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The microscopic functional and structural unit of all living organisms. Cells can be separated into prokaryotic and eukaryotic 

categories. Eukaryotic cells contain a nucleus. They comprise protists (single-celled organisms), fungi, plants, and animals, 

and are generally 5–100 micrometers (μm) in linear dimension. Prokaryotic cells contain no nucleus, are relatively small 

(1–10 μm in diameter), and have a simple internal structure (Fig. 1). They include two classes of bacteria: eubacteria 

(including photosynthetic organisms, or cyanobacteria), which are common bacteria that inhabit soil, water, and larger 

organisms; and archaebacteria, which grow under unusual conditions. The archaebacteria include methanogens, which live in 

anaerobic conditions and reduce carbon dioxide (CO ) to methane (swamp gas); halophiles, which thrive under extremely 2 

high salt conditions; and sulfur bacteria, which grow in hot (80°C; 176°F) sulfur springs, where the pH is extremely acidic. See 

also: Archaea (/content/archaea/047350); Bacteria (/content/bacteria/068100); Eukaryotae (/content/eukaryotae 

/245250); Prokaryotae (/content/prokaryotae/547750) 

Fig. 1 Bacterial cell structure. (a) Artist's rendition of a gram-negative eubacterial cell (modified from H. Lodish et al., 
Molecular Cell Biology, 3d ed., W. H. Freeman, New York, 1995). (b) Electron micrograph of a gram-positive eubacterium, 
Bacillus licheniformis (courtesy of S. R. Goodman). 
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Eubacteria 

All eubacteria have an inner (plasma) membrane that serves as a semipermeable barrier, which allows small nonpolar and 

polar molecules such as oxygen, carbon dioxide, and glycerol to diffuse across (down their concentration gradients) but does 
+ + −not allow the diffusion of larger polar molecules (sugars, amino acids, and so on) or inorganic ions such as Na , K , Cl , and 

Ca2+  (sodium, potassium, chlorine, and calcium) [Fig. 1]. The plasma membrane, which is a lipid bilayer, utilizes 

transmembrane transporter and channel proteins to facilitate the movement of these molecules. 

Eubacteria can be further separated into two classes based on their ability to retain the dye crystal violet. Gram-positive cells 

retain the dye; their cell surface includes the inner plasma membrane and a cell wall composed of multiple layers of 

peptidoglycan (Fig. 1b). Gram-negative bacteria (Fig. 1a) are surrounded by two membranes: the inner (plasma) membrane 

and an outer membrane that allows the passage of molecules of less than 1000-dalton (Da) molecular weight through porin 

protein channels. The peptidoglycan-rich cell wall and the periplasmic space are located between the inner and outer 

membranes. See also: Cell membranes (/content/cell-membranes/116500); Cell organization (/content/cell-

organization/116900) 

Eubacteria contain a single circular double-stranded molecule of DNA, or a single chromosome. Because prokaryotic cells 

lack a nucleus, this genomic DNA resides in a central region of the cell (Fig. 1b) called the nucleoid. Escherichia coli, a 
6common gram-negative eubacteria, contains 0.4 picograms (pg) of DNA in its genome, or 4 × 10  base pairs. Bacterial 

replication requires accurate duplication of this chromosomal DNA, with both copies attaching by cross-wall formation to the 

plasma membrane, allowing the formation of two identical daughter cells by binary fission. The bacterial genome contains all 

the information necessary to maintain the structure and function of the cell. The processing of this information occurs in two 

steps. First, the DNA is transcribed to form RNA by the enzyme RNA polymerase. Before this messenger RNA (mRNA) is 

completely transcribed, there is attachment of a 70S ribosome. The ribosome translates the mRNA into protein by reading 

three nucleotides (one codon) at a time that encode a specific amino acid. The amino acids are added via specific transfer 

RNA (tRNA) molecules containing anticodon regions that base-pair with the mRNA codon. Escherichia coli, for example, 

contains about 30,000 cytoplasmic ribosomes and produces as many as 2000 distinct mRNAs and, therefore, protein 

subunits. See also: Deoxyribonucleic acid (DNA) (/content/deoxyribonucleic-acid-dna/186500); Ribonucleic acid (RNA) 

(/content/ribonucleic-acid-rna/589000); Ribosomes (/content/ribosomes/589200) 

Many bacteria are able to move from place to place, or are motile. Their motility is based on a helical flagellum composed of 

interwoven protein called flagellin. The flagellum is attached to the cell surface through a basal body and propels the bacteria 

through an aqueous environment by rotating, similar to the propeller on a motor boat. The motor is reversible, allowing the 

bacteria to move toward chemoattractants and away from chemorepellents. See also: Cilia and flagella (/content/cilia-

and-flagella/136100) 

Eukaryotic cells 

The smallest objects that can be visualized by the modern light microscope are approximately 0.5 μm in width. In a light 

microscopic view of a eukaryotic cell, a plasma membrane can be seen that defines the outer boundaries of the cell, 

surrounding the cell's protoplasm or contents. The protoplasm includes the nucleus, where the eukaryotic cell's DNA is 

compartmentalized away from the remaining contents of the cell (the cytoplasm). Therefore, the protoplasm includes the 

nucleus and the cytoplasm. In addition to the nucleus, the cytoplasm contains other organelles. The eukaryotic cell's 

organelles include the nucleus, mitochondria, endoplasmic reticulum, Golgi apparatus, lysosomes, peroxisomes, 

cytoskeleton, and plasma membrane (Fig. 2). The organelles occupy approximately half the total volume of the cytoplasm. 

The remaining compartment of cytoplasm (minus organelles) is referred to as the cytosol or cytoplasmic ground substance. 

Eukaryotic cells also have a cytoskeleton that gives the cell its shape, its capacity to move, and its ability to transport 
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organelles and vesicles from one part of the cell cytoplasm to another. The cytoskeleton is composed of microfilaments (7–8 

nm in diameter), intermediate filaments (10 nm), microtubules (25 nm), and a spectrin-based membrane skeleton. Eukaryotic 

cells are generally larger than prokaryotic cells and therefore require a cytoskeleton and membrane skeleton to maintain their 

shape. While the dogma has long been that prokaryotic cells lack organelles and cytoskeletal structures, there are now clear 

examples where this is not the case. Planctomycetes contain an internal set of membranes surrounding the nucleoid, thereby 

forming a primitive nucleus. This nuclear body will have important implications related to the origin of the eukaryotic nucleus. 

Magnetotactic bacteria such as Magnetospirillum magneticum contain organelles called magnetosomes. These 

magnetosomes are linked in the cell along actinlike filaments and help orient these bacteria in geomagnetic fields. There have 

also been examples of dynamic cytoskeletons containing homologs of tubulin and intermediate filaments that have been 

observed in prokaryotic cells. Thus, several classical distinctions between eukaryotic and prokaryotic cells are not always 

true. See also: Cytoplasm (/content/cytoplasm/179300) 

Fig. 2 Animal cell structure. (a) Artist's rendition of a eukaryotic animal cell (modified from H. Lodish et al., Molecular Cell 
Biology, 3d ed., W. H. Freeman, New York, 1995). (b) Electron micrograph of a bovine large luteal cell (courtesy of Phillip 
Fields). 

The development of multicellular organisms required that cells closely related by ancestry become differentiated from one 

another—some developing certain features, others developing different traits. Although different cells within a human tissue 

(such as nervous tissue) are radically different from each other, they have descended from the same fertilized egg. In most 

cases (one exception is human erythrocytes), cells retain all of the genetic material contained in the precursor fertilized egg. 

Differentiation or specialization of cells depends on gene expression. Eukaryotic cells contain a large amount of DNA (about a 

thousandfold more than bacterial cells), only approximately 1% of which encodes protein. The remaining DNA is structural 

(involved in DNA packaging) or regulatory (helping to switch on and off genes). Therefore, whether a cell becomes a muscle 

fiber or a neuron depends on the expression of muscle-specific genes or neuron-specific genes (although both are present). 

See also: Gene (/content/gene/284400) 

P l a s m a  m e m b r a n e  

The plasma membrane serves as a selective permeability barrier between a cell's environment and its cytoplasm. The 

fundamental structure of plasma membranes (as well as organelle membranes) is the lipid bilayer, formed as a result of the 
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tendency of amphipathic phospholipids to bury their hydrophobic fatty acid tails away from water. Human and animal cell 

plasma membranes contain a varied composition of phospholipids, cholesterol, and glycolipids. Cholesterol intercalates itself 

perpendicular to the membrane surface between the phospholipids. Glycolipids are found primarily in the noncytoplasmic 

leaflet of the bilayer. Although lipids determine the bilayer structure, membrane proteins are primarily responsible for 

membrane function. Membrane proteins can be divided into two categories: (1) integral proteins that are embedded in the 

hydrophobic core of the bilayer and (2) peripheral proteins that are attached noncovalently to the hydrophilic membrane 

surfaces. Integral membrane proteins can be subdivided into transmembrane proteins that have a single alpha helix 

transversing the hydrophobic core of the bilayer (single-pass transmembrane proteins), multipass transmembrane proteins 

(transporters and channels are of this type), and proteins that are linked covalently to a fatty acid chain or phospholipid that is 

embedded. Both the lipids and proteins of the plasma membrane are distributed asymmetrically across the bilayer. This 

means that the lipid and protein in the extracellular leaflet (E face) are distinct from the protoplasmic leaflet (P face). Plasma 

membranes are fluid. The protein and lipids of the plasma membrane are capable of lateral movement and rotation around a 

central axis, but they are not capable of rapid flip-flop from one leaflet to the other. When flip-flop of phospholipids does occur, 

this is corrected by adenosine triphosphate (ATP)–dependent enzymes, called flippases, which return the phospholipids to its 

proper leaflet. Therefore, the asymmetry of the plasma membrane protein and lipid, important to the differing functions on 

either side of the bilayer, is maintained over the life span of the cell. The lateral mobility of some transmembrane proteins is 

limited by their interaction with peripheral proteins on the extracellular or cytoplasmic surface of the plasma membrane. This 

creates a membrane topography in which selected membrane domains can have differing protein and lipid composition and 

also function. One such domain is the so-called lipid rafts, which comprise a cholesterol-rich region of the lipid bilayer 

containing specific proteins such as flotillin and stomatin. See also: Lipid rafts (membranes) (/content/lipid-rafts-

membranes/800820) 

C y t o s k e l e t o n  

The cytoskeleton is involved in establishing cell shape, polarity, and motility, and in directing the movement of organelles 

within the cell. The cytoskeleton includes microfilaments, microtubules, intermediate filaments, and the two-dimensional 

membrane skeleton that lines the cytoplasmic surface of cell membranes. Microfilaments contain filamentous actin (F-actin), 

which is formed by the ATP-dependent polymerization of globular actin (G-actin) monomers. Actin microfilaments have 

polarity. They have a plus end where polymerization of additional G-actin monomers occurs at a faster rate than at the minus 

end of the filament. The plus end of the actin filaments associates with membranes and the Z-disk of muscle sarcomeres. 

Myosin is a fibrous protein that forms 15-nm-thick filaments in muscle and nonmuscle cells. In the presence of ATP, myosin 

head groups interact with actin microfilaments, causing contraction in muscle and nonmuscle cells (for example, contractile 

ring, stress fibers, and adhesion belts). In addition to a contractile role, actin microfilaments have a structural role in epithelial 

cells, where they form the core of the fingerlike projections called microvilli. Each microvillus contains 20–30 bundled actin 

filaments, with their plus ends contacting the tip of the microvillus and their minus ends down in the terminal web region, 

attached via nonerythroid spectrin and myosin II to other actin bundles and intermediate filaments. Gel–sol transformation 

within the cytoplasm of human and animal cells is controlled by the length of actin filaments and the extent of microfilament 

cross-linking. Those actin-binding proteins that shorten actin filaments cause solation (the change of a substance from a gel 

to a sol), whereas those that cross-link F-actin or lead to lengthening of the actin filament cause gelation. The membrane 

skeleton on the cytoplasmic surface of all eukaryotic cell membranes contains a fibrous protein called spectrin, which 

cross-links short actin protofilaments into a two-dimensional meshwork. This spectrin membrane skeleton stabilizes the 

bilayer, gives shape to the membrane, and controls the lateral mobility of some transmembrane proteins. 

Microtubules are hollow tubes (25 nm in diameter) that are composed of alpha and beta tubulin dimers. The tubulin dimers 

interact head to tail to form protofilaments, and 13 protofilaments form the wall of the microtubule. Microtubules have polarity, 

with polymerization occurring faster at the plus end. Both in vivo and in vitro, microtubules undergo dynamic instability, and 
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they grow and shrink rapidly. Whether a microtubule is growing or shrinking is determined by the rate of guanosine 

triphosphate (GTP) hydrolysis versus the rate of tubulin dimer addition. If GTP hydrolysis is occurring faster than tubulin 

addition, then the microtubule will shrink; if tubulin addition is faster, then the microtubule will grow. Within a nondividing cell, 

microtubules grow from a single structure near the nucleus, called a centrosome or microtubule organizing center. The 

microtubule organizing center contains a pair of centrioles surrounded by pericentriolar material, and a microtubule is capped 

at its minus end by the pericentriolar material. During mitosis, the centrioles within the microtubule organizing center duplicate 

and form the spindle poles. The mitotic spindle is polar, with the minus end of the spindle microtubule facing the spindle pole. 

Microtubules within interphase and mitotic cells are very dynamic. Other cellular microtubules, however, such as the 

microtubules found in neuronal axons and dendrites and those found in axonemes of cilia and flagella, are stable. Several 

factors contribute to the stability of microtubules: posttranslational acetylation of lysine residues or removal of the C-terminal 

tyrosine of tubulin, microtubule-associated proteins (MAPs), or minus-end capping proteins. Microtubules serve as tracks on 

which organelles and vesicles are transported through the cytoplasm. Two proteins called kinesin and cytoplasmic dynein 

have the ability to move organelles toward the plus and minus ends of microtubules, respectively. These proteins are 

translocating adenosine triphosphatases (ATPases) and appear to be responsible for most of the cytoplasmic movement of 

organelles. Cilia and flagella are extensions of the cell surface that are responsible for movement, and both have a very 

similar internal structure. Cilia move particulate matter across the apical surface of epithelial sheets; a flagellum forms the tail 

of the sperm and is responsible for its ability to swim. Both types of movement are based on an internal microtubule-based 

structure called an axoneme and require ATP hydrolysis as a source of energy. The axoneme has a characteristic (9+2) 

pattern, with 9 outer microtubule doublets (A and B subfibers) and 2 inner singlet microtubules. The movement of cilia and 

flagella is based on the ATPase named dynein, which is attached along the length of each A subfiber in the outer doublets. In 

the presence of ATP, the dynein heads reach out and attach to the B subfiber on an adjacent doublet and pull it toward the tip 

of the cilia or flagella. Bending rather than sliding results, because the outer doublets are attached to each other by a flexible 

protein called nexin. The axonemal microtubules are nucleated by basal bodies that have the same structure as centrioles. 

Basal bodies and centrioles are small cylinders with 9 outer triplet microtubules at a 45° angle from the radius of the cylinder. 

Intermediate filaments are 10 nm in diameter and play structural roles within cells. Intermediate filaments within muscle cells 

link the Z-disks of adjacent myofibrils together. Intermediate filaments within neurons (neurofilaments) serve as a structural 

support for axons and dendrites, and the intermediate filaments of epithelial cells interconnect spot desmosomes, thereby 

stabilizing epithelial sheets. Intermediate filaments in human and animal cells are made up of cell-type–specific proteins. The 

intermediate filament subunits are fibrous, and almost all subunits are incorporated into the ropelike intermediate filament in a 

process that does not require ATP or GTP hydrolysis. The resulting intermediate filaments have no polarity. This 

heterogeneous group of proteins can all form intermediate filaments of similar dimension because of a common 

310-amino-acid alpha-helical region that forms the core of the intermediate filament. See also: Cytoskeleton (/content 

/cytoskeleton/179500) 

N u c l e u s  

One of the most prominent organelles within a eukaryotic cell is the nucleus. The nuclear compartment is separated from the 

rest of the cell by a specialized membrane complex built from two distinct lipid bilayers, referred to as the nuclear envelope. 

However, the interior of the nucleus maintains contact with the cell's cytoplasm via nuclear pores. These structures form holes 

or channels in the nuclear envelope that are responsible for the selective uptake of nuclear components and release of 

components destined for the cell cytoplasm. Attached to the nuclear pore complex and the inner surface of the nuclear 

membrane is a fibrous protein network built from the intermediate filament proteins known as nuclear lamins A, B, and C. This 

nuclear lamina participates in the breakdown and re-formation of the nuclear boundary during mitosis and, in combination 

with a fibrous complex of proteins referred to as the nuclear matrix, is responsible for maintaining the structure of the nucleus. 

The primary function of the nucleus is to house the genetic apparatus of the cell; this genetic machinery is composed of DNA 
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(arranged in linear units called chromosomes), RNA, and proteins. Nuclear proteins aid in the performance of nuclear 

functions and include polypeptides that have a direct role in the regulation of gene function and those that give structure to 

the genetic material. The complex of DNA and structural proteins is known as chromatin, which can be either highly 

compacted (heterochromatin) or dispersed (euchromatin) within the nucleus. A specialized region within the nucleus that is 

visible in interphase cells is the nucleolus, which functions in the production and assembly of ribosomal subunits. See also: 

Cell nucleus (/content/cell-nucleus/116800); Chromosome (/content/chromosome/134900) 

G e n e  e x p r e s s i o n  

The biochemical and phenotypical properties of a cell are defined by the proteins expressed within the cell. The expression of 

a protein involves a complex pathway that transfers information from the DNA within the nucleus to the protein-synthetic 

machinery within the cytoplasm. The first step of this pathway is the synthesis of an RNA molecule from the DNA template by 

the process known as transcription. All cells in an organism contain a complete complement of genetic material; however, 

only a selected portion is synthesized into RNA. Thus, the transcription process is highly regulated within each cell. In 

eukaryotes, RNAs are synthesized from units referred to as genes, which contain the information needed to specify a protein 

sequence stored in three-nucleotide “words” called codons. The informational content of a gene is not necessarily contiguous 

in that some noncoding DNA may be found interrupting the sequences that form the functional RNA found in the cell's 

cytoplasm. These noninformational segments are transcribed and removed from the primary transcript in the nucleus, with the 

informational or exon segments of the RNA joined together by a process called splicing. Once the functional RNA is formed, it 

is transported to the cytoplasm via the nuclear pores. Upon exiting the nucleus, a mature RNA can be translated into a 

polypeptide sequence. The amount of protein that is made from an RNA can be regulated by the level of RNA available to the 

translational machinery or by the ability of the machinery to select specific RNAs for translation. Some proteins are not able to 

perform their function upon translation and are subjected to modification following translation. In summary, the transfer of 

information from DNA to a protein capable of performing a function within the cell involves several steps, each of which is 

subject to regulation. It is the composite of all the individual steps that determines the final level of expression of any given 

gene product. See also: Transcription (/content/transcription/800940) 

Protein synthesis from mRNA occurs within the cytoplasm of eukaryotic cells, catalyzed by RNA and protein containing 80S 

particles called ribosomes. Proteins to be secreted or inserted into the plasma membrane, endoplasmic reticulum membrane, 

Golgi membrane, or lysosomal membrane are synthesized on ribosomes attached to the endoplasmic reticulum membrane. 

Proteins that will reside within the cytosol, some mitochondrial proteins, and peripheral membrane proteins are synthesized 

on free (not endoplasmic reticulum–associated) ribosomes. There is no difference between endoplasmic reticulum– 

associated and free ribosomes. Their position is determined by the sequence of the protein being synthesized. See also: 

Protein (/content/protein/550200) 

E n d o p l a s m i c  r e t i c u l u m  

The endoplasmic reticulum is composed of membrane-enclosed flattened sacs or cisternae. The enclosed compartment is 

called the lumen. The endoplasmic reticulum (ER) is separated morphologically into rough ER (RER) and smooth ER (SER). 

RER is studded with ribosomes; SER is not. RER is the site of protein synthesis, whereas lipids are synthesized in both RER 

and SER. In the case of proteins that will be synthesized in the RER, an N-terminal signal sequence causes the protein and 

ribosome to be bound to a signal recognition particle. The signal recognition particle and bound signal sequence and 

ribosome are attached to the endoplasmic reticulum through a docking protein called the signal recognition particle receptor. 

Then, the signal peptide threads its way through a channel protein into the endoplasmic reticulum lumen, and protein 

synthesis continues until the nascent protein is complete and located within the lumen. If the protein is soluble, the signal 

sequence is cleaved, releasing the protein into the lumen. If the protein is a transmembrane integral protein, its topography 

across the bilayer is determined by carefully placed start and stop transfer signals (hydrophobic stretches of amino acids). 
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Glycosylation of secretory and membrane proteins begins within the lumen of the endoplasmic reticulum and then is 

completed within the Golgi apparatus. Membrane lipids are also synthesized in the endoplasmic reticulum, and then they are 

moved to target organelles by transport vesicles or phospholipid exchange proteins. The synthesis of phospholipids occurs on 

the cytoplasmic leaflet of the endoplasmic reticulum (usually SER); some are moved to the luminal leaflet by specific 

phospholipid-translocating enzymes called flippases. In this manner, membrane asymmetry is established by the specific 

flipping of phospholipids across the endoplasmic reticulum bilayer. Because the flippases are present at low concentration in 

the plasma membrane, Golgi membrane, or lysosomal membrane, the asymmetry created in the endoplasmic reticulum 

remains unaltered. The phospholipids synthesized in the endoplasmic reticulum are transferred to the plasma membrane, 

Golgi membrane, and lysosomal membrane by the budding off of endoplasmic reticulum vesicles, which travel to and fuse 

with the membrane of the target organelle. Mitochondria and peroxisomes receive most of their phospholipid via 

phospholipid-exchange proteins that carry phospholipids from the endoplasmic reticulum cytoplasmic leaflet to these 

organelles. See also: Endoplasmic reticulum (/content/endoplasmic-reticulum/232300); Phospholipid (/content 

/phospholipid/508700) 

G o l g i  a p p a r a t u s  

The final posttranslational modifications of proteins and glycolipids occur within a series of flattened membranous sacs called 

the Golgi apparatus. Vesicles that bud from the endoplasmic reticulum fuse with a specialized region of the cis Golgi 

compartment called the cis Golgi network. A series of posttranslational modifications occurs first in the cis compartment and 

then (in order) in the medial, trans, and trans Golgi network compartments. In each case, the membrane transfer occurs by 

the blebbing of coated vesicles from one compartment and their fusion with the next. In the trans Golgi network, proteins and 

lipids are sorted into transport vesicles destined for lysosomes, the plasma membrane, or secretion. The targeting of proteins 

to lysosomes requires mannose phosphorylation within the cis Golgi and then concentration by a mannose 6-phosphate 

receptor in the trans Golgi network. Vesicles that bleb from the trans Golgi network carry the targeted proteins to one of 

several locations, including the lysosomes. See also: Golgi apparatus (/content/golgi-apparatus/295200) 

L y s o s o m e s 
  

Lysosomes are membrane-bound organelles with a luminal pH of 5.0 that are filled with acid hydrolases. Lysosomes are
 

responsible for degrading materials brought into the cell by endocytosis or phagocytosis, or by autophagocytosis of spent
 

cellular material. See also: Lysosome (/content/lysosome/394100)
 

E n d o c y t o s i s  a n d  e x o c y t o s i s  

Movement of proteins to the plasma membrane or toward eventual secretion occurs via secretory vesicles that also bleb off 

the trans Golgi network. These vesicles either travel directly to the plasma membrane and fuse, releasing their contents 

(constitutive pathway), or wait for a specific signal (usually elevated Ca 2+) before completing the secretion pathway (regulated 

pathway). The surface area of most plasma membranes does not change as a result of the exocytosis that is described 

above, because membrane is being retrieved by the process of endocytosis. Endocytosis can be separated into pinocytosis 

(cell drinking) and phagocytosis (cell eating). Pinocytosis can be further subdivided into fluid-phase endocytosis and receptor-

mediated endocytosis. In the former there is no concentration of small molecules being internalized, while the latter 

concentrates the ligand because of the presence of specific receptors within the internalized membrane. Much of the 

endocytosis occurs at membrane domains called coated pits, which internalize to form coated vesicles. The coat is composed 

largely of a protein called clathrin. Upon endocytosis or phagocytosis, the internalized endocytic vesicles or phagosomes, 

respectively, fuse with endosomes or lysosomes, leading to hydrolysis of the ingested molecules or particles. The resulting 

molecules can be released from the lysosomes into the cytoplasm for utilization. The membrane-associated receptors in 

receptor-mediated endocytosis are either recycled to the plasma membrane for reutilization or digested within the lysosomes. 
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See also: Endocytosis (/content/endocytosis/232100); Phagocytosis (/content/phagocytosis/504200) 

M i t o c h o n d r i o n  

The mitochondrion contains a double membrane: the outer membrane, which contains a channel-forming protein named 

porin; and an inner membrane, which contains multiple infolds called cristae. The porin channel allows molecules of less than 

10,000-Da molecular weight free passage between the cytoplasm and the intermembrane space. The inner membrane, which 

contains the protein complexes responsible for electron transport and oxidative phosphorylation, is folded into numerous 

cristae that increase the surface area per volume of this membrane. The transfer of electrons from nicotinamide adenine 

dinucleotide (NADH) or flavin adenine dinucleotide (FADH ) down the electron-transfer chain to oxygen causes protons to be 2 

pumped out of the mitochondrial matrix into the intermembrane space. The resulting proton motive force drives the 

conversion of adenosine diphosphate (ADP) plus inorganic orthophosphate (P ) to ATP by the enzyme ATP synthetase. The i
 

matrix contains the mitochondrion's double-stranded DNA, which encodes 13 mitochondrial proteins. Therefore, the
 

mitochondrion must import the vast majority of its protein from the cytosol. Proteins synthesized on free ribosomes are
 

targeted to the mitochondria by an N-terminal amphipathic, positively charged signal peptide, and they enter into the
 

mitochondria through contact sites between the inner and outer membranes. The signal peptide is cleaved, and the
 

remainder of the protein is unfolded and then enters the matrix. Targeting of proteins to the inner membrane, outer
 

membrane, and intermembrane space is determined by specifically positioned start and stop transfer signals similar to
 

endoplasmic reticulum import. See also: Mitochondria (/content/mitochondria/428200)
 

P e r o x i s o m e s  

Peroxisomes import all of their proteins from the cytosol. In the case of the peroxisome, the targeting signal is three amino 

acids at the C terminus of the newly synthesized protein. Within the peroxisome, hydrogen atoms are removed from organic 

substrates and hydrogen peroxide is formed. The enzyme catalase can then utilize the hydrogen peroxide to oxidize 

substrates such as alcohols, formaldehydes, and formic acid in detoxifying reactions. See also: Peroxisome (/content 

/peroxisome/757495) 

Cell division 

Cell growth and division occur in an orderly, highly regulated, progressive series of events called the cell cycle. Advancement 

of cells through the cell cycle is driven by a small family of intracellular proteins, principal of which are the cyclins and kinase, 

a protein with a molecular weight of 34,000 Da. The cell cycle culminates in mitosis, a process that results in the production of 

two genetically identical diploid daughter cells. The chromosome-separation events of mitosis occur as a result of the 

workings of the mitotic spindle apparatus, whereas the process of cytoplasmic division, or cytokinesis, is directed by the 

contractile ring. Unlike mitosis, meiosis produces nonidentical haploid cells. Meiosis, which occurs only in gonadal tissues, 

results in the production of either sperm or oocytes. By the process of fertilization, a new diploid is produced. Progression of 

cells through the cell cycle in multicellular organisms also can be affected by cell–cell interactions. This occurs when one cell 

secretes a growth factor that either stimulates or suppresses cell division in neighboring cells. Although cellular proliferation is 

tightly regulated in multicellular organisms, cells occasionally escape from these regulatory controls, resulting in the formation 

of cancerous tumors. Molecular analyses of the DNA in tumor cells have resulted in the identification of the mutated genes 

that allow for the onset of a cancer. The protein products of these genes, called proto-oncogenes and tumor suppressor 

genes, appear to play key roles in the regulation of cell growth in humans. See also: Cancer (medicine) (/content/cancer-

medicine/105800); Cell cycle (/content/cell-cycle/116150); Cell division (/content/cell-division/116300); Meiosis 

(/content/meiosis/413500); Mitosis (/content/mitosis/428300); Tumor suppressor genes (/content/tumor-suppressor-

genes/800950) 
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Cell adhesion 

Tissues are formed by the interactions of cells with other cells and the extracellular matrix. Cell–cell interactions can occur 

either by adherence of neighboring cells at distinct organized regions called junctions or by the binding of randomly scattered 

cell surface molecules to surface molecules on adjacent cells. Cell junctions can be classified according to function, with the 

integrity of most types of junctional complexes being dependent on the presence of extracellular Ca 2+. Tight junctions form at 

the apical surfaces of cells and inhibit the leakage of ions and molecules from one side of an epithelial sheet to the other side, 

whereas gap junctions play a crucial role in cell–cell communication. The anchoring junctions share a common molecular 

organization that allows for the cytoskeleton of one cell to be attached to the cytoskeleton of neighboring cells. This provides 

tissues, particularly epithelia, with great strength. The desmosome, a type of anchoring junction that acts like a spot weld 

holding cells together, interacts with intermediate filaments, whereas adherens junctions, which are anchoring junctions that 

allow for cell adhesion and cellular locomotion, utilize microfilaments. The extracellular matrix also is important for tissue 

formation. Glycosaminoglycans and proteoglycans form a hydrated gel that is the ground substance of the extracellular 

matrix. The ground substance is embedded with structural proteins such as collagen, which provides tensile strength to the 

extracellular matrix, and elastin, which is responsible for the resilient nature of the extracellular matrix. The molecules of the 

extracellular matrix are attached to one another and to the cells that are embedded in the matrix by interactions with adhesive 

glycoproteins. Adhesive glycoproteins, such as fibronectin, are the glue that holds connective tissues together. A specialized 

form of extracellular matrix called the basal lamina underlies all epithelia. See also: Cell adhesion (/content/cell-adhesion 

/117900) 

Signal transduction 

To coordinate cellular activities in multicellular organisms, complex mechanisms of cell–cell communication needed to evolve. 

A variety of different types of signaling molecules are used by cells, and several different signaling pathways are utilized. In 

neuronal transmission, electrical signals are converted to chemical signals at synapses. The target cells, either other neurons 

or muscle cells, then convert the chemical signal back to an electrical signal and respond in an appropriate manner. Cells also 

can signal target cells at great distances by secreting signaling molecules, or hormones, directly into the bloodstream. Steroid 

hormones are lipid-soluble molecules that cross the plasma membrane and bind to intracellular receptors. The activated 

steroid hormone receptors then bind specifically to DNA sequences and regulate the transcription of adjacent gene 

sequences directly. Most hormones that are secreted by endocrine cells are water-soluble molecules that bind to specific 

receptors located on the surface of the target cells. The activated receptors are transmembrane proteins that are able to relay 

the extracellular signal across the plasma membrane to the cytoplasm. This is achieved by the cytoplasmic domain of the 

activated receptor molecule, which binds to and either activates or represses the activity of a cytoplasmic G-protein. Specific 

G-proteins then interact with target enzymes located on the inner surface of the plasma membrane to regulate the activity of 

these proteins. One of these enzymes, adenylate cyclase, is responsible for converting ATP to complementary adenosine 

monophosphate (cAMP). Then, cAMP sets off a reaction cascade inside the cells by regulating certain molecules 

allosterically, thereby completing the signal transduction pathway. A second enzyme on the cell surface that is activated by 

G-proteins is phospholipase C. Phospholipase C cleaves a membrane lipid, phosphatidyl inositol 4,5-bisphosphate (PIP ), 2 

into inositol 1,4,5-trisphosphate (IP 3) and diacylglycerol. IP3  triggers the release of Ca2+  ions from intracellular storage sites, 

and the Ca 2+ ions then bind to and activate calcium-binding proteins such as calmodulin. Diacylglycerol, however, activates 

protein kinase C, completing the signal transduction pathway in the cell. See also: Hormone (/content/hormone/323000); 

Signal transduction (/content/signal-transduction/757656) 

Cell motility 

The ability of eukaryotic cells to move through a substrate requires cytoskeletal proteins, which generate propulsion, and 

constant remodeling of the membrane by endocytosis and exocytosis. The stages in cell movement are the polarization of the 
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cell and identification of a leading edge, extension of a lamellipodium or ruffled edge in the direction of movement, and 

breakdown of attachment with the extracellular matrix. Sometimes, a cell moves toward or away from a particular chemical 

signal (chemotaxis). This occurs because the chemical binds to receptors on the surface of the motile cell, increasing 

intracellular Ca2+  at the leading edge. The role of Ca2+  in creating a motoring force is not clear, but it may act through 

Ca 2+-dependent severing proteins to cleave actin filaments both within the leading-edge membrane skeleton and in the cell 

cortex. The result would be a solation of the cytoplasm in the direction of motion, a membrane capable of being extended by 

exocytosis, and stabilization of the extension by the rapid polymerization of actin in a direction parallel to the leading-edge 

lamellipodium. The migratory cell is then steered as a result of the microtubule organizing center and Golgi apparatus being 

realigned along an axis between the nucleus and leading edge. The Golgi apparatus produces the secretory vesicles that 

fuse with the leading edge of the plasma membrane, and these vesicles are transported to the leading edge by 

microtubule-based translocation. Membrane from the old leading edge then ruffles back toward the trailing end of the cell. 

During the process of cell migration, the motile cell must make and break interactions with the extracellular matrix in a 

traction-producing process. See also: Cell motility (/content/cell-motility/116700) 

Plant cell 

Plant cells have an extremely rigid cell wall outside their plasma membrane. This cell wall is composed of cellulose and other 

polymers and is distinct in composition from the cell walls found in fungi or bacterial cells. The plant cell wall expands during 

cell growth, and a new cell wall partition is created between the two daughter cells during cell division. Similar cell walls are 

not observed in animal cells (Fig. 3). See also: Cell walls (plant) (/content/cell-walls-plant/117510); Plant cell (/content 

/plant-cell/522600) 

Fig. 3 Plant cell structure. (a) Artist's rendition of a typical plant cell (modified from H. Lodish et al., Molecular Cell Biology,
 
3d ed., W. H. Freeman, New York, 1995). (b) Electron micrograph of a plant cell (Electron Microscopy Core Lab,
 
Interdisciplinary Center for Biological Research, University of Florida, Gainesville).
 

Most plant cells contain membrane-encapsulated vacuoles as major components of their cytoplasm. These vacuoles contain 

water, sucrose, ions, nitrogen-containing compounds formed by nitrogen fixation, and waste products. The amount of osmotic 

particles within the vacuoles is much higher than in the cytosol or extracellular fluid. The encapsulating membrane is 
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permeable to water but impermeable to the molecules within the vacuole. Therefore, water rushes into the vacuole, the 

vacuole expands, and a hydrostatic pressure or turgor is created within the cell. This turgor is resisted by the cellulose-

containing cell wall; however, as the cell wall stretches, the plant grows. See also: Vacuole (/content/vacuole/725300) 

Chloroplasts are the other major organelles in plant cells that are not found in other eukaryotic cells. Like mitochondria, they 

are constantly in motion within the cytoplasm. One of the pigments found in chloroplasts is chlorophyll, which is the molecule 

that absorbs light and gives the green coloration to the chloroplast. Chloroplasts, like mitochondria, have outer and inner 

membranes. Within the matrix of the chloroplast, there is an intricate internal membrane system. The internal membranes are 

made up of flattened interconnected vesicles that take on a disklike structure (thylakoid vesicles). The thylakoid vesicles are 

stacked to form structures called grana, which are separated by a space called the stroma. Within the stroma, carbon dioxide 

(CO ) fixation occurs, in which carbon dioxide is converted to various intermediates during the production of sugars. 

Chlorophyll is found within the thylakoid vesicles; it absorbs light and, with the involvement of other pigments and enzymes, 

generates ATP during photosynthesis. Like mitochondria, chloroplasts contain their own double-stranded circular DNA 

sufficient to encode a few essential proteins. Therefore, most chloroplast proteins must be imported from the cytosol following 

synthesis on free ribosomes. See also: Cell plastids (/content/cell-plastids/117100); Chlorophyll (/content/chlorophyll 

/132200); Photosynthesis (/content/photosynthesis/511700) 

Future outlook 

The development of gene and protein databases, user-friendly bioinformatics tools to obtain information from these 

databases, oligonucleotide microarrays, and sophisticated mass spectrometers for proteomic studies are allowing insights 

into how cells change their protein composition based on environmental cues and disease. Via these powerful tools, an 

unprecedented period of growth is underway in the understanding of the cell. 

Steven R. Goodman 
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