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1. Introduction

Microbiology (from Ancient Gree m@ kr o s) "'smal I(-logia) 'étudly ofs iy the | i f «
scientific study of microorganisms, those being of unicellular (siogled), multicellular
(consisting of complex cells), acellular (lacking cells)Microbiology encompasses numerou®-su
disciplines including virology, bacteriology, protistology, mycology, immunology, and parasitology.
Eukaryotic microorganisms possess membitamend organelles and include fungi and protists,
whereas prokaryotic organisthall of which are microorganisrdsare conventionally classified as
lacking membrandound organelles and ilicle Bacteria and Archaellicrobiologists traditionally

relied on culture, staining, and microscopy for the isolation and identification of microorganisms.
However, less than 1% dfie microorganisms present in common environments can be cultured in
isolation using current mean®/ith the emergence of biotechnology, Microbiologists currently rely

on molecular biology tools such as DNA sequebased identification, for example, th6SLrRNA

gene sequence used for bacterial identification.

Viruses have been vably classified as organismas they have been considered either as very
simple microorganisms or very complex molecules. Prions, never considered as microorganisms,
have beennvestigated by virologists; however, as the clinical effects traced to them were originally
presumed due to chronic viral infections, virologists took a séaditdtovering "infectious proteins”.

The existence of microorganisms was predicted many centafese they were first observed, for
example by the Jains in India and by Marcus Terentius Varro in ancient Rome. The first recorded
microscope observation was of the fruiting bodies of moulds, by Robert Hooke in 1666, but the Jesuit
priest Athanasius Kaher was likely the first to see microbes, which he mentioned observing in milk
and putrid material in 1658. Antonie van Leeuwenhoek is considered a father of microbiology as he
observed and experimented with microscopic organisms in the 1670s, using siropscopes of

his design. Scientific microbiology developed in the 19th century through the work of Louis Pasteur
and in medical microbiology Robert Koch.

Here, the discipline is utilised to learn about every part of the organisms in order not only to
understand how they exist in their environments but also how they affect their individual
surroundings and, in turn, other organisms nearby (human beings, animaldJlietoiology has
consistently proved to be one of the most significant fields in g§olmaking it possible to define

how some microorganisms cause diseases, discover treatments for such diseases and even use a fe
microbes for industrial applications etc.

The majority of the natural elements on the earth contain microorganisms. Alltlwmgs, including
humans, plants, and animals, are intimately connected to the microbes that consistently recycle
important nutrients like carbon and nitrogen, break down organic matter, and influence our daily

lives.



2. CourseObjectives

Microbiology as special paper of M.Sc. Botany course serves to impart advanced training to the
students in the field of Microbiology with focus on microbial diversity, bioprospecting and
applications of microbes for obtaining various biologically significant meitgisoland in
bioremediation of polluted environments. Students undergo fandimining with statef-the art
technologies and are trained so as to develop an aptitude for independent resedobgréineme
equips students for higher research leadingh® Ph.D. Degree in India or imternational

Universities overseas, or for employment in Research Institutes, in teachinig,laddstry.

Learning Outcomes:
-To provide valueébased education, with academic excellence and advanced research and to

raise skilled candidates with research caliber in the field of Microbiology

-To inculcate the advanced concepts of Microbiology including taxonomy, physiology -
Immunology, biomolecular interactions, etc.

-To impart the scope for the applicatiodhconcepts learned in the subject.

-To introduce about the recent advances in the field of Microbiology and its importance in
research.



3. Microbial Genetics:

A Bacteri al g e n 0 me ; Plagnpdiraplicadidn, pokaryaian d c e | | cycl
transcription and translation.

A Regul ation of gene expression in prokaryot

A Genetic recombination in bacteria.

A Viral genome replication.

Bacterial genome replication:

Bacterial genomesare generally smalteand less variant in size among species when compared
with genome®f eukaryotes Bacterial genomes can range in size anywhere from abowkbp30

over 14Mbp. A study that included, but was not limited to, 478 bacterial genomes, concluded that as
genone size increases, the number of genes increases at a disproportionately slower rate in
eukaryotes than in nesukaryotes. Thus, the proportionrancoding DNAgoes up with genome

size more quickly in notacteria than ifbacteria This is consistent witlthe fact that most
eukaryotic nuclear DNA is negene coding, while the majority of prokaryotic, viral, and organellar
genes are codinright now, we have genome sequences from 50 different bacterial phyla and 11
different archaeal phyla. Secogéneratn sequencing has yielded many draft genomes (close to
90% of bacterial genomes in GenBank are currently not compleitelgeneration
sequencingnight eventually yield a complete genome in a few hours. The genome sequences reveal
much diversity in bact&a. Analysis of over 200&scherichia colgenomes reveals & colicore
genome of about 3100 gene families and a total of about 89,000 different gene f&@wvitiesie
sequences show that parasitic bacteria havé 120D genes, frekving bacteria havel500 7500

genes, and archaea have IBIXD0 genesA striking discovery by Cole et al. described massive
amounts of gene decay when compatiegrosybacillus to ancestral bacteratudies have since
shown that several bacteria have smaller genome #izes their ancestors di@ver the years,
researchers have proposed several theories to explain the general trend of bacterial genome decay anc
the relatively small size of bacterial genomes. Compelling evidence indicates that the apparent
degradation of &cterial genomes is owed to a deletional bias.

Prokaryotic DNA Replication is the process by whichprokaryoteduplicates its DNA into another

copy that is passed on to daughter céllthough it is often studied in thmodel organisnit. coli,
otherbaceriashow many similaritieRReplication is bidirectional and originates at a singhegin of

replication(OriC). It consists of three steps: Initiation, elongation, and termination.
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Figure 1. Replication initiation in bacteria. Most bacteria have a circular chromosome with one origin, although there
are exceptions to this. Illustrated here is the £. coli chromosome that has one origin from which two replication forks
proceed in opposite directions.

Initiation

All cells must finish DNA replication before they caropeed for cell division. Media conditions that
support fast growth in bacteria also couples with shorter-initgstion time in them, i.e. the
doubling time in fast growing cells is less as compared to the slow growdither words, it is
possible thain fast growth conditions the grandmother cells starts replicating its DNA for grand
daughter cell. For the same reason, the initiation of DNA replication is highly regulated. Bacterial
origins regulate orisome assembly, a nupl@itein complex assembl&uoh the origin responsible for
unwinding the origin and loading all the replication machinerye.lgoli, the direction for orisome
assembly are built into a short stretch of nucleotide sequence called as origin of replaadipn (
which contains multile binding sites for the initiator protein DndA highly homologous protein
amongst bacterial kingdom). DnaA has four domains with each domain responsible for a specific
task.There are 11 DnaA binding sites/boxes onEhe&oliorigin of replicationout of which three
boxes R1, R2 and R4 (which have a higtiyserved® bpconsensus sequenge -
TTATC/ACACA) are high affinity DnaA boxes. They bind to Dn&®P and DnaAATP with

equal #inities and are bound by DnaA throughout most of the cell cycle and forms a scaffold on
which rest of the orisome assembles. The rest eight DnaA boxes are low affinity sites that
preferentially bind to DnaAATP. During initiation, DnaA bound to high affity DnaA box R4
donates additional DnaA to the adjacent low affinity site and progressively fill all the low affinity
DnaA boxesFilling of the sites changes origin conformation from its native state. It is hypothesized
that DNA stretching by DnaA bouni the origin promotes strand separation which allows more
DnaA to bind to the unwound regiofihe DnaChelicase loader then interacts with the DnaA bound
to the singlestranded DNA to recruit thBnaB helicasgwhich will continue to unwind thBNA as
theDnaGprimasdays down an RNArimerandDNA Polymerase Il holoenzymigegins

elongation.
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Chromosomeeplication in bacteria is regulated at the initiation st@y@A-ATP ishydrolyzedinto

the inactive DnaAADP by RIDA (Regulatory Inactiation of DnaA)and converted back to the
active DnaAATP form by DARS (DnaA Reactivating Sequence, which is itself regulated by Fis and
IHF). However, the main source of DnaP is synthesis of new moleculddeanwhile, several
other proteins interactirgctly with theoriC sequence to regulate initiation, usually by inhibition.

In E. colithese proteins include DiaSegA IciA, HU, and ArcAP,but they vary across other
bacterial species. A few other mechanismg&.ircolithat variously regulate initieon are DDAH
(datA-Dependent DnaA Hydrolysis, which is also regulated by If)pition of thednaAgene (by

the SegA proteinjand reactivation of DnaA by the lipid membrane.

Elongation

Once priming is complet&NA polymerase Il holoenzymie loadedinto the DNA and replication
begins. The catalytic mechanism of DNA polymerase Il involves the use of two metal ions in
theactive site and a region in the active site that can discriminate
betweerdeoxyribonucleotideandribonucleotides The metal ionsare generatlivalent cationshat

help the 3' OH initiate aucleophilic attackonto the alph@hosphatef the deoxyribonucleotide and
orient and stabilize the negatively charged triphosphate on the deoxyribonucleotide. Nucleophilic
attack by the 3' OH ro the alpha phosphate releapgsophosphatewhich is then subsequently



hydrolyzed (by inorganic phosphatase) into two phosphates. This hydrolysis@N¥esynthesis to
completion.

Furthermore, DNA polymerase Ill must be able to distinguish betweenctigrpaired bases and
incorrectly paired bases. This is accomplished by distinguishing W@atsck base pairs through the

use of an active site pocket that is complementary in shape to the structure of correctly paired
nucleotides. This pocket has a tgiree residue that is able to fonan der Waals interactiongth the
correctly paired nucleotide. In addition, dsDNA (double strarf2ldd) in the active site has a
wider major grooveand shalloweminor groovethat permits the formation of hydrogen borwish

the thirdnitrogenof purinebases and the secoorlygenof pyrimidinebases. Finally, the active site
makes extensive hydrogen bonds with the DNA backbone. These interactions result in the DNA
polymerase Il closing around a correctly paired base. base is inserted and incorrectly paired,
these interactions could not occur due to disruptions in hydrogen bonding and van der Waals

interactions.

DNA i s read in the 3° Y 5 direction, there
thetemplatestrang i n t he 5° Y 3 direction. However,
while the other is 5' Y 3'". To solve this, re

the replication fork, théeading strands synthesized in a contious fashion, only requiring one
primer. On the other hand, ttegging strandheading away from the replication fork, is synthesized

in a series of short fragments known as Okazaki fragments, consequently requiring many primers.
The RNA primers oDkazak fragmentsare subsequently degraded RMase HandDNA
Polymerase (exonucleasg and the gaps (aricks) are filled with deoxyribonucleotides and sealed

by the enzymégase

Rate of replication

The rate of DNA replication in a living cell was first measured as the rate of phage T4 DNA
elongation in phagefected E. coliDuring the period oéxponential DNA increase at 37, the rate

was 749 nucleotides per second. The mutation ratdogme pair per replication during phage T4
DNA synthesis is 1.7 per 10

Termination

Termination of DNA replication ite. coliis completed through the use of termination sequences and

theTus protein These sequences allow the two replication forks to fp@sagh in only one direction,

but not the other.

DNA replication initially produces two catenated or linked circular DNA duplexes, each comprising
one parental strand and one newly synthesised strand (by natemiobnservative replicatipn

This cat@ation can be visualised as two interlinked rings which cannot be sepdi@gedtsomerase

2in E. coliunlinks or decatenates the two circular DNA duplexes by breaking the phosphodiester


https://en.wikipedia.org/wiki/Ligase

bonds present in two successive nucleotides of either parent DN#evdly formed DNA and
thereafter the ligating activity ligates that broken DNA strand and so the two DNA get formed.

Other Prokaryotic replication models:

The theta type replication has been already mentioned. There are other types of prokaryotic
replicatian such asolling circle replicatiorandD-loop replication

Rolling Circle Replication

This is seen ifacterial conjugatiowhere the same circulartemplate DNA rotates and around it the
new strand develops.

Rolling circle replication

O-C
o

When conjugation is initiated by a signal tietaxaseenzymecreates aick in one of the strands of

the conjugative plasmid at tloeiT. Relaxase may work alone or in a complex of over a dozen
proteins known cdéctively as aelaxosome In the Fplasmid system the relaxase enzyme is called
Tral and the relaxosome consists of Tral, TraY, TraM and the integrated host factor IHF. The nicked
strand, ofT-strand is then unwound from the unbroken strand and tramesfeéa the recipient cell in

a 54terminus to 3terminus direction. The remaining strand is replicated either independent of
conjugative action (vegetative replication beginning atotiid) or in concert with conjugation
(conjugative replication similarot therolling circlereplication oflambda phage Conjugative
replication may require a second nick before successful transfer can occur. A recent report claims to
have inhibited conjugation with chemicals that mimic an intermediate step of this seckimd ni
event.

D-loop replication

D-loop replication is mostly seen in organellar DNA, Where a triple stranded structure
calleddisplacement loofs formed.

Cell Cycle, and Cell Growth

The bacterial cell cycle is traditionally divided into three stagespét®d between division (cell

Obirthé) and the initiation of chromosome repl



replication (known as the C period); and the time between the end of replication and completion of
division (known as thé® period) (FIG. 1). In the enteric organism Escherichia coli and the spore
former Bacillus subtilis, DNA replication begins at a single origin (oriC) on a single circular
chromosome. Replication proceeds bidirectionally around the circumference of tmeostnoe,
terminating at a region opposite oriC. During replication the chromosome remains in a condensed,
highly ordered structer that is known as the nucleoiivision is initiated near the end of
chromosome segregation by the formation of a cytokirmatig at the nascent division site. The
tubulin-like protein FtsZ serves as the foundation for assembly of this ring and is required for
recrutment of the division machineryutrient availability and growth rate could potentially affect

any of the abovetgps.

B period ( period D period

R FA &
- d— - OO
=T & tonoore = y

= (¢ N
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Figure 1 The bacterial cell cycle

The bacterial cell cycle is traditionally divided into three stages: the period between division (birth)
and the initiation of chromosome replication (the B period); the period required for chromosome
replication(the C period); and the time between the completion of chromosome replication and the
completion of cell division (the D period). The bacterial cells (in this case, Escherichia coli) are
outlined in black and contain highly schematic chromosomes (puvple)awvith oriC regions shown

as green circles.

The bacterial cell cycle under different growth conditions derives largely from early physiological
studies of B. subtilis and E. coli. These studies indicated that, at constant temperature, mass doubling
time decreases in response to increases in nutrient availability; however, both the C period and the D
period remain essentially constant. Consequently, under nutigntonditions, both E. coli and B.
subtilis reach growth rates at which the period neglifor chromosome replication and segregation

is greater than the mass doubling time. To resolve this paradox, rapidly growing cells initiate new
rounds of chromosome replication before completing the previous round, a situation that results in
two, four or even eight rounds of replication proceeding simultaneously. This phenomenon, which
was first di scovered in B. subtilis and ter me

further investigated by Cooper and Helmstetter in their influent@8 Japer5 (BOX 1).



Notabl vy, Cooper and Hel mstetterds work il |l umi
replication fork progression with nutriedependent changes in mass doubling time, by initiating

replication and dividing more frequentlyhen growing faster.

Cooper and Hel mstetterds model

Replication during slow growth

In slow-growing bacterial cells (with a mass doubling time >C + D period), there is a single round
of replication per division cycle. This type of growth resembles thatikéryotes in that there is a

gap (the B period), a period in which DNA replication takes place (the C period) and finally a
period of chromosome segregation and cell division (the D period). During replication each cell has
only two copies of the origimegion ©riC) and one copy of the terminugeiC) (see the figure,
parta).

Replication during fast growth (multifork replication)

In rapidly growing cells (with a masadnitia@esabl i n
new round of replicationddore the first round has terminated, although only one round is initiated
per cell division. Multifork replication ensures that at least one round of replication is finished
before cytokinesis, to guarantee that each daughter cell receives at leasmphetecgenome.
During multifork replication cells can have four or more copies of the region proxiralC@nd

one copy of the region proximal terC (see the figure, pal®). This imbalance has implications for

gene expression levels as well as fer dativity of the initiator protein DnaA.

Although arguably one of the most important insights in the field in the past 40 years, Cooper and
Hel mstetterds model is I'imted in that 1t vie
initiation is the triggering event that determines the timing of all subsequent steps in replication and
cell division. This view does not take into consideration the effects of nutrients and metabolic status
on events that occur after replication initiation, noeglot explain how cell cycle events are
coordinated with mass doubling to ensure that new rounds of replication are initiated only once per

division cycle and cell size homeostasis is maintained. Recent work suggests that, instead of being a



single processthe bacterial cell cycle is a set of coordinated but independent events. This more
nuanced view is the model to which we subscribe.

Multifork replication is not a universal feature of the bacterial life cycle: the aquatic
bacteriumCaulobacter crescentusas temporally compartmentalized cell cycle stages, a situation
analogous to the eukaryotic cell cycle. For simplicity, however, in this Review weBtreat
subtilisandE. colias representative Grapositive and Grammegative bacteria, respectively. In
addition, we use the term 6division cycled ins
the birth of a cell and its own subsequent division.

Cell division

Like replication, division must be coupled to growth to ensure that average ce$ sizéntained

under a given growth condition. Cells that divided before they doubled in mass would, after several
generations, become unsustainably small. Conversely, a population of cells that routinely divided a
substantial time after they had doublednmass would ultimately grow into filaments that are no
longer viable. In addition to this temporal form of control, a second regulatory network ensures that
cell size increases under carbach conditions, allowing cells to maintain a constant DNA td cel
mass ratio during multifork replication.

The temporal control of cell division

Precisely how division is coordinated with mass doubling is not clear. One possibility is that a factor
analogous to DnaA accumulates in newborn cells, reaching the criticeémtration only when

cells have doubled in mass. To ensure that division is coordinated with mass doubling, the
accumulation of such a factor would need to be dependent on nutrient availability and growth rate.
Potential candidates include essential congmts of the division apparatus. However, none of the
cell division genes identified to date, includiitgZ, seems to be regulated by growth rate in
eitherB. subtilisor E. coli.

Alternatively, it has been proposed that replicaidora process that ig¢self dependent on growth

rated serves as a checkpoint for divisidi@. 39. In support of this idea, inhibiting the initiation

of replication inB. subtilisthrough the use of conditional mutants leads to the formation of
elongated cells with acentric cytokinetic rings adjacent to centrally positioned nucleoids. These cells
experience a notable division delay due to Disefpendent repression of FtsL, a cruciahponent

of the division machinery. FtsL is highly unstabled therefore DnaAlependent transcriptional

inhibition quickly leads to a decrease in FtsL levels and a severe division delay.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/
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Figure 3 Spatial and temporal regulation of cell division is agkd through multiple layers of
control

a| FtsZ assembly is coordinated with the initiation of DNA replication and nucleoid segregation to
ensure that daughter cells receive complete copies of the bacterial genome. b| In Bacillus subtilis, the
glucolipid bosynthesis pathway serves as a metabolic sensor to transmit information about carbon
availability and growth rate, through the intracellular UDRcose concentration, to the division
apparatus. When this sensor is functional (top), division is coupltéde tachieveent of a specific

size (termed cr i ti cal masso6) as well as to mass doubl
division is uncoupled from the achievement of critical mass but remains sensitive to mass doubling
time, resulting in redeed cell size.

Coordinating cell size with nutrient availability

Carbon availability is the primary determinant of cell size for rapidly growing ba¢kfa 30.

In B. subtilisinformation about carbon availability is transmitted directly to the division apparatus
by accumulation of the nucleotide sugar UQRicose. UDIPglucose inhibits division through its
interaction with the bifunctional diacylglycerol glucdisgnsferase, UgtP. Under conditions in
which UDR glucose is high, such as during growth in carboh medium, UgtP inhibits FtsZ
assembly and delays maturation of the cytokinetic ring until cells have reached the appropriate
length. Under these conditistgtP is distributed uniformly throughout the cytoplasm and localizes

to the cytokinetic ring in an Ftsdependent manner, consistent with its role as a division inhibitor.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/

Conversely, under conditions in which UDjucose levels are low, such as durimgvgh in
carbonpoor medium, the intracellular concentration of UgtP drops and the remaining protein is
sequestered away from rm@ll in small, randomly positioned foci. The exact mechanism
underlying this change in UgtP concentration and localizatiorairamto be determined. UgtP
inhibits FtsZ assembly vitro, indicating that it interacts directly with FtsZ to inhibit division. The
molecular mechanism by which UgtP prevents FtsZ assembly has yet to be determined; possibilities
include capping the growg polymers or preventing the formation of stabilizing lateral interactions.
Carbondependent increases in cell size ensure that cells have sufficient room to accommodate the
extra DNA that is generated by multifork replication. Defects in UghiRcose biognthesis reduce

cell size by ~30% under carboich conditions (when cells have a mass doubling time of ~25
minutes) and lead to a 3fbld increase in the frequency of FtsZ rings that are assembled across
unsegregated nucleoids; Noc does not seem toiirfidZ assembly across unsegregated nucleoids

in these cells. However, under carbmoor conditions (when cells have a mass doubling time of
~80 minutes), defects in UDBlucose biosynthesis have little effect on cell morphology, and FtsZ
ring formation &kes place across segregated or partially segregated nucleoids. Despite the reduction
in cell size, the timing of FtsZ ring formation and division is still precisely coordinated with mass
doubling in UDR glucosedeficient cells. This observation impliesatha second, UDRjlucose
independent pathway ensures that FtsZ assembly and division are coupled to cell growth.

E. colicells also increase in size under cadch conditions, and cells shifted from carbowoor to
carbonrich medium rapidly increase tinegrowth rate but delay division until they reach the
appropriate size for the new conditions. Although UgtP is not consentedcoli, the accumulation

of UDPi glucose does seem to be important for coordinating cell size with carbon availability.
Studies indicate that mutations in two genes that are required foriglD&bse biosynthesis,
phosphoglucomutas@dm and glucosd-phosphate uridylyltransferasgalU), reduceE. colicell

size by ~30% without substantially affecting mass doubling (M&. Hil and R.B. Weart,
unpublished observationsfIG. 30. In the absence of a UgtP homologue, it is not clear what the
UDPi glucosesensitive effector is ik. coli, but on the basis of the data frdn subtilisit is
reasonable to speculate that it is a WBIBcosebinding protein. Systematic analysis of genes
encoding such proteins should identify the effector responsible for coordinating nutrient availability

with cdl size in this Grarmegative organism.

APl asmid freplication:
Double stranded, few kilo base selfe pl i cati ng extra DNA fragmen

commonly recognized in different gram negative and positive bacterial strains as well as in some
fung including unicellular yeasts. Although plasmids are usually circular but lileaampls have
also been reported


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2887316/figure/F3/

Though plasmid are not required for bacteria survival but encodes essential genetic determinants
that enables bacteria to adapt and resisavorable conditions for better survival and to encounter
external threats with other microbes occupying the same position in an ecological food
chain.Replicationmechanisms of plasmid are host specific and effects plasopg number.
Plasmid repliconconsistsof one or more origin afeplication(ori) and few regulatory elements

such as Rep proteins, localized in the 4 kilo base region of the DNA fragment. In apiisond

also possessdsw essential genes that assist in DNA replication. The mialecoechanism of
bacterial plasmideplicationis similar to the origin ofeplicationof E. coli chromosome

Plasmid Replication

Bacterial plasmideplicationis not dependant on its nuclegggnomeeplicationwith long
intermissions betweereplicationproceedings occurring during the course of cell division. Definite
plasmid copy number depends on plasmid type, host organism and the growth conditions.
Unintended aberrations from normal copy number are attuned. However dominant and recessive
copy muantsto the wild type do exist

Plasmid replication mechanisms

There are three types of plasmplicationnamely rolling circle, Col E1 type and Iteron
containreplication

Rolling circle: Rolling circlereplicationmechanism is specific to bacteriophdgeily m13 and
thefertility F factor which encodes for sex pili formation during recombination by means of
conjugation. Fragments smaller than 10 kilo base usually replicate bgghationmechanism as
reported in some gram positive bacteria. It allows the transfer of single strapdiedtionproduct

at a faster rate to the recipient cell through pilus as in cafeetitify factor or b the membrane in

case of phage

Mechanism: Rolling circle occurs to a covalently closed circular piece of destténded DNA. A
nick is produced in one of the strands by e
hydroxyl . Free 306 hydr ox wpdtomakd new NA pushsng the didy DI
nicked strand off of the template DNAi§ure 1).
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Figure 1: Mechanism of rolling circle replication.
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Col E1 type replication: Col Elreplicationis anegative regulatiomechanism which enables the

plasmid to control its own copy numbers by involvRNA type |,RNA type Il, Rom protein, and

the plasmid itself. Col Efeplicationis initiated by means of RNARNA interactions and does not

rely onreplicationinitiation protein encoded by the phagl to reguate its copy number
Mechanism: RNA type Il that originates 555 base pairs upstream frometplecationorigin of Col

E1 plasmid is transcribed which marks the start of Col E1 replication. A determined hybrid with the
DNA strand is formed by a loop enriched in G nucleotide positioned 290 of RNAIl andch C
region on theéemplate strand positioned 20 nuatiees upstream from the origiBeveral stems and
loops are exhibited by the newly formed secondary structure. A DNA/RNA hybrid is recognized by
enzyme RNase and dissociates @A hybrid to the 3' end of RNAIIL. The resultaRNA primer is

linked to the plasmid with a free 3' hydroxyl group. TRISA enablegeplicationof DNA to begin

by providing DNA polymerase gscific site to initiate nucleotides synthesis. Consequently DNA
synthesis is commenced with the leading strand is happdriy¢€ 2).

Iteron-containing replicons: This replicon consists of a gene that encodes Rep protein for
plasmidreplicationinitiation, set of direct repeat sequences called iteron, adjacemicATegion

and Dna boxes which is a protein required for bacterial chromosggheationinitiation. However

length of adjacent A¥ich region and number of iterons and DnaA boxes differs in a replicon.
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Figure 2: Mechanism of Col E1 type replication.

Mechanism: Iteron contairreplicationbegins with the binding of Rep proteins to the iteron being
organized in the same orientation of the DNA helix. And by binding to the DnaA boxes in the
replicon theRepDnaA-DNA assembly promotes melting of the strand at the nearbyidkTregion

to which hosteplicationfactors subsequently gain access and promotenigachd lagging strand
synthesis in a manner analogous to initiationeplicationat the chromosomal origin, ori&ifure

3).

iteron
5 CTGTGACAAATTGCCCTCA 3°

\\\ fﬁ oparator/promater
— 5 AGTGTGACAATCTAAAAACTTGTCACACT 3

tour direct rapeats of ongin

Replication initiator Autogenous repressor
Dnak, Dnal, GrpE s
-y

RepE manomer RepE dimer

Figure 3: Mechanism of iteron contains replication.

Plasmids copy number is coolled principally at the beginning oéplicationinitiation. The
frequency with which initiation ofeplicationof iteroncontaining plasmids occurs is modulated in
part by sequestration of the origin region in nucleoprotein complexes and intermopestfey of

compl exes on different plasmids, which is ref
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Thus plasmideplicationby means of rolling circle, Col E1 type and Iteron conteplicationis an
efficient way to control its copy number and compatibility in bacteria atiekr respective
organisms.

Mrokaryotic transcription and translation.

Outline the process of prokaryotic transcription and translation

The prokaryotes, which include bacteria and archaea, are mostly-saligie organisms that, by
definition, lack menbranebound nuclei and other organelles. A bacterial chromosome is a
covalently closed circle that, unlike eukaryotic chromosomes, is not organized around histone
proteins. The central region of the cell in which prokaryotic DNA resides is called theoiaudh
addition, prokaryotes often have abundalasmids which are shorter circular DNA molecules that
may only contain one or a few genes. Plasmids can be transferred independently of the bacterial
chromosome during cell division and often carry sratich as antibiotic resistance. Because of
these unique features, transcription and gene regulation is somewhat different between prokaryotic
cells and eukaryotic ones.

LEARNING OBJECTIVES

Understand the basic steps in the transcription of DNA into RNpkdkaryotic cells

Understand the basics of prokaryotic translation and how it differs from eukaryotic translation
Prokaryotic Transcription

Initiation of Transcription in Prokaryotes

Prokaryotes do not have membrarelosed nuclei. Therefore, the proess®of transcription,
translation, and mRNA degradation can all occur simultaneously. The intracellular level of a
bacterial protein can quickly be amplified by multiple transcription and translation events occurring
concurrently on the same DNA templateolaryotic transcription often covers more than one gene
and produces polycistronic mRNAs that specify more than one protein.

Our discussion here will exemplify transcription by describing this proceSscimerichiacoli, a
well-studied bacterial specieslthough some differences exist between transcriptida. icoli and
transcription in archaea, an understandingdg.o€oli transcription can be applied to virtually all
bacterial species.

Prokaryotic RNA Polymerase

Prokaryotes use the same RNA polymeragetranscribe all of their genes. E coli, the
polymerase is composed of five polypeptide subunits, two of which are identical. Four of these
subunits, denoted, U b, andbNj compr i s e tofeenzyme Thesa subumnits essemble
every time a gemis transcribed, and they disassemble once transcription is complete. Each subunit
has a unique role; the twésubunits are necessary to assemble the polymerase on the DNA; the
subunit binds to the ribonucleoside triphosphate that will become parteoftn ascent fAr e c e
MRNA molecule; andtheNj bi nds t he DNA templ ate strand.



The fifth subunitg, is involved only in transcription initiation. It confers transcriptional specificity
such that the polymerase begins to synthesize mRNA from anpajapedinitiation site. Withoud,

the core enzyme would transcribe from random sites and would produce mRNA molecules that
specified protein gibberish. The polymerase comprised of all five subunits is called
theholoenzyme

Prokaryotic Promoters

Promoter
TTGACG = TATAAT —
-35 Region -10 Region +1 Transcription
o Factor start site
RNA Polymerase

Figurel . The 0 subunit of prokaryotic RNA pol yme
the promoter region upstream of the transcri |

polymerase after transcription has been initiated.

A promoter is a DNA sequence onto which the transcription machinery binds and initiates
transcription. In most cases, promoters exist upstream of the genes they regulate. The specific
sequence of a promoter is very important because it determines whether the correspordisag ge
transcribed all the time, some of the time, or infrequently. Although promoters vary among
prokaryotic genomes, a few elements are conserved. Atlthe@nd-35 regions upstream of the
initiation site, there are two promotesnsensusequences, oregions that are similar across all

promoters and across various bacterial species (Figure 1).

The -10 consensus sequence, called-tt region, is TATAAT. The35 sequence, TTGACA, is
recognized and bound BBy Once this interaction is made, the subuaftshe core enzyme bind to

the site. The AT-rich -10 region facilitates unwinding of the DNA template, and several
phosphodiester bonds are made. The transcription initiation phase ends with the production of
abortive transcripts, which are polymers ofpagximately 10 nucleotides that are made and

released.



Elongation and Termination in Prokaryotes

The transcription elongation phase begins with the release dfstifsunit from the polymerase.

The dissociation ofi allows the core enzyme to proceed along the DNA template, synthesizing
MRNA in the 5N to 3N direction at a rate of a
proceeds, the DNA is continuoushynwound ahead of the core enzyme and rewound behind it
(Figure 2). The base pairing between DNA and RNA is not stable enough to maintain the stability of
the mRNA synthesis components. Instead, the RNA polymerase acts as a stable linker between the
DNA template and the nascent RNA strands to ensure that elongation is not interrupted prematurely.

Tnscrtion RNA processing Translaion
wr—po!ypepbdecham
Primary RNA transcript
Bl o Bon2 o Eiond § ’
Splced RNA E>
000 ot JEGEQ Bond A oy

an

Ribosome

Figure 2. Click for a larger image. During elongation, the prokaryotic RNA polymerase tracks along

t he DNA templ at e, synt hesi anésmwimKRahdrewinds tite DEA 5 Nj
as it is read.

Prokaryotic Termination Signals

Once a gene is transcribed, the prokaryotic polymerase needs to be instructed to dissociate from the
DNA template and liberate the newly made mRNA. Depending on the genettagisgribed, there

are two kinds of termination signals. One is profemsed and the other is RNfasedRho-
dependenttermination is controlled by the rho protein, which tracks along behind the polymerase
on the growing mRNA chain. Near the end of tleng the polymerase encounters a run of G
nucleotides on the DNA template and it stalls. As a result, the rho protein collides with the
polymerase. The interaction with rho releases the mRNA from the transcription bubble.
Rho-independenttermination is cortrolled by specific sequences in the DNA template strand. As
the polymerase nears the end of the gene being transcribed, it encounters a region ir@h in C

nucleotides. The mRNA folds back on itself, and the complementaBydcleotides bind together.



The result is a stableirpin that causes the polymerase to stall as soon as it begins to transcribe a
region rich in AT nucleotides. The complementaryAJlregion of the mRNA transcript forms only

a weak interaction with the template DNA. This, coupleth the stalled polymerase, induces
enough instability for the core enzyme to break away and liberate the new mRNA transcript.

Upon termination, the process of transcription is complete. By the time termination occurs, the
prokaryotic transcript would aady have been used to begin synthesis of numerous copies of the
encoded protein because these processes can occur concurrently. The unification of transcription,
translation, and even mRNA degradation is possible because all of these processes asamia th

5Nj to 3N direction, and because there is no n
(Figure 3). In contrast, the presence of a nucleus in eukaryotic cells precludes simultaneous

transcription and translation.

/" c—
\S& \ ’% — Polyribosome

Figure 3. Multiple polymerases can transcribe a single bacterial gene while numerous ribosomes
concurrently translate the mRNA transcripts into polypeptides. In this way, a specific protein can
rapidly reach a high concentration in the bacterial cell.

Prokaryotic Translation

Translation is similar in prokaryotes and eukaryotes. Here we will explore how translation occurs
in E. coli, a representative prokaryote, and specify any differences between bacterial and eukaryotic
translation.

Initiation

Theinitiation of protein synthesisbegins with the formation of an initiation complex.Hncoli,

this complex involves the small 30S ribosome, the mRNA template, three initiation factors that help
the ribosome assemble correctly, guanosine triphosphate (GTP) that acts as an ensgggarst a
special initiator tRNA carrying\-formyl -methionine (fMet-tRNAf“®") (Figure 4). The initiator
tRNA interacts with the start codon AUG of the mRNA and carries a formylated methionine (fMet).
Because of its involvement in initiation, fMet is ing&l at the beginning (N terminus) of every

polypeptide chain synthesized Bycoli.



In E. coli mRNA, a leader sequence upstream of the first AUG codon, callé&hthe-Dalgarno
sequencgalso known as the ribosomal binding site AGGAGG), interacts tfir@omplementary

base pairing with the rRNA molecules that compose the ribosome. This interaction anchors the 30S
ribosomal subunit at the correct location on the mRNA template. At this point, the 50S ribosomal
subunit then binds to the initiation compléx;ming an intact ribosome.

In eukaryotes, initiation complex formation is similar, with the following differences:

1 The initiator tRNA is a different specialized tRNA carrying methionine, calledtRIRAI

f Instead of binding to the mRNA at the ShiDalgano sequence, the eukaryotic initiation complex
recogni zes the 5N cap of the eukaryotic mRNA,
until the AUG start codon is recognized. At this point, the 60S subunit binds to the complex of Met
tRNAI, mRNA, and the 40S subunit.

tRNA with first large ribosomal

amino acid subunit
small ribosomal
subunn
UAC Components

anticodon are recycled.
mMRNA
5'IIII!’II\IIIIIIlllllllllllllll3
start codon stop codon
INITIATION ELONGATION TERMINATION

Transitional complex forms, and tRNAs bring amino acids one by Release factor recognizes stop codon,
tRNA brings first amino acid in one to add to polypeptide chain. translational complex dissociates, and
polypeptide chain to bind to start completed polypeptide is released.

codon on mRNA.

completed
polypeptlde
2

Figure 4. Translation in bacteria begins with the formation of the initiation complex, which includes the small
ribosomal subunit, the mRNA, the initiator tRNA carryingddmyl-methionine, and initiation factors. Then
the 50S sbunit binds, forming an intact ribosome.
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3’
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Elongation

In prokaryotes and eukaryotes, the basicslafigation of translation are the same. IB. coli, the
binding of the 50S ribosomal subunit to produce the intact ribosome forms three functionally
importart ribosomal sites: ThA (aminoacyl) site binds incoming charged aminoacyl tRNAs.
TheP (peptidyl) site binds charged tRNAs carrying amino acids that have formed peptide bonds
with the growing polypeptide chain but have not yet dissociated from theispor@ing tRNA.



TheE (exit) sitereleases dissociated tRNAs so that they can be recharged with free amino acids.
There is one notable exception to this assembly line of tRNAs: During initiation complex formation,
bacter i al ™'brMakaryoticRRNAI enters the P site directly without first entering

the A site, providing a free A site ready to accept the tRNA corresponding to the first codon after
the AUG.

Elongation proceeds with singt®don movements of the ribosome each called a translocatio
event. During each translocation event, the charged tRNAs enter at the A site, then shift to the P
site, and then finally to the E site for removal. Ribosomal movements, or steps, are induced by
conformational changes that advance the ribosome by tarsedbs i n t he 3 Nj direc
form between the amino group of the amino acid attached to ite ARNA and the carboxyl

group of the amino acid attached to thesite tRNA. The formation of each peptide bond is
catalyzed byeptidyl transferase an RNAbased ribozyme that is integrated into the 50S
ribosomal subunit. The amino acid bound to thsit® tRNA is also linked to the growing
polypeptide chain. As the ribosome steps across the mRNA, the forsier tRNA enters the E

site, detachesdm the amino acid, and is expelled. Several of the steps during elongation, including
binding of a charged aminoacyl tRNA to the A site and translocation, require energy derived from
GTP hydrolysis, which is catalyzed by specific elongation factors. Ambzithe E. coli translation
apparatus takes only 0.05 seconds to add each amino acid, meaning that a 2@iangraiein

can be translated in just 10 seconds.

Termination

Thetermination of translation occurs when aonsense codon(UAA, UAG, or UGA) is
encountered for which there is no complementary tRNA. On aligning with the A site, these
nonsense codons are recognized by release factors in prokaryotes and eukaryotes that result in the P
site amino acid detaching from its tRNA, releasing the newly npadigpeptide. The small and

large ribosomal subunits dissociate from the mRNA and from each other; they are recruited almost
immediately into another translation init iation complex.

In summary, there are several key features that distinguish prokargogcexpression from that

seen in eukaryotes. These are illustrated in Figanmeddisted in Table 1.
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Figure 5. (a) In prokaryotes, the processes of transcription and translation occur simultaneously in
the cytoplasm, allowing for a rapid cellular pesse to an environmental cue. (b) In eukaryotes,
transcription is localized to the nucleus and translation is localized to the cytoplasm, separating
these processes and necessitating RNA processing for stability.

A Re g u | gereiexprassianfin prokryotes

The DNA of prokaryotes is organized into a
cytoplasm. Proteins that are needed for a specific function, or that are involved in the same
biochemical pathway, are often encoded together in blocks cgdkydns For example, all five of

the genes needed to make the amino acid tryptophan in the badieraotare located next to

each other in thep operon. The genes in an operon are transcribed into a single mRNA molecule.

This allows the genes to loentrolled as a unit: either all are expressed, or none is expressed. Each
operon needs only one regulatory region, includipgoanoter, where RNA polymerase binds, and

anoperator, where other regulatory proteins bind.

In prokaryotic cells, there arerde types of regulatory molecules that can affect the expression of
operonsActivators are proteins that increase the transcription of a geepressorsare proteins

that suppress transcription of a gene.



Finally, inducersare molecules that bind to pessors and inactivate them. Below are two
examples of how these molecules regulate different operons.

A) The trp Operon: A Repressor Operon

Like all cells, bacteria need amino acids to survive. Tryptophan is one amino acid that the
bacteriumE. colican eiher ingest from the environment or synthesize. When E. coli needs to
synthesize tryptophan, it must express a set of five proteins that are encoded by five genes. These
five genes are located next to each other inrhpgophan (trp) operon (Figure 17.3.

When tryptophan is present in the environméntcolidoes not need to synthesize it, and
thetrp operon is switched off. However, when tryptophan availability is lowtrtheperon is

turned on so that the genes are transcribed, the proteins are amaderyptophan can be
synthesized.

A DNA sequence called the operator is located between the promoter and ttip geste. The
operator contains the DNA code to which the repressor protein can bind. The repressor protein is
regulated by levels of trypptan in the cell.

When tryptophan is present in the cell, two tryptophan molecules bind tgpttepressor. This
causes the repressor to change shape and bind tp tperator. Binding of the tryptophan
repressor complex at the operator physicallyckdothe RNA polymerase from binding, and
transcribing the downstream genes. Thus, when the cell has enough tryptophan, it is preventing
from making more.

When tryptophan is not present in the cell, the repressor has no tryptophan to bind to it. The
repressr is not activated and it does not bind to the operator. Therefore, RNA polymerase can
transcribe the operon and make the enzymes to synthesize tryptophan. Thus, when the cell does not

have enough tryptophan, it synthesizes it.



When tryptophan is present, the trp repressor binds
the operator, and RNA synthesis is blocked.

Promoter Operator trpE trpD trpC trpB trpA

RNA Polymerase )é’

Tryptophan

In the absence of tryptophan, the repressor dissociates
from the operator, and RNA synthesis proceeds.

Promoter Operator trpE trpD trpC trpB trpA

RNA Polymerase ==

Figure 17.3 The five genes that are needed to synthesize tryptophan in E. coli are

located next to each other in the trp operon.
B) The lac Operon: An Inducer Operon
Thelac operon inE. colihas more complex regulation, involving both a repressor and an
activator.E. coli uses gluose for food, but is able to use other sugars, such as lactose, when glucose
concentrations are low. Three proteins are needed to break down lactose; they are encoded by the
three genes of tHac operon.
When lactose is not present, the proteins to digesbse are not needed. Therefore, a repressor
binds to the operator and prevents RNA polymerase from transcribing the operon.
When lactose is present, lactose binds to the repressor and removes it from the operator. RNA
polymerase is now free to trandgi@ithe genes necessary to digest lactesgi(e 17.4).
However, the story is more complex than this. Skceoliprefers to use glucose for food,
thelac operon is only expressed at low levels even when the repressor is removed. But what
happens when O lactose is present? Now the bacterium needs to ramp up production of the
lactosedigesting proteins. It does so by using an activator protein called catabolite activator protein
(CAP).
When glucose levels drop, cyclic AMP (cCAMP) begins to accumulatkercell. CAMP binds to
CAP and the complex binds to tlae operon promoterHigure 17.5. This increases the binding

ability of RNA polymerase to the promoter and ramps up transcription of the genes.



In the absence of lactose, the lac repressor
binds the operator, and transcription is
blocked.

Promoter | Operator | lacZ | lacY | lacA
RNA Polymerase & Repressor

In the presence of lactose, the lac repressor
is released from the operator, and
transcription proceeds at a slow rate.

Promoter | Operator | lacZ | lacY | lacA

RNA POlyMErase gy
Repressor

Lactose

Figure 17.4 Transcription of the lac operon only occurs when lactose is present. Lactose

binds to the repressor and removes it from the operator.

CAMP-CAP complex stimulates RNA
Polymerase activity and increases RNA
synthesis.

§ " Promoter | Operator | lacZ | lacY | lacA
RNA Polymerase -

However, even in the presence of
CAMP-CAP complex, RNA synthesis is
blocked when repressor is bound to
the operator.

P+ bromoter | Operator | lacZ | lacY | lacA

>

RNA Polymerase 3 Repressor

Figure 17.5 When there is no glucose, the CAP activator increases transcription of the

lac operon. However, if no lactose is present, the operon is not activated.



In summary, for théac operon to be fully activated, two conditions must be met. First, the
level of glucose must be very low or nreristent. Second, lactose must be present. Only when
glucose is absent and lactose is present willabeperon ke transcribed maximally. This
makes sense for the cell, because it would be energetically wasteful to create the proteins to

process lactose if glucose was plentiful or lactose was not availaiiee(17.2.

Lactose Repressor Glucose CAP Transcription
present? bound? present? bound? of lac operon?
- Yes + No No

- Yes - Yes No
+ No + No Some
+ No - Yes Lots

Positive Regulation of the Lac Operon; Induon by Catabolite Activation

The second control mechanism regulating lac operon expression is mediated by CAR (CAMP
boundcatabolite activator protein or cCAMP receptor protein). When glucose is available, cellular
levels of CAMP are low in the cells and €As in an inactive conformation. On the other hand, if
glucose levels are low, cAMP levels rise and bind to the CAP, activating it. If lactose levels are also
low, the cAMRbound CAP will have no effect. If lactose is present and glucose levels arééow, t
allolactose binds the lac repressor causing it to dissociate from the operator region. Under these
conditions, the cAMMound CAP can bind to the operator in lieu of the repressor protein. In this
case, rather than blocking the RNA polymerase, theateti Camgound CAP induces even more
efficient lac operon transcription. The result is synthesis of higher levels of lac enzymes that
facilitate efficient cellular use of lactose as an alternative to glucose as an energy source.

Maximal activationof thelac operon in high lactose and low glucose is shown below.

Maximal Induction of lac Gene Transcription
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ey ¥ 1 X
high levels ol lac gene transcripts Hustration by G. Bergtrom

Regulation of the Lac Operor cAMP-bound CAP is aimmducer of transcription. It does



this by forcing the DNA in the promot@perator region to bend. And since bending the

double helix loosens HHonds, it becomes easier for RNA polymerase to find and bind the
promoter on the DNA strand to be transcri be
CAPinduced bending of DNA is illustrated below.

cAMP-cap protein
causes DNA to bend!

Hustration by G. Bergtrom

Lac Operon Regulation by Inducer Exclusion and Multipleperators

In recent years, additional layers of lac operon regulation have been uncovered. In one case, the
ability of lac permeaséo transport lactose across the cell membrane is regulated. In another,
additional operator sequences have been discoveradtdract with a multimeric repressor to
control lac gene expression.

a) Regulation of Lactose use by Inducer Exclusion

When glucose levels are high (even in the presence of lactose), phosphate is consumed to
phosphorylate glycolytic intermediates, keapioytoplasmic phosphate levels low. Under these
conditions, unphosphorylated EIIAGIc binds to thetose permeasenzyme in the cell membrane,
preventing it from bringing lactose into the cédlhe role of phosphorylated and unphosphorylated

EIIA®in regulating the lac operon are shown below.
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High glucose levels block lactose entry into the cells, effectively preventing allolactose formation
and the derepression of the lac operon. Inducer exclusion is thus a logical way for the cells to handle
an abundnce of glucose, whether or not lactose is present. On the other hand, if glucose levels are
low in the growth medium, phosphate concentrations in the cells rise sufficiently for a specific
kinase to phosphorylate the EIIAGIc. Phosphorylated EIIAGIc thetergoes an allosteric change

and dissociates from the lactose permease, making it active so that more lactose can enter the cell.
In other words, the inducer is not Aexcludedo
The kinase that phosphorylates ESflfis part of a phsphoenolpyruvate (PERJjependent
phosphotransferasgystem (PTS) cascade. When extracellular glucose levels are low, the cell
activates the PTS system in an effort to bring whatever glucose is around into the cell. But the last
enzyme in the PTS phosphtation cascade is the kinase that phosphorylates FEIIA
Phosphorylated EIA° dissociates from the lactose permeaseactévating it, bringing available
lactose into the cell from the medium.

b) Repressor Protein Structure and Additional Operator Secpe

The lac repressor is a tetramer of identical subunits (below).

Each subunit containsheelix-turn-helix motif capable of binding to DNA. However, the operator

DNA sequence downstream of the promoter in the operon consists of a pavertéd
repeatsspaced apart in such a way that they can only interact two of the repressor subunits, leaving
the function of the other two subunits unknow
Two more operator regions were recently characterized in the lac operon. OneQgalkedithin

thelac z genatself and the other, calleds, lies near the end of, but within ttee | gene. Apart

from their unusual location within actual genes, these operators, which interact with the remaining
two repressor subunits, went undetectedirat because mutations in the O2 or the O3 region

individually do not contribute substantially to the effect of lactose in derepressing the lac operon.



Only mutating both regions at the same time results in a substantial reduction in binding of the

repressor to the operon.
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B. Mechanism of Control of the Tryptophan Operon

If ample tryptophant(p) is available, the tryptophan synthesis pathway can be inhibited in two
ways. First, recall how feedback inhibition by excess trp can allosterically itigbttp synthesis
pathway. A rapid response occurs when tryptophan is present in excess, resulting in rapid feedback
inhibition by blocking the first of five enzymes in the trp synthesis pathway. trphe
operonencodes polypeptides that make up two ofdlewymes.

Enzyme lis amultimericprotein, made from polypeptides encoded byttp® andtrp4 genes. The

trpl and trp2 gene products makeEnzyme 3 If cellular tryptophan levels drop because the
amino acid is rapidly consumed (e.g., due to demandsrédeins during rapid growth), E. coli cells

will continue to synthesize the amino acid, as illustrated below.



