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by 

David Nees 

Abstract 

The restriction endonuclease Pst I cleavage site map 

of Ad2 was generated. Several recombinant molecules were 

formed, containing Pst I-generated fragments of Ad2 DNA, 

inserted into the E. coli vector pBR322. These 

molecules are designed to be useful for the study of RNA 

processing because they contain signals for splicing and 

polyadenylation. 

A filter binding assay was developed to measure the 

affinity of snRNPs for nucleic acids. The of U1 

snRNPs was determined to be on the order of 10~^® to 

ÎO”11 M for RNA with or without a donor splice junction 

and for denatured DNA. U2 snRNP also bound RNA containing a 

donor splice junction with a KD of 10”^ M. The 

dissociation of U1 snRNP from denatured DNA was followed and 

the remainder of the snRNPs dissociated in less than one 

minute and fifty percent dissociated with a of 20 

minutes. 
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Chapter One-Introduction 

Splicing 

In eukaryotes, mRNA is formed from a larger 

precursor transcript by processing of the primary 

transcript. Transcripts are cleaved and polyadenylated at 

those locations destined to become the 3' termini of mRNA. 

Furthermore, transcripts are divested of internal regions by 

a process called splicing. This discussion will center on 

splicing of mRNAs in higher eukaryotes because U1 snRNPs are 

now known to be required for this event (see below). 

However, it should be noted that splicing and processing of 

3' termini are frequent events in the synthesis of a wide 

number of RNAs in eukaryotes (see reference 1 for a review). 

For convenience some terminology will be introduced 

at this point. The sequence which is removed from the RNA 

during splicing is called an intervening sequence or intron. 

Conversely, the regions that are maintained are called exons 

(an acronym for expressed regions). The junctions between 

introns and exons are called splice junctions. The splice 

junction on the 5' side of an intron is called a donor, and 

the splice junction on the 3' side is called an acceptor. 

Splice junction boundaries are the only conserved 

regions within introns. ’ ' The consensus sequence for 

the donor is (CA)AG/GT(AG)AGT where the slash indicates the 

probable splice point and the parentheses indicate a choice 
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of either nucleotide. The consensus sequence for the 

acceptor is (TC>nN(CT)AG/G where N is any nucleotide and 

2 
n indicates a run of the indicated nucleotides (n>ll). 

The donor invariably contains the dinucleotide GT at the 

exon-intron boundary. The acceptor contains the 

dinucleotide AG at the intron-exon boundary at high 

frequency. The presence of these two invariant 

dinucleotides has been termed the Chambon or GT-AG rule. 

Mount has recently provided a catalogue of sequences around 

2 
splice junctions. 

The presence of consensus sequences has encouraged 

considerable speculation about the mechanism of splicing. 

One area of speculation involves the five small nuclear RNAs 

Ul, U2, U4, U5, and U6. Rogers and Wall, and Lerner a£. 

ai., have noted that the 5' portion of Ul RNA could 

hypothetically base pair to splice junctions and speculated 
4' 5 

that Ul RNA may be involved in splicing. ' Also, 

Oshima ai. ai« noticed an internal region of U2 RNA 

which could hypothetically base pair across splice 

junctions.** In these models U2 would base pair to 

sequences on the "exon side" of the splice junction and Ul 
g 

would base pair to sequences on the "intron side". The 

model for U2 is not as well substantiated as that for Ul 

because the internal region postulated to be involved in the 

base pairing in U2 is not conserved among higher eukaryotes, 
7 

whereas the 5’ region of Ul is. Also, the original 



postulate of U1 recognition for both the donor and acceptor 

may not be correct because the required U1 sequence for 

acceptor recognition is not evolutionally conserved; thus, 

U1 RNA is now thought to recognize only the donor 

8 
sequence. 

The Ü RNAs are well characterized (see reference 9 
g 

for a review). All the U RNAs have been sequenced. 

Like mRNA they are "capped" (a 7-methylguanosine in a 

5'-5'pyrophosphate bridge), although their caps are 

different from those found on mRNAs (a 

2,21,7-methylguanosine in a 5'-5'pyrophosphate bridge). All 

Ü RNAs contain modified bases such as pseudouridine, with U2 

containing a particularly high number.The ü RNAs 

12-14 
are localized in the nucleus. Copy number studies 

indicate that U1 and U2 are present in HeLa cells at 10^ 

copies per cell while 04, 05, and 06 are present at 10^ 

15 
copies or less. These RNAs are bound into protein 

particles called 0 snRNPs.^ SnRNP is an acronym for 

small nuclear ribonucleoprotein particle (small refers to 

the RNA only). The particles themselves are only partially 

characterized (see below). 

01 snRNPs have been immunoprecipitated by two types 

of antisera from some patients suffering from Systemic Lupus 

Erythematosis (SLE; an autoimmune disease)#
5'*6,17 T^e 

first class of antisera, anti-RNP, precipitates only 01 

snRNPs. ' The second class, anti-Sm, precipitates all 



These 
5 13 the members of the snRNP family. ' 

immunoprécipitations are both RNAse and protease 

sensitive. ' Both antisera will precipitate 8 

polypeptides from unfractionated nuclear extracts, and these 

polypeptides appear to be identical upon analysis by one 
5 

dimensional SDS gel electrophoresis. 

Analysis of U1 and U2 snRNPs by immunoprécipitation 

or purification has demonstrated a set of polypeptides 

unique to each snRNP assembly and a set common to both snRNP 

19 20 
assemblies. ' Four polypeptides, 8 Kd, 9 Kd, 10 Kd, 

and 12 Kd in size, are present in the same amounts on both 

snRNPs. The 8 Kd, 9 Kd, and 10 Kd polypeptides are present 

at one copy each per snRNP. The 12 Kd polypeptide is 

present at 3-4 copies per snRNP. The stoichiometry, 

relative to the RNA moiety, of two polypeptides of 22 Kd and 

23 Kd are 0.7 and 0.3 respectively in the U1 snRNP 

population and 0.6 and 0.4 repectively in the U2 snRNP 

population when analyzed by one-dimensional SDS gel 

electrophoresis. These fractional stoichiometries which add 

to unity suggest that only one of the two polypeptides is 

present in any given snRNP. When analyzed by 

two-dimensional gel electrophoresis systems, U2 snRNPs are 

found to contain a second polypeptide of 23Kd which is 

different from 22 Kd and 23 Kd polypeptides common to both 

U1 and U2 snRNPs. The different 22Kd and 23 Kd polypeptide 

stoichiometries for the U2 snRNP population, relative to the 
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ül snRNP stoichiometries obtained after one-dimensional SDS 

gel electrophoresis, reflect the presence of the 23 Kd 

polypeptide unique to U2 snRNPs. In addition to common 

polypeptides, 01 snRNPs contain three unique proteins of 67 

Kd, 30 Kd, and 18 Kd; U2 snRNPs contain two unique 

polypeptides of 27 Kd and 23 Kd (as described 

19—23 
above). Therefore, the two snRNPs have similar 

structures yet are different assemblies. This suggests a 

20 
similar though unique function for each snRNP. 

The earlier experimental evidence available on 

snRNPs is consistent with their involvement in RNA 
Q 

metabolism. For example, they are present and 

conserved throughout the higher eukaryotic kingdom. 

They are contained at high copy numbers in higher eukaryotic 

cells (10^ for U1 snRNPs and U2 snRNPs and 105 for 

the others).15 Conspicuously, they co-isolate with 

24-31 
precursor mRNA. 

Recently, the anti-RNP and anti-Sm antibodies have 

been shown to inhibit splicing in in vitro splicing systems 

which provides direct evidence for ül snRNP involvement in 

splicing.Initially, Yang si al. 

demonstrated that these antibodies inhibit splicing in 

isolated nuclei.22,22 Tjle anti_£up antibodies will not 

inhibit polyadenylation of RNA; thus, the antibodies are not 

acting nonspecifically to shut off RNA metabolism in 

33 
general. Nevertheless, this system is still crude; 
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therefore, indirect inhibition of splicing can not be ruled 

33 out. More recently, an in vitro splicing system, made 

by an ammonium sulfate precipitation of whole cell extracts, 

has been shown to be inhibited by the antibodies. Thus, an 

unambiguous answer has been provided to the question of U1 
o 4 OO 

snRNP involvement in splicing. 

Adenovirus RNA Transcription and Processing 

Adenovirus 2 (Ad2) is a human virus that is capable 

of transforming rat and hamster cells in 

39-41 vitro. In a HeLa cell, Ad2 produces a lytic 

infection; the virus completely takes over the host cell 

machinery by the end of the infectious cycle. The host cell 

machinery is needed for viral replication due to the limited 

coding capacity of the viral genome (for a review see 

reference 42). 

Transcription from the Ad2 genome has been 

extensively studied, and RNA polymerase II has been shown to 

be responsible for all RNA transcripts from the genome 

except for two small RNAs (VA RNAs) which are transcribed by 

43-47 
RNA polymerase III. Regions of the viral genome 

are transcribed in stages which correlate with the 

development of infection. Classically, early and late stage 

genes have been defined by their appearance before or after 

the onset of DNA replication. 

Nearly all late mRNAs are made from differential 



processing of a single transcript. Transcription of this 

precursor proceeds from the major late promoter (located at 

16.5 map units) to near the end of the genome (see Figure 

1). The transcription and processing steps to produce an 

Ad2 late mRNA parallel those of eukaryotic mRNAs in 

42 
general : 1) transcription proceeds for long distances 

from the major late promoter located at 16.5 map units, 2) 

polyadenylation occurs at one of five sites, and 3) splicing 

of three promoter proximal leader (nontranslated) segments 

occurs onto a unique 5' end of the body of the individual 

mRNA (see Figure 1). 

Recombinant DNA 

In recent years recombinant DNA technology has 

provided a powerful tool for manipulating genetic 

information. This technology relies on restriction 

endonucleases, a vector DNA molecule, and a host cell in 

which the vector can replicate independently. The most 

commonly used vector, pBR322, is an independently 

replicating plasmid in Escherichia coli (£. 

coli).48 

This plasmid contains a colcin El origin of 

replication and 2 genes coding for resistance to the 

antibiotics ampicillin and tetracycline. Within these drug 

marker genes are unique restriction endonuclease sites. In 

general, these genes are inactivated by insertion of foreign 
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Figure 1 

Map of the Ad2 Early and Late mRNAs. 
The direction of transcription is indicated by 

arrows. The major late promoter is located at 16.5 map 
units. Promoters for the early regions are generally at the 
beginning of their arrows. Polyadenylation sites are 
located at the tips of the arrows. The leader sequences 1, 
2, and 3 are spliced to the late messages made from the 
major late promoter. Their positions are indicated by 
dots. Splices are indicated by caret symbols. Thick lines 
indicate predominate RNA species and thin lines rare RNA 
species. The early message made from the major late 
promoter is also shown. It contains an additional leader 
(i) as compared to the late messages. 
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material into these sites (see Figure 2). 

Definition of Thesis Project 

This thesis is concerned with the construction of 

recombinant molecules containing Ad2 sequences coding for 

precursor mRNA processing signals. These molecules were 

used to generate RNA which was then used in a survey of 01 

and 02 snRNP binding to nucleic acids. Recombinant 

molecules were constructed by inserting fragments, generated 

by digesting Ad2 DNA with the restriction endonuclease Pst 

I, into the unique Eat I site of pBR322. Furthermore, to 

clearly identify what area of the genome each fragment 

contained, the Eat. I restriction endonuclease sites in Ad2 

were mapped. Further recombinant molecules were generated 

which coded for both splicing and polyadenylation signals. 

These hybrid molecules were constructed to resemble cellular 

genes ("minigenes"). 

Pst I was chosen because it cleaves the Ad2 genome 

more frequently than most other restriction enzymes which 

recognize six base-pair sequences. This provided a large 

number of possible fragments for construction experiments. 

The rationale for selecting Ad2 sequences was that: 1) Ad2 

has a strong in vitro eukaryotic promoter (the major' late 

34 
promoter), 2) Ad2 has short introns close to the major 

late promoter, 3) the sites within Ad2 containing RNA 

processing signals (including splicing and polyadenylation) 
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Figure 2 

The Plasmid pBR322. 
The origin of replication and the two drug 

resistance genes are marked. Pertinent restriction 
endonuclease sites are marked (Esi. 1/ Eco RI, Hind III, 
Sal I, and Bam HI). DNA fragments created by the 
restriction endonucleases Xho I and Bgl II may also be 
cloned using this plasmid. The 5' 4 base protruding ends 
generated by digestion with Xho I are complementary to ends 
generated by digestion with Sal I. The 5' 4 base 
protruding ends generated by digestion with Bgl II are 
complementary to ends generated by digestion with Bam HI. 
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are mapped, and 4)the cleavage site maps of several 

restriction endonucleases are known for the Ad2 genome. 

Since U1 snRNPs are required for splicing it might 

be expected for them to bind nucleic acids, particularly 

RNA. We undertook a study of this type of binding. A 

convenient method for studying protein-nucleic acid 

interactions uses filtration of bound complexes through a 

membrane filter which binds proteins (filter 

49-52 
binding). We have used this method to measure 

interactions between U2 snRNPs and, in particular, U1 snRNPs 

and various types of nucleic acids. One of the nucleic 

acids used was an RNA containing a donor splice junction 

transcribed in vitro from one of the specially constructed 

Ad2 recombinant molecules. 



Chapter Two-Material and Methods 

General Materials and Methods 

Bacterial Strains and Growth 

The strain used for transformations and preparation 

of plasmid DNA was E. coli strain 294, provided by 

Dr. Susan Berget. The genotype of this strain is 

hsdR17(rk”,mk
+); Bl“; 

EndoI~î pro~î su II. All bacteria were 

grown in either Luria broth (LB) or M9CA minimal media 

supplemented with 0.4% glucose, 2 yg/ml Thiamin 

hydrochloride, 2 mM MgSO^, and 0.1 mM CaClj»^ 

The strain used for preparation of T4 ligase was an 

E. coli K1100 strain which has been constructed by 

54 
Dr. N. Murray. This particular strain carries the T4 

ligase- gene encoded on a temperature sensitive X lysogen. 

Induction of the phage induces the production of T4 ligase. 

This strain was kindly provided by Dr. George Bennett. 

Cells were grown in M9CA minimal media supplemented as 

described above. 

The strain used for the preparation of X phage was 

E. coli lysogenized with phage X CI857S7. It was 

kindly provided by Dr, Susan Berget. Cells for phage 

preparation were grown in LB. 

The strain used for the preparation of the 
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restriction endonuclease Pst I was Provendencia stuartii 

strain 164. It was obtained from the American Type Culture 

Collection and grown in M9CA minimal media to prepare the 

restriction endonuclease. 

DNAs 

Ad2 DNA was the kind gift of Dr. Susan Berget. The 

plasmid pBR322 was the kind gift of Dr. Susan Berget or was 

prepared. Plasmid DNAs in general were prepared by the 

55 
method of Clewell and Helinski. P22 DNA was the kind 

gift of Dr. Peter Berget. Lambda DNA was prepared as 

described by Hedgpeth at. ai. except that the DNase 

step was omitted.^ 

Gel Electrophoresis 

Agarose gel electrophoresis of DNA was performed in 

one of two buffers. Agarose gels from which the DNA was to 

be extracted were buffered with DNA E' buffer (40 mM 

TrisOAc, pH 8.0; 50 mM NaOAc; 2 mM EDTA). Samples were 

subjected to electrophoresis at 50 volts overnight. All 

other agarose gels were buffered with TBE buffer (89 mM 

Tris; 89 mM boric acid; 2 mM EDTA). Samples in this system 

were subjected to electrophoresis at 150 volts for 

approximately 2 hours. 

Polyacrylamide gel electrophoresis of DNA was 

performed in TBE buffer. Samples were subjected to 
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electrophoresis at 90-200 volts, usually until the marker 

dye bromphenol blue, which was included with the sample, was 

near the bottom of the gel. 

Gel electrophoresis of RNA was performed on 

polyacrylamide gels buffered with RNA E' buffer (45 mM Tris; 

45 mM boric acid; 4 mM EDTA) with 7 M urea included in the 

57 
gel. Gel electrophoresis was performed at 150-500 

volts until one of the marker dyes, bromphenol blue or 

xylene cyanol, which were included with the samples, was 

near the bottom of the gel. A 10% polyacrylamide gel was 

used for the U RNAs; the bromphenol blue dye was followed on 

these gels. A 5% polyacrylamide gel was used for the RNAs 

made from the Ad2 or g-lactamase promoters? the xylene 

cyanol dye was followed on these gels. 

Enzymes and snRNPs 

All the enzymes whose preparation is not included 

herein were purchased from one of the major supply companies 

for molecular biological tools (Bethesda Research 

Laboratories, Boehringer Mannheim, New England Biolabs, P.L. 

Biochemicals). The restriction endonucleases Bam HI and Sma 

I were kindly provided by Claire Kinlaw. E. £fili 

RNA polymerase was the kind gift of Dr. George Bennett and 

Dr. David Russell. The large fragment of £. coli 

DNA polymerase (Klenow) was the kind gift of Dr. George 

Bennett or was purchased from Boehringer Mannheim. 
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ül and U2 snRNPs were kindly provided by Dr. Susan 

Berget, Claire Kinlaw, and Barbara Robberson. Their method 

20 
of preparation has been described elsewhere. A flow 

diagram of the method of preparation of snRNPs is shown in 

Figure 3. 

In Vitro Transcription Extracts 

In vitro transcription extracts of eukaryotic RNA 

polymerase II from HeLa cells was prepared as described by 

Manley fii. al. 

T4 Ligase 

T4 ligase used for almost all the experiments was 

the kind gift of Dr. Peter Berget. T4 ligase used to 

prepare several of the recombinant molecules was prepared as 

58 described previously. 

Purification of Est I 

The following assays were used during the 

purification of I. Column fractions were assayed by 

digesting bacteriophage P22 DNA or X DNA. The digestion was 

detected by: 1) agarose gel electrophoresis of the DNA, 2) 

staining of the DNA bands with ethidium bromide, and' 3) 

visualization of bands by short wave UV light. A unit of 

enzyme was defined as the amount of enzyme required to 

digest 1 u9 of Ad2 DNA in medium salt restriction 
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Figure 3 

Flow Diagram for the Preparation of U1 and U2 snRNPs. 
The snRNPs were prepared by Dr. Susan Berget, 

Claire Kinlaw, and Barbara Robberson as previously 
described. Hep. refers Heparin agarose 
chromatography. Cib. Blue refers to cibracon blue 
chromatography, co-aminopentyl refers to w-aminopentyl 
agarose chromatography. DEAE refers to diethylaminoethyl 
cellulose chromatography. Incubation of nuclei in 0.4 M 
NaCl allowed for the diffusion of small molecular 
assemblies from the nuclei. 
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endonuclease buffer (10 mM Tris:HClr pH 7.5j 10 mM 

MgCl2? 50 mM NaCl). Exonuclease activity was assayed by 

checking the stability of the DNA fragments after incubation 

for 24 hours with a ten-fold excess of enzyme (10 units of 

enzyme per yg of DNA). The stability of the DNA fragments 

was assayed by agarose gel electrophoresis. 

Est I was prepared as follows. The bacteria 

Provendencia stuartii strain 164 was grown to late 

59 logarithmic stage as described. The cells were 

centrifuged, the supernatant media discarded, and the pellet 

frozen. Within two weeks after freezing the cells, 

approximately 100 grams of the cells were resuspended in 350 

ml of extract buffer (10 mM KE^PC^î^HPC^, pH 

7.0? 1 mM EDTA? 7 mM $-mercaptoethanol? 0.025 mg/ml 

phenylmethylsulfonyl fluoride? 0.15% Triton X-100) made 0.4 

M in NaCl. The cells were disrupted by decompression using 

a French press. Large particulate matter was removed by 

centrifugation at 32xg for 30 minutes. The supernatant was 

diluted lïl with extract buffer and applied to a 350 ml 

phosphocellulose column pre-equilibrated in extract buffer 

with 0.2 M NaCl. The column was washed with 1 1 of extract 

buffer made 0.2 M in NaCl and then developed with a 2 1 salt 

gradient ranging from 0.2 M NaCl to 0.6 M NaCl. Fractions 

were assayed as described above. Est I eluted between 0.45 

M NaCl and 0.56 M NaCl. Fractions in the range of 0.5 M to 

0.56 M NaCl concentrations were pooled and dialyzed into 
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buffer A (20 mM TrisiHCl, pH 7.5; 10 mM MgCl2; 7 mM 5 

-mercaptoethanol; 0.15% Triton X-100) containing 0.05 M 

NaCl. The dialyzed material was applied to a 19 ml column 

containing the dye Reactive Blue 2 coupled to an agarose 

matrix (Cibracon Blue). The column was washed with 60 ml of 

buffer A and developed with a 400 ml salt gradient ranging 

from 0 M to 1 M NaCl. The enzyme eluted in a broad peak 

between 0.25 M NaCl and 1 M NaCl. These fractions were 

diluted to 0.05 M NaCl in HAB buffer (20 mM Tris:HCl, pH 

7.5; 0.5 mM EDTA; 0.15% Triton X-100) and applied to a 25 ml 

column of Heparin coupled to agarose (Heparin Agarose). The 

column was washed with 60 ml of HAB buffer containing 0.05 M 

NaCl. £s£ I was then eluted with a 500 ml salt gradient 

ranging from 0 M to 1 M NaCl. The enzyme eluted in a sharp 

peak in the middle of the gradient. The fractions were 

assayed for total number of units as described above. The 

peak fractions, which contained 5-10 times the number of 

units contained in the side fractions, were pooled. This 

material was dialyzed against extract buffer containing 50% 

glycerol to concentrate the enzyme. The dialyzed fraction 

was then assayed as described above for the total number of 

units (Approximately 10,000 units). The enzyme which eluted 

from the Cibracon Blue column was found to be free from 

exonuclease activity as was the material which eluted from 

the Heparin agarose column. This enzyme preparation has 

been extremely stable and still maintains much of the 
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original activity after four years. 

Formation of Recombinant Molecules 

Preparation of pBR322 

The plasmid pBR322 was digested with £st I in medium 

salt restriction endonuclease buffer. The enzyme was then 

inactivated by incubating the reaction mix at 65°C for 

10 minutes. To remove the terminal phosphates, calf 

intestinal phosphatase was added to the reaction mixture (2 

units per microgram of DNA) and allowed to react for 1 hour 

at 37°C. The reaction was stopped by adding EDTA to a 

concentration of 15-20 mM and extracting the sample with 

phenol three times. The DNA was then precipitated with 

ethanol and resuspended in TE buffer (10 mM Tris:HCl, pH 

8.0; 1 mM EDTA). Approximately 0.2 micrograms of DNA was 

used in each subsequent ligation reaction. 

Ad2 DNA Fragments Prepared from Polyacrylamide Gels 

Ten micrograms of Ad2 DNA was digested with £s£ I 

and prepared as described above for pBR322,except calf 

intestinal phosphatase was not used to remove the terminal 

phosphates of the fragments. This material was precipitated 

with ethanol and resuspended in TE buffer. The sample was 

layered onto a 5% polyacrylamide gel and subjected to 

electrophoresis until the bromphenol blue marker dye was 
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near the bottom of the gel. A lane of Ad2 DNA fragments 

from this Eat I digest was used to mark the location of the 

DNA bands in the gel. This lane was stained with ethidium 

bromide and the bands visualized under short wave UV light. 

The preparatory bands were then cut out by comparison to 

this lane. The DNA was eluted overnight in buffer X (0.5 M 

NH4OAC; 1 mM EDTA; 0.2% SDS) as described 

57 
previously , except that an equal volume of phenol was 

included with the elution buffer. The eluted DNA was then 

extracted twice with phenol, extracted three times with 

ether, and precipitated with ethanol. This DNA was used 

directly for forming recombinant DNA molecules. 

Ad2 DNA Fragments Prepared from Agarose Gels 

Ad2 DNA was digested with Pst I and prepared for 

electrophoresis as described above for polyacrylamide gel 

electrophoresis. The resuspended sample was applied to a 1% 

agarose gel and the DNA subjected to electrophoresis as 

described above. The DNA bands were localized by staining 

with 0.05% methylene blue in water. The gel was destained 

in water and the bands were excised. The DNA was removed 

from the gel by freezing the gel, crushing it, and removing 

the unfrozen solution as described previously.^0 The 

samples were extracted with phenol three times, extracted 

with ether three times, and precipitated with ethanol. The 

DNA samples were resuspended in TE buffer and used as 
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described below. 

Ligations 

After resuspension of the fragments, 0.2 micrograms 

of Pst I-digested pBR322 was added, and this solution was 

then precipitated with ethanol. The DNA mixture was 

resuspended in 10 pi of T4 DNA ligase reaction buffer (50 mM 

TrisiHCl, pH 7.5; 10 mM MgCl2; 10 mM DTT; and 0.5 mM 

ATP), T4 DNA ligase was added, and the sample was incubated 

6 hours at 12°C. After completion of the reaction the 

DNA was precipitated with ethanol and resuspended in 0.1 M 

TrisiHCl, pH 7.1, for transformation. 

Transformations 

The recombinant molecules were transformed into 

£. coli strain 294 by the method of Mandel and Higa, 

except that the cells were allowed only a 15 minute final 

incubation in the transformation buffer (50 mM CaCl2 and 

10 mM Tris:HCl, pH 8.0) before addition of the DNA.61 

Selection of Recombinant Molecules 

Bacteria which contained the recombinant molecules 

of interest were selected by growth in the presence of 

tetracycline and demonstration of their sensitivity to 

ampicillin. Insertion of foreign DNA material into the 

unique Pst I site of pBR322 generally inactivates the gene 
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coding for ampicillin resistance but leaves the gene coding 

48 for tetracycline resistance operative. 

The recombinant molecules were screened further by 

analyzing the size of the inserted foreign DNA. Briefly, 

bacteria of interest were cultured overnight, lysed, and 

62 
their plasmid DNA was isolated. The DNA was digested 

with Est I, and the resulting DNA fragments were analyzed by 

polyacrylamide or agarose gel electrophoresis. 

After completing the map of the Pst I sites on the 

Ad2 genome, some recombinant molecules were screened further 

by checking for the presence of other previously mapped 

restriction endonuclease sites. 

Mapping of the Pst I Sites in the Ad2 Genome 

Introduction 

To map a restriction endonuclease cleavage site, 

there must be a reference position on the genome from which 

to map. For a complex restriction map, the ends of the 

genome do not provide enough reference positions to map the 

large number of sites. Pst I digestion of Ad2 produces 29 

fragments, and therefore, there are a large number of sites 

to map. To produce the Esi I map, other restriction 

endonuclease sites, whose location has been previously 

determined, were used as reference positions in all the 

methods described below. 
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Method One 

Method one consisted of mapping the Pst I 

restriction endonuclease sites on Ad2 by the method of Smith 

63 and Birnstiel. The paradigm for this method is as 

follows. First, a restriction enzyme, whose sites of 

cleavage have been previously mapped, is used to help 

prepare a terminally labeled restriction fragment (see 

below). Analysis is simplified if only one end of the 

molecule is labeled, and only this case will be considered 

for the moment. The labeled molecule is subjected to 

partial digestion using the restriction endonuclease whose 

cleavage sites are unmapped. To map unmapped cleavage 

sites, all that is necessary is to determine the lengths of 

the labeled partial digestion products. These lengths 

locate the unknown cleavage sites relative to the labeled 

terminus, whose position is known. It is also possible to 

map sites if both ends of the fragment are labeled. In this 

case, fragments must be chosen which contain a minimal 

number of sites for the enzyme of interest so that it is 

possible to deduce from which end of the molecule a site is 

being mapped when the size of the partial digestion product 

is measured. Both of the 5' termini of intact Ad2 DMA are 

blocked from normal methods of labeling DNA in vitro by a 

64 
covalently attached protein. Consequently, 

restriction endonuclease fragments of Ad2 containing these 
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blocked ends will have only the other end, which was 

generated by restriction endonuclease cleavage, labeled. 

There can be several problems in using this 

technique. One is missing a partial cleavage product 

because the site which generates it is cleaved very slowly. 

Another is missing a cleavage site because another site 

proximal to the radiolabeled end is cleaved very rapidly. 

To avoid these two problems, a time course of the partial 

digestion products was followed, and these problems were 

never encountered. One problem encountered was that the 

sizes of some of the partial digestion fragments, created by 

digestion of sites most distal to the labeled terminus of 

large fragments, were sometimes too large to resolve their 

size by agarose gel electrophoresis. This problem was 

solved by using additional information from the other 

methods. 

Individual restriction endonuclease fragments, 

32 
terminally labeled with P phosphate, were prepared as 

follows. Ad2 DNA was digested with the restriction 

endonuclease Bam HI, Eco RI, or Xho I in medium salt 

restriction endonuclease buffer. The terminal phosphates 

were removed in the same fashion as described for the 

preparation of pBR322 for ligations. After precipitation 

with ethanol, the fragments were resuspended in T4 Kinase 

buffer (50 mM TrisiHCl, pH 7.6? 100 mM NaCl? 10 raM 

32 
MgCl2? 10 mM DTT) and incubated with y- P ATP and 
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T4 DNA Kinase for two hours at 37°C. The labeled 

fragments were separated by agarose gel electrophoresis and 

the individual fragments recovered from the gel as described 

above. 

To produce partial Pst I cleavage products from 

these labeled DNA fragments: 1) 1 microgram of Ad2 DNA was 

added to each fragment, 2) one unit of Pst I was added to 

these DNAs in medium salt restriction buffer, 3) the 

reaction mixture was incubated for one to three minutes, and 

4) the reaction was stopped immediately by precipitating the 

fragments in ethanol. 

The fragments were resuspended and applied to a 1% 

agarose gel along with size markers. Size markers consisted 

of the restriction fragments produced from Bam HI, or Eco RI 

restriction endonuclease digestion of Ad2, which were 

terminally labeled as described above. After 

electrophoresis, the gel was dried under vacuum with Whatman 

paper used as a backing. The dried gel was exposed to x-ray 

film and the film was developed to localize the bands. 

Method Two 

In method two, complete Est I digests were made of 

restriction fragments from either cloned Ad2 DNA or isolated 

fragments from a digest of intact Ad2 DNA.®5 

Recombinant molecules containing Hind III DNA fragments A, 
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B, C, F and I of Ad2 were used in these experiments. They 

were kindly provided by Claire Kinlaw. The restriction 

endonucleases Bam HI, Bgl II, Eco RI, Kpn I, Sma I, and Xho 

I were used for digesting intact Ad2 DNA. All digestions 

were in medium salt restriction endonuclease buffer except 

for Epn I and Sma I. Digestions with Kpn I were in a buffer 

of 6 mM TrisrHCl, pH 7.4; 6 mM KC1; 6 mM MgCl2 and 6 mM 8 

-mercaptoethanol. Digestions with Sma I were in a buffer of 

15 mM TrissHCl, pH 8.0; 15 mM KC1; and 6 mM MgCl2. 

Fragments were separated by agarose gel electrophoresis and 

isolated as described above for Pst I fragments, except that 

bands in gels were stained with ethidium bromide and 

visualized under UV light. 

This method corroborated information gained from 

method one, and also provided an important piece of 

information. It identified the relative position of the 

individual fragments produced by complete digestion. In 

digestions producing multiple fragments, many of the 

fragments will be similar in size making identification of 

individual fragments from information derived from mapping 

cleavage sites difficult. Method one is an easy and quick 

method for locating cleavage sites; but, it is not always 

sufficient for determining the order of fragments. In this 

case, individual fragments are differentiated by their 

ability to be separated on gels during electrophoresis. 

This knowledge is important because many methods common to 



molecular biology, such as Southern "blot" analysis, depend 

on knowing how such fragments separated.. 

Method Three 

Method three was used to determine the relative 

position of two adjacent fragments (T and S) whose relative 

orientation could not be determined by method one or two. 

In this method the Hind III fragment .1 clone was partially 

digested with £si I. The partial digestion products were 

subjected to electrophoresis through a polyacrylamide gel 

and isolated as described earlier. After isolation, the 

fragments were digested completely with Ps£ I, and the 

products subjected to electrophoresis through an 

polyacrylamide gel to determine which fragments were 

contained within the partial digestion products. This 

method depended on the isolation of the partial digestion 

product containing the P and T fragments. 

Method Four 

Method four consisted of dual digestions of Ad2 DNA 

with Pst I and one other restriction enzyme (Bam HI, Eco 

RI, Hind III, Kpn I, sma 1/ Xhû I).65 This method is 

much like method two, but did not provide as much 

information. Dr. Susan Berget used this method for 

preliminary mapping of the genome. However, only the 

largest Pst I fragments from a digestion of whole Ad2 DNA, 
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and of these, only those which could be cleaved by more than 

one of the secondary restriction enzymes could be mapped in 

this way. The problem with this method was that the 

localization of some of the smaller fragments in gels after 

electrophoresis was obscured by the digestion products of 

the larger fragments. This method did reaffirm information 

about the larger fragments. In the later stages of mapping 

the cleavage sites, this problem was eliminated by using 

cloned Ad2 DNA (Hind III fragment A). 

Analysis of snRNPs Binding to Nucleic Acids 

Preparation of Labeled Nucleic Acids 

DNA for radioactive labeling was prepared as 

follows. A double digest of pBR322 with the restriction 

endonucleases Bam HI and Eco RI was used to produce a 376 

base pair fragment of DNA. This DNA fragment was separated 

from the rest of pBR322 by polyacrylamide gel 

electrophoresis. The DNA was extracted from the gel as 

described earlier and subjected to chromatography on Whatman 

DEAE 52 cellulose to remove solubilized acrylamide. The DNA 

was precipitated with ethanol twice and radioactively 

labeled. 

DNA was radioactively labeled as follows. The 376 

base pair restriction fragment was incubated in TMD buffer 

(50 mM TriSïHCl, pH 7.6; 10 mM MgCl2; 1 mM DTT) with 



32 

100-200 microcuries of 1500-2000 Ci/mmole a-32P dATP and 

five units of the large fragment of £. coli DNA 

polymerase for 30 minutes at room temperature. 

Unincorporated dATP was removed by molecular sieve 

chromatography with Sephadex G-50. The labeled material, 

which appeared in the void volume of the column, was 

extracted two to three times with isobutanol to reduce the 

volume of the fractions. The fractions were pooled, 

extracted with phenol three times, extracted with 

phenolxCHCl^ (1:1) three times, and extracted with 

CHC13 three times. The pooled fraction was precipitated 

with ethanol twice before being used in filter binding 

experiments. 

DNA was denatured by incubating it in 0.2 N NaOH at 

37°C for 10 minutes. This solution was then 

neutralizied with 1 N HC1. The DNA was used immediately 

after neutralization for the binding reactions. 

A 520 base RNA molecule containing a donor splice 

junction was prepared as follows. The plasmid pDNXe, which 

contains the Xho I E fragment of Ad2, was digested with Sma 

I. The plasmid was then extracted with phenol three times, 

extracted with CHCl^ three times, and precipitated with 

ethanol twice. The RNA polymerase extract from HeLa cells 

was mixed with an amount of DNA that was optimal for 

transcription. The optimal DNA concentration for 

transcription was determined empirically. ATP, GTP, and 
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CTP, at a concentration of 50 yM each, and approximately 1-5 

pMof a-32P OTP (1500-2000Ci/mmple, ICN) were added. 

Transcription was allowed to proceed for 1 hour at 

30°C.35 The reaction was stopped with urea buffer 

(20 mM TrissHCl, pH 7.5; 1 mM EDTA; 1%SDS; 7 M urea) and 

extracted with phenolJCHCI^ 3 times. The nucleic acids 

were precipitated with ethanol, resuspended, and subjected 

to denaturing polyacrylamide gel electrophoresis in 7 M urea 

as described above to separate the RNA from other nucleic 

acids present in the sample. The RNA was removed from the 

57 
acrylamide gel as described earlier for DNA. 

A 433 base "nonspecific" RNA was prepared as 

follows. The Bsp I fragment from pBR322 containing the 0 

-lactamase promoter was the kind gift of Dr. David Russell. 

E. coli RNA polymerase was incubated with this 

fragment for 5 minutes, heparin added to 0.1 mg/ml, ATP, 

GTP, and CTP added at 250 yM final concentration, and 5 yM a 

-32P-UTP (1500-2000 Ci/mmole, ICN) added. Transcription 

was allowed to proceed for 30 minutes at 37 C. 

The reaction was stopped and the RNA isolated as described 

for the RNA with the donor splice site. This RNA was 

purified away from soluble acrylamide by DEAE 

chromatography. 

The RNAs of the snRNPs were radioactively labeled as 

19 
described by Kinlaw at al.. HeLa cells were 

grown for approximately 15 hours with 50 mCi of 
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32P04 per 10
8 cells. 

Determinations of Specific Activity of Nucleic Acids and 

snRNP Concentrations 

The specific activity of the RNA samples was 

estimated by assuming every fourth nucleotide incorporated 

32 
was a- P-UTP at 1500-2000 Ci/mmole, and making the 

appropriate calculations. 

The specific activity of the DNA samples was 

determined as follows. DNA fragments of known quantity and 

the experimental fragment were placed on a polyacrylamide 

gel and subjected to electrophoresis. After electrophoresis 

the gels were stained with ethidium bromide and the bands 

visualized with short wave UV light. Positive-negative 

photographs were taken (Polaroid Type.55). The negative was 

developed and the lanes scanned with a densitometer (Model 

SD3000, Kratos, Shoeffel Instruments) on line with an 

integrator (3390A integrator, Hewlett Packard). The 

integrated peak heights of the standards were used to 

generate a standard curve. The integrated peak height of 

the unknown was compared to the standard curve to quantitate 

the mass of the DNA. The radioactivity of the DNA was then 

quantitated by dissolving the gel with tissue solublizer 

(NCS), placing the sample in toluene-ethanol-PPO 

scintillation cocktail (0.36% 2,5-diphenyloxazole in 1.7:1 

toluene : ethanol), and counting the sample in a Beckman 
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scintillation counter(model LS-250). 

The U1 and U2 snRNP concentrations were estimated in 

two ways. In one method, the mass of the various proteins 

comprising the assembly was calculated from a 

SDS-polyacrylamide gel of those proteins. The concentration 

of snRNPs was then calculated from the known volume of the 

original sample loaded onto the lane and the known 

20 
stoichiometry of the proteins in the assembly. The 

second method was essentially the same method as described 

above for determining the mass of DNA. SnRNP RNA from a 

known volume of sample was loaded onto a polyacrylamide gel 

along with DNA standards. After electrophoresis, the 

samples were stained with ethidium bromide, visualized under 

short wave UV light, and photographed. The negative was 

scanned with a densitometer as described earlier. The 

integrated peak heights of the DNA standards were used to 

make a standard curve and the integrated peak height of the 

RNA compared to it. Concentrations of snRNPs were assumed 

to be the same as their RNA moeity. 

The Binding Assay; Methods A, B, and C 

Three conditions for binding snRNPs to nucleic acids 

have been used. Assays using method A were carried out in 

10 mM TrissHCl, pH 7.9; 10 mM MgCl2? 50 mM NaCl; 25 

y^ml bovine serum albumin (BSA); at 30°C for five 

minutes in a total volume of 25 yl. Assays using method B 
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were carried out in 10 mM TrisOAc, pH 7.9; 50 mM NH4OAc; 

14 yg/ml BSA; 10 mM MgOAc; and 0.1 mM EDTA at room 

temperature for five minutes in a total volume of 50 yl. 

Assays using method C were the same as those for method B 

except that the buffer was 100 mM in NH^OAc instead of 

50 mM. 

After completion of binding, the samples were passed 

through Gelman GA6 Metricel membrane filters for methods A 

and B or, more recently, through millipore EHWP 013 membrane 

filters for method C, at a flow rate of 50-100 yl per 

minute. The filters were then washed with 25 yl for method 

A, or 50 yl for methods B and C, of binding buffer without 

BSA. In Figure 4 the filter binding apparatus is shown. 
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Figure 4 

The Filter Binding Apparatus. 
The drawing does not include the vacuum pump and 

traps which were hooked to the bottom of the apparatus to 
allow the creation of a vacuum. Porous polyethylene, 
either 35 or 70 microns in pore size, (the kind gift of Dr. 
Kathy Mathews) was used as a support for the filters. This 
plastic allows liquids, but not gasses, to pass through 
under moderate vacuum. This property of the plastic allows 
for more uniform filtration of the membrane filters. The 
drawing is to size. 
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Chapter Three-Results 

Construction of Recombinant Molecules 

Recombinant molecules containing the Pst I-generated 

fragments Af Bf Cf Df Ef Ff If Jf Lf Mf Nf and P from Ad2 

were formed using the vector pBR322 as described in Chapter 

Two. Bacterial clones containing these recombinant 

molecules were stored in LB agar stabs. Bacterial clones 

containing recombinant molecules with Pst I fragments Bf C, 

Df Ef I, and M were also stored frozen at -70°C in LB 

containing 10% DMSO. The recombinant DNA plasmids 

containing the Ad2 fragments Bf E, I, L, Mr and N were 

prepared from their respective bacterial clones and stored 

as ethanol precipitates. Unfortunately, some agar stabs 

were not stable and two of the recombinant molecules were 

lost (A and J). 

Five other recombinant molecules were derived from 

the recombinant molecules listed above. To form the 

plasmids pDNBO and pDNBOD3, the Pst I 0 fragment , which was 

obtained from a Hind III F clone (compliments of Claire 

Kinlaw), was inserted next to the Pst I B fragment at the 

Efii. I site of pBR322. The plasmids differed from each other 

by the inversion of fragment 0 (see Figure 5). The B and 0 

fragments were oriented such that transcription from the 
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Figure 5 

The Plasmids pDNBO and pDNBOD3. 
The fragments B and 0 generated by Pst I digestion 

of Ad2 were inserted into the Pst I site of pBR322 (see 
Figure 2). Arrows indicate the direction of transcription 
from the major late promoter of Ad2, which is contained 
within fragment B. Fragment 0 codes for two 
polyadenylation sites arranged in opposite directions (the 
L5 late RNA and early region 4 RNA polyadenylation 
sites*'*). An RNA transcribed from the major late 
promoter of plasmid pDNBO would be polyadenylated with the 
L5 late RNA site. An RNA transcribed from the plasmid 
pDNBOD3 would be polyadenylated at the early region 4 RNA 
site. 
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major late Ad2 promoter, which is located in fragment B, 

should proceed into fragment 0. Fragment 0 contains two in 

vivo polyadenylation sites, one for early region IV and the 

42 
other for the L5 (the late fiber) message. These 

sites are in opposite directions; therefore, RNA transcribed 

from the major late promoter will be polyadenylated at one 

of these two sites. 

The Xho I E fragment of Ad2 was obtained from a 

plasmid containing the Ps£. I B fragment of Ad2 and inserted 

into the unique Sal I site of pBR322 (pDNXe). Two other 

recombinant molecules were then obtained from pDNXe. The 

Bal II J fragment of Ad2, obtained from a plasmid containing 

the Pst I E fragment of Ad2, was inserted into the Bam HI 

site of pDNXe in inverted orientations (see Figure 6). This 

fragment has two in vivo polyadenylation sites, one for 

early region II and the other for the L3 (late message 

hexon) family. These sites are in opposite 

42 
directions. The recombinant molecules pDNXBl and 

pDNXB2 were constructed such that any hypothetical 

transcription from the major late Ad2 promoter would proceed 

into the Bgl II J fragment and be cleaved and 

polyadenylated, respectively, at one of these sites (see 

Figure 6). All five of these plasmids were precipitated 

with ethanol and stored at -20°C. 

These recombinant molecules were designed as 

"minigenes” for the easy study of processing signals. They 
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Figure 6 

The Plasmids pDNXBl and pDNXB2. 
The E fragment, produced in a Xho I digest of a 

recombinant molecule containing the Pst I B fragment of 
Ad2, was inserted into the Sal I site of pBR322 (see Figure 
2). The J fragment, produced in a Bgl II digest of a 
recombinant molecule containing the Pst I E fragment, was 
inserted into the Bam HI site. The direction of 
transcription from the the major late promoter (located in 
the Xho I E fragment) is indicated by the arrows for both 
fragments. Fragment J codes for two RNA polyadenylation 
sites which are arranged in opposite directions (early 
region 2 RNA and the L3 family of late RNAs z) . An 
RNA transcribed from the major late promoter from pDNXB2 
would be polyadenylated at the L3 family polyadenlyation 
site. An RNA transcribed from the major late promoter of 
pDNXBl would be polyadenylated at the early region 2 RNA 
polyadenylation site. 
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Figure 7 

Map of Ad2 Recombinant Plasmids. 
The important RNA processing signals within the Ad2 

sequences of pDNBO, pDNB0D3, pDNXB2, and pDNXBl (listed 
from top to bottom) are shown. Vertical lines indicate 
restriction fragment boundaries. The Ad2 map units for the 
boundaries is given. Shaded boxes indicate exon regions 
that are of the same polarity as the leader sequences and 
could be transcribed from the major late promoter at 16.5 
map units (see Figure 1). Caret symbols indicate introns 
removed during the early stage of Ad2 infection. The last 
splice in plasmid pDNBO is a hybrid with the donor 
contributed from the i leader and the acceptor contributed 
from early region 4. Polyadenylation sites are marked by 
the string of A's. 



lO N 
• • 

CD CM 

Q. 
O 

46 



47 

all contain, the major late promoter of Ad2 (see Figure 7). 

All code for the same two introns. The first intron lies 

between the first and second leader sequences of Ad2. The 

second intron lies between the second leader and the i 

leader of Ad2, and is unusual in that it is used only early 

in Ad2 infection. Futhermore, pDNB0D3 contains a hybrid 

intron, partitioned by the donor next to the i leader and an 

acceptor from early region 4. All these plasmids code for 

polyadenylation signals, as indicated above (see Figure 7). 

The plasmids pDNXBl, pDNXB2, pDNBO, and pDNB0D3 all 

contain RNA processing signals from Ad2 which should make 

them useful vehicles for future work both in vitro and 

in vivo. In particular, the first intron of the Ad2 

late messages appears to be removed relatively efficiently 

37 38 
in in vitro splicing systems. ' Furthermore, the 

plasmid pDNXBl codes for the hexon late message 

polyadenylation site, which has been shown to work in vitro 

in a system equivalent to that used for in vitro 

37 
splicing. While these plasmids may have several 

useful purposes, we undertook to make an RNA containing the 

first donor splice junction using an in vitro transcription 

system and the plasmid pDNXe, and to test the ability of 

snRNPs to bind this RNA using filter binding techniques (see 

below). 

The Map of Pst I Restriction Sites in Ad2 DNA 
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To make use of the recombinant molecules containing 

Pst I generated-fragments from Ad2, it was first necessary 

to map Pst I cleavage sites within the Ad2 genome. Figure 8 

shows the Pst I map of Ad2 DNA derived from experiments 

listed below. Other restriction endonuclease-generated 

42 
cleavage maps are also shown for comparison. In Table 

1, the restriction endonuclease fragments used to deduce the 

map are listed under the method (one, two, three, or four as 

previously described in Chapter Two) employed for mapping 

the Pst I generated restriction fragments from Ad2. 

Since the completion of the Pst I map of Ad2, the 

regions 0-33 and 89-100 map units (see Figure 8) of Ad2 have 

67—71 
been sequenced. These sequences were scanned for 

Pst I restriction sites. In Table 2 the coordinates of the 

Pst I sites predicted by the known sequence are compared to 

thé mapped sites. There was one region for which the 

sequence data corrected the fragment ordering.^1 In the 

derived map, the fragments Z, B', and X were mapped in that 

order instead of the actual order of B', X, and Z. This 

error occurred because the Kpn I A fragment appeared to 

contain the Pst I Z and B' fragments, but not the X 

fragment. Digestion of the Kpn I A fragment of Ad2 with Pst 

I produced a fragment the exact size of Z. This fragment 

was not Z, but resulted from Pst I cleavage close to the Kpn 

I site at 93.5 map units. 
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Figure 8 

Cleavage Site Maps of Ad2 for Some Restriction 
Endonucleases. 

The Pst I map was determined (see text). All other 
restriction endonuclease maps have been determined by 
others. The coordinates (the convention is to divide 
Ad2 into 100 map units) of the cleavage sites are shown. 
The Ad2 genome is 35 kilobases in length. 
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Table 1 

The Method of Mapping Fragments Produced from the 
Restriction Endonuclease Pst I Digestion of Ad2. 

The restriction fragments which were used in 
methods one, two, and three (see Chapter Two) are listed by 
the Pst I fragment which they were used to map. For method 
four (see Chapter Two), the restriction endonucleases are 
listed which cleaved the fragment in double digests. The 
restriction endonucleases which were used in method four 
were Bam HI, Hind III, Kpn I, and Sma I. The DNA and 
enzymes used in the digests are given in cases were cloned 
DNA was used in method four. Starred (*) fragments 
indicate cloned Ad2 DNA fragments which were used 
(compliments of Claire Kinlaw). Fragments marked with the 
+ signs under method one indicate fragments which gave no 
partial products but for which digestion products were used 
to map cleavage sites. Fragments marked with a + sign 
under method two indicate the fact that the Pst I fragment 
being mapped was not completely contained within the marked 
restriction fragment. The complete table consists of two 
pages. 
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Pst I 
Fragments 
Which 
Were 
Mapped 

H 

R 

J 

Ü 

Q 

B 

C 

P 

S 

T 

D 

Fragments Fragments, Fragments Enzymes and 
Used in Used in Used in Fragments 
Method Method Method Used in 
One Two Three Method 

Four 

Xho I C Bam HI B 
Bgl II E 
Eco RI A 
Kpn I G 

Xho I C Bam HI B 
Bgl II E 
ECO RI A 
Sma I E 

Xho I C Bam HI B 
ECO RI A 
Sma I E 

Xho I C Bam HI B 
Bgl II B 
Eco RI A 
Hind III C* 
Kpn I B 

Xho I C Bam HI B 
Bgl II B 
Eco RI A 
Hind III C* 
Kpn I B 

Eco RI A Bam HI B Hind III 
Xho I E+ ECO RI A Sma I 
Xho I F+ Hind III 

Kpn I B 
C* 

• 

Eco RI A Eco RI A Bam HI 
Xho I E+ Hind III B* Hind III 
Xho I F+ Kpn I B+ Kpn I 
Bam HI D Bam HI D Bam HI D* 
Eco RI A Bgl II A 

Eco RI A 
Hind III 1+ 

Bam HI D Bam HI D Bam HI D* 
Eco RI A Bgl II A 

Eco RI A 
Hind III I* 

Bam HI D Bgl II A Bam HI D* 
Eco RI A Eco RI A 

Hind III I* 
Eco RI A Eco RI A Bam HI 

Hind III 
Kpn I 
Sma I 
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A 

E 

M 

N 

Z 

B' 

X 

G 

Eco RI A Bgl II D Hind III 
ECO RI A Sma I 

Eco RI A Bam HI A Bam HI 
Eco RI A Eco RI 

Kpn I 
Bam HI A Bam HI A Xho I + 
Eco RI B Bgl II C Pst I of 

Hind III A* Hind III A* 
Bam HI A Bam HI A Xho I + 
Eco RI B Bgl II C Pst I of 

Hind III A* Hind III A* 
Bam HI A Hind III A* 
Bam HI A Eco RI F 
ECO RI F Hind III A* 
Bam HI A Bam HI A 
Eco RI F Eco RI F 

Hind III A* 
Bam HI A Bam HI A 

Bgl II C 
Bam HI A Bam HI A 
Eco RI D Bgl II F 

Eco RI D 
Kpn I A 

Bam HI A Bam HI A 
Eco RI D Bgl II F 

ECO RI E+ 
Eco RI C 

ECO RI C 

Eco RI C 

Eco RI C 

Eco RI C 

Eco RI D 
Kpn I A 
Sma I C 
Eco RI D 
Hind III 
Kpn I A 
Sma I C 
Bam HI A 
Bam HI A 
Hind III 
Kpn I A 
Eco RI C 
Hind III 
Kpn I A 
Eco RI C 
Hind III 
Kpn I A 
Eco RI C 
Hind III 
Bam HI A 
Hind III 
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Table 2 

Comparison of the Mapped Pst I Cleavage Sites to the Ad2 
DNA Sequence. 

The locations of the cleavage sites in the region 
0-33 map units and 70.7-100 map units were compared to the 
location of the cleavage sites found from the 
sequence. *" The coordinates of the cleavage sites 
are indicated in the two columns. 
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Location by Mapping 
5.2 
7.1 
10.5 
11.8 
13.9 
23.1 

71.1 
71.5 
72.6 
76.9 
79.9 
83.1 
83.7 
89.5 
92.7 
93.2 
93.5 
94.3 

Location by Sequencing 
5.1 
6.9 
10.4 
11.7 
13.7 
23.2 

71.0 
71.5 
72.5 
76.7 
79.9 
83.0 
83.6 
89.6 
92.4 
92.8 
93.5 
94.1 
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The derived Pst I restriction map placed one 

restriction site at a position which conflicted with earlier 

mapping data. The Pst I S fragment was present in the Hind 

III I clone; however, the right end of this fragment was 

mapped outside the coordinates for the Hind III I fragment 

(see Figure 8). To have placed this site in closer 

agreement with the mapped coordinates of the Hind III I 

fragment would have introduced discrepancies in some of the 

other data. 

In general, the positions of cleavage sites in the 

derived Pst I map of Ad2 are in good agreement with 

previously determined restriction maps, and the published 

sequence data of this DNA. The complete sequence of Ad2 has 

recently been compiled but is not immediately available; 

therefore, in the future it should be possible to check the 

72 entire map. 

As mentioned previously, knowledge of the exact 

locations of cleavage sites within Ad2 DNA does not 

necessarily identify the limit digest fragments as they are 

observed in gel electrophoresis. Fragments are 

differentiated by agarose or polyacrylamide gel 

electrophoresis, and these methods do not always separate 

fragments which are similar in length. Identification of 

individual Pst I fragments was still necessary even with the 

sequence data due to the large number of similarly sized 

fragments. 
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For example, the Pst I fragments K, L, M, N, and 0 

resolved differently when subjected to agarose as compared 

to polyacrylamide gel electrophoresis. These fragments are 

all approximately 1000 base pairs in length and for that 

reason are not easily resolved by either agarose or 

polyacrylamide gel electrophoresis. On agarose gels the 

order of migration is K, L and M (as a doublet), N, and 0. 

On polyacrylamide gels the order of migration is K, L (the 

exact order of migration of these two fragments is not 

actually known), 0, and M and N (as a doublet). The exact 

order of migration of these fragments in the two different 

systems for electrophoresis was determined during the normal 

course of mapping these fragments by method two. 

A close relative of Ad2 is adenovirus 5 (Ad5). The 

restriction maps of the genomes of these two viruses are 

often very similar, particularly in the transforming region 

which encompasses the leftmost 11% of their genomes. This 

region of Ad5 has been sequenced and the Pst I cleavage 

sites present in Ad2 in this area have corresponding 
«% *1 A 

cleavage sites on Ad5. ' Ad5 DNA was digested with 

Pst I and subjected to electrophoresis on polyacrylamide and 

agarose gels along with Pst I-digested Ad2 DNA for 

comparison. The two fragmentation patterns were extremely 

similar. Table 3 lists the sizes of the fragments produced 

from a digestion of Ad2 and Ad5 DNA as determined by agarose 

and polyacrylamide gel electrophoresis. 
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Table 3 

Pst I-Generated Restriction Fragments of Ad2 and Ad5 DNA. 
In the first column the designated letter for the 

Pst I fragment from Ad2 is shown. The traditional 
convention of lettering the fragments is used, with the 
largest fragments getting the first letters of the 
alphabet. In parentheses the Ad2 fragments in which there 
was another fragment that was essentially the same size are 
shown. In the next column the percentage of Ad2 each 
fragment contains, which was calculated by dividing the 
size in base pairs by 350, is shown. The third column 
contains the sizes of the fragments in kilobases, as 
determined by agarose (fragments A-I) or polyacrylamide 
(fragments J-B') gel electrophoresis. The fragments K, L, 
M, N, and 0 are starred because they separated differently 
on agarose versus polyacrylamide gels (see text). They 
were lettered according to their separation by agarose gel 
electrophoresis and their size was determined by 
polyacrylamide gel electrophoresis. The fourth column 
lists the sizes of the Ad5 fragments produced by digestion 
with Pst I, as determined by agarose and polyacrylamide gel 
electrophoresis. The columns of Ad2 and Ad5 fragment sizes 
are aligned to facilitate easy comparison between the two. 
The question marks indicate that Ad5 could have equivalent 
fragments to the two smallest fragments of Ad2, but these 
fragments may not have been detected due to the fact that 
not enough DNA was applied to the gels to observe them. 
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Ad 2 
Fragment %Ad2 

A 10 

(B) 9.4 
(C) 9.4 
D 8.9 
E 7.7 
(F) 6.3 
(G) 6.3 
H 5.5 
I 4.2 
J+ 3.1 
K* 3.0 
L* 2.9 
M* 2.7 
N* 2.7 
0* 2.8 
P 2.4 
Q 2.1 

R 1.9 
S 1.6 
T 1.5 
ü 1.3 
V 1,1 

W 0.8 
X 0.76 
Y 0.62 
Z 0.52 
A' 0.44 
B' 0.32 

Ad 5 
Fragment 

Kilobases Sizes 
3.5 3.5 

3.4 
3.4 

3.3 3.3 
3.3 
3.1 3.1 
2.7 2.7 
2.2 2.2 
2.2 
1.9 1.9 
1.5 1.5 
1.08 1.08 
1.05 
1.0 
0.94 0.94 
0.94 0.94 
0.98 
0.84 0.84 
0.74 0.74 

0.7 
0.66 0.66 
0.57 0.57 
0.52 0.52 
0.46 0.46 
0.36 0.36 

0.33 
0.28 0.28 
0.27 0.27 
0.22 
0.18 0.18 
0.15 ? 

0.11 ? 
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Filter Binding Assays of Human snRNPs 

Identification of Binding Activity in snRNP Fractions 

The first question that we asked was whether snRNPs 

would bind to membrane filters made of nitrocellulose or 

cellulose acetate. SnRNP RNAs were labeled in vivo with 

32 
P-P04 so that they could be followed through the 

course of the experiment. After labeling in vivo, 

the snRNPs were fractionated by isolating nuclei, allowing 

diffusion of small macromolecules, and finally centrifuging 

the resultant supernatant in sucrose gradients. The 

snRNP-containing fractions were then applied to membrane 

filters as described in Chapter Two (method A of filter 

binding). A variety of binding conditions was tried 

including different salt concentrations, the presence of the 

detergent NP40, and the presence of poly-A. The snRNPs RNA 

was eluted from the filter with urea buffer. The bound RNA 

and the RNA present in the filtrate were extracted with 

phenol and precipitated with ethanol before subjecting them 

to denaturing polyacrylamide gel electrophoresis. After 

electrophoresis, autoradiograms of the gel were made to 

examine the results of the filtration. In general, full 

length U1 and U2 RNAs were retained on the filter under all 

conditions, whereas fragments of these RNAs passed through 

the filters. Full length Ul RNA was retained on the 

filters, probably due to the polypeptides present in the 
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snRNP assembly, whereas the fragmented RNAs probably did not 

bind due to the loss of polypeptides upon cleavage of the 

RNA. 

RNA and denatured DNA were tested to determine if 

they would be retained on the filters in the presence of U1 

snRNPs. Both RNA and denatured DNA were retained on the 

filter in the presence of U1 snRNPs, but were not retained 

in the absence of U1 snRNPs (Table 4). It was concluded 

that some protein or protein complexes in the U1 snRNP 

preparation caused the nucleic acids to be retained on the 

filter. 

Identification of the Active Binding Fraction as a snRNP 

The Ul snRNPs used for the above experiments were 

from semipurified fractions. Therefore, the question arose 

as to whether the observed binding was caused by Ul snRNPs 

or by other protein species present in the fractions. This 

was pertinent because the binding experiments were for the 

most part performed in snRNP excess. To answer this 

question two experiments were performed. 

First, fractions from columns used in the later 

stages of purification of Ul and U2 snRNPs were assayed. 

The binding activity of fractions from several steps during 

snRNP purification to RNA made in vitro from the late Ad2 

promoter is shown in Figures 9 and 10. In all cases, the 

binding activity correlated to the presence of Ul, U2, and 
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Table 4 

Binding of Nucleic Acids to Filters in the Presence of 
snRNPs. 

In the table the percentage of radiolabeled nucleic 
acid retained on cellulose acetate filters in the presence 
of Ul snRNPs (Ul snRNP Filter Binding), in the presence of 
U2 snRNPs (U2 snRNP Filter Binding), and when no snRNP was 
included in the reaction mixture (Control Filter Binding) 
is given. The value of individual assays is given in each 
case. The RNA was made by transcription from the major 
late Ad2 promoter as described in the text. The DNA was 
nick-translated plasmid DNA containing the dihydrofolate 
reductase gene (the kind gift of Sharon Yoderl. The snRNPs 
were prepared as described by Kinlaw al.. 
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RNA 

DNA 

Control 
Filter 
Binding 

17/20% 

8/20% 

U1 snRNP 
Filter 
Binding 

34/70% 

67/79% 

U2 
Filter 
Binding 

35/66% 
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Figure 9 

U1 snRNP Fractions from Heparin Agarose Column 
Chromatography: RNA Binding Activity of the Fractions. 

The RNA binding activities of some fractions from a 
column used to prepare U1 snRNPs are shown. A flow chart 
of the purification procedure is shown in Figure 3. U1 
snRNEs were prepared as described by Kinlaw £i 
al.. RNA containing a donor splice junction was 
prepared as described in the text. Fractions 30, 40, 50, 
70, 75, and 80 were assayed as described in the text using 
method A. Two assays of individual binding reactions were 
averaged to give the activities shown. The error bars 
indicate the range of the values. Fractions 36, 40, 44, 
48, 52, 56, 60, 61, 65, 69, 73, 77, 81, 85, and 89 were 
assayed for snRNPs by Dr. Susan Berget using SDS gel 
electrophoresis of protein species and polyacrylamide gel 
electrophoresis of the RNA from the fractions. The arrows 
indicate fractions which contained the bulk of the snRNPs. 
The filled arrow indicates the presence of U2 snRNPs and 
the open arrows indicate the presence of Ul snRNPs. 
Fraction 36 contained minor quantities of U2 snRNPs and 
fraction 40 was not assayed for snRNPs by gel 
electrophoresis; thus, a correlation of binding activity to 
the presence of Ul snRNPs for this fraction was not 
possible. The break in the middle of the column profile 
was due to an interuption of the salt gradient which was 
used to elute the column; thus, fractions 61 and 65 did not 
contain snRNPs. The presence of binding activity and 
snRNPs were correlated. 
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Figure 10 

U2 and U4 snRNP Fractions from a Heparin Agarose Column 
Chromatogrphy: RNA Binding Activity of the Fractions. 

The RNA binding activies of some fractions from a 
column used to prepare U2 snRNPs are shown. U2 and U4 
snRNPs were prepared as described by Kinlaw 
âl.. A flow chart of this procedure is shown in 
Figure 3. RNA containing a donor splice junction was 
prepared as described in the text. Fractions 20, 25, 30, 
35, 40, 45, and 50 were assayed as described in the text 
using method A. Two assays of individual binding reactions 
were averaged to give the activities shown. The error bars 
indicate the range of the values. Every fourth fraction 
(4, 8, ...) was assayed for U2 and U4 snRNPs by Dr. Susan 
Berget using SDS gel electrophoresis of protein species and 
polyacrylamide gel electrophoresis of RNA from the 
fractions. The arrows locate the fractions which contained 
the bulk of the snRNPs. The arrows with asterisks indicate 
the presence of U4 snRNPs and the other arrows indicate the 
presence of U2 snRNPs. Fraction 30 was not assayed for 
snRNPs by gel electrophoresis and fraction 48 contained a 
minor quantity of snRNPs. The presence of binding activity 
and snRNPs were correlated. 
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U4 snRNPs. The presence of 01, 02, and 04 snRNPs was 

assayed (by others in the lab) by detecting characteristic 

snRNP polypeptides using SDS gel electrophoresis or by 

detecting their respective RNAs using polyacrylamide gel 

electrophoresis. 

Second, Dr. Susan Berget was able to 

immunoprecipitate the snRNP-nucleic acid complex. Nearly 

all the DNA and RNA binding activity in snRNP fractions, as 

measured by filter binding, was immunoprecipitated by snRNP 

SLE antibodies anti-Sm and anti-RNP. This indicated that 

the binding activity present in the above fractions was 

specific for 01 and 02 snRNPs. 

Definition of Binding Parameters in Filter Binding 

Parameters of the filter binding assay were 

investigated. One question was how much of the binding 

reaction mixture in a tube could be successfully withdrawn. 

This is important because some variability would be 

introduced into the assay if some of the reaction mixture is 

left on the sides of the tube. To investigate this question a 

32 
- P-dATP was aliquoted into eppendorf tubes in the same 

buffer as that used for binding reactions (method C). An 

attempt was made to withdraw a certain percentage of the 

sample. The sample was counted to determine the actual 

amount withdrawn. The results are shown in Figure 11. In 

general, the 0.4 ml polypropylene tubes tended to allow a 
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Figure 11 

Removal of Samples from Eppendorf Tubes. 
The ability to completely remove a percentage of 

sample from an eppendorf tube is shown. The amount which 
was actually removed is shown on the ordinate and the 
amount which should have been removed if the withdrawl was 
complete is shown on the abscissa. The circles indicate 
the use of 1.5 ml polyethylene tubes and the triangles 
indicate the use of 0.4 ml polypropylene tubes. The points 
are the average of three assays. The error bars indicate 
the average standard deviation for all the points in an 
experiment. For the 0.4 ml tube, up to 95% of the sample 
was removed accurately, and for the 1.5 ml tube, up to 90% 
of the sample was removed accurately. There was less 
variability in removing samples from the 1.5 ml tubes. 
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greater percentage of the sample to be withdrawn than the 

1.5 ml polyethylene tubes. However, there was more 

variability in withdrawing samples from the 0.4 ml tubes. 

The reason for this last observation is not known but may 

reflect how much the buffer used in these experiments 

absorbs to polypropylene plastic. 

Several different methods of washing the filter were 

tried to see if any would be superior in lowering background 

binding of nucleic acids to the filter. Filter binding 

experiments of 01 snRNPs to denatured DNA were carried out 

by method C (as described in Chapter Two), except that the 

filter was washed with either two 50 yl aliquots of binding 

buffer, or two 25 yl aliquots of binding buffer, as opposed 

to the one 50 yl aliquot of binding buffer used normally. 

The results are shown in Table 5. All of the wash 

techniques gave approximately the same background binding. 

Therefore, simply washing the filters a multiple number of 

times did not appear to reduce the background binding of DNA 

to filters. Multiple washes of the filter also did not 

appear to change the amount of U1 snRNPs binding to 

denatured DNA observed as compared to a single wash. 

The dependence of the extent of binding on the time 

interval between filtration of the binding reaction mixture 

and application of the wash of binding buffer was 

determined. In Figure 12 the amounts of background binding 

(circles) and U1 snRNP binding (triangles) were followed 
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Table 5 

Retention of Denatured DNA on Filters Using Different 
Filter Wash Techniques. 

Three different filter wash techniques were used to 
test the effect of multiple washes on background retention 
of DNA to filters. The filter binding analysis was as 
described for method C in Chapter Two, except that 
different volumes and number of washes were used on the 
filter. Wash numbers and volumes were: A) 50 yl, B) two 25 
yl and C) two 50 yl. The values given are the average of 
three assays. The standard deviation of the values is 
given in all cases. Little change in effect on U1 snRNP 
binding or background retention was seen with any of the 
different wash techniques. 
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Control Filter Binding U1 snRNP Filter Binding 

Condition % Binding Condition % Binding 
A 9.5 ± 4 A 71 ± 14 

B 12 ± 6 B 75 ± 8 

C 18 ± 4 C 75 ± 11 
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Figure 12 

The Effect of the Time Interval Before Application of the 
Filter Wash. 

The percent binding as a function of the time 
interval between the application of the reaction mixture 
and the application of the filter wash is shown. Binding 
reactions were performed as described in the text for 
method C (Chapter Two). The circles indicate control 
reaction mixtures (without U1 snRNPs) and squares indicate 
experimental reaction mixtures (with U1 snRNPs). The 
half-filled square indicates duplicate points which yielded 
the same percentage binding. Other duplicate points 
demonstrated much more scatter in this experiment. 
Variation of the time interval had no effect on background 
binding of DNA or on the retention of the U1 snRNP-DNA 
complex. 
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when up to 2 minutes dead time was allowed between 

disappearance of the binding reaction mixture through the 

filter and application of the wash. Binding reactions were 

performed as described in Chapter Two for method C, which 

utilized Millipore EHWP 013 membrane filters. The amount of 

dead time did not have any effect in either case. 

It was necessary to determine the rate at which the 

binding reaction was complete. In Figure 13 the results of 

allowing the binding reaction of 01 snRNPs to denatured DNA 

to proceed anywhere from 2 minutes to 2 hours is shown. The 

binding reaction was complete in 2 minutes with no 

appreciable change for 2 hours. All other reaction mixtures 

described herein were generally incubated for 5 to 15 

minutes. 

In Table 6 the saturation level of various filter 

binding assays as a function of the number of assays which 

gave any particular level of binding is shown. As can be 

seen, the assays usually were saturated at 40-50% of the 

total input of nucleic acid. This can be attributed to the 

lack of retention of 100% of the protein-nucleic acid 

complex. Also, there was some variability of the assay at 

saturation. 

snRNP-Nucleic Acid Titration Analysis 

One useful parameter of nucleic acid binding to 

proteins is described by the KD (equilibrium 
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Figure 13 

The Association of ül snRNPs with DNA. 
The time course of association of ül snRNPs with 

denatured DNA is shown. The filter bindings were performed 
according to method C in Chapter Two. Subsaturating levels 
of ül snRNPs were used for these points. Background 
bindings to filters (controls) were subtracted from the 
experimental points to give the results shown. The 
reaction was complete by 2 minutes, when the first point 
was taken, and showed no alteration for up to two hours. 
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Table Six 

Variability of Saturation Values for snRNP-Nucleic Acid 
Binding. 

The number of binding reactions, which were saturated 
for nucleic acid binding, were classified by their 
percentage of total radiolabeled nucleic acid retained. 
DNA and RNA were classified separately. The points were 
obtained from data in the text and some data not shown 
therein. The percentage given on the top line is 
inclusive. DNA appeared to be retained on the filter by 
snRNPs better than RNA at saturation. 
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Below 20%- 35%- 50%- 65%- Above 
20% 35% 50% 65% 80% 80% 

RNA 0 9 24 5 0 4 

DNA 0 0 5 20 5 2 
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dissociation constant) which indexes the tightness of 

binding. This constant can sometimes be used to 

differentiate between specific and nonspecific nucleic acid 

binding for a particular protein, as illustrated by the 

differential affinities of the lactose repressor protein for 

operator DNA and other DNA. The following experiments 

represent initial samplings of the interactions between 

snRNPs and various nucleic acids. 

In membrane filter binding, one of the binding 

species is kept in excess (by a factor of at least ten) over 

the other species if the KD is to be determined by 

saturation binding curves. This is because the 

concentration of any species at half-saturation is only a 

meaningful measurement of KD under conditions in which 

the free concentration of that species is known and plotted 

against the saturation of ligand. When one species is in 

excess, the free concentration of that species can be 

assumed to be equal to the input concentration, which allows 

straight forward analysis of data. 

Since RNA can be radioactively labeled to high 

specific activity, it was useful to keep the protein species 

in excess of the RNA species, particularly in view of the 

75 
low quantities of RNA which could be prepared. The 

disadvantage of this method is that the number of binding 

sites on the RNA can not be determined since they are all 

likely to be filled in the presence of an excess of the 
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protein species. 

A saturation binding curve of the percent nucleic 

acid bound versus the free protein concentration will yield 

a hyperbolic curve. The portion of the curve below the 

concentration value equal to the KD will be nearly 

linear; thus, binding will be stoichiometric, but 

nonequivalent, in this region. Above the concentration of 

the KJJ the plot will curve to a horizontal line 

reflecting saturation of binding. At half-saturation the 

concentration of the protein species will equal the K^, 

which reflects the half-saturation of the binding sites. 

In Figure 14 a saturation binding curve of U1 snRNPs 

to a 520 base length RNA made from the major late Ad2 

promoter (see Chapter Two) is shown. This RNA contains the 

donor splice junction from the first leader of the late 

mRNAs of Ad2. It does not contain an acceptor splice 

junction. Two different titrations using the same RNA and 01 

snRNP preparation are shown on the same graph. These 

binding curves overlap, indicating that the assay was highly 

reproducible. The KD was approximated to be 6x10”*^ 

M. 

The assay was also fairly reproducible for U2 snRNP 

binding to this RNA. In Figures 15 and 16 saturation 

binding curves of 02 snRNPs to RNA made from the late Ad2 

promoter are shown. These graphs exhibit multiple 

titrations which were performed using the same RNA and 02 
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Figure 14 

Saturation Binding Curve of ül snRNPs to an RNA with a 
Donor Splice Junction. 

RNA with a donor splice junction was incubated with 
increasing concentrations of Ul snRNPs, and the percent 
binding was determined as described in Chapter Two for 
method B. The concentration of RNA in these experiments 
was 1-2x10” M. The concentration of Ul snRNPs is 
given on the abscissa and the percentage of the total input 
radioactivity which was retained is given on the ordinate. 
The assay saturated at 40% of total input of radiolabeled 
RNA. The squares and circles indicate separate analyses 
using the same Ul snRNP and RNA preparation. At 
half-saturation (20% of the input RNA) the snRNP 
concentration should equal the KD(6xlO~ M). RNA 
and Ul snRNP preparations are described in the text. 
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Figure 15 

Saturation Binding Curve of U2 snRNPs to an RNA with a 
Donor Splice Junction (1). 

RNA with a donor splice junction was incubated with 
increasing concentrations of U2 snRNPs and the percent 
binding determined as described in Chapter Two for method 
B. The concentration of RNA in these experiments was 
2xl0~ M. The concentration of U2 snRNPs is given on 
the abscissa and the percentage of the total input 
radioactivity which was retained is given on the ordinate. 
The half-filled circles were duplicate points which yielded 
the same percent binding. The assay saturated at 46% of 
total input of radiolabeled RNA. At half-saturation (23% 
of the input RNA) the snRNPs concentration should equal the 
K_(4xl0~ M). RNA and U2 snRNP preparations are 
described in the text. 
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Figure 16 

Saturation Binding Curve of U2 snRNPs to an RNA with a 
Donor Splice Junction (2). 

RNA with a donor splice junction was incubated with 
an increasing concentration of U2 snRNPs and the percent 
binding determined as described in Chapter Two for method 
B. The concentration of RNA in these experiments was 
2xl0~ M. The concentration of U2 snRNPs is given on 
the abscissa, and the percentage of the total input 
radioactivity which was retained is given on the ordinate. 
The half-filled circles were duplicate points which yielded 
the same percent binding. The assay saturated at 48% of 
total input of radiolabeled RNA. At half-saturation (24% 
of the input RNA) the snRNP concentration should equal the 
KpdOxlO- M) . RNA and U2 snRNP preparations are 
described in the text. This titration was essentially 
equivalent to that in Figure 15 in that the same snRNP and 
RNA preparations were used to do the experiment. 
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snRNP preparations. The KD from the first graph was 

approximated to be 4xl0-^ M and from the second graph 

to be 10xl0~*° M. These KD approximations are 

different by a factor of two; thus, the 02 snRNPs binding 

was in this case to be fairly reproducible. Furthermore, 

the measured KD values of 01 and 02 snRNPs appeared to 

be within a factor of ten. 

In Figure 17 a saturation binding curve of 01 snRNPs 

to a 433 base length RNA transcribed in vitro from the 8 

-lactamase promoter by E. coli RNA polymerase (see 

Chapter Two) is shown. The KD was approximated from 

this graph to be 6xl0~^ M. This is about a factor of 

ten lower than the KD estimate obtained with RNA made 

from the major late Ad2 promoter, indicating a tighter 

affinity of 01 snRNPs for this RNA. This was surprising 

since this RNA was thought to have been a "nonspecific" RNA 

lacking a good donor splice junction. 

In Figure 18 a saturation binding curve of 01 snRNPs 

to a denatured 376 base fragment of DNA from pBR322 produced 

by digestion with the restriction endonucleases B^m HI and 

Eco RI is shown. The KD was not estimated from this 

graph because the concentrations of 01 snRNPs and DNA did 

not differ by at least a factor of ten. However, it was 

concluded that relatively tight binding to the DNA did 

occur. It was also noted that at 20% of the saturation of 

binding the 01 snRNPs concentration was equal to the DNA 
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Figure 17 

Saturation Binding Curve of 01 snRNPs to an RNA Without a 
Donor Splice Junction. 

RNA without a donor splice junction, which was made 
from the g-lactamase promoter of £. coli was 
incubated with increasing concentrations of 01 snRNPs and 
the percent binding assayed as described in Chapter Two for 
method B. .The concentration of RNA in these experiments 
was 3.5xl0~ M. The concentration of 01 snRNPs is 
given on the abscissa and the percentage of the total input 
radioactivity which was retained is given on the ordinate. 
Filter binding experiments using purified RNA sometimes 
gave scattered data points, as can be seen in this graph. 
The assay saturated at 52% of total input of radiolabeled 
RNA. At half-saturation (26% of the input RNA) the snRNP 
concentration should equal the KD(6xlO~ M). RNA 
and 01 snRNP preparations are described in the text. 
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Figure 18 

Saturation Binding Curve of 01 snRNPs to Denatured DNA 
Denatured DNA was incubated with an increasing 

concentration of 01 snRNPs and the percent binding assayed 
as described in Chapter Two for method C. The 
concentration of denatured DNA in these experiments was 
2X10~'lj' M. The concentration of 01 snRNPs is given on 
the abscissa and the percentage of the total input 
radioactivity which was retained is given on the ordinate. 
The assay saturated at 75% of total input of radiolabeled 
denatured DNA. At half-saturation (37% of the input DNA) 
the snRNP concentration and the denatured DNA concentration 
are within a factor of 10 of each other. Denatured DNA and 
01 snRNP preparations are described in the text. 
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concentration. The degree of binding indicated that at 

least 20% of the U1 snRNP molecules were active in binding 

in this particular preparation. 

In Figure 19 saturation binding curves of U1 snRNPs 

to denatured and double stranded DNA (same DNA as above) is 

shown. The DNA binding appeared to be less tight to the 

double stranded molecule than to the single-stranded 

molecule by a factor of five. In both cases, however, the 

binding was still relatively tight. 

Rate of Dissociation of the snRNP Assembly from DNA 

One way of analyzing binding to nucleic acids, which 

is independent of specific activity of the radiolabeled 

nucleic acid, is to measure the rate at which the complex 

dissociates. This was done for dissociation of U1 snRNPs 

from DNA. The U1 snRNP preparation was titrated for 

denatured DNA binding and a subsaturating amount of U1 

snRNPs were used to bind radiolabeled denatured DNA. An 

excess of unlabeled denatured DNA was then added 

(approximately 100 fold), and the time course of 

radiolabeled complex was followed by filter binding. 

In Figure 20 the dissociation of U1 snRNPs from 

denatured DNA is shown. In Figure 21 a semilogarithmic plot 

of the data. The data were plotted in the latter fashion so 

that the*t^y2 dissociation could be easily measured 

is shown. It can be seen from this semilogarithmic graph 
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Figure 19 

Saturation Binding Curve of 01 snRNPs to Denatured DNA and 
ündenatured DNA. 

Denatured DNA and undenatured DNA was incubated 
with an increasing concentration of ül snRNPs and the 
percent binding assayed as described in Chapter Two for 
method C. The concentration of denatured DNA and. 
undenatured DNA in these experiments was 1-2x10" M. 
The concentration of 01 snRNPs is given on the abscissa, 
and the percentage of the total input radioactivity which 
was retained is given on the ordinate. The circles 
indicate assays in which denatured DNA was used and the 
squares indicate assays in which undenatured DNA was used. 
The reactions saturated at 73% of total input of 
radiolabeled undenatured DNA and at 57% for denatured DNA. 
From these curves the associations of the two different 
forms of DNA appeared to differ by approximately a factor 
of five. DNA and 01 snRNP preparations are described in 
the text. 
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Figure 20 

The Dissociation of DI snRNPs from Denatured DNA. 
The time course of dissociation of U1 snRNPs from 

radiolabeled denatured DNA is shown. On the abscissa is 
the time in minutes following addition of cold DNA and on 
the ordinate is the percentage of maximal binding which was 
remaining in the dissociation reaction. To measure 
dissociation, an excess of unlabeled denatured DNA was 
added to the reaction mixture after allowing five minutes 
of reaction time of D1 snRNPs with radiolabeled denatured 
DNA. The level of binding obtained before addition of 
unlabeled DNA was considered as the maximal binding level. 
Background filter binding of control reaction mixtures 
without snRNPs was considered as the minimal binding level 
and subtracted from each of the data points. The 
dissociation was measured by filter binding using method C 
as described in Chapter Two. The radiolabeled denatured 
DNA was titrated with U1 snRNPs before doing the 
dissociation reaction to determine a concentration of U1 
snRNPs which would be subsaturating for the DNA. This 
concentration of U1 snRNPs was used in the experiment. . The 
half-filled circle indicates duplicate points which yielded 
the same percent binding. DNA and U1 snRNP preparations 
are described in the text. The complete dissociation 
reaction was not followed in this case. 
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Figure 21 

A Semilogarithmic Plot of the Data in Figure 20. 
A semilogarithmic plot of the dissociation of ül 

snRNP from denatured DNA is shown. The time in minutes 
following addition of an excess of cold DNA is the abscissa 
and the log of the percent of maximal binding which was 
remaining in the dissociation reaction is the ordinate. 
The data in Figure 20 was replotted in this form for 
analysis. The line was drawn only to guide the eye. The 
percentage of U1 snRNPs dissociated before analysis could 
begin (approximately 1 minute) was approximately 50%. The 
ti/2 of the measurable dissociation was 17 minutes. 
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that there were two phases to the dissociation. 

Approximately 50% of the ül snRNPs dissociated so quickly 

that determination of the t^2 could not be measured by 

the filter binding technique. For the secondary 

dissociation, a t^yj °f 17 minutes was measured. 

Several other measurements of the f°r t^ie secondary 

dissociation were performed. For four experiments a mean 

value of 20 minutes with a standard deviation of 5 minutes 

was determined. Dr. Susan Berget has performed similar 

experiments with U1 snRNPs and RNA homopolymers (poly-U). 

Her findings demonstrated a similar dissociation pattern. 

The secondary dissociation, however> had a °f 15 

minutes 
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Chapter Four-Discussion 

Generation of Recombinant Molecules 

The plasmids pDNBO, pDNBOD, pDNXBl, and pDNXB2 

contain "minigenes" for studying RNA processing. These 

recombinant molecules have three advantages. First, they 

are contained within a plasmid vehicle, which makes their 

manufacture easy. Second, they code for short RNA products 

containing defined RNA processing signals. Third, the first 

intron in all the recombinant molecules, and the 

polyadenylation signal in pDNXB2, have already been shown to 

function in vitro.37f38 

The Filter Binding Assay 

The filter binding assay appears to be an effective 

method of measuring snRNP-nucleic acid associations, but 

some difficulties arose in using RNA in this technique. RNA 

binding, or lack of it, to membrane filters is not a well 

defined phenomenon, unlike DNA binding to such filters. 

Different batches of membrane filters had different 

background binding levels for RNA. Furthermore, different 

preparations of RNA, in my hands, gave different levels of 

background binding to identical filters. Much of the work I 

attempted with RNA was invalidated due to high levels of 

background binding. Some way to control this phenomenon 
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will have to be discovered if filter bindings are to become 

a routine technique for measuring snRNP-RNA interactions. 

Due to such problems we turned to DNA as a substrate 

analogue for U1 snRNPs. This proved to be successful; 

however, new problems arose when using DNA as a substrate. 

It was difficult to end label DNA to a specific activity 

higher than 106 counts per minute per microgram of DNA. 

It was not possible using the amounts of snRNPs available to 

me to determine the KD with DNA labeled at this specific 

activity. One labeled DNA preparation gave an unusually 

high specific activity (greater than 10^ counts per 

minute per microgram of DNA) which allowed some measurement 

of the KD of 01 snRNPs for DNA. 

For these reasons the KD values presented here 

are intended as a preliminary survey of the interaction 

between snRNPs and various nucleic acids. In all cases only 

one preparation of nucleic acids and snRNPs was used to 

estimate KD values. These values need to be reproduced 

with binding studies using a single preparation of snRNPs 

and multiple nucleic acids before they are accepted.. 

Nevertheless, it can be concluded that snRNPs bind to 

nucleic acids and that the binding is relatively tight. It 

should be mentioned that there are few methods for measuring 

the KD values of snRNPs to nucleic acids. For example, 

a common method for measuring binding to nucleic acids using 

sedimentation through sucrose gradients is inapplicable due 
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to the instability of the snRNP assembly in such gradients. 

Nucleic Acid Binding of snRNPs 

The most surprising result of these experiments was 

the ability of U1 snRNPs to tightly bind almost any nucleic 

acid. RNA made from the E. coli promoter, 

presumably without any donor splice junction, was bound with 

a Kp of about ÎO”"*1 M by U1 snRNPs. U1 snRNPs had 

KpS of binding to the other nucleic acids near 10-^ 

M. U2 snRNPs bound RNA made from the Ad2 major late 

promoter with a close to 10-10 M. Any of these 

associations are tight enough that they might be expected to 

be caused by specific interactions with nucleic acid. For 

example, the lactose repressor has a Kp for operator DNA 

-13 
of 10 M and a KD for nonspecific DNA of 

5xl0-7 M.50,76 However, it is difficult to resolve 

a general high binding affinity for any nucleic acid with 

the specific recognition of splice junctions by U1 snRNPs. 

There is evidence that U1 snRNPs will specifically 

recognize a donor splice junction in vitro.77 

Mount fii al. have protected a donor splice junction 

from RNase digestion by binding U1 snRNPs to an RNA 

containing the donor splice junction. This protection would 

seem to suggest that U1 snRNPs should bind RNA molecules 

with such sequences tighter than those without such 

sequences. 
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Several points need to be considered before drawing 

any conclusions. It is not understood at present how the in 

vitro system we used mimics the in vivo system of the cell. 

The possibility of artifacts due to a failure to properly 

mimic in vivo conditions must always be confronted by any 

biochemist using an undefined system. However, although it 

is known that U1 snRNPs have specificity for donor splice 

junctions, it is not well understood what U1 snRNPs will 

recognize as a splice junction. Many splice junctions have 

been sequenced; however, only a few studies of the effects 

of mutations within the splice junction consensus sequence 

7 8—81 
have been performed. Which combinations of 

nucleotides are critical have not been defined for U1 snRNP 

recognition of a donor splice junction. The nonspecific PNA 

utilized in this study had a sequence containing a 7 out of 

9 residue overlap with the consensus donor sequence (see 

Figure 22). It is possible that 01 snRNPs recognized this 

sequence as a donor splice junction resulting in the 

determination of a Kp which suggested specific binding. 

The fact that 01 snRNPs will recognize DNA is 

consistent with other data. Carolyn Brandt in our lab has 

bound 01 snRNP polypeptides to a cellulose backing under 

renaturing conditions, after separating the polypeptides by 

SDS gel electrophoresis. Two of the polypeptides were able 

to bind DNA (P67 and P12) in a subsequent "blot" experiment. 

Although this data is consistent with 01 snRNP recognition 



Figure 22 

Comparison of a Nucleotide Sequence in the RNA without 
Donor Splice Junction to the Consensus Donor Sequence. 

There is a 7 base overlap in the two sequences. 
The nucleotides are aligned for comparison. 
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of DNAf data obtained in this manner must be carefully 

interpreted due to the artificial conditions used. Pederson 

al. have noticed that snRNPs are tightly 

82 associated with DNA isolated from HeLa cell nuclei. 

Why U1 snRNPs would recognize DNA remains unknown. 

Other studies of protein-nucleic acid binding may be 

illustrative of the information obtained from KD 

measurements. The binding of lactose repressor to operator 

DNA is well characterized and the system well 

83 
understood. In this case KD measurements had 

definite implications for defining the role of this protein 

in bacterial metabolism. In slight contrast is the binding 

of £. coli RNA polymerase to promoters. Binding 

studies to promoters have been useful in defining conditions 

84 
for transcription. However, there is one region of X 

DNA that will tightly bind £. coli RNA polymerase 

85 
but is not transcribed. For some promoters, the 

KD of binding is not always a reflection of the 

8G 87 
promoter's ability to initiate transcription. ' Any 

molecule that functions to do more than recognize nucleotide 

sequences probably can not be fully analyzed by determining 

only one parameter of binding. 

It is possible that the function of U1 snRNPs is 

more complex than the simple recognition of splice 

junctions. One model calls for U1 snRNPs not only to 

recognize donor splice junctions, but to be engaged actively 
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during the splicing process. In this model, U1 RNA 

hybridizes to the splice junctionf and a nuclease acts 

within the hybridized region. Evidence for this model is 

the presence of a common species of 01 called U1 . 
* 

U1 differs from U1 in that the 5' end of the RNA has 

been clipped off. This part of the RNA is the portion which 

would supposedly hybridize across donor splice junctions. 
* 

The cleavage site in U1 and that occurring at the donor 

splice junction are offset by 2 base pairs when the two are 

analyzed as base paired strands. Thus, the cleavage in the 

base paired Ol-splice junction region would be staggered. 

This type of nuclease digestion site resembles a staggered 

restriction endonuclease cleavage site. 

Due to the possible involvement of an enzymatic 

process, the association and dissociation rates of 01 snRNPs 

from nucleic acids will be important in defining the role of 

01 snRNPs in splicing. Some models call for 01 snRNPs to 

recognize splice sites by "scanning" RNA in a one 

88 89 
dimensional diffusion along the RNA. ' This model 

could be tested by the study of the dissociation of snRNPs 

from nucleic acids with varied lengths. The lactose 

repressor has a similar dissociation rate (a tjy2 
of 30 

minutes) for operator DNA as 01 snRNPs for DNA. Thus, the 

dissociations of 01 snRNPs from DNA is similar to other 

nucleic acid binding proteins. 

Filter binding studies can be very useful in 
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defining conditions of binding and the specificity of 

protein-nucleic acid interactions. Identifying the 

conditions under which specificity can be observed is often 

not straightforward. As more is understood about snRNPs, 

the conditions for specific binding may be elucidated. 
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