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Foreword

It is hard to believe that we are now already producing the fourth edition within such a brief time
period of only five years. In this edition we have once again increased its dimensions; here, however,
the basics have remained more or less unchanged, although the number of “specialties” covered
continues to increase. This time, for instance, minisequencing, pyrosequencing, and RNA-interference
have been included. In addition, the time has now come to write a short introduction concerning the
planning of careers for younger researchers—after all, one does not live from the nobility of research
alone. Numerous, minute corrections have had to be performed as well, since nothing is perfect.
This book as well, in spite of the enormous amount of work which has already been carried out in
its production, nevertheless continues to demonstrate room for improvement. One can do whatever
is possible, but entropy always seems to win in the end! However, there are enough typographical
errors still to be found here as well and we are therefore thankful for every piece of advice which
we might receive!



Foreword to the First Edition

Do you actually want to read a foreword?

Read the preface and concluding comments in Hubert Rehms’ “Experimentator: Proteinbiochemie”
(“Protein Biochemistry” in the “Experimentator” series from Spektrum Verlag) and, finally, after get-
ting a taste for them, read those statements in Siegfried Bars’ “Forschen auf Deutsch: Der Machiavelli
fiir Forscher—und solche, die es werden wollen” (“How to Do Research in German: The Machi-
avellian Guideline for Researchers—and for Those Who Would Like to Become Such” from Verlag
Harri Deutsch). Even if the beginner is not inclined to believe so, the wind actually blows as has been
described here. The most successful researcher, namely, is not to be distinguished by any pioneering
accomplishments, but rather through his/her clever actions in scenes involving publications and in
his/her large number of friends. The goal is to keep the phase as short as possible between one’s
time as a student and that during which one is authorized to function as a professor. Once one has
finally reached this goal, however, the research is then left to the others; in the same way in which
a successful military strategist no longer reaches for his/her own saber, but instead only carries out
his/her advances theoretically through the actions of ambitious military leaders. At this stage, one
merely has an indirect relationship to research. Should you not have given up after completing this
reading material, you may possibly demonstrate the necessary composure to dedicate yourself to
research in molecular biology. This composure, namely, will prove to be quite essential in order to
avoid being driven crazy from the endless series of failures which can be expected in the daily life
which is to be experienced in the laboratory.

“Don’t let yourself be discouraged [...]! The others are also working themselves to a frazzle
without any success; it is quite normal that no results are to be observed in the beginning. Just keep
it up!—Or take up a reasonable occupation.”

With this in regard ...
Cornel Miilhardt



Acknowledgments

I have always considered the effusive acknowledgments at the beginning of a book by the author
directed to friends and relatives to represent the boring performance of one’s duties. Today, I am
finally aware that it truly is a matter near one’s heart to express one’s thanks for having survived a
difficult phase of life. For their contribution toward the success of this book, I would like to thank
Marc Bedoucha, Igor Bendik, Hans-Georg Breitinger, Dorothee Foernzler, Christophe Grundschober,
Andreas Humeny, Frank Kirchhoff, Nina Meier, Nicoletta Milani, and Ruthild Weber. My special
thanks go to Cord-Michael Becker, who has continuously supported me over the years and earned
my warmest thanks.

Finally, there is also Spektrum Verlag and the project planner Ulrich Moltmann, who came up with
the idea for such a book and thereby enabled me to fulfill a very old dream, Jutta Hoffmann, without
whose occasional, friendly pressure I would certainly have given up before reaching the end, and
Bettina Saglio, who must always struggle with my newest versions. If God does exist, may He/She
bless them with more punctual authors.

It is known that nothing is so good that it cannot be improved upon. That is especially the case for
such a book as this, a reason that would make me very happy to receive any constructive criticism.



Contents

FOT@WOR &5 isssi65 5005 caimsmssessdmassisaisssismsssdssssiasssssanisess@sssnesnsiessnss Xi
Foreword to the First Edition ......... ... .. ... .. . . .. . Xiii
AcknOwIedgmMentsS . ... .. ... ... XV
1 What Is Molecular Biology? . . ... 1
1.1 The Substrate of Molecular Biology: The Molecular World for Beginners ................ 2
1.2 What Is Required for This Work? . ... ... 7
1.3 Safety in the Laboratory . .. ... e 8
2 Fundamental Methods . ...... ... ... . 11
2.1 Differences in Nucleic AcidS. ... ...t 11
2.2 Precipitation and Concentration of Nucleic Acids ........... ... ... i, 13
221 ALCOHO! PEECIPIALION & . v vcucnansinemnnnn ommmmmemimmsamiars s s 5555 a8 i sasonsans 13
2.2.2 CONCOALTATOTS, s vvvssrsvussseissssssessss s dmsmsuimommmiassmai s messssssesesi 6865555884 16
2:2.3 Savant SPed Vat . cvsvvvvesansossssssisen ooeessamemammmssisssss: 400 s 6555533506558 17
2:2:4 Salting OuUb ccisvsesvssisisssiansonssonsssooesswmeusmssEo@sassssioiiiiesisssiossissssss 17
2.3 Purification of Nucleic Acids ...... ..o 17
2.3.1 Phenol-Chloroform EXtraction ...............oiuuiiiiiiiii ity 17
2.3.2 Precipitation Using Polyethylene Glycol ........ ... ... i 19
2.3.3 Protein-Binding Filter Membranes...............oiiiiiiiiiiiiiiiiiiiiiiiiiiaas 19
2.3.4 Anion-Exchange Columns . ...........ouiiiiii e 19
2.3.5 Glass MK ..o 20
2:3:6: ‘Cesinm Chloride Density’ Gradient. «.oswusmsssmssassssss ssovsssvsssssssssisssisssessns 21
2.3.7 DIaALYSIS cssnssaonsannsinsessomnss e smssmessmmEeasss 688655865 08va88450%4 68 pewums 22
2.4 Determining the Concentration of Nucleic Acid Solutions ................. ... ... ... ... 22
2.4.1 Optical Density Measurements with the Aid of Absorption Spectrometry ............ 22
2.4.2 Determination of Concentration by Means of Agarose Gels .......................... 24
2.4.3 Dot QUantifiCation .. ........iuiuitie ittt e e 24
2.4.4 Fluorometric Determination. ...........uuiuitii it eaaaans 25
2.4.5 Nucleic Acid DIpsSticks .......ouiiiii e 25
2.4.6 Enzymatic Evidence ........ ... 25
25 Methods Of DNA. PrEPATATION v s s mia s s s ms simis s o v mie s a @ s s mm e v o6 6 o e 8 G056 5 0 5 e 5 0 26
2.5.1 Preparation of Plasmid DNA on a Small Scale..................ooiiiiiiiiiiiiiinne, 26

2.5.2 Preparation of Plasmid DNA on a Large Scale ...t 28



vi Contents
2.5.3 Bacterial Media . . ..ossusimanssunmens wosamssmeaeaod 5 i seas 55655555555 555 5 5 5nmeianion 31
2.5.4 Preparation of Phage DNA ...ttt it 31
2.5.5 Preparation of Single-Stranded DNA with the Aid of Helper Phages ................ 35
2.5.6 Preparation of Genomic DNA ... ... oot i 35
The ToolS. .. ..o 37
3.1 ReEStrICHON ENZYINES .« ¢ cosssesmine oo ssis 55505 05050 5o 5 6 o 666 665 6 1575 50 6o ¢ 51550 00 4195 3503 o 878§ e300 n 37
311  NOMENCIATITE: « vi.oimmimsrascsioisssssisnsisssuistsd s smssss £ 556 55658355585 55549055555 455 abARFEEEws 37
3:1.2 The ACHIVILY TESE cumsumumnummsmsaras e saians s 60485555 5503555555855 5 3 50 mibninbnisiis 39
3.1.3 Making a Restriction Digestion. .........ouuuureiunniineiin et eiiaeinneennans 40
3.1.4 Difficulties Associated with Restriction Digestion ..............ccooiiiiiiiiiiiinn.. 41
3.1.5 Works of Reference for Restriction Digestion................uvviiiiiiiiineiieeinn.. 44
B GeIS oot e e 45
3:2.1  APArose GelS..wuuwssmnsmassssmsmsssmsimase i 5555555655505 088 5050000800 wen R nasoTo 45
3.2.2 Isolating DNA Fragments from Agarose Gels.............ooovuiiiiiiiiiierininnnnns 50
3.2.3 Polyacrylamide GelS «cvvismsimssnmnmossissiiossvivissasiaiianesssiiesnsaisvamssasanas 53
3.2.4 Isolating DNA Fragments from Polyacrylamide Gels .................ccoooiiiiian.. 55
3.2.5 Pulse-Field Gel EleCtrophOresis . ........ccuuuuetetitniieieia et eeiineaaas 56
3.2.6 Capillary ElectrOphOreSiS ... ...oevuuunee ettt 56
B:3 BIOHIE c ¢ oo 55055 o s ooy e s ovm 55555 52t s 500w 6506 60606 508163 5046 I8 & 5980w 3 308 8 40 6 5760 5 2 805 8 6000 6 %0, 8 .01 5 3% 57
3.3.1 Southemn BIOS .ouuussssseesmmemsmauaaasisiasvsssinisssessss sdsss e monmmmasassmmemmssss 57
3.3.2 NOrtheril BIOS covvvsmmsmssasmmesanissisreuvaaeii8055855 5565555 5 bbbod brbos wuasiaaiosiiog sis 60
3.3.3 Dot Blots and S1ot BIOts.........ouuiiiiiiiiiii e 62
4 The Polymerase Chain Reaction................ ... ... ... ... . it 65
4.1 Standard Polymerase Chain Reaction ........... ... it nieanns 65
4.2 Suggestions for Improving the Polymerase Chain Reaction.............................. 74
4.2.1 Nested Polymerase Chain Reaction.............coviiiiiiiiiiiiniineiiiinennenneniens 76
4.2.2 Multiplex Polymerase Chain Reaction...............coouiiiiiiiiiiiiiiiiiiinaennnn... 76
4.2.3 Amplification of Longer DNA Fragments ...............oiiiiiiiiiiiiiiinneeennn... 77
4.3 PCR APPLCAtIONS . . ..ottt ittt ettt e et e e 78
4.3.1 Reverse Transcription-Polymerase Chain Reaction.................ocooiiiiiiininn... 78
4.3.2 Rapid Amplification of CDNA Ends..........ccoiiiiiiiiiiiiiiiiiiiiiiiiiiaeeinnnn.. 79
4.3.3 Amplification of Coincidental Products .............ccooiiiiiiiiiiiiieiiineiineiinnns 80
4.3.4 Classic Quantitative Polymerase Chain Reaction...............ccoovviviiiiinaninnn.. 82
4.3.5 Real-Time Quantitative Polymerase Chain Reaction .................ccooooiiiiiaa... 84
4.3.6 Inverse Polymerase Chain Reaction ................ooiiiiiiiiiiiiiiiiiniinen. 89
437 Biotin-RAGE Method and Supported Polymerase Chain Reaction................... 89
4.3.8 Mutagenesis with Modified Primers ...............cooiiiiiiiiiiiiiiiiiii i 90
4.3.9 Amplification Refractory Mutation System..............ooiuiiiiiiiiiiiiiiineennann. 91
4.3.10 In Situ Polymerase Chain Reaction.............c.ccooiiiiiiiiiiiiiiiiieieennneennnnnn. 92
4.3.1']1 CYcle SEGUENCTAR : o oo vosvssassesnsiiessinsssemmmommelssmesseemmiseEEEeessss5esisssss 92
4.3.12 cDNA Synthesis ....ociviiiiiiiiiiiiiiiiiiiiioiearionsisnsossssveesssassingessonssons 93

4.3.13 Single-Cell Polymerase Chain Reaction ................cooiiiiiiiiiiiiiiiiiniinnnnn.. 94



Contents - vii

5.1
52

53

5.4
55
5.6

6.2

6.3
6.4

6.5
6.6

RN A 95
Inactivating RINASES « . iieo s ss s oot s s oo ss s s sissesinissbissesssessssisssnssnsssis 95
Methods of RNA ISOlation . .. .......ouuuinuti i i e 96
5.2.1 Single-Step Method . ... ..oooniiiiii e 96
5.2.2 Lysis with Nonidet P40 ... ... 97
5.2.3 General InfOrmation ...........couuiiiiniiinieiii e 97
5.2.4 Determination of the RNA Concentration ............ccuueeiiiieiniiiiiniinnnennnaen.. 98
Methods of MRINA ISOIation . .. .....oout it e e 98
5.3.1 Purchasing RN A ... e 99
Reverse Transcription’ CDNA SYNthesis . s s v s enineermasanssmemesssnsmssmesenssoss s 99
In Vitro Transcription: RNA Synthesis. ....... ..o 100
RINA INerference . . . ..ottt e e e e e et e e 102
Cloning DNA Fragments . .............ouuuttinttemn ettt eanaeenns 105
The BasiCs :OF ClONINE . < ws s wiws 655 i s 6155 5% 6« S50 63615 5 55 5 4151 8 51615 6 356 6 5o 8 6 50 18 5 55w 6 3[4 o o5 432 105
011l The VeotOr suuossasiissssssssininssmsamemusssoeEesnsvseisdisiassissessinssssssipsmbesa 106
6.1.2 The DNA Fragment .. ......c.oouiuiintiiiiiiti et eta et ea i eiaenenannenenns 107
6.1.3 Fill-in REACHON . ...ttt ettt et ettt et 108
6.1.4 DNA QUANTIEIES « o ot v ettt e te et et e e e e e e e e e e e e e e e e eeans 109
6.1.5 The LiZatiOn ......couniitneiie ettt ettt ettt e e e e e e e e eaan 110
6.1.6 Cloning Polymerase Chain Reaction Products................cooiiiiiiiiiiiiiininn... 111
6.1.7 Cloning with Recombinase SYStEMS ...cswemussumsvsssssssssssevsssisssoss roemisaamssse 113
Choosing Vectors for CIONINg. .. .......uunutii et ieenas 116
6.2.1 Plasmids. .. ..oouuniii e 116
LR 1 < 118
6.2.3 COSIMIAS . ottt ettt et e e e e 119
6.2.4 P1 Artificial Chromosomes and Bacterial Artificial Chromosomes ................... 120
6.2.5 Yeast Artificial ChTOMOSOIIES :.owmmraismamsnssssssssssssnsssasssssnsamssnissieasesmes 121
Choosing the Bacteria ... ........ouinnnnnit ittt 122
Construction of Competent Cells and Their Transformation.............................. 122
6.4.1 Calcium Chloride Method ............oiiiiiiiiiiii i i eaes 123
6.4.2 Rubidium Chloride Method ...........c.iiiiiii e 124
6.4.3 TSS MeEthOd. . ...ttt et 124
(30 3 S 24 (<ol (0] 010 1 () « P 124
6.4.5 Testing the Competency of Bacteria..............oooiiiiiiiiiiiiiiiiiiiiiiiiin s 126
Problems Associated with ClOnIng. ............uuiiuiiiiiiiiiiiiiii e, 127
StOrage Of CIOMES . . . .ottt ettt e e e et 128
Hybridization: How to Track Down DNA . ... ... ... ... . i, 131
Production of Probes . . ...t e 131

7.1.1 Methods for the Production of Labeled Probes ..........cccoiviiiiiiiiiiiiiiinianann.. 132



viii Contents
T2, HYDEIAIZACION ¢ « s s wis s sars s s srm o sk s 68+ w3 o 5 v e 6 605 3 Spar s 60 0 o0 & § s o ol 0 60504 6 b & &3 3 i & 676 8 136
72,1 The Hybridization BUELET . o . : ¢ o0 . i4sessnspmmsmssemmmmsmsientiesssssmssfsasasiissssssines 136
7:2:2. The Hybridization Vessels :::::u:::uuissssnammsmmnmnmmsanssmesiassiiiisissdssesssssss 137
7.2.3 The Hybridization TemMperature . ..............ueuunieruiaenaiiiaeiiiaeeiaenanaennnns 137
T2.4 Washing .. ... oot 138
7.3 Verification of Labeled DNA ... ... ... i G o S s B0 § Rl 6 S 138
T:3:] AUtOTAATOBTADIY < ¢ s v oxs e 8065 bmimmismm s oo Bse s s marareres £ 5 5 6 55850 §8 0068846 sla 138
7.3.2 Nonradioactive Methods of Detection ...........couiiuniiiiiiiiniiiiiiiiiiieieanns 140
7.4 Screening of Recombinant DNA Banks . ...t 143
7.4.1 Plating Out the Bank....... . ... 143
Jet2. Filter TEANSTET : o ¢35 0 55 4 5505 rmommmser s i st sisrsos sk £ § 5 £5 4557558 9.5 52 § $REAFEEE 143
71:4.3 FiMer HYBTIIZAIOM. ; « . siovessionsmanomsmss s s ssbesssestan 65 5 £ 455 5s das 5885458865 SewnEd 144
T:4:4 Pilter BXPOSUIC: « i : ¢ 00 30 sivmasamsosmsisessis s @asfaas 6856565555555 56 55588 550 aamems 144
745 Clone DEteCtiON . ...ttt ettt e et e 145
7.4.6 Bank Screening in the FUture ....... ...ttt 146
75 TWO-HYDIIA SYSUEIM ¢ 1 < 66 sm 06 5y w6605 0 55 6 0 o 670 8 8751 506 6 0785 0 § 60w ¢ 0k o 98 8 3 518 & 0 0 6700 § 00 4 805 o 650 146
8  DINA ANalySiS. . ..o e 151
8.1 SEqUENCING . . ettt e e e 151
8.1.1 Radioactive SEqQUENCING. ... .....uiiuutttt ittt ettt e et ie e 153
8.1.2 Nonradioactive Sequencing and Automatic Sequencing Units ........................ 154
8.1.3 MINiSEeqUENCING «vmewammusmmmasmssamsnissvessessssastsessassssssssssapimeeanssss s 156
8.1.4 PyroSeqUENCING, .:ussssvswicisssssssssasasssssassssrissesssossssssssssssssissewsssasssess 157
8.1.5 Idiosyncrasies in Sequencing: OCtamMErs .. ........ouuieuiiiiiiniiniiiiiieiiiiennannns 159
8.2 Methods of Analyzing DNA for Mutations . .............. ..o 160
8.2.1 Restriction Fragment Length Polymorphism..............coooiiiiiiiiiiiiiiiii.. 160
8.2.2 Single-Strand Conformation Polymorphism .............ooiiiiiiiiiiiiiiiiiiiiaann.e. 161
8.2.3 Denaturing Gradient Gel Electrophoresis ............c.uiiiiiiiiiiiiiiiieiieennainnes 162
8.2.4 Temporal Temperature Gradient Electrophoresis ........................... GG h s 164
8.2.5 HeterodupleX ANALYSIS .. ... ..uun ittt ettt et e e 165
8.2.6 Amplification Refractory Mutation System .............cooiuuiiiiiiiiiiiiiiiiiiiennn.. 165
8.2.7 Enzyme Mismatch Cleavage ..............iiimuiiiiiiiiii i 165
8.2.8 Protein Truncation TesSt ... ....o.. ettt 167
Investigating the Function of DNA Sequences..................... ... 169
9.1 Investigating Transcription in TiSSUES . .. .. ...ttt i 170
9.1.1 Ribonuclease Protection ASSAY ...........eeuueiunnetieiiee e 170
9.1.2 Real-Time Quantitative Polymerase Chain Reaction ...................cooiiiiiia... 170
9.1.3 In Situ Hybridization. ..............ii i 171
9.1.4 Fluorescence In Situ Hybridization of Chromosomes ..................ccooooiiiiiin... 173
9.1.5 In Situ Polymerase Chaifl REACHON ; wuwssmadumsmmanssssssmsoasrsy s6nssssssiss s wen 175
9.1:6: WIICTOAITAYS v 5v2s00sssss5s 5050 0mnslesesammnessnssssssusnss i os ¥5esssa686 55545 dn 175
0.2 MULAZEMESIS . .« e vt ettt e ettt e e e et et et e e e e e e e 180



Contents - ix

9.3 Ty Vitto: TranSlAtOT s msmmasasssossnnssssssossissseiissssssssdsnmsamimmessnmmmammsanain o i 189
9.4 EXPression SYSIBIMIS ... ...uu.uu ittt ittt ettt ettt et e e et et e 190
9.4.1 Bacterial EXpression SySteMS .. ......c.uuiitiittt it 191
9.4.2 Baculoviral EXpression SyStemS ... ......couuiiuniiie i 191
9.4.3 Additional EXpression SYStEIMS .. ... ..euuerte ittt s 193
9.4.4 Heterologous Expression in Mammalian Cells ..., 194
9.4.5 Transfection MethOds . ........ouiiiiii it e e et 195
9.4,6 Cotransfection Of Several GENES.......coveivssiisirsminisinenssmsemewsess easssssss 202
9.4.7 Transient and Stabile Transfections..............ooouiiiiiiiiiieiii i i eiaannns 203
9.4.8 REPOIIET (GEIIES ..t vviesivisisinsiieonsisinssissinibnossmssae@smiansne snsssssssioiiaisss 204
0.5 TransgeniC MICE . ......ooouii ittt ettt ettt e 209
9.5.1 Methods of Gene Transfer ...........ooouuiiiiieiii i iie s 210
9.6 Regulation of Transgenic EXPression . .........oouuoee ittt 215
9.6.1 The Tet SYSIeIM ...\ttt ettt e ettt e ettt e et e et 215
9.6.2 The Ecdysone SySteIm. ... ...ttt et e e 216
0.7 (GENE TREIADY cc 55 55esssiviosaoaisnsossnsssssyomnnssmsimsmsmeimemssassieioe s sssssessiiins 217
9.8 {GENOMICS wassisasesssssssassavasasissssssssssiibsmsymosaissEmerosERansasss i 9fisfEiiseiissiass 219
10 Using ComPUers . . ... ...ttt ettt e 223
10.1 Something Quite Barnest ........ ..ot e 223
10.2 A Matter Of PraCtiCe . ... ...uunit ittt et et et 225

11  Suggestions for Career Planning: The Machiavelli Short Course for Young

ReSearChers. . . ... . 227

12 Concluding Thoughts . .. ... ... . 233
ADPPEIIX 1 : v vcimsumasmmnnmesiose sis s @asm s diossioes olas ol 4568 s aiss 56 €8 68 bin s 35 55885 5155 8 w18 235
Useful Figures and Tables.............cooiiiiiiiiiiiiiiiiian... B D P E LTI T TR 235
Standard Solutions and Bacterial Media. ...........couiuiiniiiiii e 235
SOIULIONS .ttt ettt et e ettt ettt e e e e e e 235
Bacterial Media .. ...oouir ittt 236
GIOSSATY ..ottt ettt e ettt e e e e e 237
APPCIAIR 2. 5 s eaiirs mm s 650 605 5675555 6 6 66505 5558 9550 w6 4 666 6 S060 8 /08 8 0 SV £ 6108 & i G080 6 3 96 5 gt 241
SUPPIIETS 5 5555555 686 § 6.8 0050855 F R R TR TSRS R ES S0 08 £ 5565558 REHE 8555558885555 5 45 Eesommesmeaaiaans 241
Recommended LIiterature .. ........o.uoun ittt ettt e et e 244
Reading Material for Leisure Time..........ooiuiiiiniii i 245



1 What Is Molecular Biology?

Gib nach dem loblichen

von vorn Schopfung anzufangen!

Zu raschem Wirken sei bereit!

Da regst du dich nach ewigen Normen
durch tausend, abertausend Formen,
und bis zum Menschen hast du Zeit.

Yield to the noble inspiration
To try each process of creation,
And don’t be scared if things move fast;
Thus growing by eternal norms,
You'll pass through many a thousand forms,
Emerging as a man at last.
—Goethe, Faust'

Pursuits in the field of molecular biology involve genetic engineering and techniques such as cloning,
and they may be interpreted as being quite adventuresome and almost divine. As a molecular
biologist, declaring how you spend your days may garner boundless admiration from some people
and disapproval from others. Consequently, you must consider carefully with whom you are speaking
before describing your activities. You should not mention how many problems and how much
frustration you must endure daily, because one group will be disillusioned, and the other will inevitably
ask why you continue to work in this field.

I confess that I like the debates about whether we should clone humans, although the discussion
often is not engaged at a scientific level. One individual makes a stupid suggestion, and one half of
the media and the nation explain why the cloning of humans may not be justified by any means.
It seems much ado about nothing, and I cannot comprehend what advantage it would be for me to
clone myself. Why should I wish to invest $75,000 for a small crybaby, whose only common ground
with me is that it looks like me as 1 did 30 years ago, if I could instead come to a similar result in a
classic manner for the price of a bouquet of flowers for my wife and a television-tree evening?

This example reveals the problems that are associated with molecular biology. Incited by spectacular
reports in the media. everybody has his or her own, usually quite extreme, ideas on the benefits or
disasters related to this topic. In reality, the picture is deeply distressing. Molecular biology, also
known as the molecular world, generally deals with minute quantities of chiefly clear, colorless
solutions. There are no signs of ecstatic scholars who have gone wild in the cinematic setting of
flickering, steaming, gaudy-colored liquids. The molecular world deals with molecules, evidence for
the existence of which has been attempted in many textbooks, although there is generally little more
than a fluorescing spot to be seen on the agarose gel. Every procedure seems to take 3 days, and no
Nobel Prize is associated with any of them.

'This and the following quotations are from Goethe's Faust (3rd ed. dtv-Gesamtausgabe, Miinchen 1966) and from Goethe's
Faust (John Shawcross, translator. Allen Wingate Publishers, 1959).



2 - 1 What Is Molecular Biology?

Molecular biology is primarily a process of voodoo—sometimes everything works, but usually
nothing works. Very unusual parameters seem to play a role in the result of an experiment, which
should represent the subject of the research itself—the last, great taboo of modern science. Based on
the empirical data, I have come to the realization that the results of an experiment can be calculated
as the quotient of air pressure and the remaining number of scribbled note pages in the drawer raised
to the power of grandmother’s dog. Until I have been able to verify this experimentally, however, I
will continue to limit myself to the classic explanations based on mathematics, which have admittedly
enabled this profession to progress quite far.

1.1 The Substrate of Molecular Biology: The Molecular
World for Beginners

War es ein Gott, der diese Zeichen schrieb,

die mir das innre Toben stillen,

das arme Herz mit Freude fiillen

und mit geheimnisvollem Trieb

die Krdfte der Natur rings um mich her enthiillen?

Was it a God, who traced this sign,
Which calms my raging breast anew,
Brings joy to this poor heart of mine,
And by some impulse secret and divine
Unveils great Nature’s labors to my view!

Molecular biology is by no means the biology of molecules, which is better characterized by bio-
chemistry. Molecular biology is the study of life as reflected in DNA. It is a small, closely knit
world that differentiates itself from all other related fields, including zoology, botany, and protein
biochemistry. Only a few individuals in the field of molecular biology are biologists, and those who
are biologists would be most happy to deny it. If you are not a biologist, be assured that you now
find yourself in the best of company and that the small amount of material needed to master this
work can quickly be understood.

Molecular biology deals with nucleic acids, which come in two forms: deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA). The chemical differences between the two substances are minimal.
They are both polymers that are made of four building blocks each, deoxynucleotides in DNA and
nucleotides in RNA.

The nucleotides of RNA are composed of a base constituent (adenine, cytosine, guanine, or uracil),
a glucose component (ribose), and a phosphoryl residue, whereby two nucleotides are connected
to each other through phosphoglucose bonds. In this way, one nucleotide can be connected to
the next, forming a long chain known as a polynucleotide, which is designated as RNA. DNA is
formed in almost the same manner. The deoxynucleotides of DNA are composed of a base con-
stituent (adenine, cytosine, guanine, or thymine), 2'-deoxyribose (instead of ribose), and a phosphoryl
residue.

More details can be found in textbooks of biochemistry, cell biology, or genetics. I limit my
comments on these topics to a few aspects that are significant for laboratory practice.

Deoxynucleotide is a tongue twister, which is avoided whenever possible. Researchers instead
speak of nucleotides when using these substances in the laboratory, although they generally refer to
the deoxy variant.
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Figure 1-1. The four nucleotides and the way in which a DNA helix typically is portrayed.

The names of the nucleotides are based on the names of their bases: adenosine (A), cytidine
(C), guanosine (G), thymidine (T), or uridine (U). Many confuse these bases with the nucleotides
(Figure 1-1), although this rarely makes a difference in practice. The abbreviations A, C, G, T, and
U have been used to immortalize all the DNA and RNA sequences known to the world.

The phosphoryl group of the nucleotides is connected to the 5" carbon atom of the sugar component.
The synthesis of nucleic acid begins with a nucleotide at whose 3'-OH group (i.e., the hydroxyl
group at the 3’ carbon atom) a phosphodiester bond connects the phosphate group with the next
nucleotide. Another nucleotide can be connected to the 3'-OH group of the nucleotide and so on.
Synthesis proceeds in the 5" to 3 direction, because a 5’ end and a 3’ end exist at all times, and a
new nucleotide is always added to the 3’ end. All known sequences are read from the 5’ end to the
3’ end, and attempts to alter this convention can only create chaos.

If no 3'-OH group exists, it is impossible to connect a new nucleotide. In nature, this situation
is rarely observed, although it plays a large role in the sequencing performed in the laboratory. In
addition to the four 2’-deoxynucleotides, 2’,3'-dideoxynucleotides are used in DNA synthesis. They
can be connected to the 3’ end of a polynucleotide in the normal manner, but because a 3'-OH group
is lacking, the DNA cannot be lengthened any further. This principle is essential for understanding
sequencing, a subject that will be discussed in more detail later.

Each nucleotide or polynucleotide with a phosphoryl group at its 5' end can be bonded (lig-
ated) to the 3’ end of another polynucleotide with the aid of a DNA ligase. In this way, even
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larger DNA fragments can be bonded to one another. Without the phosphoryl group, nothing works,
and elimination of a phosphoryl residue with a phosphatase can be used to help inhibit such
ligations.

Two nucleotides bonded to one another are known as a dinucleotide, and three together are
known as a trinucleotide. If more nucleotides are bonded together in a group, the structure is
called an oligonucleotide, and if very many are bonded together, the entire structure is known as a
polynucleotide. The boundary between oligonucleotides and polynucleotides is not defined precisely,
but oligonucleotides usually are considered to contain fewer than 100 nucleotides.

Whether the structure is a mononucleotide, dinucleotide, oligonucleotide, or polynucleotide, the
substance always represents a single molecule, because a covalent bond is formed between each of
the initial molecules involved. The length of the chain formed in this way plays no role, because
even a nucleic acid that is 3 million nucleotides long is a single molecule.

Polynucleotides have a remarkable and important characteristic: Their bases pair specifically with
other bases. Cytosine always pairs with guanine, and adenine pairs with thymine (in DNA) or with
uracil (in RNA); no other combinations are functional. The more bases that pair with one another,
the more stabile this combination becomes, because hydrogen bonds are formed between the bases of
each pair, and the power of these bonds is cumulative. A sequence that pairs perfectly with another
sequence is said to be complementary. The nucleic acid sequences of two complementary nucleic
acids are completely different and pair in a mirror image form. The following example clarifies this
arrangement:

5'-AGCTAAGACTTGTTC-3'
3-TCGATTCTGAACAAG-5

The orientation of both sequences proceeds in an opposite direction (reading from the 5’ to 3" end),
because the two chains must spatially be aligned in opposition for the pairing to function properly.
In the normal 5’ to 3’ method of writing, the complementary sequences are read as follows:

5-AGCTAAGACTTGTTC-3'
and

5'-GAACAAGTCTTAGCT-3

The sequences appear to be so different that you must look very closely to see that they are
complementary to one another, and you can see the value of the application of the 5" to 3’ reading
convention. A beginner can very quickly write a primer strand sequence of

3-TCGATTCTGAACAAG-5’
as

5'-TCGATTCTGAACAAG-3

so that the sequence, despite its normal appearance, looks completely different from that of the
original sequence.

DNA typically is made up of two complementary chains, and RNA usually is made of a single
chain. When pairs occur in RNA, they are found within the same chain and play a more significant
role in the three-dimensional structure of the RNA, whereas double-stranded DNA must be considered
a linear molecule.

Have you noticed the error? Double-stranded DNA does not consist of a single molecule; it is
made up of a double-stranded structure with a chain and an opposing chain. The two chains can
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be separated from one another at any time if sufficient energy is supplied; this process is called
denaturation. Ten seconds at 95°C (203°F) is sufficient for performing complete separation of both
strands. If they join together again, a process known as hybridization, they are said to anneal. The
entire procedure is almost arbitrarily reversible.

DNA is frequently called the molecule of the life by the yellow press. Why does such a very
long, but quite boring molecule have such a lengthy name? Nature has optimally made use of the
characteristics of nucleic acids to create a confusing diversity of life, and this is carried out in the
following manner. Because the bases pair, a complementary strand can be synthesized from a single
strand of DNA; another strand can be synthesized from this second strand, which is identical in
structure to that of the initial strand. In this way, DNA can be duplicated as often as desired while
preserving the sequence of its bases. The process, which is carried out by special enzymes called
DNA polymerases, is known as replication.

Because RNA and DNA are similar chemically, a complementary RNA molecule can be synthesized
from a DNA strand. This process, which is carried out with the aid of RNA polymerases, is known
as transcription.

With an extremely complicated apparatus involving very many molecules (ribosomes), the sequenc-
ing information available in RNA can be used for the synthesis of a protein, a process known as
translation. Proteins are long polymers, whose synthesis proceeds in much the same way as that
of nucleic acids—an amino acid exists to which a second amino acid is added, then a third, and so
on, until a polypeptide is finally formed, which is commonly known as a protein. Twenty different
amino acids are known to exist, but with only four bases, how can the information for a protein be
hidden in RNA? The trick is that three bases (codons) together contain the information to specify one
amino acid. This code is interpreted in the same manner in almost all living cells on this planet: AAA
signifies lysine, CAA represents glutamine, and so forth. Together, there are 64 triplet codons (4°)
that code for 20 different amino acids and 3 stop codons; the system is somewhat redundant, and the
genetic code is therefore degenerate. For example, AAA and AAG each code for lysine. If you look
through all of the 64 triplet codes, you can see that the first two bases are frequently decisive for the
particular amino acid that is to be installed, whereas the third base often proves to be insignificant.
This arrangement is very useful for molecular biologists, because they can cause mutations in DNA
sequences without altering their coding characteristics.

Not every DNA sequence codes for a protein; in human chromosomes, more than 90% of the
available sequences have no recognizable significance. The debate continues about whether these
stretches should be considered as junk DNA or as elements with some unknown function, but let us
instead concern ourselves with the miserable remnants.

The remnants are the genes, transcription units on the long DNA molecule that are made up of
regulatory and transcribed regions (Figure 1-2). Their functions are indicated by their names. The
regulatory region controls whether the other regions are transcribed or not. The transcribed area can be
divided into two subregions, the exons and introns. This division reflects a peculiarity of transcription
in higher organisms (in this case, everything that is not a bacterium): splicing. Directly after its
synthesis, the transcribed RNA is immediately processed by a complex apparatus, the spliceosome;
this process excises parts of the RNA sequence and reattaches the remnants, a complicated procedure
that ultimately results in a final RNA with a somewhat shorter length than before. The sequences
excised during the splicing are introns on the DNA level, and those that remain are exons. The
remaining RNA can again be divided into a region that serves as an information source for the
synthesis of a protein, also as a coding area or an open reading frame (ORF), and one region each
at the 5" and 3’ termini of the RNA, which are known as untranslated regions (UTR) and whose
function is still being investigated. The 5" end of the RNA has a methylated G nucleotide (5’ cap),
and a poly A tail (sequence of 100 to 250 adenosines) is located at the 3’ end. The A residues are
not encoded on the DNA but are added by the action of poly A polymerase using ATP as a substrate.



