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CHAPTER 1 

INTRODUCTION 

1.1 ALCOHOL DEHYDROGENASE 

Alcohol dehydrogenase (ADH; alcohol:NAD+ oxidoreductase, EC 1.1.1.1) is a 
NAD+ -dependent enzyme that catalyzes the oxidation of varies primary and 
secundary alcohols to the corresponding aldehydes and ketones (Fig 1.1). 

OH o~ CONH:z ÖH, H CON~ 
\! + +=== )=o + 1 1 + H" 
/ \ +,,-7 . 

H N N 

~ k 
Fig 1.1: Reaction catalyzed by horse liver alcohol dehydrogenase 

ADH from horse liver is the most well•studied from all species, since its entire 
amino acid sequence has been reported (1) and three-dimensional structure has been 
determined to 2.4 A resolution by x-ray crystallography (2). The studies were 
completed by extensive kinetic measurements (3-8). 

Horse liver ADH was first crystallized by Bonnischen and Wassen (9) in 1948 and 
later three main isoenzymes were detected, resulting from dimerization of two 
biochemically distinct subunits, E (for "ethanol active") and S (for "steroid active"), 
each containing 374 amino acid residues. These subunits form homodimers EE, SS 
and heterodimer ES (10). This nomenclature is based on a different substrate 
specificity. Only isoenzymes containing the S-subunit are active towards 3 (3-

hydroxysteroids but all three isoenzymes show activity towards ethanol and many 
other substrates (11). Originally, by the mapping of tryptic peptides only 6 amino 
acid differences between the two types of subunits have been detected (12). 
Nevertheless, it was not excluded that additional differences would be detected later 
by cloning and sequencing the cDNA encoding both subunits. 
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CHAPTER 1 

Each subunit of the horse liver ADH dimer is divided into two domains. One is used 
for coenzyme binding and exhibits structural similarities to other dehydrogenases 
(13, 14) and the second domain provides residues necessary for binding of the 
substrate and for catalysis, as well as protein ligands to the two different zine atoms 
of the subunit. The two domains are unequal in size; the coenzyme binding domain 
is smaller and is composed of residues 176 to 318, whereas the larger catalytic 
domain is built from residues 1 to 175 and 319 to 374 (2). The dimer molecule is 
formed by joining the two subunits into a central compact core through their 
coenzyme-binding domains (Fig 1.2). 

0 
o· ·H-N-1:. Phe319 

I 
~C~yH·O~Al•S17 

N Il 
1 A 
R 

Val292 

Fig 1.3: Schematic drawlng showlng hydrogen honds between the enzyme and 
the carbo.xamide side chaln. 

The NAD+ -binding domains of several dehydrogenases were compared and it was 
concluded that they are similar in structure and bind the coenzyme in a similar way 
(15,16). The catalytic domains, on the other hand, have different structures. 

Detailed study of the binding of NAD+ coenzyme to horse liver ADH was carried 
out by Eklund et al.(17). These authors performed a crystallographic refinement at 
2.9-A resolution of a crystal form of a temary complex composed of an ADH 
dimer, the coenzyme and a inhibitor dimethyl sulfoxide. It was shown that the 
coenzyme molecule binds in a cleft between the two domains: the catalytic and the 
coenzyme binding domain, and interacts with residues from both domains. The 
adenosine binding site is easily accessible from solution while the nicotinamide 
binding site is in the center of the molecule, buried far in the protein. 

Furthermore, it was shown that the pyridinium ring interacts on one side with 
Thr178, Va1203 and Val294 and the other side is directed toward the active site. The 
carboxamide side chain is then fixed by three amino acid residues: the oxygen atom 
is hydrogen bonded to the main chain nitrogen atom of Phe319 and the nitrogen 
atom of the carboxamide group is hydrogen bonded to the carbonyl oxygens of 
Va1292 and Ala317 (Fig 1.3). 
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Fig. 1.2. Sc/1ematic representation of the horse liver alcohol dehydrogenase dimer. The left sub1mit is shown with NAD+ and DMSO white the right subunit is 
visualized with NAD+ and ethanol bound in the c/eft between the catalytic and the coenzyme binding domain. 



INTRODUCTION 

Dehydrogenases offer an ideal system to study stereospecificity. Dehydrogenases are 
approximately equally devided between those transferring the pro-R hydrogen at the 
4 position of NADH (A type dehydrogenases) and those transferring the pro-S 
hydrogen (B type dehydrogenases). Using deuterated substrates it was shown that 
alcohol dehydrogenase from different species belong to the A type, although an 
exception has recently been discovered for ADH from Drosophila melanogasrer 
transferring the pro-S hydrogen (18). Stereospecificity of horse liver ADH seems to 
be determined by the conformation of the bound coenzyme and is dictated by the 
enzyme. The stereospecificity arises in the positioning of the nicotinarnide moiety 
with respect to the substrate as soon as a complex with the enzyme is formed. The 
CONH2 group loses its rotational freedom by formation of hydrogen honds with the 
surrounding arnino acids. When the CONH2 group is fi.xed migration of either pro-S 
or pro-Ris favored, depending on the type of enzyme. This causes the reaction to be 
effectively stereospecific. In case of horse liver ADH, NADH binds anti, directing 
the Re hydrogen toward the substrate. In case of reverse stereospecificity when the 
Si hydrogen is presented to the substrate, the nicotinamide ring would have to be 
rotated 180° around the glycosidic bond. Such a situation cannot be accommodated 
by the wild-type horse liver ADH due to a steric hindrance caused by Val203 and 
Thrl 78 (17). 

HB 

~ONH2 

(pro@·S) HBHA (pro·R) A"en~ ~ ~) +HA· 

CONH2 i 
HA 

N ~ @J/CONH2 1 B-enzyme 
R 

+HB· 
+ 
N 
1 
R 

Fig 1.4: Stereospecific hydride transfer catalyzed by A and B type 
dehydrogenases. 

ADHs from other species have also been recently extensively studied. Much 
attention has been directed to human ADH. The complex isoenzyme system is 
composed of three different classes of ADH isoenzymes, based on their physical, 
enzymatic and immunological properties (19-22). Class I contains a large group of 
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isoenzymes possessing various homo- and heterodimers of O!, f3 and 'Y subunits coded 
for by three different genes designated ADH 1, ADH 2 and ADH 3, respectively 
(23). Allelic variants occur at the ADH 2 locus which codes for {31 and several {32 

(Bern, Oriental, Indianapolis) subunits (24-28) and at the ADH 3 locus which codes 
for 'Yi and "f2 subunit. Besides class I isoenzymes, also 7r and x subunits have been 
recognized in human tissues, based on their different electrophoretic mobility. They 
belong to class Il and class m, respectively. It was shown, that subunits from one 
class do not form heterodimers with subunits from the other two classes (29-31). 

Recently, the three-dimensional structure of human ,{31{3 1 ADH complexed with 
NAD+ has been determined by X-ray crystallography and it was found that the 
conformation of the bound coenzyme is almost identical to that in horse liver ADH 
(32). 

In the past few years, cDNAs coding for human O! (33), {31 (34,35), 'Yi (36) and 7r 

(37) subunits have been cloned . and sequenced and their amino acid sequences have 
been deduced and compared. It was found that O!, f3 and 'Y subunits are highly 
homologous, reaching > 90 % amino acid identity, while the 7f subunit shows 
extensive differences from class I subunits, ha ving only - 60 % amino acid identity. 
Since ADHs from other species as mouse (38), rat (39), yeast (40-42), Drosophila 
melanogaster (43,44), and maize (45) have also been cloned and sequenced, their 
amino acid sequence could be compared with horse ADH sequence and · it was found 
that horse ADH is most close to human 'Yi subunit, reaching 89 % identity. 

Due to extensive studies which have been done on physical, enzymatic and 
immunological properties of ADH isoenzymes isolated from various species it is, 
nowadays, possible to make detailed comparisons and bring new views on structure
function relationship. 

Although much effort has been directed to elucidation of the coenzyme binding and 
the stereospecificity of the hydride transfer, a complete picture is still missing. 
Insight into the enzymatic mechanism was also gained by using synthesized model 
systems designed on the concept of the working mechanism of the enzyme. Several 
model compounds mimicking the activity of the NAD+ -dependent enzymes have 
been studied (46,47) and used as efficient stereospecific catalysts. 

To obtain more insight into the coenzyme geometry, NAD+ analogues were studied 
and related to the enzyme activity. The geometry was simulated using AMBER 
molecular mechanics calculations and the measured enzymatic activities could be 
rationalized by the conformation determined by this method (48,49). Moreover, 
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AMBER molecular mechanics proved to be useful for elucidation of the enzyme
coenzyme interactions by modelling ADHs, mutated in the coenzyme binding site, 
and several amino acid substitutions were suggested for further study. Cloning of the 
gene encoding horse liver ADH, expression and site-directed mutagenesis can verify 
the relevance of AMBER molecular mechanics to the study of ADH mutants. 
Molecular dynamics are presently underway to obtain even more detailed 
information on structure/function relationship of horse liver alcohol dehydrogenase. 

1.2 SCOPE OF THIS THESIS 

Binding of the NAD+ coenzyme to NAD-dependent dehydrogenases has been 
extensively studied over the last two decades by a variety of methods. Horse liver 
alcohol dehydrogenase is the best characterized enzyme of the family of 
dehydrogenases. Since its three-dimensional structure has been elucidated and the 
kinetic behavior has been well documented, this enzyme is an excellent model 
system to study structure/function relationship of dehydrogenases. 

The research described in this thesis utilizes molecular biology and enzymology 
approach to study the interactions between horse liver ADH and the NAD+ 
coenzyme. We report here on cloning, sequencing and expression of the gene 
encoding horse liver ADH in E. coli, followed by purification of the recombinant 
enzyme, determination of kinetic constants and, finally, site-directed mutagenesis in 
order to determine which amino acids residues substantially affect the coenzyme 
geometry. 

Chapter 1 reviews some of the most important data related to horse liver ADH and 
dehydrogenases in genera!, which are relevant to this research and describes briefly 
the history of the research on ADH over the last few decades. 

Isolation of the total cellular RNA from horse liver and determination of the ADH 
mRNA size by Northem blot analysis using three different cDNA probes is 
described in Chapter 2 and the probe specificities are discussed. 

One of the most impressive techniques discovered in the last decade that penetrated 
in a wide spectrum of applications is the polymerase chain reaction. lts power to 
specifically amplify a given DNA fragment in the background of a complex mixture 
of irrelevant DNA sequences such as genomic DNA was soon recognized and this 
technique was applied to many fields such as molecular biology, medical diagnostics 
or genetics. Chapter 3 describes cloning of the major part of the ADH cDNA using 
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the polymerase chain reaction technology and discusses some primer specificity 
aspects. The nucleotide sequences encoding horse liver ADH-E and ADH-S subunits 
are presented. The convenience of a novel analytical method, capillary electrophore
sis, for the size detennination of amplified DNA fragments is demonstrated. 

Cloning of the entire coding sequence of horse liver ADH, expression in E. coli, 
and purification and characterization of the recombinant protein by detennination of 
kinetic constants is discussed in Chapter 4. The strategy of using an E. coli WL2 
strain expressing low level of its E. coli ADH for expression of the recombinant 
protein followed by a simple purification procedure using DEAE-cellulose 
chromatography is presented. 

Chapter 5 deals with site-directed mutagenesis of horse liver ADH. Molecular 
mechanics calculations based on the crystal structure were used to indicate the most 
interesting amino acid substitutions with respect to coenzyme geometry and enzyme 
stereospecificity. Kunkel site-directed mutagenesis procedure was used to construct 
these mutants. 

A powerful and fast analytical method, capillary electrophoresis, proved useful for 
separation of DNA molecules ranging from a couple of nucleotides to several 
thousands of nucleotides and the data are presented in Chapter 6. The potential of 
this technique to replace in future the traditional slab gel electrophoresis in 
molecular biology and related fields is discussed. 
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CHAPTER2 

RNA ISOLATION AND NORTHERN ANALYSIS 

Abstract 
Total cellular horse liver RNA was isolated in an undegraded fonn as was confimted 
by agarose gel electrophoresis and Nonhem analysis. Poly(A)+RNA was puri.fied by 
oligo(dT)-cellulose chromatography. Three different cDNA probes were used to 
con.finn the presence and to detennine the size of horse liver ADH mRNA: 1. 0 kbp (3 

hwnan ADH cDNA probe, the same probe but shonend to contain the coding region 
only and a PCR . ampli.fied horse liver ADH cDNA probe. Nonhem blotting of horse 
liver RNA revealed a single band of 2.2 kbp suggesting that mRNAs encoding the E 
and the S subunit have approximately the same size. 

2.1 INTRODUCTION 

The isolation of undegraded RNA and the detennination of the size of specific RNA 
molecules within that heterogeneous population is the first step in the pathway 
towards cDNA cloning. · The probability of isolating a full-lenght cDNA clone is 
strongly dependent upon the quality of the RNA preparation used in the cloning 
procedures. Ribonucleases are the main danger for cleavage of RNA because of their 
extreme stability (l-3). RNA must, therefore, be handled with care to avoid 
degradation, and the creation of an RNase-free environment is of major importance. 

In certain applications it is desirable to separate mRNA from other types of cellular 
RNAs. A typical mammalian cell contains about 10-s µg of RNA, 80-85 % of which 
is rRNA (28S, 18S and 5S). Most of the remaining 15-20% consists of low 
molecular weight species, such as tRNA or small nuclear RNAs. Only 1-5 % of total 
cellular RNA consists of mRNA. Most of eukaryotic mRNAs have a tract of 
polyadenylic acid residues at their 3' termini. Affinity chromatography on 
oligo(dT)-cellulose (4) or poly(U)-Sepharose (5) takes advantage of the poly(A) tail 
to specifically bind these molecules. In this manner rRNA, tRNA and other species 
are removed from the total RNA preparation and the poly(ArRNA obtained can 
subsequently be used for PCR amplification or cDNA construction. 
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Several methods can be used to check the quality of isolated RNA, e.g. gel 
electrophoresis of RNA, followed by detection with ethidium bromide, and Northem 
blotting analysis (6-8). Both methods were used to confinn that the RNA was 
isolated in an undegraded form, suitable for PCR amplification. In Northem blotting 
analysis three different probes hybridizing to specific mRNAs were used: an actine 
probe, as a representative of probes common to most cells, a human fJ ADH probe 
and a horse ADH cDNA probe obtained by PCR as described in Chapter 3. Besides 
a general quality check, Northem blotting provided confinnation of the presence and 
determination of the size of horse liver ADH mRNA. 

This chapter describes isolation of total cellular RNA from horse liver, purification 
of poly(A)+RNA by oligo(dT)-cellulose chromatography and size detennination of 
both, ADH mRNA and actin mRNA, by Northem analysis. 

2.2 MATERIALS AND l\1ETHODS 

2.2.1 Creating a ribonuclease-free environment 

Creation of a ribonuclease-free environment is essential for successful work with 
RNA (9). The following precautions were taken to prevent RNA from degradation: 
glassware was baked for 4 h at 250"C and was treated with 0.1 % DEP prior to 
autoclaving. Whenever possible, glassware was substituted by disposable autoclaved 
plasticware. Solutions were treated with 0.1 % DEP ovemight, autoclaved and stirred 
until room temperature was reached, to release DEP degradation products. Solutions 
containing primary amine groups (e.g. Tris) could not be treated with DEP but were 
prepared using DEP treated water. The electrophoresis tank was washed with 
detergent, rinsed with water and ethanol and treated with 3 % H20 2• The tank was 
finally . rinsed with DEP treated water. Gloves were wom at all times and changed 
frequently. 

2.2.2 lsolation of total cellular RNA 

Horse liver tissue was obtained half an hour postmorte, quickly frozen at -70"C and 
stored at this temperature until use. Total cellular RNA was isolated from horse liver 
according to Auffray et al. (10) with minor modifications. All operations were 
perfonned at 0°C unless otherwise indicated. Prozen tissue was homogenized in 10 
ml/g starting material of 6 M urea, 3 M LiCI in a Waring blender for 4 min. The 
homogenate was kept ovemight at O"C. Small pieces of tissue which remained after 
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homogenization were removed by centrifugation for 5 min at 2000 g. RNA was 
pelleted by centrifugation for 30 min at 30,000 g. Supernatant was discarded and the 
walls of the centrifugation tubes were dried with a paper tissue to remove traces of 
DNA. The pellet was dissolved in Buffer III (10 mM Tris-HCI, pH 7.6, 0.5% SDS) 
and 0.5 volume of 3x FEB (0.3 M NaCI, 30 mM Tris-HCI, pH 9.0, 1.5% SDS, 15 
mM EDTA) was added, followed by two extractions with 1 volume 
phenol:chloroform:isoamyl alcohol (25:24:1, v:v:v). Traces of phenol were removed 
by extraction with 1 volume chlorofonn:isoamyl alcohol (24:1, v:v) and RNA was 
precipitated by addition of 2 volumes ethanol and stored as an ethanol precipitate 
at -20°C until further use. 

For determination of the recovery of RNA, an aliquot of ethanol precipitate was 
centrifuged for 15 min at 12,000 g. The pellet was washed with ethanol, dried and 
dissolved in TE buffer. The concentration of RNA was determined 
spectrophotometrically at 260 nm (1 O.D. corresponds to 40 µg/ml RNA). The 
purity of the RNA preparation was determined by the ratio A26c/A280 (11). 

For an estimation of the RNA quality 1 % agarose gel was run in TAB and stained 
with EtBr (0.5 µglµl). 

2.2.3 Purification of poly(AtRNA by oligo(dT)-cellulose cb.romatography 

Purification of poly(A)+RNA was carried out by chromatography on oligo(dT)
cellulose (Sigma). The procedure of column preparation, RNA pretreatment and 
binding of RNA to and elution from oligo(dT)-cellulose was carried out based on 
Aviv et al. (4) with minor modifications. Binding-, washing- and elution-buffers 
contained 0.5% SDS to protect RNA from degradation during chromatography. To 
prevent precipitation of these buffers, chromatography was carried out at elevated 
temperature (30°C). After elution, poly(AtRNA was collected and precipitated by 
addition of NaCl to a final concentration of 0.3 M and 2 volumes of ethanol. 
Recovery and purity of the poly(AtRNA preparation was determined as described 
for total cellular RNA. 

2.2.4 Northern analysis of ADH mRNA 

Glyoxal (40% solution, Janssen Chimica) was deionized with AG 501-XS(D) ion
exchanger (Bio-Rad) as described by Williams et al. (12) and aliquots were stored 
frozen at -20°C. An RNase-free environment was accomplished as described above. 
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Electropboresis. RNA was denatured by incubation for 60 min at 50"C in a solution 
containing 1 M glyoxal, 50% DMSO (Alpha Products) and 10 mM phosphate buffer 
(pH 7.0), as described by Maniatis et al. (13). DNA molecular weight DNA markers 
in the range of 1.6-7.4 kbp were denatured in the same way. After denaturation, the 
DNA markers and the RNA were cooled on ice, 114 volume of loading buffer (50% 
glycerol, 10 mM phosphate buffer (pH 7.0), 0.4% bromophenol blue) was added 
and the samples were loaded on a 1 % agarose gel run in 10 mM phosphate buffer 
(pH 7.0). The gel was run at 3 V/cm with constant recirculation of the buffer to 
maintain the pH < 8.0, which prevents glyoxal dissociation from RNA and DNA. 

Blotting. RNA was transferred from the agarose gel by capillary blotting to Zeta
Probe blotting membranes (Bio-Rad) according to manufacturers recommendations, 
based on Southem et al. (14) and Gatti et al. (15). The membrane was baked under 
vacuum for 2 h at 80"C to remove glyoxal and to immobilize the RNA on the 
membrane. The membrane was stored dry until hybridization. 

cDNA probes. A 1.25 kbp DNA probe (16) coding for the C-terminal section and 
the 3' non-coding region of hamster cytoskeletal actin was isolated from pSP65-Act
l (a gift of Dr. J. Mulders, Katholieke Universiteit Nijmegen, The Netherlands) by 
digestion with Pst I, separation by electrophoresis on agarose gel and electroelution 
on a Bio-trap Schleicher & Schuell apparatus. 

A 1.0 kbp Pst 1 fragment from pADH12 (kindly provided by Dr. G. Duester (17), 
Colorado State University, USA) containing 273 bp encoding 91 amino acids at the 
carboxy-terminal region, 593 bp of 3' untranslated region and approximately 150 
adenylate residues of human (3 ADH cDNA (Fig.2.1) was isolated in the same 
manner. 

Horse liver ADH cDNA probe of 1.1 kbp was obtained by PCR amplification as 
decribed in Chapter 3. This probe encoded 345 amino acid residues of the E subunit, 
representing 92 % of the coding sequence. 

321>-Iabeling. cDNA probes (200 ng) were radioactively labelled with a nick 
translation kit (Amersham) according to manufacturers recommendation to a 
specific activity of 2 x 108 cpm/µg DNA. The nick translation was stopped by 
addition of SDS and EDTA to a final concentration of 0.2 % and 25 mM, 
respectively. The probe was coprecipitated from a mixture containing 1 µg/µl t-RNA 
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after addition of 0.5 volume 7.5 M ammonium acetate and 3 volumes ethanol. 
Labelled probes were used for hybridization of the Northem blot at a concentration 
of 1 x 106 cpm/ml of the hybridization solution. 

250 600 760 

~ ~ 1 

P~tl Sa~3Nlul Alul Haelll Alul Patl 

Fig.2.1. Restriction map of 1.0 kbp fragment of pADH12 carrying pan of the 
(3 human ADH cDNA. The dashed rectangular indicates the coding region, the 
blanck rectangular shows the noncoding region. The scale at the top is in base 
pairs. Pst l and Pst 1-Sau 3A fragments were used in Nonhem analysis to 
probe horse liver ADH mRNA. 

Hybridization. Northem blots were first prehybridized for 5 min at 43°C in 15 ml 
of 50% formamide, 0.25 M phosphate buffer (pH 7.2), 0.25 M NaCl, 7% (w/v) 
SDS and 1 mM EDTA. After prehybridization the membranes were hybridized 
overnight at 43°C in another 15 ml of prehybridization solution containing 1.5 x 107 

cpm of labelled probe, denatured for 5 min at 7CJ>C. The membrane was 
subsequently washed for 15 min. at room temperature in 2x SSC, 0.1 % SDS, 
followed by a wash in 0.5x SSC, 0.1 % SDS and O.lx SSC, 0.1 % SDS. In the case 
of the human cDNA probe an additional wash at elevated temperature (50-6CJ>C) was 
carried out to supress nonspecific hybridization. Autoradiography was carried out for 
1-5 days with intensifying screens. 

2.3 RESULTS AND DISCUSSION 

Since ribonucleases are present in all cells and immediately attack RNA during 
isolation steps, an efficient agent to inhibit ribonucleases is required for a successful 
RNA isolation. Several agents able to suppress enzymatic activity in cells, including 
ribonuclease activity, have been reported, such as guanidine thiocyanate in combi
nation with the reductant 2-mercaptoethanol (18), guanidine hydrochloride (19), 
macaloid (20), urea (10) or buffer-saturated phenol with proteinase K (21). 

The first attempt to isolate undegraded total cellular RNA from frozen horse liver 
tissue was based on a procedure described by Frazier et al. (21) for RNA isolation 
from fetal bovine pancreas. Using this method, in which RNases are inhibited by 
phenol and later digested by proteinase K, RNA was isolated repeatedly in degraded 
form as was obvious from gel electrophoresis. All steps of the isolation were 
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investigated and results showed that degradation of RNA took place mainly during 
repeated precipitation and resuspendation of nucleic acids. Tuis repeated 
precipitation is a necessary step in the isolation procedure since it is described to 
result in the removal of DNA from the preparate (22). Since this procedure proved 
to be unsuitable for RNA isolation from liver tissue another method was utilized. 

The method subsequently applied was originally introduced by Auffray et al. (10) to 
isolate light and heavy chain mRNA from mouse myelomas. It combines selective 
precipitation of RNA and inhibition of ribonuclease activity by a denaturant (6 M 
urea) and by a high salt concentration (3 M LiCl) in a single step. Contaminants 
such as DNA, polysaccharides and proteins remain in solution. Recovery of RNA 
from horse liver was 1.0 mg/g of wet tissue, varying by 6%. Tuis yield is 
comparable to the one obtained by Krawetz et al. (23,24) from buil liver using a 
method based on extraction with guanidine hydrochloride/N-lauroyl sarcosine. The 
ratio A2,,JA280 which for the RNA preparation should be close to 2.0 (11) in this 
case reached only 1. 7. In genera!, a lower value can suggests that the preparation is 
still contaminated with proteins or phenol. Repeated extraction by phenol and 
chloroform was, therefore, carried out. However, the ratio A2,,JA280 did not change. 
Tuis indicates that the contamination is of a different origin. It is assumed that it 
could be caused by molecules of heme that were released from hemoglobine during 
homogenization of the tissue in the initia! step of the isolation. This putative 
contamination by heme had no negative effect on any of the following procedures 
and was removed by oligo(dl)-cellulose chromatography {A26o/A280 raised to 2.2). 

Separation of poly(ArRNA by affinity chromatography on an oligo(dl)-cellulose 
column was carried out with high percentage of SDS in the buffers (0.5%) to 
prevent any risk of degradation. Since SDS was present in the elution buffer as well, 
RNA was reprecipitated prior to use. A yield of poly(A)+RNA of 1.9% of input 
RNA was reached which is within the range reported by Arrand et al. (25) and 
Bilanchon et al. (26). Oligo(dl)-cellulose chromatography also removed possible 
contaminating heme, since the Ai"'1A280 raised to 2.2, indicating a pure RNA 
preparation. 

A widely used method to check the quality of isolated RNA is gel electrophoresis, 
followed by staining with ethidium bromide. Since 28S and 18S ribosomal RNAs 
form distinct bands after separation by gel electrophoresis, they are easily detectable 
by staining and can indicate the quality of the RNA preparation. If also size 
determination of specific RNA species is required, separation under denaturing 
conditions has to be carried out, since rRNAs and some mRNAs have pronounced 
secondary structures. Total cellular RNA from horse liver was separated on agarose 
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gel after denaturation with glyoxal and DMSO. Staining with ethidium bromide 
visualized sharp, clear bands of 28S and 18S rRNA (Fig 2.2). Slower migration of 
denatured RNA as compared to undenatured RNA is caused by the disruption of the 
secondary structure and relaxation of the molecules. The size of denatured RNA 
can, therefore, be detennined using denatured DNA as a moleeular weight marker. 

A B c 

--23.1 

-- 9.4 

-- 6.6 
-- 4.3 

-- 2.3 
28S --> -- 2.0 

18S --> 

-- 0.6 

Fig. 2. 2. Agarose gel electrophoresis of horse liver RNA and Nonhem 
analysis. Native RNA (lane A) and denaturated RNA (lane B) were separated 
through an agarose gel and stained with ethidium bromide. A duplicate 
sample was blotted to a Zeta-probe membrane and hybridized with 
radioactvely labelled hamster actin probe (lane C). DNA size markers are 
indicated in .kbp and large and small ribosomal RNAs are indicated as 28S 
and JBS, respectively. 

Northem analysis showed that mRNA species were isolated in an intact fonn. An 
actin probe was chosen as a representative probe common to most cells and 
Northem analysis showed that a nick translated, 32P-labelled hamster cytoskeletal 
actin probe coding for the C-tenninal section and the 3' non-coding region, cross
hybridized with horse actin mRNA. This observ,ation is a consequence of the fact 
that actins, the major constituent of microfilaments, are highly conserved throughout 
evolution (27-31) . Hybridization revealed a ~ingle undegraded band corresponding to 
2150 bases (Fig 2.2, lane C). Since it has been shown by Dodemont et al. (16) that 
this probe hybridizes to both {3- and y-actin mRNAs, our result suggested that both 
mRNAs in horse tissue are of the same size. Comparison with actin mRNAs from 
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other species indicated that {3- and "-actin mRNA also have the same size in hamster 
and rat (2100 bp), but differ in calf, since an additional band of 2000 bp was 
detected. 

A B c 

2.2kb--> 

Fig. 2.3. Detection of horse liver ADH mRNA by Nonhem analysis. Total 
cellu/ar horse liver RNA was denatured by glyoxal and DMSO, separated 
through a J 3 agarose gel and blotted onto a Zeta-probe membrane. Different 
cDNA probes were used to hybridize to horse liver ADH mRNA. l.ane A: 1.0 
kbp PCR amplijied horse liver cDNA probe, /ane B: 0.4 kbp containing 
human f3 ADH cDNA (Pst 1-Sau JA, coding region), /ane C: 1.0 kbp 
containing human /3 ADH cDNA (Pst I fragment, coding and noncoding 
reg ion), 

Using PCR technology a major part of the horse ADH coding sequence (92 % ) was 
amplified to be used as a hybridization probe to confirm the presence and the 
integrity of horse ADH mRNA in the RNA preparation. Northern blotting analysis 
revealed a band of 2.2 kb in the total cellular RNA preparation (Fig. 2.3, lane A), 
suggesting that mRNAs encoding E and S subunits have approximately the same 
size. Different pattern was found by Bilanchone et al (26) in human adult liver. 
Examination of RNA encoding a, {3 and 'Y ADH subunits revealed the presence öf 
multiple size species in the range of 2.6-1.6 kb. Since horse ADH is composed of 
374 amino acid residues and the 5' untranslated region of most cellular mRNAs 
ranges from 40-80 nucleotides (32) the 3' untranslated region will, therefore, be 
approximately l .O kb long. 
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Human {3 ADH cDNA probe showed no cross-reactivity with horse ADH mRNA 
when hybridized to total RNA even under low stringency conditions (Fig. 2.3 Jane 
C). Hybridization to poly(AtRNA showed a weak smear in the 1.8-2.2 kb region 
with a rather pronounced background. Bilanchone et al. (26) and Duester et al. (17), 
who used the same probe, demonstrated that the probe cross-hybridized to human ex 
and 'Y ADH on a Northem and Southem blot, but showed no hybridization to genes 
of other ADH classes (class II and III) even under low stringency conditions. 
Comparison of nucleotide sequence homology showed that within class 1 a, {3 and 'Y 
ADHs are highly conserved (a-{3 1 = 95.1 %, {31--y2 = 95.6% and y 2-cx = 94.0%), 
(33). On the contrary, differences among ADH classes are more pronounced, class 1 
and Il sharing the highest sequence identity of 67% (34). Human {3 ADH probe 
used for Northem analysis contained only 273 bp of the coding sequence and more 
than 740 bp of the untranslated region, which usually has a lower degree of 
homology than a coding sequence and can, therefore, be responsible for the weak 
cross-hybridization. Comparison of the probe sequence and a complete cDNA 
sequence of horse liver ADH (35 and chapter 3), showed that using predominantly 
coding sequence (Pst I-Sau 3A, 433 bp fragment) will raise the homology from 65 % 
to 87%. The Pst I-Sau 3A probe was hybridized to poly(A)+RNA on a Northem 
blot and, indeed, revealed a weak signal in the region around 2.2 kb (Fig. 2.3, lane 
B). 
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CHAPTER3 

CLONING OF A PARTIAL ADH cDNA USING 
MOPAC 

Abstract 
A major pan of the ADH cDNA coding sequence was obtained using the combined 
cDNA and PCR technology, the mixed oligonucleotides primed amplification of 
cDNA ends (MOPAC). The mixed PCR primers containing inosine where degeneracy 
of the genetic code was maxima/, were designed after a known amino acid sequence 
of horse liver ADH. A PCR product of the expected size was obtained. A novel 
separation technique, capillary electrophoresis through a linear polyacrylamide gel, 
was used to determine the size of the amplified product. Southern blotting using a 
human {j ADH cDNA probe confirmed rhat an ADH cDNA was amplified. The PCR 
product was cloned into M13mp18 and the entire insen of several independent 
clones were sequenced. The amino acid sequence deduced from the consensus 
nucleotide sequence encoding the ADH-E subunit agreed with the amino acid 
sequence determined by protein sequencing. The consensus sequence encoding the 
ADH-S revealed JO amino acid differences from the ADH-E subunit. 

3.1 INTRODUCTION 

The polymerase chain reaction (PCR) bas in the past few years become a powerful 
method with applications in many fields such as molecular biology, medical 
diagnostics or genetics. 

The PCR is a very efficient method for amplifying nucleic acids. In a way it 
mimics the natura! process of DNA replication in the sense that the number of DNA 
molecules doubles after each PCR cycle, the same as during in vivo DNA 
replication. The PCR is an in vitro method for enzymatic synthesis of DNA 
molecules, using a set of two oligonucleotide primers that hybridize to opposite 
strands and flank the region of interest in the target molecule (Fig.3.i). The method 
is based on the repetition of three steps forming a cycle: template denaturation, 
primer annealing and the extension by DNA polymerase. Cycling results in the 
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exponential accumulation of a specific fragment with termini defined by the 5' ends 
of the primers. In addition, longer DNA molecules exceeding the distance between 
the primers are produced during the amplification. Although these molecules are 
generated in every PCR cycle from the original template DNA, they form only a 
minor contribution in the amplified product since they are produced at a linear rate, 
while the number of short molecules defined on both ends by the 5' of each primer 
grows exponentially. The method is so powetful that microgram quantities are 
obtainable from as little as few picograms of target sequence. Moreover, the 
amplification is so specific that a desired product can be amplified from a complex 
mixture such as genomic DNA. 
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Fig. 3.1. The principle of PCR. Shown are the first three cycles. Each cycle 
consists of three steps: denaturation, primer annealing and extension. Besides 

a "short product" defined by the 5' ends of the PCR primers, longer DNA 
molecules are generated (27). 
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The PCR methodology was developed by Mullis et al. (1,2) at Cetus Corporation. 
Initially, Klenow DNA polymerase was used to extend the annealed primers (3,4). 
Denaturation step caused inactivation of the enzyme. Consequently, fresh aliquot of 
the enzyme had to be added during every cycle. A major improvement was reached 
when a thermostable DNA polymerase, isolated from Thermus aquaticus, was 
introduced (5). The reaction components could all be assembled at once and the 
reaction carried out by cycling the temperature in the reaction tube, which offers a 
great potential for automation. The introduction of Taq DNA polymerase not only 
simplified the PCR procedure but also significantly improved the overall 
performance by increasing the yield, the specificity and the length of targets that can 
be amplified. 

Among many other applications, PCR is a powerful technique for cloning of genes 
of interest when the partial amino acid or nucleotide sequence is available. 
Traditional gene cloning involved the synthesis of oligonucleotides that are used as 
hybridization probes. However, the degeneracy of the code requires that a mixture 
of oligonucleotides is used as a probe (6) and recognition of an authentic signa! 
from a background of false positives is difficult. Generation of long DNA probes 
specific for the gene of interest using PCR, therefore, simplifies the screening of 
genomic and cDNA libraries. If at least five amino acid residues at the carboxy
terminus and amino-terminus are known the entire coding region can be cloned using 
PCR even without any genomic or cDNA library construction and screening. 

In order to clone cDNA molecules by PCR, the amplification must be preceeded by 
reverse transcription reaction. The first publication on RNA/PCR amplification was 
used to subclone a fragment of mouse ornithine transcarbamylase mRNA in order to 
study point mutations (7). The sensitivity of RNA amplification is comparable to 
DNA amplification and it was shown that less than 10 RNA molecules can be 
successfuly amplified (8). 

A major part (92%) of the ADH cDNA coding sequence was obtained using the 
mixed oligonucleotides primed amplification of cDNA (MOPAC) (9). The 
amplified cDNA was cloned into M13mp18 and several independent clones were 
sequenced to establish its nucleotide sequence. Comparison with the known amino 
acid sequence of horse liver ADH revealed that cDNAs coding for both the E and 
the S subunit have been cloned. 
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3.2 MATERIALS AND METHODS 

3.2.1 Synthesis of oligonucleotide PCR and sequencing primers 

Mixed PCR primers (Table 3.1) and sequencing primers (Table 3.2) were 
synthesized on an Applied Biosystems Model 381 A DNA synthesizer by the 
phosphoramidite method (10) using a 0.2 micromole column. After the synthesis 
had been completed, primers were cleaved and deprotected with concentrated 

Table 3.1. Mixed PCR primers used to amplify horse liver ADH cDNA. Pl, P2 amplify the 
entire coding sequence while P3, P4 amplify a fragment coding for Trp15 till Glu353. Y, Q 
and R denote A + G, T + C and A + G+ T, respectively. lnosine was incorporated where 
degeneracy was maximal. The Eco Rl recognition sequence flanking the 5' end was added to 
facilitate cloning. 

1 2 3 4 5 6 
Ser Thr Ala Gly Lys Val 

Pl: 5'-GGAATTCC ATG TCI ACI GCI GGI AAY GT -3' 

374 373 372 371 370 369 368 
Phe Thr Leu Ile Thr Arg Ile 

P2: 5'-GGAATTCC YAA IGT IAG RAT IGT ICG RAT-3' 

15 16 17 18 19 20 21 
Trp Glu Glu Lys Lys Pro Phe 

P3: 5'-GGAATTCC TGG GAY GAY AAY AAY CCI TT -3' 

360 359 358 357 356 355 354 353 
Asp Phe Gly Glu Asn Ile Lys Glu 

P4: 5'-GGAATTCC TC YAA ICC QTC YTT IAT QTT QTC -3' 

ammonium hydroxide (32 % ) for 3 x 30 min with subsequent treatment at 55°C 
overnight. Primers were precipitated with ethanol and phenol/chlorophorm extracted 
prior to use. The concentration was determined spectrophotometrically at 260 run (1 
O.D. corresponds to 35µg/ml) (11). Synthesis of a 28mer yielded typically 0.6-
0.8 mg DNA. 
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3.2.2 Reverse transcription and PCR 

Sample pretreatment. Two micrograms of ethanol precipiated poly(AtRNA or 
total RNA were collected by centrifugation at 12,000xg for 15 min; the pellet was 
dried and dissolved in 8µ1 of DEP treated water (Promega). Two microliters of 0.1 
µglµl (dT15)/Xbal primer (Promega) or ADH specific antisense primer P2 or P4 
were added, and the sample was incubated at 7(J'C for 5 min to denature the secon
dary structure. Annealing of the primer was achieved by incubation at room 
temperature for 15 min. 

Reverse trascriptase reaction. Reverse trancription took place in 20 µl containing 2 
µg of polyA +RNA, 0.2 µg of annealed primer, 10 mM Tris-HCl(pH 8.3), 50 mM 
KCl, 0.001 % gelatine, lmM of each dNTP, 8 mM MgC12, 20 U of RNasin 
(Promega) and 30 U of AMV reverse transcriptase (Promega). The reaction mixture 
was incubated for 60 min at 42°C. The enzyme was subsequently denatured for 10 
min at 95°C and the reaction was quickly chilled on ice and stored frozen until use. 

PCR amplification. Two microliters of the reverse transcriptase reaction was mixed 
with 100 pmoles of each sense and antisense PCR primer, 8 µl of lOX Taq buffer 
(100 mM Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgC12, 0.01 % gelatine), 2 µl 
of 10 mM dNTPs and 2 U AmpliTaq DNA polymerase (Perkin Elmer Cetus). Water 
was added to a final volume of 100 µl. The reaction mixture was overlaid with 50 µI 
mineral oil (Perkin Elmer Cetus). The PCR parameters were: denaturation for 2 min 
at 94°C, primer annealing for 2 min at 5(J'C and extension for 2 min at 72°C (the 
extension in the last cycle was prolonged to 10 min to ensure completion of the 
strands). Thirty cycles were performed on Perkin Elmer Cetus DNA Thermal 
Cycler. 

3.2.3 Analysis of PCR amplified product 

Agarose gel electrophoresis. After all PCR cycles had been completed the mineral 
oil was removed by extraction with 100 µl chlorophorm and 10 µl of the water 
phase was analysed next to a molecular weight marker by electrophoresis in 1 % 
agarose gel followed by EtBr staining. 
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Capillary gel electrophoresis. The size of the PCR amplified fragment was 
detennined by capillary electrophoresis as described in detail in Chapter 6. Fused 
silica capillary of 100 µm i.d. and the lenght of 41 cm; 30 cm to the detector was 
used. The separation was performed in 4% linear polyacrylamide gel filled capillary. 
The system was buffered with 10 mM Tris-acatate (pH 8.3), 2 mM EDTA 
containing 0.6 µg/ml of ethidium bromide. Injection was done electrokinetically 
using 10 kVs. The separation took place at 5kV. PCR sample was coinjected with 
<t>Xl 74, Haem (50 µg/ml) as a molecular weight marker. Analysis was carried out 
on a home build instrument linked to a Spectra 100 variable wavelenght detector 
(Spectra Physics). Absorbance was measured at 260 nm. 

Southern analysis. PCR amplification products (500 ng) and a molecular weight 
marker were resolved by electrophoresis through a 1 % agarose gel in TAB buffer 
(12) and the migrated distances were measured under a UV source. DNA was 
denatured by soaking the gel in 0.5 N NaOH, 1 M NaCl for 30 min at room 
temperature and subsequently neutralized in 0.5 M Tris-HCl (pH 7.4), 3M NaCl. 
Capillary transfer to a Zeta-Probe membrane (Bio-Rad) was carried out according to 
manufacturer's recommendation based on Southem (13) and Gatti et al. (14). 
After the transfer had been completed the membrane was rinsed in 2x SSC and 
baked under vacuum for 2 h. Human {3 ADH cDNA probe (Pst I-Sau 3A) was 
labelled toa specific activity of 2 x lü8 cpm/µg DNA and the blot was hybridized 
and washed as described in Chapter 2.2.4. Autoradiography was carried out for 2 
days using intensifying screens. 

3.2.4 Cloning in M13mp18 and sequence analysis 

Two micrograms of a PCR amplified product and 1 µg of M13mpl8 RF 
(Pharmacia) were digested with 5 U of Eco RI (Promega) in 20 µl of commercial 
buffer supplied with this enzyme. Digested PCR product was resolved by electrop
horesis through 1 % low melting point agarose gel (BRL) in TAB buffer and a 
fragment of 1053 bp was excised and eluted from the gel using the Qiagen Plasmid 
Kit (Qiagen). Ligation of 10 ng of digested M13mp18 and 100 ng PCR fragment 
was carried out overnight at 15°C in 20µ1 of commercial ligase buffer (Pharmacia) 
and 2 U T4 DNA ligase (Pharmacia). A 5µ1 aliquot was used for transformation 
experiment. Competent E.coli JMlOlA bacterial strain was prepared using the CaCl2 

procedure and the transformation was carried out as described by Sambrook et al. 
(15). Top agar contained 0.3 mM IPTG and 0.003% X-gal (Sigma) to allow 
blue/white selection of recombinants. 
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Preparation of single-stranded M13 DNA. A 10 ml culture of JM101A was grown 
overnight at 37°C with agitation. The culture was diluted 1: 100 in 2X TY medium 
(16.0 g of bactotryptone, 5.0 g of yeast extract 5.0 g of NaCl) and 40 ml aliquots 
were dispensed. Recombinant plaques were picked with a sterile Pasteur pipette and 
transferred into the diluted cultures. Infected cultures were incubated for 6 h at 
37°C with agitation and subsequently centrifuged twice for 10 min at 10,000xg. The 

Table 3.2. Sequencing primers used to determine the nucleotide sequence of 
horse liver ADH cDNA. The sequence determined with each primer is 
indicated by arrows. The numbers correspond to nucleotides of horse liver 
ADH cDNA coding region. 

-21M13 
SP6 
JG08 
JG09 
JGlO 
JGll 
JG12 
JG13 

5'-d(TGT AAAACGACGGCCAG1)-3' 
5'-d(GATITAGGTGACACTATAG)-3' 
5'-d(ACTGGTTATGGGTCTGCAGTC)-3' 
5'-d(CTTGTCATGCTGTCAAGAAGC)-3' 
5'-d(GGTGATAAAGTCATCCCACTC)-3' 
5'-d(TTACTGTAGTGACGCCTTCTC)-3' 
5'-d(CTCAGATGACCACGTGGTTAG)-3' 
5'-d(AAAGAAGTGGGTGCCACTGAG)-3' 

260 500 750 
1 1 1 

EcoRI 

·21M1S--~ 
JG12 

JG11 

JG10 
JG8 

JG1S 

EcoRI 

JGll 

SP8 

supernatant (30 ml) was carefully transferred into a fresh tube, 6 ml of 20 % PEG, 
2.5 M NaCl was added and the mixture was incubated on ice for 30 min. The 
mixture was then centrifuged for 10 min at 10,000xg and the supernatant was 
removed. The pellet was resuspended in 500 µ1 TE and extracted with an equal 
volume of TE saturated phenol, followed by ether extraction. DNA was precipitated 
with ethanol and the final pellet was dissolved in 20 µ1 TE. The typical yield was 40 
µg ·of single-stranded DNA. 

27 



CHAPTER3 

Sequence analysis. DNA sequencing was perfonned in collaboration with Dr. B. 
Oudega (Free University, Amsterdam, The Netherlands) after the dideoxy
tennination method of Sanger (16) using the Taq Dye Tenninator Cycle 
Sequencing Kit and the 373A Automated DNA Sequencer of Applied Biosystems 
(California, USA). The nucleotide sequences of horse ADH specific sequencing 
primers and -21Ml3 and SP6 commercial sequencing primers are listed in Table 
3.2. 

3.3 RESULTS AND DISCUSSION 

PCR amplification of a reverse transcribed RNA was applied to clone a major part 
of horse liver ADH cDNA. The method used was based on the mixed oligonu
cleotides primed amplification of cDNA (MOPAC) as introduced by Lee et al.(9). 
Mixed PCR primers representing all possible codons were designed after the known 
amino acid sequence of horse liver ADH-E subunit elucidated by Jömvall (17). 
The following factors were considered to obtain efficient PCR primers: the total 
length of the primer, the minimal melting temperature (the melting temperature of a 
species with the highest contents of A and T), the fonnation of secondary structure, 
the complementarity of primers in a pair (to prevent primer dimer fonnation) and a 
requirement of three nucleotide homology at the 3' ends (18). To reduce the total 
number of different primer molecules and, subsequently, to decrease the risk of 
nonspecific priming, inosine was incorporated where degeneracy of the code was 
maximal (19). A sequence not complementary to the template, which is recogni
zed by Eco RI restriction endonuclease, was added to the 5 '-end of each primer to 
facilitate subsequent cloning of the amplified product. While not complementary to 
the template, this 5'-extension becomes incorporated into the amplified product at 
the second and all subsequent cycles of amplification and causes a higher overall 
efficiency due to the increased stability of the priming duplex (20). 

The reverse transcriptase and the PCR reaction were linked in a convenient manner. 
Taq buffer was successfuly used not only for PCR but also for reverse transcription. 
This buffer was supplemented with additional dNTPs and MgCl2 to fullfil the 
requirements of AMV reverse transcriptase. After transcription had been completed 
only a small aliquot (l-2 µl) was used fora 100 µl PCR reaction in order to dilute 
the encreased concentration of dNTPs and MgC12, which might otherwise result in 
more frequent misincorporations and accumulation of nonspecific products, 
respectively (21). 
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The Pl and P2 primers were designed to amplify the entire coding sequence of horse 
liver ADH. This primer set, however, repeatedly failed to amplify ADH cDNA 
(Fig. 3.2, lanes 6 and 7) due to reasons not fully understood. A possible explanation 
could be that 20% inosine contents of primer PI (when neglecting the Eco RI 
restriction sequence) was too high to allow efficient annealing to the template, 
although Lee et al. (9) demonstrated that even a 20% base pair mismatch allows 
generation of a PCR product. The PI primer includes only four out of six possîble 
codon degeneracies for serine and it was shown by Park et al. (22), that the 
correct codon was AGC, which is not present in this mixed primer. Furthennore, 
the purity check of the PI and P2 primers by capillary electrophoresis revealed 
higher contents of impurities than the P3 and P4 primers. A combination of all of 
these factors could explain the failure of the Pl and P2 primers to amplify the 
desired product. 

2 3 4 5 6 7 

1053 bp--> 

Fig. 3.2. Agarose gel analysis of PCR amplijied horse liver ADH cDNA. 
Lanes 1 and 6: PCR on poly(A) +RNA using P3,P4 and Pl,P2 primers, 

respectively. lanes 2 and 7: PCR on total RNA using P3,P4 and Pl ,P2 
primers, respectively. lanes 3 and 4: control lanes containing reverse 
transcribed poly(Ar RNA and total RNA, respectively. Lane 5: molecul,ar 
weight marker (À, HindJII digest). 

The P3 and P4 primers annealling to a region with the minimal codon degeneracy, 
were chosen next, although they amplify only 92 % of the coding sequence. PCR 
amplified a product of the expected size as shown in Fig. 3.2, lanes 1 and 2. The 
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yield after 35 cycles of PCR was approximately 3 µg of DNA. A slight difference in 
the specificity of the amplification, dependent on the starting material, was observed. 
Amplifications of a cDNA originating from total and poly(AtRNA were analyzed. 
In both cases a prominent band of the predicted size was amplified but 
poly(A)+RNA (Fig. 3.2, lane 1) revealed less nonspecificities than total RNA 
(Fig.3.2, lane 2). This observation is presumably caused by a higher ratio between 
the target and other RNA sequences in poly(A)+RNA as compared to total RNA. To 
exclude the possibility that the difference between both samples was present already 
before PCR, appropriate controles were analyzed (Fig. 3.2, lanes 3 and 4). 

The exact size of the amplified product was determined by capillary electrophoresis 
by spiking with a molecular weight marker (4>X174, Heam digest). The analysis 
showed that the amplified fragment corresponds to 1078 bp while 1053 bp is 
expected (Fig. 3.3). In spite of that, size determination by capillary electrophoresis 
was more accurate than by the traditional agarose slab gel electrophoresis. 

0.50 

0.40 

~ 1078 PCR 
0.30 

B~ 
1~ 

0.20 803 
872 

"' • 
0.10 

o.oo 
10 20 30 40 ao 10 70 80 80 100 

~me (mln) 

Fig.3.3. Size determination of the PCR amplified ADH cDNA (primers PJ and 
P4) by capillary electrophoresis. The PCR fragment was coinjected with 
,PX174, Haelll digest as a molecular weight marker. Numbers indicate size in 
bp. 

The effect of different priming of the first-strand cDNA on the PCR product was 
investigated using a genera! (dT1s)IXbaI primer and the speci.fic P4 antisence primer. 
Both primers worked equally well for the subsequent PCR reaction and no difference 
either in quality or quantity of the amplified material could be observed (Fig. 3.4). 
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Southem analysis was used to demonstrate that ADH cDNA had, indeed, been 
amplified. A shortened human (1 ADH cDNA (Pst 1-Sau 3A fragment) as described 
in Chapter 2 was hybridized to an electrophoreticaly resolved PCR product and 
revealed a strong signal at the position of the amplified band (Fig. 3.5, lane 1) while 
no hybridization was observed in the lane with a preamplified sample (Fig. 3.5, 
lane 2). 

2 3 

<---

Fig.3.4. Agarose gel analysis of the amplified ADH cDNA using different 
reverse transcription primers. Two different primers, (dT1J!Xbal (/,ane 2) and 
P4 (/,ane3), were used to reverse transcribe total RNA. Subsequent PCR was 
perfonned with mixed P3 and P4 primers. One fifth of the PCR reaction 
volume was analysed and DNA was visualized by ethidium bromide 
fluorescence. lane 1: À, BstEI digest. 

Amplified ADH cDNA was cloned into the Eco RI site of M13mp18 and several 
independent clones were sequenced using the primers listed in Table 3.2. Sequencing 
and comparison with the known amino acid sequence proved that a horse Iiver ADH 
cDNA had been cloned. To eliminate possible errors that arise during PCR, a 
consensus sequence was established from sequencing 10 independent clones. All 
analyzed clones obtained with the -P3 and P4 primers PCR primers were coding for 
the E subunit of horse Jiver ADH. To also determine the sequence of the S subunit, 
another set of primers was used (Chapter 4). The nucleotide sequence of horse liver 
ADH cDNAs coding for both subunits is shown in Figure 3.6. The amino acid 
sequence deduced from the nucleotide sequence encoding the horse liver ADH-E 
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subunit agreed with the sequence obtained earlier by mapping of tryptic peptides 
(17). Nucleotide sequence coding for the ADH-S subunit showed 27 differences 
from the ADH-E cDNA in the coding region. Since many of them are situated in the 
third position of codons, there are only 10 differences between both subunits in the 
amino acid sequence: 9 substitutions and 1 deletion (Table 3.3). Peptide sequencing 
carried out by Jömvall, H. in 1970 (23) revealed only 6 differences, although it 
was not excluded that additional differences would be detected later by detennining 
the nucleotide sequence. 

2 

---> 

Fi.g.3.5. Southem analysis of amplijied ADH cDNA. ' 2P-labelled Pst 1-Sau JA 
fragment of human (j ADH cDNA (Chapter 2) was used as a hybridization 
probe to detect the J 153 bp fragment of horse liver ADH cDNA. Probe was 
hybridized to the amplijied cDNA (lane 1) and to the unamplijied DNA (lane 
2). Autoradiography was peiformed for 2 days. 

Restriction map of the coding region of horse Iiver ADH cDNA is presented in Fig. 
3.7. Two Pvu II restriction sites were found only in the ADH-S cDNA. 

Taq DNA polymerase is known to produce more errors than Klenow DNA 
polymerase. In order to detennine the overall error frequency and the misincor
poration ra te du ring the PCR a stretch of 100 bases close to the sequencing primer 
was chosen since the probability of errors errors generated bt sequencing is there 
minimal (sequencing a DNA template that was not generated by PCR amplification 
showed no sequencing errors in this region). Ten PCR clones were analysed and 
three misincorporations were found within this 100 bases stretch which means that 
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the overall error frequency is 0.3 % in 35 cycles PCR. The following formula was 
used to express the misincorporation rate (m) of Taq DNA polymerase in this sy
stem: 

m=2(f/d) 

where fis the observed error frequency in the PCR product and d is the number of 
dublings. The calculated misincorporation rate was 1. 7 x 10-4 which is in full 
agreement with the value found by Saiki et al. (24). The reported 
misincorporation rate for Klenow polymerase catalyzed PCR is 8 x 10·5 (25) indi
cating that Taq polymerase is somewhat less reliable than Klenow DNA polymerase. 
The inability to proofread errors may partly explain the lower fidelity of Taq DNA 
polymerase as compared with Klenow polymerase (26). 

Table 3.3. Dijferences in the amino acid sequence of ADH-E and ADH-S 
isoenzymes 

Residue E s 

171 E Q 
43 T A 
59 T A 
94• T I 
101" R s 
110" F L 
115" D deletion 
172 I v 
277 T A 
366• E K 

0 Differences derennined by amino acid sequencing 

Sequencing with commercial primers (-21Ml3, SP6) annealing to the vector 
molecule just outside the PCR insert displayed the sequence of the primer molecules 
that were used in the ten clones analysed (Table 3.4). It is obvious that not only the 
perfectly matched molecules were used for PCR but also those forming mismatches. 
An A-G mismatch was more prevalent than a T-C mismatch. Inosine was in all 
positions substituted by G. 
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S T A G K V I K C K A A V L W E E/Q K K P 20 
ATGAGCACAGCAGGAAAAGTAATAAAATGCAAAGCGGCTGTGCTGTGGGAGGAAAAGAAACCA 63 

A C 
F S I E E V E V A P P K A H E V R I K M V 41 

TTI"I'CCATCGAGGAGGTGGAGGTTGCACCCCCGAAGGCCCATGAAGTCCGTATAAAGATGGTG 126 
A C 

A T/A C I C R S D D H V V S G T L V T/A P L P 62 
GCCACAGGAA'l'"I'TGTCGCTCAGATGACCACGTGGTTAGTGGAACCCTTGTCACACCTCTTCCT 189 

G C G 
V I A G H E A A G I V E S I G E G V T T V 83 

GTGATCGCAGGCCATGAGGCAGCGGGCATTGTGGAGAGCATTGGAGAAGGCGTCACTACAGTA 252 
T C 

R P G D K V I P L F T/I P Q C G K C R/S V C K 104 
AGACCAGGTGATAAAGTCATCCCACTCTI'TACTCCCCAGTGTGGAAAATGCAGGGTI'TGTAAG 315 

T T A 
H P E G N F/L C L K N D/A L S M P R G T M Q D 125 

CACCCTGAAGGCAACTTCTGCTI'GAAAAATGATCTGAGCATGCCTCGGGGAACCATGCAGGAT 378 
C AAA 

G T S R F T C R G K P I H H F L G T S T F 146 
GGTACCAGCAGGTTCACCTGCAGAGGGAAGCCCATCCACCACTTCCTTGGCACCAGCACCTTC 441 

S Q Y T V V D E I S V A K I D A A S P L E 167 
TCCCAGTACACCGTGGTGGACGAGATCTCAGTGGCCAAGATCGATGCGGCCTCACCGCTGGAG 504 

K V C L I/V G C G F S T G Y G S A V K V A K 188 
AAAGTCTGTCTCATTGGCTGTGGATTTTCTACTGGTTATGGGTCTGCAGTCAAGGTTGCCAAG 567 

G 
V T Q G S T C A V F G L G G V G L S V I M 209 

GTCACCCAGGGCTCCACCTGTGCCGTGTTTGGCCTTGGAGGAGTGGGCCTGTCTGTTATCATG 630 

G C K A A G A A R I I G V D I N K D K F A 230 
GGCTGTAAAGCAGCCGGAGCGGCCAGGATCATTGGGGTGGACATCAACAAAGACAAGTTTGCA 693 

K A K E V G A T E C V N P Q D Y K K P I Q 251 
AAGGCCAAAGAAGTGGGTGCCACTGAGTGTGTCAACCCTCAGGACTACAAGAAACCCATCCAG 756 

E V L T E M S N G G V D F S F E V I G R L 272 
GAGGTGCTGACAGAAATGAGCAATGGAGGTGTGGATTTTTCCTTTGAAGTCATTGGTCGGCTC 819 

C A T 
D T M V T/A A L S C C Q E A Y G V S V I V G 293 

GACACTATGGTGACTGCCTTGTCATGCTGTCAAGAAGCATATGGTGTGAGCGTCATTGTGGGA 882 
C G C A 

V P P D S Q N L S M N P M L L L 5 G R T W 314 
GTACCTCCTGATTCCCAAAATCTCTCTATGAATCCTATGTTGCTACTGAGTGGACGTACCTGG 945 

c 
K G A I F G G F K S K D S V P K L V A D F 335 

AAAGGAGCTATTTTTGGCGGTTTTAAGAGTAAAGATTCTGTCCCCAAACTTGTGGCCGATTTT 1008 . T 
M A K K F A L D P L I T H V L P F E K I N 356 

ATGGCTAAAAAGTTTGCACTGGATCCTI'TAATCACCCATGTTTTACCTTTTGAAAAAATAAAT 10 71 

E G F D L L R S G E/K S I R T I L T F 
GAAGGATTTGACCTGCTTGCGTCTGGAGAGAGTATCCGTACCATCCTGACGTTTTGA 

A 

Fig 3.6. Nucleotide sequence of the coding region of horse liver ADH-E and ADH-S cDNA. 
The letter codes indicate .amino acids derived from the the nucleotide sequence. The sequence 
encoding the S subunit is shown below the E subunit. The deletion of the amino acid 115 in 
the S subunit is indicated by a. The numbers referring to amino acid residues are bold. 
Sequence in italics was detennined by Park et al. (22). 
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Table 3.4. Primers used in ten independent cwnes generated by the amplijicatWn of ADH 
cDNA. The Eco Rl restriction sequence at the 5' end of these primers is not shown. The 
authentic sequence was obtained from Park, D-H. et al. (22). The underlined nucleotides show 
the variatWn from the authentic sequence with the exception of positions where inosine was 

present in the primer. 

clone Sense primer clone Antisense primer 

W7 TGGGAGGAQAAGAAQCCGTT W23 TCQAAGCCTTCGTTGATTTTÇTC 
W21 TGGGAGGAQAA.AAAQCCGTT W25 TCQAAGCCÇTCGTTGATTTTÇTC 
W22 TGGGAGGAQAAGAAQCCGTT W27 TCQAAGCCTTCGTTGATTTTÇTC 
W24 TGGGAGGAAAAGAAQCCGTT W28 TCQAAGCCTTCGTTGATÇTTÇTC 
W26 TGGGAGGAQAAGAAQCCGTT W29 TCQAAGCCTTCGTTGATTTTÇTC 
aut. TGGGAGGAAAAGAAACCATT aut. TCAAATCCTTCATTTATTTTTTC 

It can be concluded that PCR proved to be a fast and an efficient method to clone 
the major part (92 % ) of horse liver ADH cDNA coding sequence. Several 
independent clones were sequenced to establish the consensus sequence of the cDNA 
encoding the ADH-E and ADH-S and 10 differences in amino acid sequence were 
observed between them. Since it was found that Taq DNA polymerase introduced in 
average 3 misincorporations every 1,000 bases under the described conditions, the 
use of a more reliable DNA polymerase, such as Pfu DNA polymerase (Stratagene) 
or Vimentin DNA polymerase (New England Biolabs) is recommended whenever it 
is crucial to minimize the misincorporation rate during the PCR amplification. 

Pvu11• Pvun•sphl Pstl Pstl HlndllNdel BamHI 
1 1 1 1 1 1 1 1 

1 1 
250 500 750 

Fig. 3. 7. Restriction map of coding regions of ADH-E and ADH-S cDNAs. 
Numbers indicate bp. Pvu Il restriction site is present only in the ADH-S 
cDNA. 
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EXPRESSION OF HORSE LIVER ADH IN E. COLI 
AND PURIFICATION OF THE RECOMBINANT 

PROTEIN 

Abstract 
Horse liver alcohol dehydrogenase cDNA was cloned using PCR on reverse 
transcribed total cellular RNA. The amplified cDNA was cloned into the pKK223-3 
expression vector and nucleotide sequencing revealed that cDNAs encoding horse 
liver ADH-E and a chimeric ADH-ESE was cloned. Both recombinant isoenzymes 
were expressed in E. coli. Active recombinant ADH-E and ADH-ESE were detected 
by nondenaturing polyacrylamide gel electrophoresis and purified by an ion
exchange chromatography. The purified enzymes co-migrated with a commercial 
horse liver ADH on a SDS-polyacrylamide gel. Recombinant enzymes were 
characterized by detennination of kinetic constants. 

4.1 INTRODUCTION 

An important goal of recombinant DNA technology is the production of intact native 
proteins from recombinant DNA molecules. Bacteria are often used as hosts to reach 
high level of expression. The expression of a cloned eukaryotic gene is dependent 
on correct transcription into mRNA and efficient translation into the desired protein. 
Since eukaryotic genes lack the regulatory sites which are recognized in prokaryotes, 
a strong, regulated promoter and a ribosome binding site must be placed upstream of 
the cloned gene. Special vectors have been designed carrying all regulatory sites 
which are required for high level expression. 

An expression vector pKK223-3 (Fig. 4.1) was used to express horse liver ADH in 
E. coli. This vector contains the strong rrp-lac (rac) promoter first described by De 
Boer et al. (1). The tac promoter contains the -35 region from the trp promoter and 
the -10 region, operator and ribosome binding site of the lac UV-5 promoter. The 
tac promoter construction links the -35 and -10 regions in an optimal distance of 16 
bp to yield a highly expressed promoter. Owing to its construction the tac promoter 
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contains the lac operator region and its strenght can, therefore, be regulated in 
bacterial strains overproducing lac repressor. lt can be derepressed at the appropriate 
time by addition of IPTG. The tac promoter is followed by a multiple cloning site 
derived from pUC8 and a strong rmB ribosomal terminator (2), which stabilizes 
this host-vector system (3,4) . 

-35 -10· 
5'-T~TrAATCATCGGCTC€@fGTG 

S/O 

GAATIGTGAGCGGATAACAATTTCÄCA~ 

ACAGAATTC-3' 
EcoR 1 

Fig. 4.1. Representation of the expression vector pKK223-3 used to express 
horse liver ADH in E. coli. The nucleotide sequence of the tac promoter 
through the Eco R1 site is shown. PCR amplified ADH cDNA was inserted 
between the Eco R1 and Hind Il/ site. 

The most widely used strategy to clone eukaryotic genes is via a cDNA library 
construction. The cDNAs obtained in this way contains sequences upstream from the 
coding region that are not suitable for expression in a prokaryotic system. In order 
to obtain a high level expression of foreign protein these sequences need to be 
removed and the cDNA tailored in such a way that the codon for the first amino 
acid is fused to the initiation codon of the expression vector. The cloned cDNA only 
rarely posesses a restriction site at the ATG codon, which can be used for fusion to 
the expression vector. More commonly, a restriction site downstream from the 
desired fusion site must be used and the missing coding information has to be 
restored using a synthetic DNA linker. Among others, human tumor necrosis factor 
was expressed in E.coli based on this construction (5). 
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Polymerase chain reaction offers the advantage of designing the ends of the cDNA 
coding sequence, already in the cloning step, to be later precisely fused to the 
vector molecule in order to reach a high level expression. PCR primers annealing to 
the codons of the first few and the last few amino acids can be flanked on its 5' by a 
restriction endonuclease recognition site not only to facilitate cloning but also to 
allow efficient expression. 

The total coding sequence of horse liver ADH was cloned by PCR using sense and 
antisense primers carrying Eco RI and Hind m recognition sites, respectively, and 
fused to the expression vector pKK223-3. Recombinant ADH-E and a chimeric 
ADH-ESE were expressed in E.coli WL2 (6), purified by ion-exchange 
chromatography and characterized by determination of kinetic constants. Data 
supporting the conclusion that Vall 72 in the S subunit does not contribute to the 
differences in the kinetic behavior between ADH-E and ADH-S are presented. 

4.2 MA TERIALS AND l\1ETHODS 

4.2.1 Cloning into an expression vector pKK223-3 

A set of PCR primers (Table 4.1) was synthesized to amplify the entire coding 
sequence of horse liver ADH using the sequence published by Park et al. (7). The 
5'end of primer A and B was flanked by Eco RI and Hind m recognition sequence 
(not present in the ADH coding sequence), respectively, to allow precise insertion 
into the expression vector pKK223-3 (Fig. 1) and expression of unfused protein. The 
synthesis of the PCR primers was carried out as described in Chapter 3.2.1. 

Table 4.1. PCR primers amplifying the entire coding sequence. Restriction 
sites for Eco Rl and Hind lil are hold. CGC clamp is added to the 5' end to 
prevent the ends from "breathing • during digestion. Initiation codon and stop 
codon are underlined. 

sequence primer 
antisense (B) 
sense (A) 

5' -d(CGCGAATTCATGAGCACAGCAGGAAAAG)-3' 
5'-d(CGCAAGCTTTCAAAACGTCAGGATGGTA)-3' 

The procedure of reverse transcription and PCR amplification was accomplished as 
described in Chapter 3.2.2. with the exception that Taq DNA polymerase was 
substituted by pfu DNA polymerase (Stratagene) and the PCR reaction was carried 
out in lx Buffer #1 supplied with the enzyme (20 mM Tris-HCl(pH 8.8), 10 mM 
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KCl, 6 mM (NH4) 2S04 , 2 mM MgC12, 0.1 % Triton X-100, 0.1 mg/ml nuclease-free 
BSA). The amplified product and the expression vector were digested with Eco RI 
and Hind m (Boehringer Mannheim) in Eco RI buffer supplied with these enzymes. 
Digestion products were resolved through 1 % agarose gel and the desired fragments 
were excised from the gel and purified using Geneclean Il (Bio 101). Ligation was 
performed with T4 DNA ligase (Pharmacia). Competent XLl-Blue bacterial strain 
(Stratagene) and WL2 (obtained from E.coli Genetic Stock Center, Yale University, 
U.S.A.) was prepared using a CaC12 procedure (8) and transformed with the 
ligation mixtures. 

Plasmides were rescued using a procedure described by Del Sal et al. (9). This 
protocol employs a cationic detergent cetyl trimethyl ammonium bromide (CTAB). 
The advantage of this method is that the entire procedure can be carried out in the 
same tube, which is especially convenient when many samples have to be processed. 
A 1.5 ml of LB supplemented with 100 µg/ml ampicillin and 10 µg/ml tetracycline 
was inoculated with a single colony and cultured overnight. Cells were collected by 
centrifugation and the bacterial pellet was resuspended in 200 µI STET (8 % sucrose, 
0.1 % Triton X-100, 50 mM EDTA, 50 mM Tris-HCl, pH 8.0). Four microliters of 
50 mg/ml lysozyme were added and the mixture was incubated for 5 min at room 
temperature. Samples were boiled for 45 seconds and centrifuged for 10 min. The 
large pellet was easily removed witb a toothpick and 8 µl of 5 % CT AB (Sigma) 
were added to the supernatant. The precipitate was collected by centrifugation for 5 
min. The pellet was dissolved in 300 µ1 1.2 M NaCl by vortexing. DNA was 
precipitated after an addition of 750 µl ethanol and centrifuged for 10 min. The final 
pellet was rinsed with 70 % ethanol, dried under vacuum and dissolved in 50 µl TE. 
The average yield of pKK223-3 recombinants was 20 µg plasmid DNA. 

Since no selection markers could be used to select for recombinants, colonies were 
picked randomly and rescued plasmid DNA was analyzed by restriction analysis and 
by a new round of PCR amplification using 1 ng of plasmid DNA. Clones 
containing an ADH insert were used for expression. 

4.2.2 Expression of horse liver ADH in E. coli 

E.coli XLl-Blue harboring the recombinant plasmids designated pJG15 and pJG45 
which contain horse liver ADH insert and pKK223-3 as a negative controle were 
cultured overnight in LB supplemented witb 100 µg/ml ampicillin and 10 µg/ml 
tetracycline. LB (50 ml) containing only ampicillin was inoculated with the overnight 
culture and was grown at 37°C to a culture turbidity of 1.0 at 600 nm. The 
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expression of ADH was induced by 1 mM IPTG and the cultures were grown for 
additional 18 h. Cells were harvested by centrifugation. Expression in WL2 strain 
was perfonned in the same way with the exception that tetracycline and IPTG were 
omitted. 

The cell pellet (0.3 g of wet cells) was disrupted by grinding with alumina 
(10,11). The final cell paste was resuspended in 200 µl of 100 mM Tris-HCI 
(pH 7.2), 0.2 mM DTT and centrifuged for 30 min at 12,000 g to remove cell 
debris. The supernatant was used for detection of horse liver ADH activity in a 
native polyacrylamide gel, for enzyme assay and for purification of the recombinant 
protein. 

4.2.3 Polyacrylamide gel electrophoresis and detection of ADH activity 

Cell free extract was prepared as described above and discontinuous polyacrylamide 
gel electrophoresis was carried out with a multiphasic buffer system as described by 
Rodbard et al. (12). The stacking gel (pH 7.6) contained 0.032 M H3P04 , 0.0588 
M Tris, 0.1 % Triton X-100, and 4.5% total acrylamide with 2.7% N,N'
methylenebisacrylamide. The running gel (pH 9.0) contained 0.06 M HCl, 0.375 M 
Tris, 0.1 % Triton X-100, and 7.5% total acrylamide with 2.7% N,N'
methylenebisacrylamide. Gels were polymerized with N,N,N' ,N'-tetramethylethyle
nediamine and ammonium persulphate. The cathode buffer contained 0.0498 M 
glycine and 0.0519 M Tris (pH 9.0). The anode buffer was composed of 0.05 M 
HCl and 0.0625 M Tris (pH 7.6). Protein loading of cell free extracts was 300 µg 
per lane. Two micrograms of horse liver ADH (Boehringer Mannheim) was used as 
a positive controle. 

The gel was run at 4°C for 4 h at a constant voltage of 8 V/cm. The electrophoresis 
was discontinued and the gel was stained for ADH activity in 0.5 M ethanol, 1 mM 
NAD+ (Sigma), 0.024 mg/ml phenazine methosulfate (Janssen Chimica), 0.4 mg/ml 
2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride hydrate (Janssen 
Chimica) and 0.1 M Tris-HCl (pH 8.0). Within 30 min a dark red fonnazan band in 
the form of a precipitate was fonned at the site of ADH activity. 

4.2.4 Enzyme assay 

Alcohol dehydrogenase activity was determined spectrophotometrically by measuring 
the rate of NAD+ reduction at 25°C with a Lambda 3B spectrophotometer (Perkin 
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Elmer)(13). The reaction mixture contained 0.015 M sodium pyrophosphate buffer 
(pH 8.8), 0.333 M ethanol, 0.008 M NAD+ and a cell free extract or a DEAE
cellulose purified fraction. One unit of ADH catalyzed fonnation of 1 micromole of 
NADH per minute at 25°C under the specified conditions. The e = 6220 M·1cm·1 

was used to calculate the enzyme activity. 

Protein concentration was detennined by Lowry et al.(14) using bovine serum 
albumine as a standard. 

4.2.S Purification of recombinant horse liver ADH 

WL2 bacterial strain was used to express the recombinant horse liver ADH-E and 
the chimeric ADH-ESE for the purpose of purification. Cell disruption was carried 
out as described in Chapter 4.2.2 starting from 1 liter of culture. All steps were 
carried out at 4°C, unless otherwise specified. Ground cell paste was extracted with 
1 ml of 10 mM Tris-HCl (pH 8.0) and centrifuged for 30 min at 14,000 g. The 
supernatant was fractionated on a 30 ml DEAE-cellulose (DE-52, Whatman) column 
equilibrated with 10 mM Tris-HCl (pH 8.0) as was described for human 
recombinant ADH by Höög et al. (15). E. coli ADH was eluted with 0.3 M NaCl 
in the same buffer. UV profile was followed with a flow through monitor at 280 
nm. Fractions (2.5 ml) were collected and tested for ADH activity as described in 
Chapter 4.2.4. Protein content was detennined by Lowry et. al. (14). 

4.2.6 Analysis of recombinant protein 

The ADH activity containing fraction eluted with 10 mM Tris-HCI (pH 8.0) was 
subjected to analysis on a native polyacrylami de gel as described in Chapter 4.2.2 
and to a separation by SDS polyacrylamide gel electrophoresis through a PhastGel 
Gradient 8-25 (Pharmacia). Low Molecular Weight Calibration Kit (Pharmacia) was 
used to detennine the molecular weight. Gels were silver stained with the PhastGel 
Silver Kit (Pharmacia). 

4.2.7 Steady-state kinetics 

Kinetic constants were determined at 25°C in a buffer containing varied 
concentrations of NAD+ and substrate in 47 mM phosphate buffer, 0.25 mM EDTA 
(pH 8.0). Saturating concentrations of NAD+ and ethanol were 0.42 mM and 10 
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mM respectively. The NAD+ (Sigma) was freeze-dried to remove traces of ethanol. 
The natura! ADH-E purchased from Sigma had no detectable amounts of ethanol. 
Measurements were carried out at 340 nm on a Lambda 3B UV/Vis 
spectrophotometer (Perkin Elmer) using the Perkin Elmer software. Data were fitted 
to Hyper. Standard errors were less than 10 and 20 % for the kcal and Km values, 
respectively. Steroid substrates 56-Androstane-176-ol-3-one and 56-Cholanoic acid-
3-one were dissolved in a buffer containing 0.3 % methanol. 

4.3 RESULTS AND DISCUSSION 

Sequencing of several independent clones containing PCR amplified ADH cDNA 
cloned into pK.K223-3 showed that besides an ADH-E also a BSE chimeric cDNA 
was obtained. The chÎmeric molecule containes the coding region of the E subunit 
except for two positions which are replaced by codons coding for the S subunit 
(Tab. 4.2). Formation of such "shuffled clones" was observed earlier by ether 
groups (16, 17) and can occure as an amplification artefact. These clones can 
arise from incomplete extension of the annealed primer during one cycle. In a later 
cycle this product can prime the replication of a homologous molecule, thus creating 
a chimeric molecule. Since a substantial percentage of independent clones contained 
the same chimeric cDNA the event of incomplete extension is likely to have arisen 
only once and, moreover, in one of the early PCR cycles. 

Table 4.2. Dijference in the primary st7Ucture of the recombinant ADH-E 
(clone pJG45) and the ESE hybrid (clone pJG15). All other residues are in 
both enzymes of the E type. 

Residue number 

172 
277 

E BSE 

Ile Val 
Thr Ala 

Clone pJG45 encoding the ADH-E subunit and pJG15 encoding the ADH-BSE 
chimer were entirely sequenced by Sanger dideoxy-sequencing using primers listed 
in Chapter 3, Table 3.2. and the deduced amino acid sequence revealed difference in 
two positions (Table 4.2.). 
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Expression of horse lîver ADH was detected by electrophoresîs through a 
nondenaturing polyacrylamide gel and staining for ADH activity (Fig. 4.3). Recom
binant ADH comigrated with the commercial horse lîver ADH preceeded by a band 
of E. coli ADH. 

A B c 

horse Iiver ADH -- > 

E. coli ADH -- > 

Fig. 4.3. Detection of expressed hcrse liver ADH in XL-1 Blue bacterial 
strain. Cell free extract from 2 ml of culture was loaded per lane. Lane A: 
pKK45 in XL-1 Blue, lane B: XL-1 Blue, lane C: 2 µ.g commercial horse liver 
ADH (Boehringer Mannheim). 

Uofused horse Iiver ADH-E and a chimeric BSE isoenzyme was expressed in E. 
coli. Two E. coli strains were used for expression, XL-1 Blue and WL2. lt was 
observed that 59 % of the total ADH activity in XL-1 Blue is due to a E. coli ADH 
activity. Therefore, for purificatîon of horse liver ADH, WL2 straîn (18) almost 
totaly lacking E. coli ADH activity was used. Table 4.3 compares recombinant horse 
ADH and E. coli ADH activities in both strains. 

Tab.4.3. Specific activity of eelt free extracts. from XL-1 Blue and WL2 

bacterial strains expressing the recombinant ADH-ESE hybride. 

E. coli strain Specific activity Specific activîty horse E. coli ADH 
ADH (U/mg) liver ADH (U/mg) activity ( % ) 

XLl-Blue 0.054 0.022 59 
WL2 0.017 0.015 11 
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Recombinant ADH expressed in E. coli was purified by DEAE-cellulose 
chromatography (Fig.4.4). It was easy to separate the recombinant protein from 
most bacterial proteins and also from E. coli ADH due to the very basic character of 
the liver ADH. Single passage through a DEAE-cellulose column revealed a 51 fold 

E 
f5 0.5 0.05 ~ 
co 
N 

w 
u 
z : : 

c 
.Ë 
0 
--1 
("') 

<( 

~ 0.25 
'' 
' . 0.025<J 

0: 
0 
!/) 

co 
<( 

' 1 
v 

0 25 50 75 100 125 
VOLUME (ml) 

Fig. 4.4. Purification of recombinant horse liver ADH by DEAE-cellulose 
chromatography. Cell free extract from 1 liter of pKK45 in M-2 strain was 
loaded on the column and eluted with JO mM Tris-HCl (pH 8.0). UV profile 
(-) and ADH activity (--) was followed. The first eluted ADH activ peak 
correspondes to the horse liver ADH the second to the E. coli ADH. The Na Cl 
buffer (indicated by an arrow) was 0.3 M NaCl in JO mM Tns-HCl (pH 8.0). 
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Table 4.3. Puri.fication of recombinant horse liver ADH-E expressed in M.2 bacterial strain. 
Purijication was carried out srarting with 1 liter of culture. 

Step Activity Protein Specific Yield Purification 
activity 

(U) (mg) (U/mg) (%) fold 

cru de 
extract 0.327 25.4 0.0129 100 
DEAE 
cellulose 0.297 0.449 0.662 91 51 

purification compared to the cell free extract. The purification is summarized in 
Table 4.3. The fractions containing horse liver ADH were analyzed by SDS
polyacrylamide gel electrophoresis. The recombinant protein co-migrated with the 
commercial horse liver ADH (Fig.4.5). Recombinant ADH stored frozen in 10 mM 
Tris-HCl (pH 8.0) retained its activity for several weeks. 
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2 3 4 

horse liver ADH -- > · 

Fig. 4.5. SDS-polyacrylatnide gel electrophoresis. Proteins were separated 
through a PhastGel Gradient 8-25 (Pharmacia) and süver stained. Lane 1: 
crude extract of WL2 with pJG15; lane 2: DEAE-cellulose purijied 
recombinant horse liver ADH; lane 3: commercial horse liver ADH 
(Boehringer Mannheim); lane 4: molecular weight marker. 

The recombinant ADH-E was compared to the naturel ADH-E by the determination 
of kinetic constants (Table 4.4.). It can be concluded from these data that the 
recombinant ADH-E is equivalent in kinetic behavior to the natural ADH-E isolated 
from horse liver. 

Table 4.4. Kinetic constants K" and kc" characterizing the natura[ and recombinant ADH-E 
and ADH-ESE isoenzymes 

Natural ADH-E rec. ADH-E rec. ADH-ESE 

Substrate kC41 Km kca/Km kC41 Km kca/Km kcal Km kca/Km 
s-1 mM mM·ls-1 s-1 mM mM·1s·1 s-1 mM mM·1s·1 

Ethanol 1.1 0.46 2.39 1.9 0.37 3.4 1.8 0.40 4.5 

1-Hexanol 0.93 0.038 24.5 1.6 0.039 41 1.2 0.029 41 
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The chimeric ADH-ESE containes two residues of the ADH-S type. One of them, 
the residue 172 is positioned in the catalytic domain. To rule out the possibility that 
residue 172 could be responsible for the known differences in the kinetic constants 
between the ADH-E and ADH-S, K,. and kcal values for two different substrates 
were compared. It has been reported (19) that ADH-E differs considerably from 
ADH-S in Km values for small substrates, the Km for the ADH-S being one to two 
orders of magnitute larger than the values for the ADH-E. Recombinant ADH-E and 
ADH-S reveal nearly identical values for ethanol. Park et al. (22) showed tbat the 
Km for ethanol is 10 times that for 1-hexanol for the ADH-E, compared to over 200 
times for the ADH-S. Values in Table 4.4 show a 10 time increase for the 
recombinant ADH-E and only a 14 time increase for the ADH-ESE. 

Besides the differences in the Michaelis constants, there also exist differences in the 
kcar values between the ADH-E and ADH-S. It bas been demonstrated that the kcal 
values for the ADH-S are about 30% of those for ADH-E (20, 21). Our data 
show that the kc" for the recombinant ADH-ESE is as high as 75% and 95% of the 
ADH-E values, for 1-hexanol and ethanol, respectively. 

Table 4.5. K'" values for the natura/ and recombinant ADH-E and ADH-ESE isoenzymes 

Natura! ADH-E rec. ADH-E rec. ADH-ESE 

Coenzyme K,,,(µM) K,,,(µM) K,,,(µM) 

16.3 19.4 25.6 

ADH isoenzymes display major difference in the substrate specificity. Only ADH-S 
is active towards steroids, while both ADH-E and ADH-S show activity towards 
ethanol and many other substrates. This effect will be caused by one or more of the 
residue differences between both isoenzymes. To rule out the possibility that the 
residue 172 could be responsible for this effect, both recombinant enzymes were 
tested and neither displayd activity towards two different steroid substrates. 

It can be concluded from the presented data that the presence of the ADH-S type 
residue in the position 172 does not contribute to the differences observed between 
the two isoenzymes and is not responsible for the difference in substrate specificity 
between ADH-E and ADH-S. 
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Residue 277 is the other residue of the ADH-S type, present in the recombinant 
chimeric ADH-ESE. lt it situated in the coenzyme binding domain and is located 
close to the adenine ring of the coenzyme. The reported Km values for NAD+ for 
ADH-S are greater than for ADH-E (22). Data presented in Table 4.5 show only 
a minor increase in Km for NAD+ from ADH-E to the chimeric ADH-ESE, that 
could be within the standard error. lt is, therefore, difficult to draw conclusions, 
alhough a partial influence on the coenzyme binding is not excluded. 
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CHA.PTER 5 

SITE-DIRECTED MUTAGENESIS OF HORSE 
LIVER ALCOHOL DEHYDROGENASE 

Abstract 
To get more insight into the interaction berween the NAD+ coenzyme and horse liver 
alcohol dehydrogenase and to be able to determine which amino acid residues 
substantially affect the coenzyme geometry, ADH murants are being prepared using 
Kunkel site-directed muragenesis. The Eco Rl-Hind /Il fragment carrying the ADH 
gene was subcloned in pBluescript SK + and the following mutants are being made: 
Val203Ala, Thr178Val and Val292Ala. Mutated cDNA wilt be cloned in pKK223-3, 
expressed in E.coli M.2 and purified by DEAE-cellulose chromatography. Purified 
mutated ADH will be characterized by determination of Km and kca1 jor NAD+ and 
the coenzyme analogues and will be compared to wild-type ADH. The above 
described experiments are underway. 

5.1 INTRODUCTION 

Binding of the NAD+ coenzyme to dehydrogenases has been studied in detail over 
the the last two decades in order to gain insight into the structure/function 
relationship of the enzyme. 

The coenzyme molecule binds in a cleft between the two domains: the catalytic and 
the coenzyme binding domain, and interacts with residues from both domains. The 
adanosine binding site is easily accessible from solution while the nicotinamide 
binding site is in the center of the molecule, buried far in the protein as was shown 
by Eklund et al.(l). These authors carried out a crystallographic refinement of a 
crystal of a complex with NADH and the inhibitor DMSO and described in detail 
the binding of NAD+ in this complex. The pyridinium ring interacts on one side 
with Thr178, Va1203 and Val294 and the other side is directed toward the active 
site. The carboxamide side chain is then fi:xed by three amino acid residues: the 
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oxygen atom is hydrogen bonded to the main chain nitrogen atom of Phe319 and the 
nitrogen atom of the carboxamide goup is hydrogen bonded to the carbonyl oxygens 
of Val292 and Ala317. 

Dehydrogenases offer an ideal system to study stereospecificity. Dehydrogenases are 
approximately equally devided between those transferring the pro-R hydrogen at the 
4 position of NADH (A type dehydrogenases) and those transferring the pro-S 
hydrogen (B type dehydrogenases). Using deuterated substrates it was shown that 
alcohol dehydrogenase from different species beloog to the A type, although an 
exception has recently been discovered for ADH from Drosophila melanogaster 
transferring the pro-S hydrogen (2). Stereospecificity of horse liver ADH seems to 
be determined by the conformation of the bound coenzyme. NADH binds anti, 
directing the Re hydrogen toward the substrate. In case of reverse stereospecificity 
when the Si hydrogen is presented to the substrate, the nicotinamide ring is to be 
rotated 180° around the glycosidic bond. Such a situation cannot be accomodated by 
the wild type ADH due to a steric hindrance caused by Va1203 and Thr178 (1). A 
simple substitution of these two amino acids for smaller ones using site-directed 
mutagenesis might result in reversion of stereospecificity of horse liver ADH from A 
to B type. 

Optima! functioning of dehydrogenases requires the proper orientation of the 
nicotinamide group towards the substrate. In order to have some indication of which 
amino acid residues in the immediate surrounding of the coenzyme are crucial for 
the proper orientation of the coenzyme, several amino acid substitutions were 
planned. These include the Val292Ala mutation. Since the main chain carbonyl 
oxygen of Va1292 forms a hydrogen bond with the amide nitrogen of the 
nicotinamide group, the Val292Ala mutation may, therefore, affect the positioning of 
the main chain, the hydrogen bond concerned and the orientation of the carboxamide 
group. Furthermore, Val203Ala and Thrl 78Val mutants are being prepared to 
investigate whether these substitutions would influence stereospecificity. 

5.2 MATERIALS AND METHODS 

5.2.1 Mutagenic oligonucleotides 

Purified mutagenic oligonucleotides (Tab.5.1) were obtained from Eurogentec s.a. 
Primer JG292 was designed to replace Val 292 for Ala; primer JG178 to substitute 
Thr178 for Val and primer JG203 to introduce the mutation Va1203Ala. 
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Besides the nucleotide substitution leading to the desired mutation ether positions 
were changed compared to the wild-type sequence to introduce another restriction 
site or destroing the existing one, silent with respect to the amine acid sequence. 
This simplifies the screening procedure for selection of a mutated clone, since only a 
digestion with a single restriction endonuclease is required. A selected clone is 
further sequenced to confinn that the desired mutation has been introduced. 

Primer JG 178 contains, therefore, additional two single base substitutions such that a 
new Bam Hl site is introduced. As a result, an additional Bam Hl site is present in 
horse liver ADH cDNA while the Pst I site, partially overlapping, is destroyed, 
leaving only one Pst I in the cDNA. 

In case of primer JG203, codon GTG coding for Val203 is changed to GCA coding 
for Ala. This single base substitution also constitutes a new palindrom with the bases 
that follow downstream, creating a Stu 1 site, unique to horse liver ADH cDNA. 

Primer JG292 containes an additional substitution destroying the existing Nde 1 
restriction site present only once in the cDNA, which will therefore not be digested 
with this endonuclease. 

5.2.2 Kunkel site-directed mutagenesis 

Kunkel site-directed mutagenesis (3,4) is a highly advanced method to introduce 
almost any desired change into a known DNA sequence. Moreover, this method is 
capable of selective destruction of the original DNA strand, which leads to a reducti
on of clones carrying nonmutant DNA. Therefore, there is often no need to screen a 
high number of clones before a mutant is found. 

Kunkel site-directed mutagenesis utilizes a single-stranded template in which some 
thymine residues have been replaced by uracil. These template molecules are 
generated in E. coli strains carrying the dur mutation, which leads to dUTPase 
deficiency. Since the cells are unable to convert dUTP to dUMP the intracellular 
pool of the dUTP is significantly increased which leads to incorporation of uracil 
into the DNA at positions normally occupied by thymine. Most E. coli strains are 
able to remove uracil residues that have been incorporated into the DNA with the 
help of the enzyme uracil-N-glycosylase. However, unt strains lack the ability to 
remove uracil, which, therefore, remaines in the DNA strand. This uracil containing 
single-stranded DNA further serves as a template for a standard mutagenesis 
procedure. The final heteroduplex molecule is composed of a template strand 
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containing uracil and a strand with thymine synthesized in vitro. Transfonnation of 
this DNA into an ung+ strain leads to destruction of the template strand (not 
carrying a mutation). As a result of this the production of the background wild-type 
clones is efficiently suppressed. 

Kunkel-site directed mutagenesis was adapted as follows. The 1.1 kbp Eco ru-Hind 
m insert of pJG45 contai.ning the entire coding sequence of horse liver ADH-E was 
subcloned in to pBluescript SK + (Stratagene), transformed into the B0265 Kunkel 
strain (ung· dur) and plated on Tet/ Arnp/Chl plate. A selected clone having an ADH 
insert was grown ovemight in LB/ Amp. A 50 ml culture was prepared by diluting 
the ovemight culture 1:20 in LB/Ainp and grown to an 0.D. of 0.3. After addition 
of 40 µl of R408 (Stratagene) containing 101~fu/ml, the culture was grown for 
approximately 6-8 hours at 37°C with vigorous agitation. 

The ssDNA was isolated as follows. The culture was centrifuged twice at 5000 g for 
15 min and the pellet was discarded. A solution of 15 % PEG 8000, 3 M NaCl was 
added to the supernatant as a 1:5 dilution and the mixture was incubated on ice for 
at least 30 min prior to centrifugation. The pellet was dissolved in 400 µl TE. The 
solution was repeatedly extracted with a mixture of phenol/chlorofonn/ 
isoamylalcohol until no interfase remained. The DNA was precipitated with ethanol 
and collected by centrifugation. The final pellet was washed with 70% ethanol and 
dried. 

100 pmol of each mutagenic primer was phosphorylated in 15 µl of a buffer 
containing 0.3 mM ATP, 50 mM Tris-HCl (pH 7.5), 10 mM MgC12, 5 mM DIT, 
50 µg/ml BSA and 5 U of T4 polynucleotide kinase (Promega). The reaction 
mixture was incubated for 60 min at 37°C followed by inactivation of the kinase by 
heating for 5 minutes at 70°C. 

Phosphorylated mutagenic primers (20 pmoles) were annealed in 10 µl of buffer 
containing 1 pmol ssDNA template (pJG45), 50 mM Tris-HCl pH 8.0, 10 mM 
DIT, 30 mM MgOAc, 50 mM NaCl. The mixture was heated at 7lfC for 3 min, 
placed in a water bath and let cool to room temperature over 60 min. 

To the annealed primer the following was added: 0.5 µI of 10 mM ATP, 5 µlof 2 
mM dNTPs, 3 µl of 1 U/µl T4 DNA ligase (Promega), 1 µl of 3 U/µl T4 DNA 
polymerase and the reaction mixture was incubated 5 min on ice, 5 min at room 
temperature and 2 h at 37°C. The reaction was stopped with 3 µlof 0.5 M EDTA. 
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Fig. S.J. Schema/ic represenrarion showing rlre difference in geometry between the wild Type Va/292 (left) and Vaf292Afa m111an1 (right). NAD+ is in tlre cenrer, 
DMSO (right) , Val and Afa (left) and surrounding amino acids up and back. Val292Ala murant introduces more spacefor rhe coenzyme. 



SITE-DIRECTED MUTAGENESIS OF HORSE LIVER ADH 

An aliquot of the reaction mixture was analyzed by 1 % agarose gel electrophoresis 
next to an unextended template to confinn that the extension took place. 

Five microliters of the mixture was transformed into competent E.coli JMIOl cells 
prepared by the CaCl2 method (5) and the cells were plated on LB/ Amp. 

Plasmid DNA was isolated from a few clones and submitted to restriction analysis. 
Selected clones were sequenced to confinn that the desired mutations occurred. 

The Eco Rl-Hind m fragment carrying the mutated ADH-E cDNA was subcloned 
back into the expression vector pKK223-3 and the mutated ADH was expressed and 
purified as described in Chapter 4. 

5.2.3 Molecular simulations 

Images were displayed using Quanta Chann program from Molecular Simulations 
3.2 (Molecular Simulations Ine., USA). The coordinates were purchased from the 
Brookhaven Protein Database based on the X-ray crystallographic data for the 
ternary complex of horse liver ADWNAD+/DMSO (2.9 A resolution, 
crystallographic R factor of 0.22), (6). 

5.3 RESULTS AND DISCUSSION 

The molecular mechanics calculations (7) indicated that Val292 might have a 
crucial effect on correct positioning of the NAD+ coenzyme in the coenzyme binding 
site, by influencing the out of plane orientation of the carboxamide side chain. To 
confinn the relevance of these molecular mechanics calculations, Val292Ala mutant 
of horse liver ADH is being prepared by Kunkel site-directed mutagenesis. If the 
assumptions are correct an increase in K.,. for binding of NAD+ to the mutated ADH 
is expected. Since the substitution for Ala creates more space for the coenzyme (Fig. 
5.1), the binding of some bulky NAD+ analogues might be encouraged causing 
decrease in K.,. values. 

To investigate the role of Val203 and Thrl 78 in the stereospeceficity of horse liver 
ADH, a Val203Ala and Thr178Val mutants and a double mutant of these were 
chosen to be analyzed. As suggested by Eklund et al. (1) substitutions of these two 
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residues for less bulky ones would allow the nicotinamide ring to rotate 180" around 
the glycosidic bond, reversing the stereospecificity of horse liver ADH from A to B 
type. Detennination of kinetic constants with these mutants will show whether or not 
these assumptions are correct. 
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Abstract 

Capillary Electrophoresis 

CHAPTER6 

CAPILLARY ELECTROPHORESIS OF 
OLIGONUCLEOTIDES AND LONG DNA 

FRAGI\IBNTS 

Capillary electrophoresis is a poweiful rechnique to separate DNA molecules. In 
many respects such as speed of separation, sample consumption, resolution, 
sensitivity and on-line detection it is superior to slab gel electrophoresis. Analysis of 
oligonucleotides were carried out in capillaries .fill.ed with cross-linked 
polyacrylamide gel, reaching single base resolution, and was applied to the purity 
detennination of PCR primers. The use for size detennination of oligonucleotides is 
not recommended due to differences in nucleotide mobilities. Linear polyacrylamide 
gel .filled capillaries were used for separations of long DNA fragments in the range 
125-23130 bp and low field strength (< 100 Vlcm) and low gel concentration (3-4%) 
were found optima/. The addition of ethidiumbromide to the gel and buffer enabled 
accurate size detennination of long DNA molecules. 

6.1 INTRODUCTION 

Electrophoresis has become the most frequently used analytica! technique for size 
determination of DNA and RNA molecules. Routine analysis is carried out either in 
agarose or polyacrylamide slab gels, depending on the size range of the analyzed 
molecules. Electrophoresis in agarose gels is also the separation principle of 
Southem (1) and Northem blot analysis, a very sensitive method to detect small 
amounts of specific DNA and RNA molecules, respectively. 

Although electrophoresis in slab gels has become a routine technique in molecular 
biology and related fields, several disadvantages can be observed, as e.g. high 
sample consumption, long period of time required for analysis, detection using 
ethidium bromide which is a powerful mutagen and daily preparation of fresh gels. 
Moreover, sensitivity of the detection in slab gels is rather low, unless Southem or 
Northem analysis requiring at least two days, is carried out. Another inconvenience 
is the data storage and analysis. The most usual way of storing the information 
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obtained from slab gels is by means of photography which does not allow any data 
processing and quantitation is very inaccurate. 

A novel separation technique, capillary electrophoresis, has been recently introduced 
and in 1988 for the first time applied to separations of DNA molecules (2) and 
since used for several applications (3,4,5,6) . It became obvious that in many 
respects it is superior to the traditional slab gel electrophoresis, the most irnpressive 
features being sensitivity, speed of analysis and on-line detection. A comparison of 
both techniques is presented in table 6.1. 

Table 6.1: Flat gel electrophoresis versus Capillary electrophoresis 

Analysis time 
Detection 

Sample 
Performance 
Use 
Reproducibility 

Flat gel electrophoresis Capillary electrophoresis 

houres minutes 
ng range ng-pg range (UV) 
off-line, post-separation on-line 
ui volumes nl volumes 
Single base Single base 
Simultaneous runs Multiple use 
Markers Migration time 

Capillary electrophoresis is carried out in capillaries of approximately 100 /km i.d .. 
Since the resistance of the capillary is very high, it is possible to apply several 
hundred volts per cm (compared to 3-4 V/cm in agarose slab gels) without 
significant heat production. Even if heat would be produced it could easily dissipate 
due to the large capillary surface to volume ratio. 

Analysis of oligonucleotides and long DNA fragments were carried out in cross
linked and linear polyacrylamide gel filled capillaries, respectively. Some parameters 
influencing the separation are discussed and several applications in molecular 
biology are presented. 

6.2 MATERIALS AND METHODS 

6.2.1 lnstrumentation 

Electrophoretic analysis of oligonucleotides was perfonned on a fully automated 
Beckman P/ACE 2000™ HPCE system (Beckman Instruments, Palö Alto, 
California, USA). This instrument is provided with a temperature controlled 
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capillary column, a high voltage power supply (up to 30 kV), an automated sample 
injection system and a UV detector with associated data processing system. 

Separations of PCR products and restriction fragments were carried out on a home
build instrument (Fig. 6.1.). The system consisted of two electrolyte vessels, platina 
electrodes, a high voltage power supply (FUG type HCN 35-35000) an<;l a UV 
detector (Spectra Physics type Spectra 100). The fused silica capillary had an inner 
diameter of 100 µm. The system was operated from a PC via a Multilab interface 
using a computer program CAESAR software (B°WISE). In all cases DNA was 
injected electrokinetically. UV absorbance was measured at 260 run. 

Detector 
caplllary 

Electrolyte vessel 

HVPS 

0·30 kV 

Fig. 6.1. Schematic representation of a CE instrument. 

Gel filled capillaries were made in the following way. -3-methacryloxypropyl
trimethoxysilane was covalently bound to the wall of a fused silica capillary after the 
method of Hjerten (7). Coated capillaries were filled with either a linear 
polyacrylamide gel for separations of PCR and restriction fragments or with a cross
linked polyacry1amide gel for the separations of oligonucleotides as described by 
Lux, J.A. (personal communication). 

6.2.2 Oligonucleotides and PCR amplified DNA fragments 

Oligonucleotides were synthesized on an Applied Biosystem Model 381A DNA 
synthesizer by the phosphoramidite method and purified as described in Chapter 
3.2.1. The final pellet was dissolved in sterile water instead of TE in order to 
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optimize sample stacking during the electrokinetic injection. PCR amplified partial 
ADH cDNA (1053 bp) was prepared by reverse transcription of ADH mRNA and 
amplified on a Perkin Elmer Cetus DNA Therrnal Cycler as described in Chapter 
3.2.2 using Pl and P2 primers. DNA was precipitated by addition of 1/10 volume of 
3 M NaOAc and 2 volumes of ethanol. The pellet was dissolved in sterile water. 

6.3 RESULTS AND DISCUSSION 

Cross-linked polyacrylamide gel filled capillaries proved to be suitable for analysis 
of oligonucleotides reaching a single-base resolution which can be well documented 
by separation of a mixture composed of polydeoxycytidine pd(C)24-36 (Fig.6.3). 

0.15 
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0.10 ;; 
5 

!!!. 

5 
~ r; :au. 0.05 12 
~~ 
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0 5 10 15 20 25 

time (minJ 

Fig. 6.2. Separation of a polydeoxycytidine pd(C)24-36. Sample: 0.1 mglml 
pd(C)24-36; buffer: 0.1 M Tris-HCl pH Z6, 0.25 M borate, 7 M urea; 
capillary: fused silica, 100 µm i.d., 47 cm, 40 cm to the detector; gel: cross
linked polyacrylamide 6% T, 5% C; injection: electrokinetically; separation: 
319 Vlcm. 

The resolution reached in this system opens a broad spectrum of applications for 
analysis of small oligonucleotides, such as sequencing, mutagenic or PCR primers. 
Before such a primer is used in an experiment for which it was designed, it is 
desirable to analyze its purity since contaminated or degraded primer will perforrn 
badly in the PCR experiment. Purity check of a Pl primer (28mer) used in a PCR 
amplification to clone a 1053 bp fragment of horse liver alcoholdehydrogenase 
cDNA (Chapter 3) is shown in Figure 6.3. Analysis displayed a minor contamination 
by a 27mer. A less successful oligonucleotide synthesis was demonstrated on another 
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PCR primer synthesized on the same synthesizer ( Applied Biosystems Model 381 A 
) but using "old" chemicals (Fig. 6.4). The exact percentage of contamination by 
shorter oligonucleotides can be calculated from the peak areas and reached in this 
analysis 39%, which as far above the optimal value. 

A B 
0.20 o." 

0.16 
0.,0 

0.10 
s 
!. 

~ a"' 0.2' 
1~ 

0.01 = 
0.,0 

0.00 .,./~ 

"." .0.015 

•• " " 50 " •• 0 10 11 •• 
time (mln) d!M(ll'lln) 

Fig. 6.3. Quality check of PCR primers (A: Pl primer: 28mer; B: 20 mer). 
Buffer: 0.1 M Tris, 0.25 M H}J03 , pH 8.3, 7 M urea,· capillary: jused silica, 
100 µm i.d (A: 67 cm, 60 cm to the detector; B: 47 cm, 40 cm to the 
detector),· gel: cross-linked polyacrylamûle 6 % T, 5 % C,· injection: 
electrokinetically, 15 sec, 5 kV,· separation: (A: 187 Vlcm, B: 266 Vlcm). 

" 

Since the time required for analysis is under 1 hour and consumes as little as 1-2 n1 
of sample, the system described above offers a convenient purity check of all 
synthesized oligonucleotides before they are going to be used in further experiment. 

Size detennin3ction of synthesized oligonucleotides would be another useful 
application of this technique. An attempt was made to use a standard mixture of 
oligonucleotides pd(C)24-36 as a molecular marker to detennine the size of analyzed 
oligonucleotide. Unfortunately, it appeared that tested oligonucleotides . do not 
migrate corresponding to their size. A set of oligonucleotides of the same length but 
different base composition was analyzed and it was shown that they migrate with 
different mobilities (Fig. 6.4). This effect is supposingly caused by the nature of the 
four different bases and not by secondary structures. This is supported by the 
observation that a mixture of ATP, CTP, TfP and GTP can be separated and each 
nucleotide migrates as a distinct peak (Fig. 6.5). lt can be concluded that capillary 
electrophoresis is not suitable under the tested conditions for the size detenninations 
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of oligonucleotides unless coefficients reflecting the different base mobilities are 
used to recalculate the size. 
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Fig. 6.4. Separation of jour different PCR primers of the same length 
(20mers) but different base composition. Buffer: 0.1 M Tris, 0.25 M HfiO,, 
pH 8.3, 7 M urea; capillary: jused silica, 100 µm i.d, 67 cm, 60 cm to the 
detector; gel: cross-linked polyacrylamide 6 3 T, 5 3 C; injection: 
electrokinetic, 5 sec, 1 kV,· separation :149 V/cm 
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Fig. 6.5. Separation of a mixture of A TP, CTP, TTP and GTP. Buffer: 0.1 M 
Tris, 0.25 M HfiO,, pH 8.3, 7 M urea; capil/ary: fused silica, 100 µm i.d, 
67 cm, 60 cm to the detector; gel: cross-linked polyacrylamide 6 3 T, 5 3 C; 
injection: electrokinetically, 5 sec, 5 kV,· separation : 112 Vlcm 
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Fig. 6.6. Separation of>. Hindl// restriction fragments. Sample: 100 p.glml; 
buffer: 0.1 M Tris-acetate, 2 mM EDTA, pH 8. 3; capillary: fased silica, 100 
p.m i. d. , 40 cm, 30 cm to the detector; gel: linear polyacrylamide 4 3 T; 
injection: electroldnetically, JO sec, 2 kV,· separation: 125 Vlcm. 
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Fig. 6. 7. Separation of q,X Hae/l/ restriction fragments. Sample: 50 p.g/ml; 
buffer: 0.1 M Tris-acetate, 2 mM EDTA, pH 8.3; capillary: fased silica, 100 
p.m i. d., 44 cm, 55 cm to the detector; gel: linear polyacrylamide 4 3 T; 
injection: electrokinetically, 30 sec, 2 kV,· separation: 91 Vlcm. 

It was shown by Lux J.A. (personal communication) that cross-linked 
polyacrylamide gel filled capillaries can be used for analysis of oligonucleotides up 
to approxirnately 500 bases with a single-base resolution. For DNA fragments longer 
than 500 bases another system must be used. 
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Fig. 6.8. Separations of <J>X Haelll restriction jragments under three different 
field strengths. Sample: 50 µ.glml; buffer: 0.1 M Tris-acetate, 2 mM EDTA, 
pH 8.3; capillary: jused silica, 100 µ.m i.d., 56 cm, 45 cm to the detector; 
gel: linear polyacrylamide 6 3 T; injection: electrokinetically, 30 sec, 2 kVi 
separation: (A) 89 Vlcm, (B) 178 Vlcm, (C) 268 V/cm. 
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Good separation of DNA fragments in the range 125-23130 bp was reached in 
capillaries filled with linear polyacrylamide gel, although the resolution substantially 
decreased in the higher molecular weight region. Several DNA molecular weight 
markers routinely used in molecular biology for slab agarose gel electrophoresis 
were subjected to capillary electrophoresis (Fig. 6.6-6.7) and parameters influencing 
the separation were analyzed. It was observed that separations under high voltage 
can cause peak inversion (Fig. 6.8, a-c). 
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lïg. 6.9. Separation of a mixture of q,X Haell/ and pBR322 Haell/ restriction fragments 
without (A) and with (B) the addition of 0.6 µ.glml of ethiàium bromide. Sample: 50 µ.glml 
each; buffer: 0.1 M Tris-acetate, 2 mM EDTA, pH 8.3; capillary: fased silica, 100 µ.m i.d., 
41 cm, 30 cm to the detector; gel: linear polyacrylamiàe 4 % T; injection: electrokinetically, 
15 sec, 1 kV.· separation: 122 Vlcm. 
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In the 6% gel using 89 V/cm DNA fragments migrated correspondingly to their 
size. When 178 V/cm was applied over the capillary the 872 bp fragment migrated 
slower than the one of 1078 bp but still faster than 1358 bp (Fig. 6.8, b). In the 
field of 768 V/cm the 872 fragment shifted even more and co migrated with the 
1358 bp fragment (Fig. 6.8, c). 
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Fig. 6.10. Graphical representation of the in.ftuence of ethidium bromide on the migration 
behaviour of ,PX174-Haelll and pBR322-Haelll. (A: no addition, B: 0.6 µglml EtBr) 

This effect seems to be increased · by combining high field strength and high gel 
concentration, since low concentration gels do not show inversion but only a co 
migration of the 872 and 1087 bp fragments even when 268 V/cm were applied 
(data not shown). 

1t can be concluded that lower gel concentrations (3-4 %) combined with lower field 
strength (not greater than 90 V/cm) should be used to suppress the described effect. 

The suitability of linear polyacryamide gel filled capillaries for size determination of 
unknown DNA fragments was further investigated. Mobilities of DNA molecular 
weight marker fragments in 4 % linear polyacrylamide buffered with 0.1 M Tris
acetate pH 8.3, 2 mM EDTA displayed a non-linear relation to the logarithm of the 
corresponding base pairs (Fig. 6.9, a and 6.10, a) as can be expected from the 
reptation model (8,9). This effect can be partially suppressed by the addition of 
ethidium bromide at the concentration of 0.6 µg/ml to both the gel and the buffer 
(Fig. 6.9, band 6.10, b). 
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The linear polyacrylamide gel electrophoresis was used to detennine the size of PCR 
amplified ADH cDNA under the optimized conditions discussed above using low 
percentage polyacrylamide gel, low voltage and the addition of ethidium bromide 
(chapter 3, Fig. 3.3). PCR primers were designed to amplify a 1053 bp DNA 
fragment. Sample was coinjected with </>X-174 HaeIII digest and semilogaritmic plot 
revealed a size of 1078 bp which is in good correlation with the expected size. 

Capillary electrophoresis proved to be a powerful and fast analytica! method for 
separation of DNA molecules ranging from a few nucleotides to several thousands of 
nucleotides. Due to its high perfonnance, speed and extremely low sample 
consumption it has a high potential to substitute in the future the traditional slab gel 
electrophoresis. Before it can be routinally applied to the broad variety of 
applications in the field of molecular biology and related fields, optimization of 
several parameters should still be carried out. 
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SUMMARY 

Although much effort bas been directed to elucidation of the coenzyme binding and the 
catalytic mechanism of horse liver ADH, the complete picture is still missing. Horse 
liver ADH has been studied by a variety of methods such as Röntgen crystallography, 
steady-state kinetics and amino acid sequencing, and is the best characterized enzyme 
of the family of dehydrogenases. 

The research described in this thesis utilizes a molecular biology and enzymology 
approach and reports on cloning of the gene encoding horse Iiver ADH and expression 
in E. coli, followed by purification of the recombinant protein and characterization by 
kinetic measurements. This research is completed by studying ADH mutants, mutated 
in the coenzyme binding site and influencing the coenzyme geometry. 

The quality of isolated RNA is crucial for obtaining a full-length cDNA clone. A 
procedure based on high urea concentration preventing RNases from cleavage of the 
RNA molecules is utilized for isolation of RNA from horse Iiver. Different cDNA 
probes are used to confirm the presence and integrety of ADH mRNA and parameters 
influencing probe speceficities are discussed. 

The polymerase chain reaction (PCR) has in the past few years become a powerful 
method for amplifying DNA molecules, with applications in many field such as 
molecular biology, medical diagnostics and genetics. Using two oligonucleotide 
primers, annealing specifically to the template DNA, and by carrying out a number of 
cycles of denaturation, primer annealing and extension, the template molecule can be 
amplified in a high background of irrelevant templates. Among many other applications, 
PCR has become a method of choice for cloning of genes when a partial amino acid or 
nucleotide sequence is available. PCR can be used either via amplifying a long cDNA 
probe for screening of genomic or cDNA libraries, or straight by amplifying the entire 
coding sequence. 

A mixed oligonucleotide primed amplification of cDNA (MOPAC) procedure based on 
the combined PCR and cDNA technologîes was used to clone the entire coding 
sequence of horse Iiver ADH gene. The traditional Taq DNA polymerase was 
substituted by Pfa DNA polymerase having a proved reading activity, to minimize the 
rate of misincorporation. 
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An important goal of recombinant DNA technology is the production of intact native 
proteins from the cloned genes. Bacteria are often used as host to reach a high level of 
expression. The option to define the cDNA ends by PCR simplifies the exact fusion of 
the cloned gene with expression vector. The expression and purification of recombinant 
ADH isoenzymes is described and characterization by steady-state kinetics is presented. 

Using AMBER molecular mechanics calculations, amino acid substitutions in the 
coenzyme binding site were selected to study the coenzyme geometry and construction 
of several mutants is currently underway. The rational bebind the choice of amino acid 
substitutions is discussed. 

The use of a novel technique, capillary electrophoresis, in a wide range of applications 
in molecular biology is demonstrated by analyses of oligonucleotides and long DNA 
(PCR) fragments. Several parameters influencing the separations are discussed. 
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SAMENVATIING 

SAMENV ATIING 

Hoewel reeds veel aandacht is besteed aan de opheldering van de coenzym bindings 
plaats en het katalytisch mechanisme van paardelever ADH ontbreekt het totaalbeeld 
nog altijd. Paardelever ADH is bestudeerd met een verscheidenheid aan methoden zoals 
Röntgen kristallografie, steady-state kinetiek en aminozuur sequentie analyse en is het 
best gekarakteriseerde enzym in de familie van de dehydrogenases. 

Het onderzoek beschreven in dit proefschrift maakt gebruik van moleculaire biologie 
en enzymologie en beschrijft de klonering van het gen coderend voor paardelever ADH 
en expressie in E.coli, gevolgd door zuivering van het recombinant eiwit en 
karakterisering door middel van kinetische metingen. Het onderzoek wordt 
gecompleteerd met de studie van ADH mutanten, welke mutaties in de coenzym 
bindingsplaats hebben en de coenzym geometrie beïnvloeden. 

De kwaliteit van het geïsoleerde RNA is van cruciaal belang om een volledige cDNA 
kloon te krijgen. Een procedure, gebaseerd op een hoge concentratie ureum die de RNA 
beschermen tegen knippen door RNases, is gebruikt voor de isolatie van RNA uit 
paardelever. Diverse cDNA probes worden gebruikt om de aanwezigheid en integriteit 
van ADH mRNA te bevestigen en de parameters die de probe specificiteit beïnvloeden 
worden besproken. 

De polymerase ketting reactie (PCR) is de laatste jaren een krachtige methode geworden 
om DNA moleculen te amplificeren met toepassingen in diverse gebieden zoals 
moleculaire biologie, medische diagnostiek en genetica. Gebruikmakend van twee 
oligonucleotide primers die specifiek hechten aan het template DNA en door het 
uitvoeren van diverse denaturerings- en verlengingscycli, kan het template molecuul 
worden versterkt in een hoge achterground van niet relevante templates. In vele 
toepassing is PCR de techniek van keuze geworden voor het kloneren van genen 
wanneer een gedeeltelijke aminozuur of nucleotide volgorde bekend is . PCR kan zowel 
worden gebruikt via versterking van een lange cDNA probe voor het screenen van 
genome- of cDNA bibliotheken, als direct door versterking van de totale coderings 
sequentie. 
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SAMENV ATI1NG 

Een gemengde oligonucleotide was de primer voor versterking van cDNA (MOPAC) 
procedure gebaseerd op de gecombineerde PCR en cDNA technologie om de gehele 
coderings sequentie van het paardelever ADH gen te kloneren. De traditionele Taq 
DNA polymerase werd vervangen door Pfu DNA polymerase, welke een bewezen lees 
activiteit had om het aantal fouten in de inbouw te minimaliseren. 

Een belangrijk doel van recombinant DNA technologie is de productie van intacte 
natieve eiwitten van de gekloneerde genen. Bacterien worden vaak gebruikt als gastheer 
om een hoge graad van expressie te verkrijgen. De mogelijkheid om de cDNA uiteinden 
met behulp van PCR te definieren, vereenvoudigt de precieze fusie van het gekloneerde 
gen met de expressie vector. De expressie en zuivering van recombinant ADH 
isoenzymen is beschreven en karakterizering door middel van steady-state kinetiek 
wordt getoond. 

Gebruikmakend van AMBER moleculaire mechanica berekeningen zijn aminozuur 
substituties in de coenzym bindingsplaats geselecteerd om coenzym geometrie te 
bestuderen en constructie van verscheidene mutanten worden momenteel uitgevoerd. De 
reden van de keuze van de aminozuur substituties wordt besproken. 

Het gebruik van een nieuwe techniek, capillaire electroforese, in een breed gebied van 
applicaties in moleculaire biologie wordt getoond door middel van analyses van 
oligonucleotiden en lange DNA (PCR) fragmenten. Verschillende parameters die de 
scheiding beïnvloeden worden besproken. 
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The polymerase chain reaction is a highly impressive method which can readily 
amplify a single copy of a target sequence in the background of at least 106 

genomes. This also suggests that the risk of contamination of the reaction by trace 
amounts of DNAs that could serve as template will be of main concern, especially in 
medical diagnostics. 

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf. S.J., Higuchi, R., Hom, G.T, 
Mullis, K.B. and Erlich, H.A. (1988) Science 239, 487. 

2 
Whereas sorbitol and alcohol dehydrogenases are distinguished as different enzymes 
and given different enzyme numbers in conventional nomenclature, all alcohol 
dehydrogenases are given the same number. However, the structural data reveal that 
the degree of identity is as high or higher between sorbitol and alcohol 
dehydrogenase of different enzyme number as between yeast and mammalian ADHs 
having the same number. Consequently, proteins considered as closely related 
isozymes when one property is emphasized need not be equally closely related when 
another property is considered. Therefore, the present nomenclature does not fully 
reflect the reality. 

Jömvall, H. (1986) Chemica Scripra 26B, 231. 

3 
The following statement by Theorell:"There are systematic differences between EB 
and SS: NADH coupling to SS is fitmer tban for EE, and nearly independent of 
pH ..... We must draw the conclusion that some of the five different amino acids are 
functional at or near the binding sites of the coenzyme", is not correct. 

Theorell, H. (1970) in Pyridine Nucleotide-Dependent Dehydrogenases (Sund, H., 
ed.) Springer Verslag, Berlin, Heide/berg, and New York, pp 121-126. 

4 
Long DNA probes generated by the polymerase chain reaction are superior to short 
oligonucleotide probes in Southem and Northern analysis. 



5 
At those times when nucleotide sequences were not yet available to support peptide 
mapping it was dangerous to draw conclusions about structure/function relationschip, 
since several mistakes in the primary structures were found later when the nucleotide 
sequence analysis was carried out, as was the case (or horse liver ADH. 

Jömvall, H. (1970) Eur. J. Biochem. 16, 41. 
Park, D.-H. & Plapp, B.V. (1991) J. Biol. Chem. 266, 1329. 

6 
Human 6-ADH cDNA probe surprisingly shows no cross-hybridization with horse 
ADH mRNA when hybridized to total cellular RNA even under low stringency 
conditions. 

This thesis. 

7 
Far too aften one faces the fact that ones request for already published material is 
refused since the other scientist works on a similar project, which subsequently 
hampers the progress in science. 

8 
Extremely short matemity leave and in some cases even without any garantee for 
returning to the previous position is not a good investment for the American future. 

Jana van de Goor-Kucerová Eindhoven, 21 december 1992 


