bind either the pointed or the barbed end of actin filaments and prevent
actin polymerization or depolymerization. This family of proteins includes gelsolins,
heterodimeric capping proteins, the actin-related protein (Arp)2/3 complex, tropomyosin,
nebulin, and tropomodulin. Gelsolins are capable of binding to the barbed end and the
side of actin filaments and inhibiting actin polymerization. Heterodimeric capping pro-
teins bind and cap the barbed end of actin filaments, and impose effects similar to those
of gelsolins. Arp 2/3 is a complex of Arp 2 and Arp 3, which binds and caps the pointed
end of an actin filament and promotes the attachment of the capped end to a different
actin filament and the formation of actin filament branches. It has been shown that this
process is regulated by the p family GTPases. p GTPases activate a protein known as the
Wiskott—Aldrich syndrome protein (WASP), which in turn activates the Arp2/3 complex.
Other actin filament-binding proteins, including tropomyosin, nebulin, capZ, and tropo-
modulin, bind to the side or ends of actin filaments and contribute to the stability of the
filaments. Tropomyosin binds the side of actin filaments, induces an increase in the stiff-
ness of the filaments, and stimulates the interaction of actin filaments with myosin.
Nebulin is found in skeletal muscle cells and plays a role in the control of the length of
actin filaments. Tropomodulin binds to the pointed end and enhances the stability of actin
filaments.

Actin Filament-Severing Proteins. Actin filament-severing proteins include gelsolins,
fragmin/severin, and cofilins. These molecules are able to sever actin filaments into short
fragments and promote actin filament depolymerization. Gelsolins are also capping mol-
ecules for the barbed end of actin filaments. Cofilins can also bind to actin monomers.

Actin Filament-Crosslinking Proteins [3.5]. Actin filament crosslinking proteins (Table
3.4) include o-actinin, fimbrin, villin, and filamin. These molecules can bind simultane-
ously to multiple actin filaments and induce crosslink of actin filaments. o-Actinin is
associated with actin stress fibers and the Z-disk of striated muscular actin fibers. In addi-
tion, o-actinin is a constituent of focal adhesion contacts, structures that mediate cell
attachment and migration. This molecule possesses multiple functions. Fimbrin can bind
and crosslink actin filaments in microvilli. Villin has a similar function as fimbrin. Filamin
can not only crosslink actin filaments but also anchor actin filaments to integrins, major
constituents of focal adhesion contacts. All these actin filament crosslinking molecules
enhance the stability of actin filaments.

Regulation of Actin Assembly and Disassembly [3.6]. In mammalian cells, actin fila-
ments undergo a dynamic turnover process, or simultaneous assembly and disassembly,
under physiological conditions. The rate of turnover is dependent on cell types. Nonmus-
cular cells exhibit actin filament turnover at a timescale of minutes, while muscular cells
demonstrate actin filament turnover at a scale of days. Actin polymerization (assembly)
and depolymerization (disassembly) can be observed in living cells with fluorescent
marker-tagged actin monomers. The fluorescent markers can be incorporated into actin
filaments. Following photobleaching of fluorescent actin filaments, the bleached region
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can be replaced with fluorescent actin filaments, suggesting dynamic reassembly of actin
filaments. In nonmuscular cells, there exists a relatively high concentration of unpolymer-
ized actin monomers (50—100uM). Such a concentration allows rapid actin polymeriza-
tion in response to stimulations that initiate cell adhesion and migration. Indeed, the
concentration of actin monomers is a critical factor that controls actin filament assembly
and disassembly.

The dynamics of actin assembly—disassembly is regulated by actin regulatory and
binding proteins. Sequestration of actin monomers and the capping of actin filaments at
the ends are two mechanisms that control the rate of actin filament assembly. As discussed
above, profilin and thymosin can bind and sequester actin monomers and reduce the con-
centration of free actin monomers, suppressing the polymerization of actin filaments.
Profilin- or thymosin-bound actin monomers have reduced capability of initiating nucle-
ation. An increase in the activity of actin filament-capping proteins promotes actin
polymerization.

Actin filaments are found in all mammalian cells and are organized into various pat-
terns and structures. For instance, actin filaments form a network in the cortical region
of the cell, while forming fiber bundles within filopodia or microvilli. The pattern forma-
tion of actin filaments is a process that may be regulated by the Rho family of GTPases,
which includes Rho, Rac, and Cdc42 (see Table 3.5). These molecules have been shown
to regulate distinct processes of actin assembly. Activated Cdc42 stimulates the formation
of filopodia, Rho enhances the formation of actin “stress fibers,” while Rac promotes the
formation of cortical network of actin filaments (Fig. 3.3). Although the signaling path-

Figure 3.3. Influence of Rho, Rac, and Cdc42 on the organization of actin filaments and morphol-
ogy of cells: (A,B) quiescent serum-starved Swiss 3T3 fibroblasts labeled for actin filaments and
vinculin; (C,D) treatment of cells with lysophosphatidic acid, a growth stimulator, which activates
Rho, leading to the formation of organized actin filaments or stress fibers (C) and focal adhesion
contacts (D); (E,F) microinjection of Rac induces the formation of lamellipodia (E) and focal
adhesion contacts (F); (G,H) microinjection of FGDI1, an exchange factor for Cdc42, leads to for-
mation of filopodia (G) and the focal adhesion contacts (H). (Reprinted by permission from Hall
A: Science 279:509-14, 1998.)



'9'¢ AyderSorqiq uo paseq

xo[dwoos urejoxd

¢/zdry oy soreanoe Apuonbasqns
yorym ‘(dSYA-N) uraroid awoIpuAs
UOLIP[V—1IOYSTA\ [BINAU UIIM UOIIORINUI
BIA uonezrwAod unoe sajensax

os[e ‘uorssaigoid o[o£o [[oo pue ‘Ajurejod
‘S1S01K00pud ‘uonel3ru ‘A3ojoydiowr

eS¢ urjoxd Surpuiq-4,.Lo

[[90 saje[ngar ey ased L0 d [ews v IT 161 SISTO T 9OAD UOISIAIP [[0) <roPD
soseury urjold jo uoneanoe GZ-DOL ‘S7DL urdoxd
JY) pue ‘UOILZIULIIOA [BI[ANSOIAD I-sey ‘1DVY uroxd Surpuiq-41.0
‘YIMOIS ‘TRATAINS [[0 soje[nTaI [rews A[rurey oy ‘T 9je1sqns urxo}
req) urdjoxd Surpuiq-4 1O SeY [[ews v snoymbiqn €C 11c wnuinioq ¢ pajefar-sey ‘[oey-1¢d 1OVd
Doyy uryoxd
SIsauagLIowN} Surwojsuen) ‘GHOYY 2ua3oouo
Sunerpow pue ‘Ajnow [[90 Sunengax S[[90 BUWIOUIDIBD ‘6 Sojowoy pareal-sey eiskde
‘SJUSWIR[Y UTOR JO UONBWLIOY YY) Sumoueyuy  IseaIq ‘Jun| ‘sa)A00no] w €61 ‘) Ioquiawr AJrwey ouagd Sojowoy sey Doy
Ayunwwar
pue ‘Surreudis JJVIA ‘Surpoyjen
J[OISAA ‘UuoISaype [[90 Funoword
‘$10B1U0D UOISAYPE [BJ0] JO A[qUIAsSE pue Suny ‘o3eydoioew 9 Sojowoy paje[aI-sey
SJUQUWIB[Y UI}OB JO UONBULIO) oY) Sune[n3oy ‘WoISAS SNOATIN w 961 eisA[de ‘ggouy ‘9HoOYY 2uagoduQ qgouy
VY Joquiow AJrwej auad Sojowoy
uorsnyoid pue sey ‘vouy urajord Surwiojsueny
‘Kyreod ‘vorjesdiw (o0 Junensal ‘sioqy ‘CIOHY ‘TIHOHY ‘ZIHOUY 2ua3oouo
SSQ1)S UIJOE JO UOIBULIO) Y} Juroueyuy sjoraIeld ‘s91ho0na e €61 “z1 Sojowoy pajear-sey eiskde ‘VOHY vouy
suonoun,j uorssardxg (e@) SN SPOVY SOWIRU QATIRUINY surejoIg
IB[NOJ[OIN ourury

+SIUGWE[L UMDY JO UOHEULIOY 1) e[Sy Jey) SI0)08 PIJIIIS Jo SISLIPRIRY) *S€ ATAV.L

63



64 STRUCTURE AND FUNCTION OF CELLULAR COMPONENTS

ways for these molecules remain poorly understood, these observations provide insights
into the mechanisms by which actin filaments form distinct patterns.

Actin assembly and disassembly are regulated by extracellular factors. For instance,
growth factors and cytokines stimulate cell attachment and migration, which are
associated with increased actin assembly. These observations suggest a role for growth
factors and cytokines in the regulation of actin polymerization or depolymerization.
However, exact mechanisms remain poorly understood. In addition, fluid shear stress has
been shown to influence actin assembly in vascular endothelial cells. In cell culture models,
the introduction of fluid shear stress to endothelial cells enhances actin filament assembly,
forming actin “stress fibers.” Shear stress-induced deformation of cell membrane receptors
or other cell structures may play a role in the initiation of such a process. However, the sig-
naling pathways that transduce shear stress signals remain to be identified.

Function of Actin Filaments [3.7]. Actin filaments participate in a number of functions,
including cell contraction, migration, and division. In contractile cells, including skeletal,
cardiac, and smooth muscle cells, actin filaments interact with myosin molecules, causing
filament sliding and cell contraction, a fundamental process for force generation. In non-
contractile cells, directed actin polymerization contributes to regional extension of cell
membrane, a primary step in cell migration. The interaction of actin filaments and myosin
molecules provide forces that induce cell traction and movement. During cell division,
actin filaments form a ring-shaped structure between two premature daughter cells, known
as the contractile ring, underneath the plasma membrane. Contraction of the ring is initi-
ated following cell mitosis. Such an activity separates the mother cytoplasm into two
daughter compartments. While chromosome separation is defined as mitosis, cytoplasmic
separation is defined as cytokenesis.
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Microtubules

Structure and Organization of Microtubules [3.8]. Microtubules are hollow polymeric
microcylinders about 20nm in diameter and up to 20um in length. Microtubules are
composed of dimeric tubulins. There are three types of tubulin: o, B, and 7y (see Table
3.6). The o~ and B-tubulins are the primary constituents of microtubules, whereas the y-
tubulin regulates the nucleation of microtubule assembly. Each tubulin molecule used for
constructing the microtubules is a heterodimer of o~ and B-tubulin. In mammalian cells,
there are several isoforms for o~ as well as for B-tubulin. These isoforms have similar
structures, but are originated from different genes. All tubulin isoforms can be polymer-
ized into microtubules. Tubulin can be found in all mammalian cells. However, the dis-
tribution of tubulin varies in different cell types. For instance, the nerve cells exhibit a
higher concentration of tubulin than do other cell types. The tubulin genes are highly
conserved among different species.

In microtubules, - and B-tubulin dimers are uniformly aligned along the axis of the
microtubule, forming parallel protofilaments. In each protofilament, the o- or B-tubulin
subunits are always arranged in the same direction, giving a polarity to microtubules with
a plus and minus end. Each microtubule is composed of 13 protofilaments (Fig. 3.4). In
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Figure 3.4. Formation of a microtubule from tubulin molecules. A microtubule is formed via
several steps: (1) an 0., B-tubulin monomer aggregates to form a tubulin heterodimer; (2) the tubulin
heterodimers form short linear protofilaments; (3) 13 protofilaments are joined together laterally
to organize into a microtubule. (Adapted by permission from Macmillan Publishers Ltd.: Wester-
mann S, Weber K: Nature Rev Mol Cell Biol 4:938—48, copyright 2003.)

an interphase cell, microtubules are distributed in the radial direction with the minus end
attached to the centrosome and the plus end toward the cell periphery.

It is important to note that several substances, including colchicine, colcemid, and taxol,
are commonly used to modulate the assembly, structure, stability, and function of micro-
tubules. Colchicine is an alkaloid extracted from meadow saffron. Colchicine can bind to
tubulin and suppress tubulin polymerization or microtubule assembly. Since microtubules
undergo continuously depolymerization, a treatment with colchicine facilitates the disas-
sembly of microtubules. Once tubulin molecules are polymerized into microtubules, col-
chicine can no longer bind to tubulin. Colcemid is a substance similar to colchicine in
function. Since the disassemble of microtubules interrupt cell mitosis, colchicine and
colcemid are used to treat cancer. Taxol is derived from yew trees and can bind to polym-
erized microtubules. The binding of taxol enhances the stability of microtubules, inhibit-
ing tubulin depolymerization. Such an effect induces cell arrest during mitosis. Taxol is
also used as a drug for the treatment of cancer.

Microtubule Assembly and Disassembly [3.9]. Microtubule assembly is accomplished
via tubulin polymerization, whereas its disassembly is via tubulin depolymerization. There
are two critical processes, which are involved in microtubule assembly: nucleation and
elongation. Nucleation is the formation of short tubulin protofilaments or oligomers, which
further form a short initiating microtubule (Fig. 3.4). Elongation is the growth of micro-
tubules based on the initial microtubule segment. Microtubule assembly can be simulated
in vitro with tubulins in the presence of Mg** and GTP. The initial nucleation from tubulin
heteodimers is a more difficult process than elongation. Thus nucleation is usually a slower
process than elongation. While a microtubule is elongating via tubulin polymerization,
there also exists simultaneous tubulin depolymerization. The rate of tubulin polymeriza-
tion and depolymerization is dependent on the concentration of free tubulins. At a critical
concentration of free tubulin, the rate of tubulin polymerization is counterbalanced by
that of depolymerization, and microtubules cease growing.
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Microtubules are connected at their minus end to a central structure within the cell,
known as the centrosome, which is located in the nucleus during the interphase. The
centrosome is considered the origin where microtubules grow from. The relationship of
microtubules with the centrosome can be verified by observing the growth of degraded
microtubules. A treatment with colcemid induces the degradation of microtubules. In the
presence of fluorescent marker-tagged tubulins, it can be found that new microtubules
grow from the centrosome following the removal of colcemid. These microtubules con-
tinuously elongate toward the cell periphery until a complete microtubule network is
reestablished. Each centrosome contains two cylindrical structures perpendicular to each
other, known as centrioles. During the interphase, the centrosome can be split into two
daughter centrosomes, which move to opposite sides of the nucleus during the early stage
of cell mitosis, serving as two poles for anchoring microtubule spindles (Fig. 3.5).

A microtubule undergoes rapid assembly and disassembly. The tubulins within a micro-
tubule could be completely replaced with new tubulins within a period as short as 20 min.
Such a process can be detected by injecting fluorescent marker-tagged tubulins into a
living cell and observed by fluorescence microscopy. It is interesting to note that micro-
tubules undergo alternating growth and retraction, resulting in a dynamic change in the
length of microtubules. These dynamic changes are critical for the redistribution of micro-
tubules within a cell.

Microtubule dynamics requires the presence of GTPs, which produce energy by hydro-
lysis. Each o- and B-tubulin is bound with a GTP molecule, which is required for tubulin
polymerization. On the polymerization of a tubulin heterodimer to a microtubule, the GTP
molecule associated with the B-tubulin can be hydrolyzed to produce energy, whereas the
GTP molecule associated with the o-tubulin serves as a constituent of the tubulin and
cannot be hydrolyzed. The energy produced by the hydrolysis of the B-tubulin-associated
GTP is used for microtubule depolymerization, but not for polymerization. This can be

Non-dividing cell

Dividing cell

Figure 3.5. Centrosomes and microtubules in nondividing and dividing cells (based on bibliogra-
phy 3.9).
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verified by using GTP analogs that cannot be hydrolyzed. Tubulins associated with GTP
analogs can be polymerized. However, once incorporated into a microtubule, these tubulin
molecules cannot be depolymerized, suggesting that GTP hydrolysis is critical to the
depolymerization of microtubules.

A microtubule can be assembled at the plus and minus ends, but exhibits different
assembly rate at these ends under a given condition. The assembly of microtubules can
be observed by using in vitro experiments. Isolated microtubules from cells can grow in
the presence of free tubulins. The plus end of a microtubule grows about 3 times faster
than the minus end. Since microtubules are aligned in the radial direction of a cell with
the plus ends pointing at the periphery, microtubules often grow from the cell center to
the periphery.

Regulation of Microtubule Dynamics [3.9]. The assembly and disassembly of micro-
tubules are processes regulated by microtubule-associated proteins (Table 3.7). Two
major types of microtubule-associated proteins have been identified in nerve cells: the
high-molecular-weight proteins and the T proteins. The high-molecular-weight proteins
include microtubule-associated proteins 1 and 2 with molecular weights 200 and 300kDa,
respectively. The T proteins have molecular weights ranging from 55 to 62kDa. Each of
these microtubule-associated proteins contains two domains; the first domain is capable
of binding to microtubules, and the second domain binds to other types of intracellular
structures. The binding of microtubule-associated proteins to microtubules prevents
microtubules from depolymerization and enhances the stability of the microtubules. The
exact regulatory mechanisms, however, remain to be investigated.

Function of Microtubules [3.10]. One of the primary functions of microtubules is the
control of cell polarity. Microtubules exhibit nonuniform tubulin polymerization and
depolymerization through the cell. Such a nonuniform feature is critical to the controlled
distribution of microtubules, potentially contributing to cell polarization. At a given time,
some microtubules may undergo predominant polymerization, while others may experi-
ence depolymerization. Fast-growing microtubules may be capped or protected by capping
molecules, yielding stabilized microtubules in a specified direction. Meanwhile, uncapped
microtubules are not stable and cannot grow as rapidly as the capped microtubules. The
rapid growth of the capped microtubules causes regional extension of the cell membrane,
leading to the formation of cell polarity.

Microtubules play a critical role in the transport of intracellular organelles and vesicles,
which are required for a variety of metabolic and signaling activities. The transport func-
tion is accomplished by coordinated interactions of motor proteins, including kinesin
and dynein, with microtubules. Each motor molecule is composed of two heavy chains
and several light chains. Each heavy chain contains a globular head and a tail. The head
interacts directly with microtubules and induces the sliding of the motor protein along a
microtubule, a process dependent on ATPs, whereas the tail binds to an intracellular
component to be moved. The light chains also play a role in the regulation of motor protein
movement.

The motor proteins kinesin and dynein (Table 3.8) are both involved in the transport
of intracellular organelles and chromosome separation during mitosis. However, kinesin
and dynein move in opposite directions along a microtubule. Kinesin can only move
intracellular organelles from the centrosome or the minus end of the microtubule to the
cell periphery or the plus end of the microtubule, whereas dynein moves toward the cen-
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trosome. A kinesin molecule is a tetramer composed of two heavy and two light
chains. The heavy chain is located at the N-terminus of the molecule, and the light chains
are at the C-terminus. The N-terminal heavy chains form the motor domains with the
microtubule-binding regions, which mediate the sliding motion of the kinesin molecule
along the microtubule. The N-terminal heavy chain also possesses an ATP-binding site,
which serves as an ATPase and interacts with ATP molecules to provide energy for kinesin
movement. The movement caused by kinesin molecules can be readily verified by using
in vitro assays with purified motor proteins and microtubules. When microtubules are
mixed with kinesin-coated polystyrene beads, the beads move toward the plus end of
microtubules.

Dyneins are a family of motor proteins that are divided into two groups: the axonal
and cytoplasmic dyneins. The axonal dynein molecules are responsible for organelle
transport within the neuronal axon. Cytoplasmic dyneins mediate intracellular motility,
protein sorting, and movement of intracellular organelles such as endosomes and lyso-
somes. A dynein molecule is comprised of two force-generating heavy chains and several
intermediate and light chains. The heavy chains contain ATPases, which interact with
ATP molecules and generate energy for mechanical movement. The motility of dynein
molecules can be observed by using in vitro assays with purified dynein molecules
and microtubules. Dynein molecules can move intracellular organelles from the cell
periphery or the plus end of the microtubule to the centrosome or the minus end of the
microtubule.

Microtubules are well known for their role in regulating cell mitosis or the segregation
of chromosomes. Microtubules and associated proteins constitute a key structure for cell
mitosis, known as the mitotic spindle, which plays a critical role in the alignment and
separation of chromosomes. During the early stage of mitosis or prophase, the centrosome
is separated into two daughter centrosomes, which move toward the two opposite poles.
A mitotic spindle is initiated from the two centrosomes and gradually forms a polar
structure. During metaphase, chromosomes are attached to the spindle microtubules. The
shortening of the microtubules induces the movement of separated daughter chromosomes
from the cell center toward the two centrosome poles. The destruction of microtubules by
a treatment with colchicine interrupts cell mitosis.

Intermediate Filaments

Structure and Organization of Intermediate Filaments [3.11]. Intermediate filaments
are one of the three types of filamentous structures that constitute the cytoskeleton. The
term “intermediate” is derived from the fact that the diameter of intermediate filaments
(~10nm) is between the other two types of cytoskeletal filaments (Fig. 3.6), specifically,
actin filaments (~8 nm) and microtubules (=25 nm). Intermediate filaments are composed
of various molecules, including keratin, vimentin, neurofilament protein, and nuclear
lamin. The constituent molecules of intermediate filaments are fibrous in shape. To form
an intermediate filament, two molecules are organized into a parallel dimer with the amino
termini at one end and the carboxyl termini at the other end. For most types of intermedi-
ate filaments, the two dimers in turn form an antiparallel tetramer bundle with the amino
termini of one dimer arranged with the carboxyl termini of the other dimer at each end
of the tetramer bundle (Fig. 3.7). The tetramers are the basic units that are assembled into
helical intermediate filaments via bundle—lateral interactions. Because of the antiparallel
feature of the tetramer bundles, intermediate filaments do not exhibit polarity.
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Figure 3.6. Electron micrographs of intermediate filaments at different assembly stages. (A—C)
Lamin A/C. Lamin filaments can be dialyzed in pH 6.5/150mM NacCl buffer, generating linear
head-to-tail fibers (panel A). In the presence of Ca**, lamin filaments can be dialyzed into beaded
long filaments (panel B). Panel C shows assembled lamin filaments. (D—-G) Assembly of recombi-
nant human vimentin. Vimentin filament assembly was initiated by adding filament buffer and fixed
with 0.1% glutaraldehyde at 10s (panel D), 1 min (panel E), Smin, (panel F), and 1h (panel G).
Scale bar: 100nm. (Reprinted by permission from Herrmann H, Aebi U: Annu Rev Biochem,
73:749-89, copyright 2004 by Annual Reviews, www.annualreviews.org.)

On the basis of constituents, intermediate filaments are classified into several subtypes,
including keratin filaments, vimentin filaments, neurofilaments, and lamin filaments (see
list in Table 3.9), which are found in different cell types. Keratin filaments are composed
of various types of keratin and are present in epithelial cells, the hair, and the nails. Indi-
vidual keratin molecules are different in structure and can be grouped into to subfamilies,
including types I and II keratins, based on the properties of amino acids. Type I keratins
are acidic with a molecular weight 40—70kDa, whereas type II keratins are basic or neutral
with a similar molecular weight. Both type I and type II keratins are required for the
constitution of keratin filaments. In a typical epithelial cell, keratin filaments are con-
nected at the end to desmosomes, a cell junction structure that joins two neighboring cells.
In addition, keratin filaments anchor to hemidesmosomes, a structure that mediates cell
attachment to the basal lamina.

Vimentin filaments are present in fibroblasts, endothelial cells, and leukocytes, and
contain a single type of molecule: vimentin. In addition, there exist vimentin-related fila-
ments, which exhibit structure and properties similar to those of vimentin filaments. One
type is desmin filaments, which are composed of desmin and are present primarily in
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Figure 3.7. Schematic representation of intermediate filament assembly. (A) Lamin filament
assembly. Lamin dimers are first associated into head-to-tail filaments, which are further associated
laterally into complete filaments. (B) Vimentin filament assembly. Vimentin molecules first form
antiparallel half-staggered double dimers (or tetramers), which form complete vimentin filaments.
(Reprinted by permission from Herrmann H, Aebi U: Annu Rev Biochem, 73:749-89, copyright
2004 by Annual Reviews, www.annualreviews.org.)

muscle cells, including smooth, skeletal, and cardiac muscle cells. Desmin filaments often
anchor to cell junctions. Another type is glial filaments composed of glial fibrillary acidic
proteins. This type of intermediate filament is found in astrocytes of the central nervous
system and Schwann cells of the peripheral nervous system. It is important to note that
vimentin and vimentin-related proteins can be crosslinked together, but these proteins
cannot be crosslinked with keratin-based intermediate filaments.

Neurofilaments are present in neurons, arranged primarily along the axon. There are
three types of neurofilament proteins, including neurofilament-L, -M, and -H, based on
low, medium, and high molecular weights, respectively. These molecular types can be
found within all neurofilaments. In a typical neuronal axon, neurofilaments are uniformly
spaced with a high density. These filaments are laterally crosslinked, providing mechani-
cal strength to the axon.

Lamin filaments are found in the nuclear lamina, which is a ~20-nm membrane lining
the internal surface of the nuclear membrane. Lamin filaments are composed of two types
of lamin: lamin A (or A/C) and lamin B. In structure, lamin is similar to other intermedi-
ate filament proteins. However, lamin contains signaling structures that direct lamin
transport from the cytosol to nucleus. The lamin filaments undergo dynamic disassembly
during early mitosis and reassembly during the late mitosis in coordination with chromo-
some reorganization and separation. In interphase cells, lamin filaments are organized
into a dense lattice network. The network is interrupted at nuclear pores, which allow the
transport of molecules from and to the nucleus.

Function of Intermediate Filaments [3.12]. A major function of intermediate filaments
is to provide mechanical strength to cells and tissues. Such a function is supported by
observations from transgenic keratin-deficient animal models. In transgenic mice with a
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mutant keratin gene that lacks the amino/carboxyl-terminal domains, the mechanical
strength of epidermis reduces significantly, resulting in cell injury in response to mechani-
cal impacts that are harmless to normal cells. In human genetic diseases with mutation
in the keratin gene, epidermal cells and tissues demonstrate a similar phenomenon, leading
to skin blistering. In the human or animal skin, there exists a layer of keratin filaments
that are highly crosslinked. Such a keratin layer serves as a protective structure for internal
tissues.

The function of intermediate filaments is not limited to the enhancement of mechanical
strength. Various types of intermediate filaments are bound to other cytoskeletal filaments.
For instance, desmin filaments are linked to actin filaments in muscular cells, suggesting
a role for the desmin filaments in regulating the interaction of contractile filaments. In
addition, desmin filaments are attached to cell junctions, suggesting a role for these fila-
ments in regulating cell-to-cell interactions.

ENDOPLASMIC RETICULUM [3.13]

Endoplasmic reticulum (ER) is a cytosolic membrane system consisting of lipid bilayers
and is involved in the synthesis of proteins and lipids as well as in the sequestration and
release of calcium. There is a rich network of interconnected tubular branches or sheets
in the ER, forming a continuous membrane system in each cell. The ER membrane con-
stitutes about 50% of the total cell lipid membrane. The ER tubular structures occupy
about 10% of the total volume of the cell. There are two types of ER: rough and smooth.
Rough ER is defined as ER with attached ribosomes on the cytosolic surface, whereas
smooth ER is that without ribosomes.

ER is involved in the synthesis of proteins as well as lipids. Ribosomes bound to the
ER are sites for protein translation. Proteins translated by ribosomes are transported to
the rough ER for further processing before being released into the cytosol. In the lumen
of the rough ER, proteins are modified by ER resident protein enzymes, a process critical
in protein folding and assembly. An important enzyme for protein modification is protein
disulfide isomerase in the rough ER. This enzyme catalyzes the formation of disulfide
(S—S) bonds between cysteines, a proces critical in the formation of a three-dimensional
protein structure. Another function of rough ER is to add sugar residues to proteins, a
process known as glycosylation, which results in the formation of glycoproteins. The
addition of sugar residues to proteins is catalyzed by enzymes present in the rough ER.
A typical enzyme is oligosaccharyl transferase, which is localized to the ER membrane.
This enzyme catalyzes the addition of a preformed oligosaccharide, composed of N-acetyl-
glucosamine, mannose, and glucose, to the side NH, group of asparagines. The original
oligosaccharide chain is trimmed or processed to remove certain sugar residues while the
glycoproteins are still in the ER. Glycoproteins will be further processed when the mole-
cules are transported into the Golgi apparatus (see the following section). Glycoproteins
serve as cell membrane receptors. The sugar residues play a critical role in the recognition
of and interaction with extracellular ligands.

The smooth ER constitutes a small fraction of the ER system in most cells and is con-
nected to the rough ER. Rough ER segments are often found in smooth ER-dominant
regions. A primary function of the smooth ER is to transport proteins from the ER to the
Golgi apparatus. In addition, smooth ER is involved in the synthesis of lipids. Almost all
lipid bilayers are assembled within the ER system. The ER system of hepatocytes is
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involved in the synthesis of lipoproteins. These molecules are released into blood and
serve as lipid carriers between various tissues and organs. Cells for the synthesis of steroid
hormones are rich in smooth ER.

The ER system also plays a critical role in the storage and controlled release of calcium.
In an inactive state, calcium is stored in the ER, where calcium-binding proteins sequester
calcium. In response to stimulation for intracellular signaling processes that require
calcium, the calcium channels of the ER are open, resulting in the release of calcium.
Calcium mediates a variety of molecular processes, ranging from actin—myosin interaction
to activation of signaling protein kinases.

GOLGI APPARATUS [3.14]

The Golgi apparatus is a stack of lipid membrane cisternae and tubular networks and
is involved in the synthesis of carbohydrates and in the modification and sorting of proteins
transported from the ER. The Golgi apparatus is located near the cell nucleus and
centrosome. There exist several subsystems in the Golgi apparatus, including the cis-
Golgi network, cis-cisterna, medial cisterna, trans-Golgi cisterna, and trans-Golgi network
(Fig. 3.8). The cis-Golgi network is a membrane tubular network, which is connected
to the cis-cisterna and serves as the entrance for protein-containing vesicles transported
from the ER. Proteins are transported from the cis-Golgi network to the cis-cisterna.
The cis-cisterna is adjacent, but not connected to the medial cisterna. Proteins are
transported from the cis-cisterna to the medial cisterna via vesicular carriers. Similarly,
the medial cisterna is not connected to the frans-cisterna. Vesicular transport is
required for the movement of proteins from the medial cisterna to the trans-cisterna. The
trans-cisterna is connected to the zrans network, which serves as an exit for processed
proteins. The exiting proteins are carried by vesicles to cellular compartments, including
cell membranes, secretary vesicles, and lysosomes, where proteins are used for various
purposes.
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Figure 3.8. Schematic representation of Golgi apparatus (based on bibliography 3.14).
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Major functions of the Golgi apparatus are to modify proteins and synthesize carbo-
hydrates. Proteins are preliminarily modified in the ER by the addition of oligosaccha-
rides. When transported to the Golgi apparatus, the proteins are further processed by
glycosylation, or the addition of complex oligosaccharides and high-mannose-content
oligosaccharides. The glycosylation process, which occurs through the Golgi cisternae, is
critical to the formation of glycolproteins. In addition, the Golgi apparatus assembles
proteoglycans, a process involving the polymerization of glycosaminoglycans (GAG) and
the linkage of GAG chains to core proteins. Proteoglycans are deployed to the extracellular
space and serve as ground substance. It is important to note that lipid vesicles can bud
from the Golgi network and cisternae. These vesicles play a critical role for the transport
of proteins between the Golgi subsystems and from the Golgi apparatus to destination
compartments.

ENDOSOMES AND LYSOSOMES [3.15]

Endosomes are lipid vesicles that form by budding from cell membranes during endocy-
tosis, a process by which cells ingest macromolecules and cell debris. Endocytosis is initi-
ated when a stimulating macromolecule contacts the cell membrane. In response to such
a contact, the stimulated region of the cell membrane invaginates, pinches off from the
cell membrane, encloses the stimulating macromolecule, and forms an endosome. Most
cells are capable of ingesting fluids, solutes, and small molecules, while phagocytic cells,
such as macrophages and neutrophils, can take up large particles with a diameter in the
order of um (micrometers), such as bacteria and cell debris. Endosomes in phagocytic
cells are also known as phagosomes. Endocytosis in phagocytic cells plays a critical role
in protecting cells from bacterial infection and in scavenging debris from damaged and
dead cells. Endosomes or phagosomes are eventually transformed to lysosomes, where
ingested contents are degraded by enzymes.

Lysosomes are lipid membrane vesicles in which ingested molecules or particles are
digested or degraded. All mammalian cells contain lysosomes. A typical lysosome con-
tains numbers of hydrolytic enzymes, including proteases, lipases, phospholipases, and
glycosidases, which degrade a variety of molecules. These digestive enzymes are synthe-
sized by ribosomes in the rough ER, processed in the ER and Golgi apparatus, and
delivered to lysosomes by Golgi vesicles. The internal environment of lysosomes is highly
acidic with a pH value of ~5, which is advantageous for the activation of the hydrolytic
enzymes. The internal H" concentration is maintained by H* pumps in the lysosomal
membrane at the expense of energy from ATP molecules. The final products of the diges-
tion, including saccharides, amino acids, and nucleotides, are transported across the
lysosomal membrane to the cytosol, where these products are recycled.

In addition to the endosomes formed by endocytosis, there is another route that delivers
materials to lysosomes for digestion. This route is used for the destruction and disposal
of intracellular obsolete structures and organelles, a process known as autophagy. An
obsolete organelle is usually enclosed by an ER membrane, forming an autophagosome.
The autophagosome is then fused with a lysosome or endosome, where the enclosed
organelle is degraded and disposed. Thus, endosomes and lysosomes play a critical role
in the destruction and clearance of externally ingested materials as well as internally
obsolete subcellular organelles.
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MITOCHONDRIA [3.16]

Structure and Organization

Mitochondria are intracellular lipid membrane organelles that generate, store, and dispatch
energy necessary for molecular activities. There are two types of specialized membrane
for each mitochondrion: the internal and external membrane. These membranes divide a
mitochondrion into two compartments: the internal matrix space and the intermembrane
space. While the external membrane appears smooth, the internal membrane forms
numbers of protrusions into the internal matrix space, known as cristae. The protrusions
greatly increase the surface area of the internal membrane, which is necessary for mem-
brane-related energy-generating processes. Each mitochondrial compartment and mem-
brane contains distinct proteins that are developed for specialized functions as discussed
below.

The external layer of mitochondria is composed of a large number of porins, proteins
that form channels across the membrane. The porin channels allow the transport of water,
salts, small proteins, and other molecules with a molecular weight <~5kDa. Most of these
molecules, however, cannot pass through the internal membrane. Because of the high
permeability of the external membrane, electrolytes, water, and small molecules are
equilibrated between the intermembrane space and the cytosol.

The internal membrane of the mitochondria is different from the external membrane.
It is composed of a high density of cadiolipin, a phospholipid molecule containing four
fatty acids. The presence of this lipid molecule renders the internal membrane highly
impermeable to ions. The internal membrane contains a variety of specialized transport
proteins, which exhibit selective permeability to molecules necessary for intramitochon-
drial activities. Because of the selective permeability of the internal membrane, the
environment in the internal matrix space is different from that of the intermembrane space.
Most importantly, the internal membrane consists of enzymes of the intracellular respira-
tory chain, forming an enzymatic cascade responsible for oxidation reactions and energy
generation. One enzyme, known as ATP synthase, catalyzes the formation of ATP
molecules.

The internal matrix space of mitochondria contains enzymes that metabolize pyruvate
and fatty acids, generating acetyl CoA. This space also contains enzymes that oxidize
acetyl CoA. The end products of these enzymatic reactions include nicotine adenine
dinucleotide hydride (NADH) and CO,. NADH is a form of nicotine adenine dinucleotide
(NAD) with the addition of two electrons and is a major carrier and source of electrons
for energy generation in the mitochondria. CO, is a waste product, which is released into
the blood and removed from the lung and kidney. The internal matrix also contains mito-
chondrial DNA, ribosomes, tRNA, and enzymes necessary for regulating the expression
of mitochondrial genes.

ATP Generation

The primary function of mitochondria is generation of energy in the form of ATP for
molecular and cellular activities. Sources for mitochondrial energy generation are fatty
acids and glycogens, or glucose polymers. Fatty acids are a more efficient form than gly-
cogen for energy generation. The oxidation of fatty acids can generate energy 6 times as
much as that of an equal amount of glycogen. Fatty acids are mainly stored in fat cells,
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whereas glycogens are stored in liver and muscle cells. It is important to note that glucose
can be converted to fatty acids, but fatty acids cannot be converted to glucose.

For fatty acid oxidation, fatty acid molecules are transported through the external and
internal membranes of the mitochondria to the internal matrix. Each fatty acid is pro-
cessed through a four-enzyme oxidation cycle, which catalyzes the oxidation of fatty acids.
Each cycle reduces a fatty acid by two carbons, giving an acetyl CoA and two distinct
high-energy electron carriers: NADH and FADH, (flavin adenine dinucleotide hydride).
The acetyl CoA molecule is further oxidized in the citric cycle, and NADH and FADH,
are used for electron transfer in energy generation.

For glycogen metabolism, cells first break down glycogen into glucose 1-phosphate,
which occurs in the cytosol. Each glucose 1-phosphate is further catalyzed into two pyru-
vate molecules, which are transported from the cytosol into the mitochondrial internal
matrix. The pyruvate molecules are catalyzed by a complex of enzymes and coenzymes
into acetyl CoA and CO,. The acetyl CoA molecule is further oxidized for energy genera-
tion through the citric cycle.

The citric cycle, also known as the Krebs cycle or tricarboxylic acid cycle, is the prin-
cipal process that oxidizes fatty acids and pyruvates. About 60% of carbohydrates are
processed by the citric cycle. Such a process produces CO, as a waste and high-energy
electrons, which are carried by NADH and FADH, and used for the generation of ATP
molecules. The citric cycle is a sequence of enzymatic events, starting with the formation
of citric acid from acetyl CoA or pyruvate. Each cycle produces 2 CO,, 2 H,0O, 1 FADH,,
3 NADH with 3 H*, and 1 GTP. The GTP molecule is converted to ATP by direct transfer
of a high-energy phosphate group.

In the citric cycle, most energy from the oxidation of carbohydrates is saved in the
form of high-energy electrons, which are carried by NADH and FADH,. These electrons
are transferred through the respiratory chain to oxygen, providing energy for the formation
of ATP molecules. Such a process is referred to as oxidative phosphorylation. It has been
hypothesized that oxidative phosphorylation is dependent on a chemiosmotic process. In
such a process, chemically generated high-energy electrons from the hydrogen of NADH
and FADH, are transported through the electron-carrying molecules of the respiratory
chain localized to the mitochondrial internal membrane (note that each hydrogen atom
gives a proton H* and an electron 7). The energy released from the electron transfer is
used to pump H* from the matrix side to the intermembrane side of the internal membrane,
establishing a proton gradient across the internal membrane. This gradient drives H* flow
in the opposite direction, providing energy for the synthesis of ATPs from ADPs and
phosphates by ATP synthase.

CELL NUCLEI [3.17]

The cell nucleus is an organelle that contains the hereditary molecules—DNAs. The
nucleus is enclosed with a nuclear envelope, which contains two lipid membranes: the
outer and inner membranes. The outer membrane is a continuation of the adjacent ER
membrane, and the intermembrane space is connected to the ER. The nucleus membranes
are supported by an internal layer and an external layer of intermediate filaments. The
internal supporting layer is a relatively dense structure composed of nuclear lamin and is
defined as the nuclear lamina. The external supporting layer is composed of loosely
organized intermediate filaments. These intermediate filament-containing layers protect
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the nucleus from mechanical impacts and injury. Across the nucleus membrane and dense
nuclear lamina, there exist pores, which allow the transport of selected molecules between
the cytosol and nucleus. The nucleus contains chromosomes. The structure and function
of chromosomes are discussed in Chapter 1.
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