Chapter 25       DNA Metabolism
· DNA is the repository of genetic information.
· The nucleotide sequences of DNA encode the primary structures of all cellular RNAs and proteins and, through enzymes, indirectly affect the synthesis of all other cellular constituents.

0.  DNA Replication
· Replication is to produce many identical copies of large, complex macromolecules.

DNA Replication Follows a Set of Fundamental Rules
DNA Replication Is Semiconservative
· Each DNA strand serves as a template for the synthesis of a new strand, producing two new DNA molecules, each with one new strand and one old strand (Fig. 25–2).
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Replication Begins at an Origin and Usually Proceeds Bidirectionally
· The two replication forks meet at a point on the side of the circle opposite to the origin (Fig. 25–3).
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· Specific origins of replication have been identified and characterized in bacteria and eukaryotes.
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DNA Synthesis Proceeds in a 5’ [image: ] 3’ Direction and Is Semidiscontinuous
· A new strand of DNA is always synthesized in the 5’ [image: ] 3’ direction.
· If synthesis always proceeds in the 5’ [image: ] 3’ direction, how can both strands be synthesized simultaneously?
· One of the new DNA strands is synthesized in short pieces, called Okazaki fragments (Fig. 25–4).
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· One strand is synthesized continuously and the other discontinuously. 
· The continuous strand, or leading strand, is the one in which 5’ [image: ] 3’ synthesis proceeds in the same direction as replication fork movement.
· The discontinuous strand, or lagging strand, is the one in which 5’ [image: ] 3’ synthesis proceeds in the direction opposite to the direction of fork movement.

DNA Is Degraded by Nucleases
· Exonucleases degrade nucleic acids from one end of the molecule.

DNA Is Synthesized by DNA Polymerases
· The general reaction is (Fig. 25–5a).
(dNMP)n + dNTP   [image: ]  (dNMP)n+1 + PPi
    DNA        	                  Lengthened DNA
· All DNA polymerases require a template and a primer.
· A primer is a strand segment (complementary to the template) with a free 3’-hydroxyl group to which a nucleotide can be added.
[image: ]
[image: ]
[image: ][image: ]
Replication Is Very Accurate
· In E. coli, a mistake is made only once for every 109 to 1010 nucleotides added.
· For the E. coli chromosome of 4.6 x 106 bp, this means that an error occurs only once per 1,000 to 10,000 replications.
· Incorrect bases can be rejected before the phosphodiester bond is formed.
· All DNA polymerases have a separate 3’[image: ] 5’ exonuclease activity that checks each nucleotide after it is added. 
· If the polymerase has added the wrong nucleotide, this exonuclease activity removes the mispaired nucleotide, and the polymerase begins again (Fig. 25–7).
· This activity, known as proofreading.
· The polymerizing and proofreading activities have separate active sites within the enzyme.
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E. coli Has at Least Five DNA Polymerases

· The properties of DNA polymerase I, II and III are compared (Table 25–1).
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· DNA polymerase II is an enzyme involved in one type of DNA repair.
· DNA polymerase III is the principal replication enzyme in E. coli.
· DNA polymerases IV and V are involved in an unusual form of DNA repair.
· The 5’ [image: ] 3’ exonuclease activity of DNA polymerase I can replace a segment of DNA (or RNA) paired to the template strand, in a process known as nick translation (Fig. 25–8).
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DNA Replication Requires Many Enzymes and Protein Factors
· The entire complex has been termed the DNA replicase system or replisome.
· Helicases move along the DNA and separate the strands.
· The separated strands are stabilized by DNA-binding proteins.
· Before DNA polymerases can begin synthesizing DNA, primers must be present on the template—generally short segments of RNA synthesized by enzymes known as primases.
· After an RNA primer is removed and the gap is ﬁlled in with DNA, a nick remains in the DNA backbone in the form of a broken phosphodiester bond. These nicks are sealed by DNA ligases.

Replication of the E.coli Chromosome Proceeds in Stages
· The synthesis of a DNA molecule can be divided into three stages: initiation, elongation and termination.

Initiation 
· The E. coli replication origin, oriC, consists of 245 bp. (Fig. 25–10).
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· At least 10 different enzymes or proteins participate in the initiation phase (Table 25–3). 
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· Eight DnaA protein molecules assemble to form a helical complex (Fig. 25–11).
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· The complex formed at the replication origin also includes several DNA-binding proteins—HU, IHF, and FIS—that facilitate DNA bending.
· Hexamers of the DnaB protein bind to each strand, with the aid of DnaC protein. 
· The DnaB helicase activity further unwinds the DNA. 
· The DnaB helicases travel in opposite directions, creating two potential replication forks.
· Many molecules of single-stranded DNA–binding protein (SSB) bind to and stabilize the separated strands.
· DNA gyrase relieves the topological stress induced ahead of the fork by the unwinding reaction.
· The timing of replication initiation is affected by DNA methylation. The oriC DNA is methylated by the Dam methylase.

Elongation
· The elongation phase includes two distinct but related operations: leading strand synthesis and lagging strand synthesis.
· The leading strand is synthesized continuously in the same direction as replication fork movement (Fig. 25–12).
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· The lagging strand is synthesized discontinuously as short Okazaki fragments, which are subsequently ligated.
· Parent DNA is ﬁrst unwound by DNA helicases, and the resulting topological stress is relieved by topoisomerases.
· After each separated strand is stabilized by SSB, synthesis of leading and lagging strands is different.
· Leading strand synthesis begins with the synthesis by primase (DnaG protein) of a short RNA primer at the replication origin.
· For the lagging strand synthesis, DnaG interacts with DnaB helicase. The primer is synthesized in the direction opposite to that in which the DnaB helicase is moving.
· Deoxyribonucleotides are added to these primers by a DNA polymerase III which is the primary replication enzyme
· Both strands are produced by a single asymmetric DNA polymerase III dimer.
· This is accomplished by looping the DNA of the lagging strand (Fig. 25–13).
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· DnaB helicase and DnaG primase constitute a functional unit within the replication complex, the primosome.
· DnaB helicase, bound in front of DNA polymerase III, unwinds the DNA at the replication fork.
· DnaG primase occasionally associates with DnaB helicase and synthesizes a short RNA primer.
· When synthesis of an Okazaki fragment has been completed, replication halts, and the core subunits of DNA polymerase III dissociate from their sliding clamp (and from the completed Okazaki fragment) and associate with the new clamp.
· This initiates synthesis of a new Okazaki fragment.
· The proteins acting at the replication fork are summarized in (Table 25–4).
· Once an Okazaki fragment has been completed, its RNA primer is removed and replaced with DNA by DNA polymerase I, and the remaining nick is sealed by DNA ligase (Fig. 25–16).
· DNA ligase catalyzes the formation of a phosphodiester bond between a 3’ hydroxyl at the end of one DNA strand and a 5’ phosphate at the end of another strand.
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Termination
· The two replication forks of the circular E. coli chromosome meet at a terminus region containing multiple copies of a 20 bp sequence called Ter (Fig. 25–17).
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· The Ter sequences function as binding sites for the protein Tus (terminus utilization substance).

Replication in Eukaryotic Cells Is Similar but More Complex
· Eukaryotic chromosomes are always much larger than bacterial chromosomes, so multiple origins are probably a universal feature of eukaryotic cells.
· Eukaryotes have several types of DNA polymerases.
· [bookmark: _GoBack]The termination of replication on linear eukaryotic chromosomes involves the synthesis of special structures called telomeres at the ends of each chromosome.
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FIGURE 25-4 Defining DNA strands at the replication fork. A new DNA
strand (light red) is always synthesized in the 5'—3 direction. The template is
read in the opposite direction, 3'—5'. The leading strand is continuously
synthesized in the direction taken by the replication fork. The other strand, the
lagging strand, is synthesized discontinuously in short pieces (Okazaki
fragments) in a direction opposite to that in which the replication fork moves.
The Okazaki fragments are spliced together by DNA ligase. In bacteria.
Okazaki fragments are ~1.000 to 2,000 nucleotides long. In eukaryotic cells.
they are 150 to 200 nucleotides long.
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MECHANISM FIGURE 25-5Elongation of a DNA chain. (a) The catalytic
mechanism for addition of a new nucleotide by DNA polymerase involves two
Mg?* ions. coordinated to the phosphate groups of the incoming nucleotide
triphosphate, the 3~hydroxyl group that will act as a nucleophile, and three Asp
residues. two of which are highly conserved in all DNA polymerases. The
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Mg?* ion depicted at the top facilitates attack of the 3*-hydroxyl group of the
primer on the o phosphate of the nucleotide triphosphate; the other Mg?* ion
facilitates displacement of the pyrophosphate. Both ions stabilize the structure
of the pentacovalent transition state. RNA polymerases use a similar
mechanism (see Fig. 26-1a). (b) DNA polymerase I activity also requires a
single unpaired strand to act as template and a primer strand to provide the free
hydroxyl group at the 3’ end to which the new nucleotide unit is added. Each
incoming nucleotide is selected in part by base-pairing to the appropriate
nucleotide in the template strand. The reaction product has a new free 3’
hydroxyl. allowing the addition of another nucleotide. The newly formed base
pair translocates to make the active site available to the next pair to be formed.
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FIGURE 7 An example of error correction by the 3’5’ exonuclease
activity of DNA polymerase L. Structural analysis has located the exonuclease
activity behind the polymerase activity as the enzyme is oriented in its
movement along the DNA. A mismatched base (here, a C—T mismatch)
impedes translocation of DNA polymerase I (Pol ) to the next site. The DNA
bound to the enzyme slides backward into the exonuclease site, and the enzyme
corrects the mistake with its 35’ exonuclease activity. The enzyme then
resumes its polymerase activity in the 5'—3’ direction.
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FIGURE 25-8 Nick translation. The bacterial DNA polymerase I has three
domains. catalyzing its DNA polymerase, 5'—3' exonuclease, and 3'—5'
exonuclease activities. The 5'—3’ exonuclease domain is in front of the enzyme
as it moves along the DNA and is not shown in Figure 25-5. By degrading the
DNA strand ahead of the enzyme and synthesizing a new strand behind, DNA
polymerase I can promote a reaction called nick translation, in which a break or
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nick in the DNA is effectively moved along with the enzyme. This process has
a role in DNA repair and in the removal of RNA primers during replication
(both described below). The strand of nucleic acid to be removed (cither DNA
or RNA) is shown in purple, the replacement strand in red. DNA synthesis
Degins at a nick (a broken phosphodiester bond, leaving a free 3' hydroxyl and a
free 5 phosphate). A nick remains where DNA polymerase I eventually
dissociates. and the nick is later sealed by another enzyme.
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FIGURE 259 DNA polymerase IIL (a) Architecture of bacterial DNA
polymerase III (Pol III).
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FIGURE 25-10 Arrangement of sequences in the E. coli replication o
oriC. Consensus sequences (p. 104) for key repeated clements are shown. N
represents any of the four nucleotides. The horizontal arrows indicate the
orientations of the nucleotide sequences (left-to-right arrow denotes a sequence
in the top strand; right-to-left, in the bottom strand). FIS and IHF are binding
sites for proteins described in the text. R sites are bound by DnaA. T sites are
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additional DnaA-binding sites (with different sequences). bound by DnaA only
when the protein is complexed with ATP.
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TABLE 25-3

Number of

Protein M, subunits  Function

DnaA protein 52,000 1 Recognizes ori sequence; opens duplex at specific
sites in origin

DnaB protein (helicase) 300,000 & Unwinds DNA

DnaC protein 174,000 & Required for DnaB binding at origin

HU 19,000 2 Histonelike protein; DNA-binding protein; stimulates
initiation

FIS 22,500 2 DNA-binding protein; stimulates initiation

HF 22,000 2 DNA-binding protein; stimulates initiation

Primase (DnaG protein) 60,000 1 Synthesizes RNA primers

Single-stranded DNA-binding

protein (SSB) 75,600 - Binds single-stranded DNA
DNA gyrase (DNA topoisomerase ) 400,000 4 Relieves torsional strain generated by DNA unwinding
Dam methylase 32,000 1 Methylates (5")GATC sequences at oriC
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FIGURE 2512 Model for initiation of replication at the E. coli origin,
oriC. Eight DnaA protein molecules, each with a bound ATP, bind at
the R and I sites in the origin (sce Fig. 25-11). The DNA is wrapped
around this complex, which forms aright-handed helical structure. The
A—Trich DUE region is denatured as a result of the strain imparted by
the adjacent DnaA binding. Formation of the helical DnaA comlex s

facilitated by the proteins HU, IHF, and FIS, which are not shown here
because their detailed structural roles have not yet been defined.
Hexamers of the Dna protein bind to each strand, with the aid of
DnaC protein. The Dna helicase activiy further unwinds the DNA in
preparation for priming and DNA synthesis
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FIGURE 25-13 DNA synthesis on the leading and lagging strands.




image35.png
Leading strand synthesis.
Pol il (DNA polymerase il)

5 3
DNA topoisomerase Il

(DNA gyrase) RNA primer
from previous
Okazaki
fragment

&)

B
M RN Lagging strand synthesis

primer (DNA polymerase I1l)




image36.png




image37.png
FIGURE 25-12 Synthesis of Okazaki fragments. (a) At infervals, primase
synthesizes an RNA primer for a new Okazaki fragment. Notice that if we
consider the two template strands as lying side by side. lagging strand synthesis
formally proceeds in the opposite direction from fork movement. (b) Each
primer is extended by DNA polymerase IIL. (¢) DNA synthesis continues until
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the fragment extends as far as the primer of the previously added Okazaki
fragment. A new primer is synthesized near the replication fork to begin the
process again. (d) Each DNA polymerase IIT holoenzyme has three sets of core
subunits, so one or two Okazaki fragments can be synthesized simultancously,
along with the leading strand.
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FIGURE 25-16 Final steps in the synthesis of lagging strand segments.
RNA primers in the lagging strand are removed by the 5'—+3" exonu-
lease activity of DNA polymerase | and are replaced with DNA by the
‘same enzyme. The remaining nick is sealed by DNA ligase. The role of
ATP or NAD* is shown in Figure 25-17.
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FIGURE 25-17 Termination of chromosome replication in E. coli. The Ter
sequences (Terd through TerJ) are positioned on the chromosome in two
clusters with opposite orientations.
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