SECTION

1

LABORATORY
TECHNIQUES







CHAPTER

1

BIOCHEMICAL B ASIS OF APPLIED
MOLECULAR GENETICS

Molecular genetics emplgs knavn piinciples of DM\ structure and function to ves

tigate the molecular basigif genotype-diected phenotypes under n@al and ptho-

logical conditionsThe DNA segments most often studieg molecular gneticists a&

those thaencode gnesthe smallest unit of@netic heedity. The tem applied molecu

lar geneticsis used her to desdbe a apidly growing set of ldoratory-based eseath

tools tha exploit the inbormation potential of aganismal DM\.. As an intoduction to the
field of goplied molecular gneticswe bagin with a bief review of information transer

from DNA to RNA to protein, highlighting the mostalevant concpts.This is bllowed

by a discussion of basiadeic acid biotiemisty and a shdrdesciption of the most
common molecularenetic ldboratory reagents and tdmiques. Laoratory practicum 1
illustrates hov to identify the tansciptional stat site of a nely isolaed gene

FLOW OF GENETIC INFORMATION: DNA - RNA - PROTEIN

Deaxyribonudeic acid (DM\) and ibonudeic acid (RM) polymers consist of @ped-
ing units of degynudeotides andibonudeotides,respectiely. With the eception of
some viusesalmost all oganisms on this planet swtheir cellular lueprints for life
in doube-stand DNA molecules called kmomosomes. In eukgotic cells, chromo
somes a copied dung cell dvision, recombined and shiléd as a esult of sgual
reproduction,and tanscibed into complementgrRNA molecules though a pocess
called gene e&pression. igure 1.1 shars a shemadic representtion of hav chemical
information stoed in the DM coding sequences of &ige is tansmitted to the ptein
synthesis matnely in the cell ly mRNA “transcipts’’ This relaionship between the
DNA, RNA, and potein sequence iofmation of a ggne is sometimegferred to as the
biochemical fow of genetic inbrmation. Although thee ae a fw examples in ntre
where these simple hiarchical relaionships do not hold e, the coe piinciples of
applied molecular gnetics 6llow, for the most pdythe dassic paadigm of DM —
RNA - protein.

To undestand fundamental moleculagmgtic pmciples,it is useful to think bout
how chemical inbrmation, stored in a simple mdeic acid poymer, could diect the
development and maintenance ofwrg comple organism. krst,remember thizead 3
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Figure 1.1 Schematic representation of genetic information processing in the cell. A gene is the
fundamental unit of information storage and includes both coding sequence and transcriptional
regulatory sequences. In eukaryotes, most gene coding sequences are contained within segments of
DNA called exons (gray boxes) that are separated by noncoding sequences called introns. Transcriptional
initiation begins at the 5’ end of the gene in the promoter region. Following elongation and transcriptional
termination, post-transcriptional RNA processing mechanisms fuse exonic coding sequences by RNA
splicing and add a 3’ polyadenylate tail (AAAA). Protein synthesis (mMRNA translation) occurs in the
cytoplasm of eukaryotes, whereas in prokaryotes, transcription and translation are coupled processes.

deaxyribonudeotide unit in DM\ contains one of theofir basesguanine (G)adenine
(A), cytosine (C)or thymine (T). Secondcalculde the total nmber of sequence cem
binaions tha are possike for an oliggnudeotide tha is just 10 mdeotides long
Because edcposition in the olignudeotide could be a (A, C, or T, there would be
410 or 1,048,576different sequence possibilities. Because the amount & DNa
human cell contains merthan 18 nudeotidesiit is easy to imgine thd ther is moe
than enough stage space in thehtomosomal DM “hard diive” of a cell (4ilion
sequence combitians) to encode someonged as unique aurself! Naure'’s aility
to encypt the essence of éfin long stings of DNA sequence is thefore not a pob-
lem of stoege spacebut rather hav accuetely the cell mahinely is ale to retrieve and
interpret this \ast amount of idrmation. Ower the past tlere decadedyiochemists,
geneticistsand cell biolgists hae been Ble to decipher the basic components of this
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information processing in the cellyhich together hae laid the goundvork for moden

molecular gnetics. Indeea@pplied molecular gnetics is thexgloitation of this knavl-

edce to irvestigate and utiliz the pocesses of DA synthesis (@plication), RNA syn-

thesis (tansciption), and potein synthesis (@nsldion) not ony to accesshut also to
manipulde the inbrmaion potential of aganismal DM\. Let's biiefly review the
important dharmacteistics of these thge inbrmation processing'algorithms” to under

stand better thedy principles of g@plied molecular gnetics.

DNA Synthesis

Cell division requires tha DNA be duplicéed to poduce anxact ciromosomal cop
The two major concpts to emember bout DNA replication ate the bllowing:

1. DNA is a doulte-stand molecule thais stdilized by hydrogen bonding
between complementgarbase pas in two antipaallel stands:guanine bonds
with cytosine (G-C base pair) and adenine bonds witiihe (A-T base pair).

2. Initiation of DNA synthesis equires a templ@ pimer with a fee 3 hydroxyl
group and pgtmeilization alays pioceeds in the'8o 3 direction.

RNA Synthesis

RNA synthesisalso knavn as DM\ transciption, requires RM polymerase enzymes
tha use single-semd DNA as a templiz to malk complementgrcopies of inbrmation
stored in the DM\ sequenceRNA polymerases syntheszRNA in the 3 to 3' direction
just as DM\ polymerases do. Heever, there ae two impotant diferences beteen
RNA and DNA synthesis. Fst, uridine is the ibonudeotide base thigairs with adenine
(rather than timine),and secondRNA polymerases do noequire a templge pimer.

It is impottant to legy in mind the éllowing points &out RNA synthesis:

1. RNA synthesis isequited for the tansciption of DNA information contained
within the gnetic unit called aegne RNA synthesis bgins & a specift initia-
tion site on the 5end of a gne (upseam) and teninaes dthe 3 end (dovn-
stream).

2. Multiple copies of sharlived RNA molecules & synthesied fom a single
DNA templae; the mmber of RM\ transcipts synthesied per unit time
depends on theate of transciptional initiation by RNA polymerase

Protein Synthesis

The pimary cellular mabine irnvolved in pptein synthesisalso called @nsldion, is

the iibosome This \ery abundant ma@molecule contains aell-chamlacteized arange-

ment of lage ribosomal RM molecules andumemous ibosomal poteins.Three main
concets in potein synthesis ost be emphaséd:

1. The DNA sequence of agme as hithfully copied into mRN, contains inbr-
métion for protein synthesis in thefm of triplet codonsThere ae 64 possile
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triplet codonspf which 61 can specify the 20 amino acids (wigdundanyg),
and thee corespond to teninaion codons.This is called the gnetic codea
copy of which is pinted on the inside e@r of the book.

2. The 85 end of mRM directs ibosome binding and the subsequent itidra of
protein synthesisThe frst amino acidusualy the methionine codoAUG, cor-
responds to the amino teinus (N-terminus) of the encoded giein. The iibo-
some‘reads”the mRM in the 5 to 3 direction until eading the peualtimate
codon in the mRN, which specifes the carbwy terminal amino acidThe iibo-
some disenages & the subsequent tainaion codon.

3. Because thedanetic code is based oiiptets,and the 5end of mMRM contains
nudeotides upstram of the inititor methionine codon to accommaelaibo-
some bindingthe iibosome can theetically begin transldion in ary of three
possille protein coding egisters called’reading fames.

NUCLEIC ACID BIOCHEMISTRY

To undestand maw of the pmciples unddring goplied molecular gneticsijt is impor
tant to be &miliar with two chemical popeties tha affect the behdor of DNA and
RNA in solution:(1) the moleculardrces thaaffect the stucture of rudeic acid poy-
mers and (2) the kinetic pametes thd detemine rates of dentration and enauration
of complementar hetenduplees. In adition, because manof the stating points br
molecular @netic methodseiquire the design of custom otigudeotides,we examine
the basic sias required to poduce mideic acid poymets syntheticall using solid sup
port chemisty.

Structure of Nuc leic Acid P olymers

The demical stucture of a DM—RNA heteoduple is shavn in Fgure 1.2.The lkey
feaures to note & (1) the phosphodiester lirdes betveen epeding nudeotide units;
(2) the antipaallel polaity of the DNA—RNA heteoduple, suc tha the 5 to 3 DNA
strand is base pad with the 3to 5 RNA strand; and (3) the complementddNA and
RNA strands joined ¥ hydrogen bonding beteenT-A, G-C,andA-U base pas. The
chemical stucture of the bases esent in DM (G, C, A, T) and RM (G, C, A, U),
allow for the brmation of hydrogen bonds beteen opposing pire (G andA) and
pyrimidine (C, T, and U) bases. Imptantly, the rumber of lydrogen bonds drmed
between G-C base paiis thee wheras ony two hydrogen bonds ar formed betveen
A-T and A-U base pas. This difference in lydrogen bonding caacity contibutes
directly to the themal stdility of doube-stand DNA molecules.

Noncovalent inteactions ag responsite for the thee-dimensional gficture of the
DNA doube helix. The two primary souces of noncealent inteactions ag the base to
base rdrogen bondsdrmed between antipallel stiands,and the gdrophobic inteac
tions tha occur between adjacent bases on the sananst(\an deMWaals inteactions)
(Fig. 1.3).Although doulte-stand DNA appeas ligid in molecular modelst is actualy
quite fexible in the pesence of DM binding pioteins,which can bend DN helices to
angles geder than 100 dgrees.The aility of DNA strands to dissocta and eassoci
ate locall is ciitical to its function as a moleculartdbase DNA replication, recombi
naion, and tansciption requite unwinding of the DM douHle helix, which is
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Figure 1.2 A DNA-RNA heteroduplex is formed during RNA synthesis and in the priming step of DNA
replication. The bases have been rotated relative to the phosphate backbone to illustrate the hydrogen
bond formation between base pairs. Note that the RNA strand has 2'-OHs on the ribose as well

as uridine in place of thymine, and that purines (G, A) hydrogen bond with pyrimidines (C, T, U).
Noncovalent interactions between G and C residues are more stable than A-T or A-U base pairs
because of the extra hydrogen bond that is formed.

accomplished in vio by specialied helix-desthilizing proteins. Pug doulbe-stand
DNA can be unwund in vitio using eleated tempeatures or tiemical dentrants as
descibed in the net section.

Denaturation and Renaturation of Nuc leic Acid Duple xes

The elaive amount of single- or doléstand DN in solution can bexpetimentally
detemined using speatphotometer to measwe ultraviolet light ebsorbancetaa wave-
length of 260 nanometg(optical densityOD,gy). The anmaic bases in DK are less
accessile to ultraviolet light in the doule-stand compaed to single-sand brm,
which creaes a measable difference in the obseed OD,g, Using this empical dif-
ference in Asorbancgit is possilte to obsere the effect of tempeature on DM\ struc-
ture by monitoing OD,¢, over a tempeture range of 55-90°C. kgure 1.4 shws a
melting cuve of doulke-stand DNA that demonstates tha the amount of demared
DNA rises shaily over a narow tempeature rangg, indicating tha denauration is a
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Figure 1.3 The molecular structure of a DNA double helix in the B form. The
phosphodiester backbone is antiparallel and the bases from each strand are noncovalently
bound through hydrogen bonding. Additional hydrophobic interactions between adjacent
bases on the same strand also contribute to helix stability. DNA binding proteins associate
with the double helix through noncovalent interactions with bases in portions of the DNA
structure called the major and minor grooves.

coopeetive pocess.This coopedtivity indicates tha once the D)X hybrid has been
locally distupted it requires ony a small amount of alitional enegy to searate the
two stands completgl The tempeature & which 50% of the DM is denaured is
called theT,, or melting tempeature.

TheT,, of a rudeic acid dupl& is stongly affected ly three factoss: (1) base com
position,(2) dupl length,and (3) ionic sength of the solution. Base composition is
an impotant deteminant of theT,, because G-C base paizontain one merhydrogen
bond tharA-T base pa#. Therfore, duplex molecules thiacontain a high G-C content
are moe stdle and hge a highefT,, than doA-T-rich molecules. Duplelength of the
hybrid affects theT, because theverall stability of a doulde-sttrand molecule is déctly
propottional to the mmber of base parThis is especiall evident for duplex molecules
containing less than 150 consecatbase pas Two molecular gnetic gplicaions
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Figure 1.4 Helix
denaturation can be
monitored by recording

the OD,g, of a DNA

solution over a range of
temperatures. The T, is the
temperature at which 50%
of the DNA is denatured.
Duplexes are mostly double-
strand (ds) below the T,
and single-strand (ss)

above the T, . Note that

the denaturation of DNA is
a cooperative reaction as
seen by the large increase
in absorbance over a narrow
temperature range.

wher etent of duple formaion is an impaom@nt consideation ae the use of shor
oligonudeotides in lybridization reactions and heteduplex formations betveen mole
cules thaare less than 100% complementarhe use of homofgous,but not identical,
DNA molecules in fibridization reactions is commonhen sequencedigence &ists
between tvwo genesfor example across species or among menwef a elaed gne
family. TheT,, for heteoduplees deaeases Y goproximately 1°C for every 1% sequence
mismach. The thid factor infuencing theT,, of a gven heteoduple is the ionic
strength of the solution. In high Naconcentations (IM) theT,, is increased wing to
electostaic shielding of the ngative phosphte chaiges in the DM badkbone whereas
in low Na* concentations (0.1M) theT,,is deceasedIt is possite to gproximate the
T,, of a shot complementar oligonudeotide (10-20 bases) in a solution containingl 1
Na* using the empical formula:

Ty (°C) = 2(number ofA + T) + 4(number of G+ C)

The everse of udeic acid dentration is renduration, also efered to ase&asse
ciation or hybridization. This bimolecular prcess is most &dcted ly tempeature, ionic
strength,molar concenation of the tvo complementarstrandsand eaction timeTwo
other fictoss thd can be intnduced gpeiimentally are the effect of denturing agents
sud as brmamide or uea,both of which lower theT,,,, and the intusion of detran sui
fate in hybridization reactionswhich increases theate of rassocition by as nuch as
10-fold. Under optimal conditions of tempture and ionic sength,which is usualy
10-15°C belav theT,, in a solution containing ON Na*, the concenttion of rudeic
acid becomes thete-limiting ste in the lybridization reaction.The tem Ct is used to
descibe the kinetics of ybridization between two nudeic stiands in solution and is
defined ly the poduct of [rudeic acid] X (time). Put simp}, when the concerdtion of
two complementarstrands in a solution is higfi,takes a shder time br hybridization
to occur than it doestven one or both of the atrds a¢ pesent aa lav concentation.

C.t curves plot perent eassocigon versusC,t (mole-seconds/liter) andeawused to
measue the sequence comgity of DNA samples (i 1.5). DNA from oiganisms with
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Figure 1.5 C,tcurves
show the relationship
between sequence
complexity and hybridization
kinetics. In this curve, a
duplex molecule of
polyU:polyA has the lowest
sequence complexity and
reassociates at the lowest
C,tvalue. Note that human
genomic DNA contains
repetitive sequence
elements that reassociate at
low C,tvalues and unique
single-copy gene sequences
that reassociate at very high
C,tvalues. Lambda () is a
bacteriophage that has a
genome size of ~50 kb.

TABLE 1.1

small gznomes hee low sequence comptiy and eassociee & much lower Ct values
than do dentared DNA samples fom moe comple& organisms.

One way to think @out hav Ct values dfect tybridization kinetics,and hav this
relaes to sequence comgity, is to imajine tha at the same total DA concentation,
fragments of\ bacterophage DNA require signifcantly less time to saérthrough all
possilbe complementarstrands than do similar g fagments oE. coliDNA that are
deirived from a ggnome thais 1000 times laer. The C.t curve obtained fom the ana}-
sis of human DN is a mixtue of cuves (Fg. 1.5).This irregulaiity is due to the laun-
dance of epetitive DNA sequences thaeassociee & low Ct values,compaed to the
unigue DM\ sequencesepresenting single-cgphuman gnes tharequire much longer
times to eassocite oving to their \ery low concentations.

Table 1.1 summazes fictoss tha affect denturation and enduration of nudeic
acid duplees.

Chemical Synthesis of DNA and RNA

The aility to synthesie single s@nds of DM or RNA using solid supparchemisty
has had a émdic impact on the deelopment of pplied molecular gnetic methods.

Factor s that aff ect the denaturation and renaturation of n  ucleic acid duple xes

Parameter

Effect onT,, Effect on ete of renauration

Base composition
Hybrid length

lonic stiength

% bp mismé&h
DNA concentation
Denauring agents
Tempesture

No efect
t Rae with 1 length

t Tywith 1% G-C

1 T, with 1 length

>500 bp; no dect onT,,
1 Ty with 1 [Nat]

L Ty with 1% mismach

Optimal @ 1.5 M Na*
| Rate with 1 % mismach

No efect 1 Rae with 1 [DNA]
1 T,y with 1 [formamide],[urea] Optimal & 50% Prmamide
Not goplicable Optimal & 20°C belawv T,
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Figure 1.6 Chemical synthesis of DNA using phosphoramidites. (a) Chemical structure of a
phosphoramidite showing the dimethoxytrityl (DMT) blocking group on the 5’ carbon and the
methylated 3'-phosphite and diisopropylamine groups attached to the 3’ carbon. (b) Five
sequential steps are required for each cycle of nucleotide extension.
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Custom-designed ol@pudeotides ag available commecially and ae usedoutinely in
numemous epeiimental ppcedues. For example oligonudeotides ag used as temgia
primers in DNA sequencing and PCRactions (Chater 6) anddr the incoporation of
site-specifc mutaions in doned gnes (Chater 3). In adition, chemically modified
ribonudeotides can be used to synthedinge quantities of RN for use asantisense”
inhibitors of RNA function (Chater 7). kgure 1.6 outlines the basic pgerequird for
in vitro DNA synthesis using the phospharidite method

In vitro DNA synthesis eactions ta& place inside sealed columnstticantain
glass beads thaewe as the solid supptdior the sequentialhemical eactions. Single
phosphoamidites br eat of the bur bases aradled to a gowing chain tha is initi-
ated d the 3 end The fve chemical stps lequired for eat nudeotide adlition are
(1) deblocking the 3 end ty DMT removal, (2) amidite actiation of the incoming phes
phoramidite (3) coupling of the ndeotides though a 5-3' linkage, (4) cgping of
unreacted ndeosides to mvent extension of incomplete pducts,and (5) aidizing
the phosphiz tiester to sthilize the 5-3’ linkage. After the equired rumber of link
ages ae formed though epeded g/cling, the oligonudeotide poducts ag demetis-
lated, released fsm the columnand tiemicaly treaed to poduce a poputeon of
5'-hydroxylated moleculesThe eficiency of ead coupling stp in the eaction is dti-
cal and nust be >98% to mduce signitant yields of a full-length duct.

DNA METABOLIZING ENZYMES

Enzymes thmodify and metaolize rudeic acids ag essential toolsof mary applied
molecular gnetic methods'he commaerial availability of these enzymes has led to the
development of molecularanetic‘enzyme kits, which can often be useful components
of molecular gnetic eseach stitegies. Havever, as mag reseachers who use these
molecular gnetic kits will dtest to,it can sometimes be €iifult to troubeshoot adiled
expeliment when the potocol reads‘combine equal lumes of solutiorA (red ca)
with buffer B (yellow cgp) and incubge for 30 mirutes &aroom tempeature in 1/10 wl-
ume of enzymeeaction mix C (lue cg).” Therefore, when using DM metaolizing
enzymesijt is impottant to hae an undetanding of the function (and limitan) of
eah enzyme and tooflow standad biochemical ldoratory practices to optimig
enzyme actiity. Three ¢asses of enzymeseadesdbed hee thd represent the pmary
biological reagents br the most common moleculagmgtic @plicaions:sequence-spe
cific DNA restiction enzymesligases and kinaseand DNA and RNA polymerases.
Nudeases a another impdant dass of mdeic acid metholizing enzymes thaare
descibed d the end of thisltapter as eagents in [&doratory practicum 1.

Sequence-Specific DNA Restriction Enzymes

Biochemists disceered moe than 30 gas o tha most bactéa contain endaunde-
ases thadegrade the DM genomes of irdctious bactéophages.They found tha the
host bactea ar “immune”to these ndeolytic enzymes because of site-spieddNA
mettylations tha prevent endondease #adk on the bactéal genome This form of
bacteral immunity requites two distinct enzymigc actvities: (1) restiction endomide-
ases thiacleave doulbe-strand DMNA at specifc sites,and (2) DM methylases thamod
ify bases tithese same sites in the host celhgme (k. 1.7). Diferent species of
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Figure 1.7 Restriction enzymes are site-specific endonucleases that cleave double-strand
DNA. (a) Restriction enzymes and their corresponding methylases function in bacteria to
protect against bacteriophage infection. (b) Type Il restriction enzymes bind to specific
DNA sequences as homodimers and produce a double-strand break in the phosphodiester
backbone.

bactera contain their wn sets of endardeases and corsponding metflases.The
term “restiction” refers to the function of these enzymesasticting the hostange of
bacterophage infection.

Based on mdwanistic diferences betaen seeral types of bactéal restiction sys
tems, three dasses of estiction enzymes ha been desilyed Type Il restiction
enzymes & used in molecularegetic plicaions because tgecan be used in vibrto
recagnize and teave within DNA sequences typicall consisting of éur to eight

13
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nudeotides. By using DN lacking the speci€ mettylations for a dven estiction
enzyme (., eukayotic DNA or plasmid DM obtained fom a metllase-detient
bacteral strain), it is possilke to deave ary DNA molecule thacontains theecanition
sequencedr a paticular Type Il restiction enzyme

A large rumber of estiction enzymes ha been bamlacteized and shan to bind
as dimes with high afinity to speciic DNA sequences {§. 1.7).The DNA recaynition
sites br most all estiction enzymes & palindomes and doubé stiand deavage pio-
duces a 5phosph#e and 3 hydroxyl at the DNA temini (Fig. 1.8). There ae thee
types of estiction enzyme leavage reactionstwo of which result in the érmation of
staggered or“sticky” ends haing a 3 or 3’ extended taminus,and a thid tha results
in flush or“blunt” DNA temmini on both stands Applicaions of estiction enzymes to
recombinant D) cloning methods & discussed in Cpger 2 and bideemical poper
ties of the most commoestiction enzymes a&rlisted inAppendix D

Ligases and Kinases

Ligases and kinaseseaanother lass of enzymes thalay an impotant iole in recom
binant DNA methodolgies. DMA ligases calyze the brmation of 5-3' phosphodi
ester bonds in doldstand DNA molecules. In wo, ligases function in DN
replication to repair single-stand niks resulting flom DNA repair processesand to
join adjacent Okasaki DAlfragments poduced in the Igging strand of a DM repli-
caion fork. The T4 bacteiophage DNA ligase is a\TP-dgendent ligse thais com

Figure 1.8 Restriction enzymes cleave palindromic DNA sequences to produce double-
strand breaks. Restriction enzyme cleavage results in the formation of 5' PO,- and 3" OH
termini with (a) 5’ staggered ends, (b) blunt ends, or (c) 3’ staggered ends.
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monly used in DM cloning stietegies to"lig ate” two DNA fragments (kg. 1.9).E. coli
DNA ligase is also usedif some pplications,however, it differs from T4 DNA ligase
in tha it uses M\D for a co-&ctor and cannot ffiently ligate Hunt-end fagments.
Kinases a& enzymes thigphosphoylate specifc substates ly covalently attaching
they phosphée fromATP to a eactive goup on the tayet moleculeT4 polynudeotide
kinase is an enzyme th@hosphoylates 5 hydroxyl termini on DNA and RM
(Fig. 1.10).T4 polynudeotide kinase is often used td& DNA radioactvely using
[y-32P]ATP for the pupose of making high speifactvity radioactve probes.This

Figure 1.9 DNA ligases
catalyze the formation of a
phosphodiester bond in
nicked double-strand DNA.
A ligase—AMP complex
forms a transient
intermediate with the

5’ phosphate initiating a
nucleophilic attack on the
3’ hydroxyl group. The
reaction shown here
illustrates the two-step
ligation of heterologous
EcoRI DNA fragments
producing covalently closed
double-strand DNA.
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Figure 1.10 T4 polynucleotide kinase can be used to label radioactively the 5’ ends of DNA in a
reaction using [y-32P]ATP. DNA termini with 5’ phosphates can be dephosphorylated by the enzyme
bacterial alkaline phosphatase to produce a 5’ hydroxyl that is the optimal substrate for polynucleotide
kinase. In addition to the forward reaction, phosphorylated DNA can also be labeled with T4 DNA kinase
in a two-step exchange reaction utilizing unlabeled ADP as an intermediate.

enzyme can also be used to phosplate synthetic DM for cetain DNA cloning
strategies tha utilize oligonudeotides. Bactéal alkaline phosphase is an enzyme tha
removes the 5phosphée from DNA termini. Treagment of DNA with alkaline phos
phaase is used to ghosphoylate DNA termini prior to labeling with T4 polynu-
cleotide kinase andyf32P]ATP or as a sitegy to prevent e-ligation of vector DNA
(Chapter 2). Blynudeotide kinase can also be used in a-8tg exchang reaction to
label 5 phosphoylated DNA with [y-32P]ATP in the pesence of xcessADP (Fg.
1.10).

DNA and RNA P olymerases

DNA and RM polymerases diect the synthesis of complementaudeic acids using
single-stand DMA as the templa. DNA synthesisequires a peexisting DNA or RNA
primer with a 3 hydroxyl, wheras RM synthesis can initia synthesis de no. The
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in vitro enzyméic synthesis of DI and RN\ has become a ceatrcomponent in a
variety of molecular gnetic @plicaions, for example the amplifcation of DNA
sequences using the polerase bain reaction (PCR)The poymerase bain reaction
requires the use of a thaostdle DNA polymerase calledaqDNA polymerase which
has optimal actity at 75°C (Chapter 6). One gry impottant use of D)X polymerases
in molecular gnetic plicaions is br detemining the mideotide sequence ofaned
DNA. This is done using a modfl bacteiophage T7 DNA polymetase called Seque
naséM, in an in vitio reaction thacontains didexynudeotides thasere as bain ter
minators. Other uses of DA polymerases a for the poduction of complementar
DNA (cDNA) using everse tansciptase (Chpter 5) and dr radioactvely labeling
DNA fragments with the Klene fragment ofE. coliDNA polymerase I.

RNA polymerases a used to synthesizsingle stand adioactve RNA probes
using ¢doned DM as a templie and to ppduce mRM suitable for in vitro protein syn
thesis or miavinjection into cellsAs with the DM\ polymerasescommecially avail-
able bacteiophagge RNA polymerases a especiayl useful in molecular gnetic
methods because of their high spiedifctivity.

BIOCHEMICAL METHODS TO STUDY DNA AND RNA
Purification of Nuc leic Acids

The most common gpen ary nudeic acid pocedue is pecipitaion of DNA and RMNA
with ethanol in the @sence of mona@lent cdéions. If contaminting proteins nust be
removed pior to rudeic acid pecipitaion, then the sample isrét extracted with an
organic solent sub as phenol. Ethanol geipitaion of nudeic acids fom aqueous
solutions yields a hite or dear pellet thican easit be dissoled in an ppropriate
buffered solution sut as alris-EDTA (pH 7). EDTA chelaes Mg+, which functions
as a co-ctor br DNA nudeases (DNases) thanay be pesent avery low levels in the
sample DNA and RM\ can be spafted using cesiumhtoride tuoyant density tadi
ent centifugation in the pesence of the DNintercalaing dye ethidium bomide This
type of density tadient is usedoutinely to sgarate different forms of DNA molecules
based on the amount of ethidiunotmide dsorbed Ethidium bomide intecalaion
causes local unwinding of the BMhelix, which reduces the molecular density of BN
As shavn in Fgure 1.11Jarge linear g@nomic DM\ molecules can bind merethidium
bromide than supeoiled plasmid DM owing to the diference in topolgy of these tw
moleculesAs descibed in Chater 2,when plasmids a&rpopagated in bactéa, topok
someases intnduce supeoils into cicular DNA molecules. Because supeiled plas
mid DNA cannot be eagilunwound much less ethidium lamide can interalae. In
contrast,linear and elaxed cicular DNA molecules a not as topolgically constained
and can thesfore ebsorb moe ethidium bomide moleculestesulting in an wverall
decease in molecular density

It is also possile to sparate DNA and RN of different molecular wights using
direct plysical methodssud as sie exclusion column bromaography and gl elec
trophoesis. Affinity matrices hae also been deloped using silica s or anion
exchange resins thapreferentially bind rudeic acids undergpropriate conditions and
allow for the emoval of proteins and pgisachaides fiom DNA preparations using
crude cell ysdes.
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Figure 1.11  Cesium chloride density gradients can be used to separate genomic DNA and
plasmid DNA based on differential buoyant densities resulting from the amount of ethidium
bromide absorbed. The chemical structure of ethidium bromide is shown.

Gel Electr ophoresis

The s@aration of nudeic acids ly electophoetic mobility is useddr both anajtical
and pepartive methods. DN and RNA molecules a& neyatively chaiged aving to the
phosphée ba&bone and the ppiner stucture results in a constanhaige to massatio.
Therefore, in a uniorm electic field, nudeic acids migate thiough a solid suppor
matrix toward the positiely chaiged anodetea rate thd is inversely propottional to the
log,, of the molecular wight. Plysical measwements indicg tha nudeic acids mee
through gl marices asaods and thiaelectopholetic mobility of ciccular doulte-stand
DNA can be diected ly molecular topolgy and ly the amount of superhelicity (super
coiled molecules migte faster thanalaxed circles). Two types of maices,agarose and
aclylamide are used to gmmte DNA and RM by gel electophoesis. Because of the
differences in par siz of these tw gel marices,standad agarose @ls ae used to g&
arate rudeic acid molecules of 0-20 kly and acylamide @ls ae best suitedor
resolving mideic acids less than 50Qdeotides long (seAppendix F).

Agarose is a pufied linear poysachaide polymer deived flom a ed seweed
that is commony hawested 6r commecial gpplicaions. Liquid garose @l is made b
adding pavdered ajarose to a solution of eledipholesis liffer and heting to the bod
ing point to poduce a homgeneous mixtwe This solution is then poad into a Plgi-
glas @l suppor system and alleed to coolresulting in the drmation of a hoizontal
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slab gel containing slotstaone enddr sample loading (§. 1.12). Pléinum electodes
are connected to a per suppy and an elecit field is esthlished (~5V/cm) in the
presence of aris-acetée (orTris-botate) electophokesis luffer. Tradking dyes sub as
bromophenol lue or xylene ganol ae loaded with the samples to monitor elec
tropholetic mobility Agarose concen#tion (mass/elume) detemines the pa siz and
thus diferentially affects the miggtion of small and lage moleculesApplied wltage

acioss the gl detemines the cuent (feld stength),which directly affects the glocity

of electophoeetic mobility ggainst a constanesistanceNudeic acids ag visualizd by

staining the gl with ethidium bomide which fluoresces Wwen &posed to ul@aviolet

light.

The other commowl used gl marix for sgarting nudeic acids is paglacryl-
amide Polyaclylamide [CH, = CHCONH,],, is formed ly cross-linking ®ains of
actylamide with methlenebis-acylamide (CH = CHCONH,),CH, in the pesence
of ammonium peulfate to gneete free mdicals,and TEMED (N,N,N’,N’-tetram:
ethylethylenediamine)which stailizes the fee adicals and sustains thieemmical eac
tion. An aciylamide mérix is formed with a pavsity tha is detemined ly both the
concentation of acylamide in the gl and theatio of aciylamide to coss-linking @ent
(seeAppendix F).

DNA Sequencing

A fundamental component of mogtpdied molecular gnetic stategies is a warking
knowledge of the DM\ sequences being utiégl in the pproac. The rudeotide
sequences of allaned DNA fragments thethave eser been pulished ae achived in a
large daabase marged ly the US. govemment called GenBanKhis ddabase can be
readily accessed tbugh the Intaret using théVorld Wide Web (Chater 9). Up until

Figure 1.12 Horizontal
agarose gel electrophoresis
can be used to separate
DNA molecules in the range
of 0.2-10 kb; it is performed
using a simple Plexiglas
apparatus and an alternating
current power supply. Nucleic
acids can be visualized with
ultraviolet light in agarose
gels that have been stained
with ethidium bromide.
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the lae 1980sscientifc joumals still pinted the actual sequence ddreed ggenesand
this information was then scanned into thetazase lg National Institutes of Health
(NIH) staf membes. Howvever, since &out 1990,all newly chamcteized DNA
sequences ka been eleatmically deposited diectly into GenBank though the Inter
net. These GenBank sequenceg agfered to ly a specit daabase le number
included in the pulished aticle.

There ae two basic easons Wy a reseather would need to deterine the DM
sequence of daned DNA segment. ki st,if the expetimental gproad is aimed achar
acteizing genes or contiguousgions of gghomic DM\ tha hase not been studied
before, the sequence of the unkmo DNA would have to be detenined so thait could
be deosited into GenBankyhich also allovs other eseachers to access the sequence
information using a ariety of computer algrithms (Chater 9). Secondecombinant
DNA fragments sometimesust be sequenced to (1) cionf the arangement of toned
segments in a plasmidector, (2) sceen br sequence altations intioduced ly mutage-
nesis,or (3) identify a gne poduct ly compaing the sequence infmation with the
GenBank dtabase Regardless of the objeate, most DNA sequencing is e per
formed ly automaed DNA sequencing instiments thaare run as an out-seice, much
like oligonudeotide synthesis séces.The sequence infmation is retumed to the user
by E-mail or on a computer disk. Some RNequencing is still pesfmed manally in
the lab, however, it is much moe cost-efiective and l&dor-saving to hae the sequence
detemined ly a centalized facility using high-thoughput instumentaion (Chater 9).

Biochemical methodsof DNA sequencing wre developed in the 1970sybtwo
groups.The demical ¢teavage reaction vas deeloped ly Allan Maxam andwalter
Gilbert, and the bain temination method vas desdbed ty Fred Sangr, the same bio
chemist wo worked outN-teminal pegtide sequencing in the 1950s. Because the
Sang@r sequencing siegy is moe amenkle to automtion and can mvide moe
sequencing irdrmation per eaction than the Maxam and Gilberethod this enzyme-
based method has become the stahgarcedue. Both methods arbased on pduc
ing a pool of single-sand DNA molecules thaall have the same’'5end but differ in
length ty one nudeotide aving to mndom 3 ends thahave been gneeted in vitro.
Because base-spdcifeactions a usedit is possilte to detemine the DM sequence
of the stating maderial by separting the fagments on an aglamide @l using elee
trophoesis. Radioacte- or fuorescent-laeling methods arutilized to identify DM
molecules thiashae the same’&end Fgure 1.13 illustates hav a set of bain temina-
tion reactions utilizing dideg/nudeotides (dINTPs) laking the necessar3’ OH
group required for elongtion ae used to deterine the complementaisequence of a
DNA templae. Chater 9 desébes the pnciple of automsed DNA sequencingwhich
is based on the use dtiérescenty labeled didegynudeotides to psduce a pool of
truncdaed DNA molecules thiacan be detected/tiheir emission spearfollowing laser
excitation.

Membrane Blotting and Hybridization of Nuc  leic Acids

Perhgs one of the most imp@ant and uniersal molecular gnetic tebniques to be
developed oer the past 25aais has been the use of solid suppoembeanes to ana
lyze DNA sequence similéty by nudeic acid lybridization. In 1975Ed Southen pub
lished a pper in theJournal of Molecular Biolgy descibing a tetinique to anaize
DNA sequences bound to ritrellulose memlamesThis method became kwo as the



Figure 1.13  Sanger dideoxynucleotide DNA sequencing produces a pool of extended oligonucleotides
that have random 3’ ends but the same 5’ terminus. DNA synthesis is initiated at room temperature by
adding a modified T7 bacteriophage DNA polymerase, called Sequenase™, in the presence of all four
dNTPs, one of which is radioactively labeled, most commonly [«a-33P]dATP or [a-35S]dATP. The labeling
reaction is then split into four tubes, each of which contains a different ddNTP, and incubated for a few
minutes at 37°C. Chain termination in the ddGTP reaction produces a pool of products that all end with
ddGMP. Because the ddNTP chain terminators are present at a ~100-fold lower concentration than the
dNTPs, chain elongation is able to proceed until a ddNTP is incorporated. The chain termination products
are separated by denaturing polyacrylamide gel electrophoresis using tracking dyes (xylene cyanol and
bromophenol blue), and the composite DNA sequence is determined by identifying which reaction
contains the predominant truncated product at each position in the gel using autoradiography.

21
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“Southen bot” and has been instmental not oyl in undestanding gnome aganiza
tion, but also in insping the dgelopment of paerful gene isoléion tedniques based
on the pinciples of mdeic acid membane totting and lybridization.

The basic pnciple of the Southerblot, as it is done cuently, is illustrated in Rg-
ure 1.14 Agarose @l electophoesis is used to parate DNA fragments gnegted Ly
restiction enzyme digstion,and then the g is photgraphed to ecod the migation
of DNA molecular veight makers. The el is soakd in an alkaline solution KINaOH)
for 30 mirutes to dentare the DM\, and then the g is neutalized inTris buffer. The
gel is mounted onto a simple PNranskr system thias assemlied by stadking various
méaerials in the llowing order:a glass plee placed wer a esevoir containing a high
salt solution called 20X SSCNBNaCl/0.3M sodium citete),a pgper wik, the ajarose
gel containing dertared DNA, and a piece ofylon membane When dsorbent pper
sud as a stdcof pger tavels is placed on top of the/lon membang it allows the
20X SSC solution to be @wn from the esewoir through the gl and into the lasorbent
paper. This piocess causes dutional difusion of the DM out of the @l and tanskrs
it directly onto the glon membane maintaining the DAIsgparation patem seen on the
gel. Following DNA transer (~12 houws), the membane is gposed to ulaviolet light
to atad the single-sand DNA covalently to the rylon membane ly cross-linking
Detection of spedif DNA fragments is accomplished thybridizing a single-stind
radioactve piobe to the ylon filter under conditions thgpromote DM reassoci&on.
After the excess uniibridized pobe is emoved by washing the rylon membane is
analzed by autoadiagraphy.

Other gplications of DNA-DNA hybridizations ae the DM\-based s@ening of
genomic libaries (Chater 3) and estiction-fragment-length pgimomhism analsis
(Chapter 4). Seeral useful aiations of the aginal Southemn botting tednique hae
subsequengl been deeloped The most sely relaed tetinique is called th&North-
em bot.” Northem blots use RM gels and & piocessed in essentialhe same ay as
Southen blots (Fg. 1.14) with the xception thd organic denturants (brmaldelyde or
glyoxal) are used to demiare the RM fully, rather than NaOHwhich hydrolyzes RM\.
Not to be outdondmmunolagists and biokemists deeloped a prtein-based lotting
system called thBVesten blot,” which involves the electphoeetic transer of poteins
from a poyaciylamide @l onto a glon membane These memiames ax incubded
(not hybridized!) with antibodies under conditions ttedlow the detection of spedif
proteins.Two some&vha esoteic variations on the antibodbased/Nesten Hot are the
“Southwesten blot,” which uses doub-stand mdioactvre DNA probes to identify
putaive DNA binding pioteins,and the'Farwesten blot” which relies on high dinity
protein—potein inteactions,similar to thosedund in yeast tve-hybrid sceens (Chpe
ter 4),to identify candidge binding poteins.

Laborator y Practicum 1. Identifying the tansciptional stat site of a gne tan
script

Reseach Objective

A molecular endodnologist is inteested in estgen-regulated gene epression in
mammay epithelial cells. She hagcenty isolaed a nedy full-length cDNA clone and
the coresponding 5genomic DM\ sequencesofr a gne thais induced 104ld by
estiogen teament of human mammgaepithelial cells in cultue. Her leseath objectve
is to identify the 5end of the gne tanscipt in order to fcilitate futule studies aimed
at investigating estogen-rgulated epression of this gne in nomal and tumdgenic
mammay epithelial cells.



Figure 1.14  Membrane blotting and hybridization using the Southern blot technique. The use of nylon
membranes, rather than nitrocellulose as originally done by Southern, has increased the utility of
Southern blotting by allowing the more durable nylon membranes to be rehybridized multiple times

with different DNA probes. The four DNA samples (S), and molecular weight markers (Mkr), are
visualized by staining the gel with ethidium bromide. 23
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Available Information and Reagents
1. Based on the cDN sequencgand the estintad siz of the gne tanscipt from
Northem blots, she pedicts thathe 3 end of the tanscipt is 50-150 rudeo-
tides frther upsteam of the sequence in her lesgcDM clone

2. A plasmid sublone of ggnomic DM\ has been constcted th&coresponds to
a 2 kb egion tha overaps with the most 5cDNA sequence and thefore is
likely to contain the gne pomoter

3. An antisense olignudeotide has been designedttisa24 nudeotides long and
has a 3end thais locaed 10 mideotides danstream of the 5teminus of the
cloned cDM\ fragment.

4. RNA from unteded and estigen-teaed mammay epithelial cells has been
isolaed and shwn by Northemn blots to contain a 10eld difference in stead
stde levels of the n& gene tanscipt.

Basic Strategy

There ae two methods commowlused to mga the 3 end of mRM\ transcipts when
both the cDM and ggnomic DM\ corresponding to the'Segion of the gne hae been
cloned The irst method is shwn in Fgure 1.15 and is called RNase ppéng This
method uses in vitor RNA synthesis to mduce adioactvely labeled complementar
RNA that includes sequences upsam and deonstream of the prdicted 5 terminus of
the mRM\. Following solution lybridization between the complementaRNA probe
and total cellular RN, the eassocited heteodupleces ae treaded with RNases tha
degrade single-sémd (unlybridized) RNA. The pioducts of RNase dastion ae s@a
rated on a poglaclylamide gl and the sies of the undigsted and digsted RM probe
are detemined The second method is calledmper extension,which utilizes an end-
labeled oligonudeotide tha seves as a pmer for cDNA synthesis using the enzyme
reverse tansciptase (fkg. 1.16). In the msence of thisene-specit primer, ANTPs,
and cellular RM, reverse tansciptase synthese&s cDM from ary primer thd is
annealed to tempi@a RNA. The length of the lorest end-laeled cDM\ products
should corespond to the totalumber of mdeotides betwen the 5end of the pgmer
on the antisense amd and the semminus of the mRM) templae. For both the RNase
mgpping and pmer extension methodgshe patem of product brmation from paallel
reactions using RA from either unieaed or estwgen-teaed cells vould be used to
confirm speciic mgpping of the estigen-induced gne

Comments

The availability of in vitro transciption systems using bactephage-speciic promot
ers led to the deelopment of the RNase ipping method ¥ facilitating the synthesis
of single-stand high spedif actiity probes. BothT7 and SP6 bactephaye RNA
polymerase-dpendent in vito transciption systems hae been deeloped Titration of
the RNase digstion conditions is done as an initiajpeliment to aoid under or
overdigestion of the heteduplec substate (Fg. 1.15). In adition to maping 3 ends
of gene tanscipts, RNase mpping can be used to identify RNsplice sites and to
measue quantittively steag-stee levels of RNA under diferent ptysiological condi
tions.The pimer extension tebnique (Fg. 1.16) is aeliable method to comfm RNase
magpping studies because élies on poduct synthesisther than substte degraddion.
A third gpproad, not shevn heg, is called S1 ndease mpping which is similar to
RNase mpping except thd a single-stind end-laeled DM probe is used



Figure 1.15 Identification of the 5" end of a gene transcript using RNase mapping. (a) The radioactive
antisense RNA probe is synthesized in vitro using T7 bacteriophage RNA polymerase and T7 promoter
sequences that flank the multiple cloning site. By titrating the RNase digestion time, it is possible to
identify the major protected fragment. Discrete anomalous bands arise from preferential digestion of the
RNA probe near regions of secondary structure. (b) Results from the autoradiograph would be used to
predict that the transcriptional start site is located 128 nucleotides upstream (5’) of the EcoRI site in

exon 1. 25



Figure 1.16 Primer extension can be used to identify the 5’ end of a gene transcript. (a) A 24 nucleotide
(24-mer) antisense oligonucleotide was designed based on the cDNA sequence. This 24-mer includes
two nucleotides from the EcoRI site at its 3’ end and is radiolabeled with T4 polynucleotide kinase and
[y-32P]ATP at the 5’ end. Following primer hybridization to RNA from either estrogen-free (-E) or
estrogen-treated (+E) cells, reverse transcriptase and dNTPs are added to initiate cDNA synthesis. A
product of 150 nucleotides would corroborate the RNase mapping studies. Note that there is a ~10-fold
difference in the amount of 150 nucleotide product, depending on whether the RNA was isolated from
—E or +E cells (compare lanes 3 and 4). Moreover, cDNA synthesis should depend on the presence of
reverse transcriptase (lane 1) and inclusion of the antisense 24-mer oligonucleotide in the reaction
(lane 2). (b) The observed 150 nucleotide long extended cDNA product predicts that the 5" mRNA
terminus is 126 nucleotides upstream of the primer 3’ end.

26
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Prospective

Once the 5end of a gne tanscipt is localizd within the conta of a genomic
sequenceit becomes posslie to test functionayl for gene pomoter actiity using
sequences within thé$t ~200 mideotides upstram of the insciptional stat site In
this example the reseacher could constrct a eporter plasmid (Chpter 4) thacontains
the putdéive estogen-regulated pomoter and test its aeify in nomal and tumdgenic
mammay cells tha have been &aed with estogens. Subsequentgmoter maping
expeliments could then be done to detére if this gne is a pmary tamget of estogen
action,which may be impotant to undestanding itseguldion in nomal and neoplastic
mammay cells. In vitio transciption studies could also be penined to ma the tan
sciliptional stat site This would be done usinguncded \ersions of the loned ggnomic
DNA as a temple in reactions containingutear cell etracts and¢-32PJUTP
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