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Abstract

Reversibility of nucleotide incorporation by E. coli RNA polymerase may provide an
error correction mechanism for transcription. Removal of pyrophosphate increases the rate
of misincorporation measured at a single transcript position. Transient covalent bond
formation allows discrimination according to helical structure. We propose that the dis-
crimination step in incorporation is translocation and show that reversible incorporation al-
lows expression of the maximum discrimination free energy. Further experiments address-
ing nucleotide recognition and transcriptional fidelity are proposed.

RNA polymerase can produce transcripts whose 5” ends are not complementary to the
template, via priming from a hexanucleotide abortive transcript. Priming is enhanced by‘
homology between positions -3 to -1 and +3 to +5. The self-priming reaction appears to
proceed by slippage rather than release and rebinding of a hexanucleotide. With one primer
at low concentration, priming by pAAUGGA and pApA do not compete, suggesting
priming of separate enzyme populations. Core enzyme primes with hexanucleotide five

times as actively as holoenzyme. Hexanucleotide—primed complexes are stable but defi-



cient in elongation, showing that pAAUGGA-primed and pApA-primed complexes are in
different metastable states even after elongation to +20. Possible roles for priming in gene
expression are discussed.

Length—dependent folding of a self—cleaving transcript has been studied by arresting
elongation with 3’-deoxyNTP’s. The resulting truncated RNA sequencing ladders show
that 15-18 nt past the cleavage point must be synthesized before cleavage can occur within
a ternary complex, whereas 3 nt enables cleavage of free RNA. The “hammerhead” there-
fore does not appear to disrupt a 12+ 1 bp RNA-DNA hybrid within the transcription bub-
ble. Self-cleavage offers a structural probe for other transcription complexes.

Oligonucleotide three— and four—strand intermediates resulting from RecA—promoted
invasion of a single strand into a target duplex are stable during nondenaturing gel elec-
trophoresis. A psoralen crosslink in the target enhances complex stability. RecA-DNA
complexes photoreacted with HMT have been digested and the nucleoside adducts
separated by HPLC. Reactions in which RecA renatures monoadducted ssDNA or invades
it into homologous duplex yield adducts which are minor products of HMT photoreaction

with calf thymus DNA.
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General Introduction

This introduction is not the traditional review article, as the subject areas of the disser-
tation have been extensively reviewed elsewhere (Cox and Lehman, 1987; Landick and
Yanofsky, 1987; Loeb and Kunkel, 1982; McClure, 1985; Travers, 1987; von Hippel et
al., 1984; Yager and von Hippel, 1987). Chapters 14 are largely independent of each
other, and each has its own detailed introduction. This section attempts to explain some of
the philosophical motivation for doing the work described and some of the reasons for my
fascination with biological information processing, and I indulge my bent for speculation.
The uninterested reader with a basic understanding of transcription can skip to Chapter 1.
References are given below only if the material discussed is not in the above reviews or the
standard texts (Watson et al., 1987).

All the work described in this dissertation deals with processive interactions of proteins
and nucleic acids, either transcription by E. coli DNA—dependent RNA polymerase or the
strand—exchange reaction between single and double stranded DNA mediated by the E. coli
RecA protein.

Transcription is the fundamental mechanism of gene expression — replication of the
first self-replicating RNA (Cech, 1986; Doudna and Szostak, 1989), if there was one, is
more akin to contemporary transcription than to replication, in that transcription generates a
product which then goes on and does something else whereas replication is just that. DNA
replication, transcription, and translation are the fundamental functions that define present—
day cells and the fundamental processive nucleic—acid protein interactions. Transcription is
the most accessible of the three experimentally: the in vivo transcription of many E. coli
genes can be duplicated in the test tube using only the relevant piece of DNA, RNA poly-
merase holoenzyme, the four NTP’s, and magnesium, whereas chromosomal DNA repli-
cation requires a multi-subunit replication complex and several initiation factors and trans-
lation entails a goulash of ribosomes, tRNA’s and their associated synthetases, elongation

factors, and so forth. Regulation of transcription is also comparatively well-understood in
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prokaryotes, and transcriptional responses to the environment are more varied than those of
replication (on/off) or translation, which depends on the available mRINA.

Transcription performed by RNA polymerase has several stages (Chamberlin, 1974).
RNA polymerase holoenzyme binds to DNA and locates a promoter sequence, possibly by
sliding or other reduced—dimension search processes, with the binding specificity being
dictated by the ¢ subunit. The polymerase forms a closed complex at the promoter which
is specific but unstable, isomerizes to an open complex in which the DNA template is un-
wound, and initiates transcription (see Chapter 2). After transcription of about 10 nt the ¢
subunit of the holoenzyme is released and the transcript is further elongated by the core
polymerase. The chemical transformation in RNA synthesis is the addition of successive
nucleoside monophosphates to a growing chain, by attack of the 3" hydroxy! of the nascent
chain at the a-phosphate of a nucleoside triphosphate with the release of pyrophosphate.
Transcription is terminated at sites specified by the DNA template alone or by interaction
with p or other factors. The standard physical paradigm for the PolymerasesDNA*RNA
complex is the transcription bubble, in which RNA polymerase maintains a constant
18+1 bp unwound region of DNA as it translocates on the template, requiring a relative
rotation of DNA and polymerase (Gamper and Hearst, 1982; Yager and von Hippel,
1987). The nascent RNA and the template are believed to form a 12+2 bp hybrid, and the
formation of hairpin structures in the RNA leading to disruption of this hybrid plays a role
in pausing and termination of transcription (studied in Chapter 3). Details of many of these
stages are discussed in the introduction to each chapter.

Transcription is highly processive: in contrast to the distributive DNA polymerases,
once RNA polymerase releases its transcript or detaches from tﬁe DNA template, it cannot
continue polymerizing onto the same transcript. To some extent this is due to the funda-
mental difference between the replicative and transcriptional intermediates — every step of
a DNA polymerase reaction generates a thermodynamically stable intermediate which is a

substrate for further polymerization, whereas typically renaturation of the double-stranded
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DNA template makes transcription termination irreversible. Processivity makes RNA
polymerase difficult to study in detail using traditional enzymology, because in principle
every catalytic turnover of a nucleoside triphosphate can be different depending on the
template context — the simple fact that RNA polymerase copies a template means that the
identities of the substrate and its competitors can change at each step. Also, enzyme cata-
lysts of non—template directed reactions can be understood as simply accelerating the ap-
proach of substrate and product to thermodynamic equilibrium, but it is clear that the
unique sequence of the RNA product of transcription could never be generated by equili-
bration of an NTP mixture.

Processivity is also necessary for the exquisite regulation of transcription at many
stages. Possible cellular control points include the subunit composition of the polymefase
and therefore its consensus promoter sequence (minor ¢ factors), its effective binding
affinity for the promoter (regulated for example by repressors), the rate of open complex
formation and the rate of chain initiation (see Chapter 2), elongation through potential ter-
minators via interaction with ribosomes (attenuation and antitermination), and termination.
The transcriptional machinery can be taken to include RNA polymerase, accessory factors
such as NusA and p protein, and repressors, activators, and small molecule effectors such
as inducers or ppGpp. Besides copying the template, the machine reads instructions in a
DNA sequence and responds to them by starting at a controlled rate, pausing for a specified
time, terminating with some efficiency, and under some conditions going backwards
(Chapter 1). The analogy has been made between RNA polymerase and a Turing machine,
a simple representation of a generalized digital computer (Bennett, 1982; Bennett and
Landauer, 1985). The transfer of information from DNA to RNA proceeds with an error
rate of about 1 x 10-3 per base (Chapter 1).

Processivity endows RNA polymerase with a “short-term memory” of events during
the 'present round of transcription, embodied in the complement of transcription factors

which may or may not have loaded onto the elongating complex and in the structure of the
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RNA transcript. The transcription machinery has a “long-term” memory of the status of
the cell at the beginning of transcription cycle, such as the population of G factors and the
presence or absence of IPTG or ppGpp. DNA supercoiling arising from transcription al-
lows a further level of regulation, a response to the number of other polymerases engaged
in the topological neighborhood (Liu and Wang, 1987; Tsao et al., 1989; Wu et al.,
1988). Transcription can sense the state of other cellular systems such as translation (in
prokaryotes, via antitermination). The mnemonic properties and cooperative effects among
separate molecules are unique to processive systems, and for this reason transcription is of
interest even outside of its role in the cell.

If we are ever to construct a “biochip” using nucleic acids to store information, a fun-
damental understanding of transcription, the CPU of the cell, will be essential. The infor-
mation density of DNA is phenomenal: one microgram of single-copy DNA corresponds
to 9.7 x 1014 bp = 1.9 x 1015 bits of information = 2.3 x 108 MB, compared to
roughly 30 MB/g or 30 bytes/pg for CD-ROM optical disk storage. The implications of
unleashing the computational capacity of the cell have been explored (Bear, 1985).

Chapters 1-3 of this dissertation are concerned with molecular details of transcription
initiation, transcription elongation, and the structure of the RNA transcript, which has im-
plications for termination. Chapter 4 describes experiments on the RecA protein of E. coli,
which performs a multitude of functions in DNA repair and recombination by virtue of its
ability to polymerize cooperatively onto DNA. I describe experiments on the invasion of a
DNA single strand into a psoralen—crosslinked target and some analysis of HMT adducts in
the three—strand complex. Further work will be necessary to realize the potential of these

systems to provide detailed structural information on the complex.
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Chapter 1

Reversibility of Nucleotide Incorporation by E. coli RNA Polymerase and

Its Effect on Fidelity



Abstract:

During transcription, E. coli RNA polymerase is capable of removing the nucleotide
which it has just added to a growing RNA chain, and this removal depends on the presence
of small concentrations of pyrophosphate (PP;). Chemically, the removal reaction is sim-
ply the reversal of the incorporation reaction, and we have observed the generation of free
triphosphate as a result. After the removal the enzyme can continue synthesis. To test
whether this reaction can provide an error correction mechanism, misincorporation rates
were measured at a single position in an RNA transcript by withholding the correct nu-
cleotide for that position, measuring the amount of readthrough transcript, and analyzing
the readthrough transcripts with nearest—neighbor analysis and enzymatic RNA sequenc-
ing. The removal of pyrophosphate increases the rate of misincorporation. We present a
theory which explains how reversible incorporation can increase the available discrimina-
tion free energy between correct and incorrect nucleotides and therefore may increase the
fidelity of transcription. The formation of a covalent phosphodiester bond allows discrimi-
nation on the basis of helical structure as well as base—pairing. We propose that the impor-
tant discrimination step is the translocation of the enzyme from one site on the DNA tem-
plate to the next, and that reversible incorporation is necessary in order to take full advan-

tage of the maximum discrimination free energy.
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'Biological systems process information with very high fidelity. In DNA replication, 3’
to 5’ exonuclease activities in some polymerases increése fidelity by removing misincorpo-
rated bases (Loeb and Kunkel, 1982). Various repair enzymes help preserve the integrity
of the genetic material. The aminoacyl-tRNA synthetases have proofreading activities
which increase the fidelity of translation (Fersht, 1985; Fersht and Dingwall, 1979;
Savageau and Freter, 1979), and ribosomes proofread tRNA selection (Kurland and
Gallant, 1986). All these processes expend energy by hydrolyzing NTP’s. The intermedi-
ate step in information flow is transcription; RNA polymerases copy DNA with very high
fidelity (Blank et al., 1986; Rosenberger and Foskett, 1981; Springgate and Loeb, 1975),
reviewed by Anderson and Menninger (1986), even though they appear to lack the above
3" —> 5" exonuclease activity (von Hippel er al., 1984). We believe that RNA polymerases
may enhance fidelity in a more subtle way, that they use the reversibility of nucleotide in-
corporation to increase the fidelity of transcription over what would otherwise be expected.
This mechanism would not expend energy, though there may be other costs to the cell such
as a reduced rate of transcription. Since pyrophosphate is a product of nucleotide incorpo-
ration, it will be essential to any process which depends on reversibility of the reaction.

The addition of a nucleotide to the end of a growing RNA chain breaks a phosphoan-
hydride bond of a triphosphate, forms a phosphodiester bond in the nascent RNA, and re-
leases pyrophosphate (PP;). Since the process conserves the total number of high—energy
phosphorous—oxygen bonds the driving force for reaction is not large. The equilibrium

constant for reaction (1):
dNm +dNTP == dNm+1 + PP; @)

has been measured for the polymerization of ANTP’s using terminal transferase (Kato et
al., 1967) and shown to be about 100 at 35°C (corresponding to AG = -2.8 kcal/mol).

However, the reverse reaction did not occur under the conditions of that experiment (Chang
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and Bollum, 1973) and the concentrations of reactants and products changed during the
course of the experiment. Other estimates for AG range as low as -1.0 kcal/mole, corre-
sponding to an equilibrium constant Keq = 5 (Peller, 1976). This estimate is based on rela-
tive free energies for hydrolysis of NDP’s and NTP’s and the free energy change for the
polymerization of NDP’s. Kuchta et al. (1987) have found an external equilibrium con-
stant of about 500 for the addition of TTP to a primer, but a value of only 2.5 for the inter-
nal equilibrium constant on the enzyme surface (using Klenow fragment). The thermody-
namics of polymerization will depend on the particular reaction, since the secondary struc-
tures of the template and product polymers affect the driving force. (It is shown below that
the precise thermodynamics of RNA polymerization do not affect the conclusions of this
work.)

The reversibility reaction has been observed experimentally: pyrophosphate exchange,
the replacement of the B and y phosphates of an NTP by exogenous PP;, is catalyzed by
many, but not all, nucleic acid polymerizing enzymes (Chang and Bollum, 1973).
Pyrophosphate exchange requires the removal of only one nucleotide, so it does not require
the polymerase to translocate along its template. The reaction has usually been character-
ized in the presence of high concentrations of pyrophosphate (~1 mM) or under conditions
where triphosphate substrates are not polymerized normally (Deutscher and Kornberg,
1969). The original study of the pyrophosphate exchange reaction catalyzed by
Azotobacter vinelandii RNA polymerase was done using 1 mM PP; (Krakow and Fronk,
1969). In general, exchange appears to be quite facile. There is good evidence from stud-
ies of product and reactant stereochemistry (using chiral phosphorothioate triphosphate
analogs) that the pyrophosphate exchange reaction catalyzed by many nucleic acid poly-
merases is the microscopic reversal of the incorporation reaction (Yee et al., 1979).

In the presence of PP;, RNA polymerase can progressively degrade the end of an RNA
chain in a ternary complex and release triphosphates (Maitra and Hurwitz, 1967,

Rozovskaya et al., 1981, 1982; Kassavetis et al., 1986). This process is termed pyro-
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phosphorolysis, and it is different from PP; exchange in that the RNA polymerase must
translocate backwards along the template to remove successive nucleotides. Processive
pyrophosphorolysis is a much slower process than PP; exchange.

Our work addresses the question of whether these reactions occur during transcription
at low pyrophosphate concentrations. We also asked whether the removal of a base could
serve as a mechanism for enhancing fidelity. The experiments below show that RNA
polymerase can remove a base from the end of a growing RNA chain and then continue
adding to the chain, and that this removal is dependent on pyrophosphate. The propagation
rate of transcription is found to increase in the presence of pyrophosphatase (PPase).

We have analyzed misincorporation at a single site in an RNA transcript by using a
DNA template which codes for the synthesis of a 20 nt RNA transcript requiring no CTP,
C at position 21, and a further 17 bases to allow the analysis of discrete readthrough tran-
scripts. The readthrough 27 nt transcripts were studied by nearest-neighbor analysis and
enzymatic RNA sequencing. When PP; is removed from the reaction using pyrophos-
phatase, the rate of misincorporation is preferentially increased over that of correct incorpo-
ration, showing that pyrophosphate is necessary in order for RNA polymerase to transcribe
with maximum fidelity.

We also present a theory which explains in more detail how the reversibility of nu-
cleotide incorporation can enhance the fidelity of transcription. The critical checking step
along the reaction pathway is proposed to be the translocation of the polymerase to the next
site on the template. The experimental results and the model are discussed in relationship to
current work in the literature, and further experiments are proposed to test several aspects

of RNA polymerase fidelity.
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(a) Materials

Escherichia coli RNA polymerase holoenzyme was generously provided by the
Chamberlin group, UC Berkeley. These preparations are estiméted to be approximately
40 % abtive molecules.

Ribonucleoside triphosphates were purchased from ICN and used as provided for the
reversibility experiments. For misincorporation experiments, INTP’s from Pharmacia
were further purified by column chromatography on AG 1-X2(formate) (Bio-Rad) and
DEAE-Sephadex A-25 (Pharmacia), essentially as described by Carpousis and Gralla
(1980). Labeled compounds were from Amersham. Adenylyl-(3’,5")-adenosine (ApA),
3’-O-methylnucleoside 5'-triphosphates (3’-O-methyINTP’s), and deoxynucleoside tri-
phosphates (ANTP’s) were obtained from Pharmacia. Heparin, rifampicin, and tRNA
were purchased from Sigma. Sodium pyrophosphate was from Fischer.

T4 polynucleotide kinase, the Klenow fragment of DNA polymerase I, and ribonucle-
ases Ti, Phy M, Uj, B. Cereus, and Cl3 used for RNA sequencing were from
Pharmacia/P-L Biochemicals. BSA was from BRL. Ribonuclease T, was from
Calbiochem. Ribonucleases Ty and A used in nearest-neighbor analysis and pyrophos-
phatase (PPase) were obtained from Boehringer-Mannheim.' Experiments with labeled
pyrophosphate showed that [PP;] was < 1 uM at 20 U/ml PPase — no PP; was detected by
HPLC after digestion and this figure represents the limit of our sensitivity (data not
shown).

SV40 DNA (form I) was purchased from BRL or was donated by the Bartholemew
group, Lawrence Berkeley Laboratories (LBL). Plasmid pBR322 DNA was purchased
from BRL or donated by the Kim group, LBL. DNA oligomers were synthesized on an
Applied Biosystems model 380A using the phosphoramidite method. Scintillation counting
was done in a Beckman model LS230 or LKB model 1209, using a PPO-POPOP/ toluene
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fluor for HPL.C fractions and Beckman Ready-Safe or ICN Ecolume fluor for TLC plates

and gel slices.

(b) Synthetic ds 86mer DNA Template (Figure 1)

The coding strand 86mer of the template was chemically synthesized, deprotected with
ammonia, and purified on a denaturing 12 % polyacrylamide/ 7 M urea gel. The double
stranded (ds) template was synt‘hesized by primer extension (100 U Klenow fragment,
4 mM each dNTP, 8 hours at 37 °C) of a 15mer complementary to the 3" end of the cod-
ing strand. Unincorporated primer and dNTP’s were removed by ultrafiltration through a
Centricon 10 membrane (Amicon), and the product was purified from the retentate on a
12 % polyacrylamide native gel. The ds 86mer obtained was repurified on a second dena-
turing 12 % gel to remove incomplete extension products and a second 12 % native gel to
separate ds 86mer from excess ss §6mer. The purity of the ds 86mer product was analyzed
by restriction analysis of 5" and 3" end-labeled molecules (data not shown). A small

amount of 84 and 85mer DNA is present, but this should not affect our reactions.

(c) Transcription Reactions

Experiments addressing the reversibility of nucleotide incorporation were done using FI
SV40 DNA as a transcription template, essentially as described previously (Reisbig and
Hearst, 1981). Reisbig and Hearst have shown that E. coli RNA polymerase initiates pri-
marily at a single site on the SV40 DNA (base 2556), where a prokaryotic promoter is ad-
ventitiously present. The assay buffer was 180 mM KCl, 6 mM MgCl,, 6 mM B-ME
(2-mercaptoethanol), 25 pg/ml BSA, and 30 mM Tris, pH 7.9. When necessary, RNA
polymerase was diluted in a buffer containing 10 mM B-ME, 10 mM KCl, 0.1 mM EDTA,
0.3 mg/ml BSA, 5 % glycerol, 0.1 % Tr?ton X-100, and 10 mM Tris pH 8.0. The concen-
trations of RNA polymerase and SV40 DNA were 25 and 15 nM respectively during the

initiation reactions. The relative concentration of polymerase to DNA is higher here than in
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Figure 1-1. | Synthetic DNA Template Used for Misincorporaﬁon Experiments

The bottom DNA strand (the coding strand) was chemically synthesized, and the ds
86mer was prepared by extension of a 15mer comprising the 5’ end of the top strand. The
conserved -35 and -10 regions of the TAC18 promoter are indicated. The 38 nt runoff
transcript expected for initiation at +1 is shown below, with the first two cytidines of the

transcript in boldface and numbered.
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Figure 1-1: Synthetic DNA Template Used in Misincorporation Studies

-35 TAC18 Promoter -10 +1
5’-CCCAATGTGCTGTTGACAATTAATCATCGCGGCTCGTATAATGTCTACAATGGATGATGAAGGTGGATCAGTGATCAATGGGTCCC
3’-GGGTTACTCGACAACTGTTAATTAGTAGCGCCGAGCATATTACAGATGTTACCTACTACTTCCACCTAGTCACTAGTTACCCAGGG

Transcript Sequence  5- AAUGGAUGAUGAAGGUGGAUC AGUGAUC AAUGGGUCCC
| |
+ 21 +28



the experiments of Reisbig and Hearst, but we have observed the same pause site pattern as
in those experiments and reducing the amount of polymerase gives the same results, so we
believe that there is still only a single major initiation site. The concentrations of triphos-
phates used are given in the figure legends. PP; or PPase were sometimes present (as indi-
cated in the figure legends) during initiation, at 50 UM or about 20 U/ml respectively. In
reactions using all four NTP’s, a 5 minute initiation reaction was performed with GTP,
UTP, [a-32P]ATP, DNA, sometimes PP; or PPase, and RNAP present. The dinucleotide
_ ApA was at-200 UM in the initiation reaction; this gives more efficient initiation and helps
prevent a one-base “jitter” in the start. After initiation all four NTP’s were added to start
the elongation reaction (designated time 0), and heparin was added to 0.1 mg/ml to prevent
reinitiation. When 3’-O-methylNTP analogs were used they were present during the initia-
tion, usually at 1 mM (these concentrations are also given in the figure legends). Tybical
reaction volumes were 20 ul for initiation and 50 pl during the elongation, and PP; or
PPase levels were 50 uM or 20 U/ml respectively during elongation.

After an early observation that PPase seemed to inhibit transcription initiation, PPase
was added 3 or ‘4 min after the polymerase whenever it was used during the initiation step.
We believe the inhibition to be an artifact caused by salts in the PPase suspension.
Aliquots of the reaction mixtures were removed at the specified times and transcription was
arrested by adding the aliquots to 0.25 volumes of 0.2 M EDTA, pH 7.5. All reactions
shown here were done at 18 °C, except that the transcription reaction shown in Figure 2
was initiated at 18 °C but the elongation was done at 37 °C. Similar results in later experi-
ments were obtained at 37 °C but the experiments are more difficult due to rapid kinetics
(data not shown).

The SV40 template was not suitable for investigating misincorporation during tran-
scription, because a homogeneous population of ternary complexes could not be prepared.
Misincorporation reactions used the ds 86mer with a TAC18 promoter (Mulligan et al.,

1985) whose synthesis is described above. The transcript sequence allows the polymerase

17



to read to +20 without requiring CTP, allowing the preparation of a homogeneous popula-
tion of ternary complexes paused at position +20 (Levin et al., 1987). End-labeled and
body-labeled transcripts were analyzed. The end-labeled transcripts were synthesized us-
ing kinased ApA ([a-32P]pApA) as the initiating dinucleotide, and body-labeled transcripts
were labeled with [a-32P]JATP. The RNA polymerase, ApA or [a-32P]pApA, and a four—
fold molar excess of 86mer DNA template were premixed to allow the formation of com-
plexes. Aliquots of this mixture were transferred into solutions containing column~purified
ATP, GTP, and UTP. This final reaction mix also contained added PP;, added water as a
control, added PPase, or a low concentration of added CTP. Pyrophosphatase was sup-
plie'd commercially as a suspension in 3 M (NH4);SOy; in these experiments it was pel-
leted for 30 min in a microfuge and resuspended in distilled water immediately before use
to avoid potential problems caused by the added salt (we estimate the maximum final
[(NHg4)2SO4] at less than 100 mM, and controls showed that this concentration had no ef-
fect on misincorporation reactions). These reactions were done in low volumes (typically
5-10 ul) and with high concentrations of RNA polymerase and DNA, because in order to
obtain sufficient radioactivity in readthrough transcripts the chemical concentration of the
[0-32P]pApA or the specific activity of the [at-32P]JATP had to be as high as possible, and
the low yield of readthrough products made it necessary to use comparatively large
amounts of polymerase. Typical detailed reaction conditions are given below and in the
tables and figure legends.

Typical preincubation mixes contained approximately 3 pg RNA polymerase and
1.2 pg ds 86mer DNA in 10 pl (600 nM and 2.4 uM respectively), in the same buffer
listed above except that the concentration of KCl was reduced to 20 mM and 12 U RNAsin
(Promega Biotec) was added. If body-labeled transcripts were being prepared, 200 M
ApA was also present.

To make end-labeled transcripts, ~ 110 pmol ApA was labeled using (typically)
500 uCi [y-32P]JATP (5000 Ci/mmol) and 10 U T4 polynucleotide kinase, incubated
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overnight at 4°C in a buffer containing 50 mM Tris-HCl pH 7.6, 10 mM MgCl,, 5 mM
DTT, lmM spermidine, and 1 mM EDTA. The total volume was 5 pl (the labeled ATP
was concentrated in a Savant Speed-Vac). The preincubation mix was made up by heat—
killing this reaction mix at 65°C for three min, adding 1 pl of a solution containing
200 mM KCI, 10 mM MgCl,, and 92 mM Tris base, and adding DNA, RNAsin, and
RNA polymerase as above, to a total volume of 10 pul. (Buffer conditions were identical
for body label and end label except that the latter reaction contains DTT instead of 3-ME;
the polynucleotide kinase was supplied in a buffer containing BSA.) In both cases, the
preincubation was for 7 min at room temperature (~ 21 °C).

The preincubation mix was diluted approximately 5-fold into reaction mix. The final
buffer conditions were as above, with RNAsin maintained at about 1.5 U/ pul. The concen-
trations of the NTP’s ATP, UTP, and GTP were typically 30-50 uM each, except that for
body-label reactions ATP was at 15-20 uM (~ 750 Ci/mmol [a-32P]ATP, typically a total
of about 700 pCi; a reasonably high specific activity was necessary, but we did not want
to skew the results by using a very low chemical concentration of ATP). In body-label re-
actions the concentration of ApA was maintained at 200 uM in the reaction mix; in end-la-
bel reactions the concentration of each NTP was 25 uM for the first 20 min of the reaction
and was then increased to the final value. These steps were intended to optimize the use of
the dinucleotide initiator rather than a triphosphate initiator. The reaction was incubated at
room temperature for three hours. The long incubation time was uséd to allow the produc-
tion of as much readthrough product as possible. After 2 hr about 90 % of the major
20mer product could usually still be chased to higher molecular weight with the addition of
200 pg/ml rifampicin and 200 uM each NTP; this was the case for all the reactions per-
formed to prepare substrates for sequencing and nearest—neighbor analysis.

The transcription reactions were stopped by phenol extraction and the RNA was pre-
cipitated by the addition of 3 pg carrier tRNA (Sigma), NaCl to 150 mM, MgCl; to

15 mM, and 2.5 volumes of absolute ethanol. Samples were precipitated overnight at
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-209C. Acceptable results for analytical-scale experiments could also be obtained by
simply adding an equal volume of 8 M urea and dyes or formamide and dyes to the reac-
tion mix, boiling for 1 min and cooling on ice, and electrophoresing the reaction mix di-
rectly as in (e) below. Concentrating the reaction mixes in a Speed-Vac before heat—cool-
ing gave better resolution, probably due to more corﬁpletc denaturation of the RNA as well
as the decreased volume. The 20mer traﬁscript which was the major product of these reac-
tions has an unfortunate tendency to smear in electrophoresis. Secondary structure calcula-

tions yielded no stable structures which could rationalize this (data not shown).

(d) Isolation of RNA Transcripts on Nitrocellulose

Ternary complexes of RNA polymerase, RNA, and SV40 DNA were isolated by nitro-
cellulose filtration, except for the reaction of Figure 2. (In this case the RNA transcripts
were directly isopropanol precipitated with carrier tRNA and then ethanol precipitated from
a 2.5 M ammonium acetate solution (Maniatis et al., 1982).) For nitrocellulose filtration,
stopped reaction mixes were diluted to a volume of 0.5 ml in a buffer containing 10 mM
Tris pH 8.0, 10 mM EDTA, 10 mM KCl, and 10 mM B-ME. The solution was imme-
diately filtered through 8.2 mm diameter, 0.45 pm pore size nitrocellulose disks (BA8S,
Schleicher and Schuell) in a dot-blot apparatus (S and S). The filters were washed twice
with 0.5 ml portions of the same buffer at a flow rate of approximately 1 ml/min. The
washes were done to remove unreacted triphosphates and abortive initiation products; this
was necessary because some of the RNA fragments of interest were also short (8-30 nu-
cleotides), and removal of unreacted label allowed us to equalize the amount of radioactivity
loaded in each lane. RNA was released from the filters by boiling them for 1 min in 0.1 ml
water, removing the liquid, and boiling for 1 min in 0.1 ml of 300 mM NaCl, 30 mM
MgCl,. Recovery of radioactivity was about 90 %; in later experiments (not shown) the

recovery was improved by boiling the filters in LES buffer (100 mM LiCl, 1 mM EDTA,
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0.1 % SDS). The labeled RNA was precipitated directly from the combined wash solu-

tions with the addition of 3 pg of carrier tRNA and 2.5 volumes of absolute ethanol.

(e) Gel Electrophoresis

RNA transcripts were analyzed by denaturing polyacrylamide gel electrophoresis.
Precipitated samples were redissolved in loading buffer containing 8 M urea, 1 mM EDTA,
0.05 % each xylene cyanole FF and bromophenol blue, and 20 mM TrisHCI, pH 7.6.
Samples were boiled for 1.5 min and quick—cooled on ice before loading onto 30 cm x
40 cm x 0.5 mm pre—electrophoresed polyacrylamide gels (29:1 acrylamide:bis for
2 15 % acrylamide gels, 19:1 acrylamide:bis for £ 12 %, 7 M urea, 50 mM Tris,
50 mM borate, ] mM EDTA, pH 8.3). SV40 transcript samples were adjusted so the
same amount of radioactivity was added to each lane and were analyzed on 12 % or 6 %
gels run at 30 W constant power (about 2000 V).

The ds 86mer transcripts were fractionated on 25 % gels run at 40 W (about 2500 V).
For these samples it was important to recover as much RNA as possible for later analysis,
so the pellets were incubated in 8 M urea or formamide for 30 min at 37 °C, the solution
was removed, the remaining material was incubated in water for a further 30 min, the water
was added to the formamide and removed in a Speed-Vac, the material remaining in the
original bullet was counted, and if necessary the procedure was repeated. Loading effi-
ciency was typically about 95 %. We found that transcripts synthesized in the presence of
added PP; were more difficult to resuspend, probably due to entrapment by precipitated
Mg,PP;; this problem could skew results on reaction yields if care was not taken to opti-
mize loading. We did not see evidence of Mg,PP; precipitation in reaction mixtures, and
large volume tests showed that at millimolar concentrations it precipitates very slowly.
Bullets silanized with 5 % dichlorodimethylsilane in chloroform were used for all precipita-

tions.
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Before analysis of readthrough 27mers (see below) these molecules were repurified on
20 % gels to remove traces of 20mer, [a-32P]pApA, or [a-32P]ATP resulting from
smearing during the initial fractionation. RNA was recovered from gel slices by elution
into LES at 37 °C for at least 6 hr, followed by ethanol precipitation (100-200 mM LiCl,
15 mM MgCl,, 3 ug carrier tRNA, 2.5 volumes EtOH).

Autoradiography was done at -70 °C with Kodak XAR-5 X-ray film, and when neces-

sary DuPont Cronex Lightning Plus enhancing screens were used.

(f) HPLC Analyses

Analysis of PP; exchange was done by HPLC separation of low molecular weight
products of transcription. These reactions were done at 60 nM RNA polymerase, 15 nM
SV40 or pBR322 DNA, 100 uM each UTP, CTP, and GTP, 150 uM ApA, and 1 uM
ATP (3000 Ci/mmol [y-32PJATP). The control reactions were identical except that the
DNA template was omitted. It was important to use fresh radiolabel in this experiment be-
cause labeled contaminants or breakdown products (see Figure 5) increase with time. No
PP; or PPase was added in these reactions.

HPLC samples from transcription reactions were purified through Sep-Pak Cig
columns (Waters) to remove polynucleotides and protein before injection. HPLC was done
using an Altex Ultrasphere ion pair 25 cm analytical anion exchange column (Rainin).
Elution was isocratic with the mobile phase being 0.03 M KH,;POy4, 0.01 M tetrabutylam-
monium dihydrogen phosphate (Aldrich), 19 % distilled MeCN; pH 3.0. The flow rate
was 1 ml/min, with a pump pressure of about 2200 psi. Optical quantities of triphosphates
were added so they could be detected by UV absorption. One ml fractions were collected
and 0.1 ml of each was counted in 6 ml of toluéne-based PPO-POPOQORP scintillation fluid.
Retention times for orthophosphate, UTP, pyrophosphate, ATP, CTP, and GTP were

6 min, 12 min, 14 min, 17 min, 35 min, and 53 min respectively. The PP; and P; peaks
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were identified using labeled PP; (Amersham) and labeled P; produced from the PP; by

PPase hydrolysis.

(g) Markers

An SV40 Hinf I digest ladder was prepared by incubating 2 pg DNA with 20 U Hinf I
at 37°C for 1 hr, adding 2 U AMYV reverse transcriptase and excess [o.-32P]dATP
(400 Ci/mmol), and incubating 2 hr at 379C. Labeled fragments were purified on a
Sephadex G-10 spin column (to remove unreacted labeled dATP) and ethanol precipitated

(Reisbig and Hearst, 1981).

(h) Nearest—Neighbor Analysis and Sequencing of RNA

For nearest—neighbor analysis, precipitated body-labeled RNA samples were digested
completely using a combination of RNases T (0.2 mg/ml), T, (800 U/ml), and A
(0.2 mg/ml) in 50 mM NH4OAc, pH 4.5. Radioactive phosphate moieties originally 5’ to
A residues in the transcript are thereby transferred to the 3’ side of the base preceding each
A. Incubation was for 2 hr at 37°C in a total volume of 5 pul. It was important to check
the analysis using cheap labeled RNA because some batches of ribonucleases contain con-
taminants which affect the TLC (Phy M was especially troublesome in this regard), and
inappropriate digestion times or temperatures can give incomplete digestion or partial fur-
ther breakdown of the 3’-Np’s (see Results). Hydroxide digestion would have avoided
some of these problems, but in our hands the resulting reaction mix after neutralization did
not separate well on TLC. Ribonuclease reaction mixes were taken up in a 5 pl glass capil-
lary and spotted directly onto 10 cm x 10 cm cellulose TLC plates with fluorescent indica-
tor (Eastman Kodak), and the labeled nucleoside 3’-monophosphates were separated by
two—dimensional TLC. One ul of 20 mg/ml each 3’-Ap, Cp, Up, and Gp (all from Sigma)
was spotted to provide markers. The first dimension mobile phase was 5:3 (v/v) isobutyric

acid : 0.5 M ammonia and the second dimension was run in 70:15:15 (v/v/v) isopropanol :
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concentrated HCI : water; each mobile phase was also 1 mM in EDTA (Kuchino et al.,
1979). Plates were allowed to dry thoroughly between the two dimensions and before au-
toradiography. 3’-Np spots were located by UV shadowing and labeled compounds by
autoradiography (to check for incomplete digestion or other problems), and the amount of
radioactivity in each Np was quantitated by scraping the adsorbent from the plate and
counting it in 4 ml Beckman Ready-safe fluor in an LKB 1209 scintillation counter. We
are grateful to J. Wyatt and J. Puglisi for assistance, advice, and reagents for nearest—
neighbor analysis.

Enzymatic RNA sequencing was done essentially according to literature methods
(Donis-Keller et al., 1977), except it was necessary to adjust digestion times and amounts
of enzyme to optimize results. Sequencing gels were 20 % acrylamide, run as above at
45 W (~ 3000 V), and exposure times were generally about two weeks with two enhanc-
ing screens. RNA samples were eluted from polyacrylamide gels into LES buffer, the elu-
ants were aliquotted into separate reaction tubes (sample amounts were adjusted so that
equal radioactivity was loaded in corresponding lanes on a gel), and each aliquot was pre-
cipitated with the addition of 3 pg carrier tRNA, 15 mM MgCly, and 2.5 volumes EtOH at
-20 °C overnight. In some cases, we omitted hydroxide digestion of colder samples to
allow shorter exposures. Control lanes and Cl; lanes were loaded with 1/3 or 1/2 the
counts of other enzymatic digests respectively, and hydroxide ladders had 1.5 x the counts
of the enzymatic digests. Enzymatic digests were done at 57 °C, alkaline digestion at
95 9C. The amount of each enzyme needed and the reaction time vary with different
batches; typical values are as follows: RNase Ty, 1 U, 2 min; RNase Phy M, 1 U, 15 min;
RNase U,, 0.6 U, 4 min; RNase B. cereus, 3 U, 1 min; RNase Cl; 2 U, 10 min; HO—,
2 min. Enzyme incubations of less than than 5 min were stopped by the addition of 1 pl of
1 mg/ml protease K followed by a further 30 sec at 57 °C. Reaction volumes were
5-8 ul. The reaction buffers were as follows: RNases T; and Phy M, 20 mM Na citrate
pH 5.0, 1 mM EDTA, 7 M urea, 0.025 % each xylene cyanole and bromophenol blue;
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RNase Uj, 20 mM Na citrate pH 3.5, 7 M urea, and dyes; RNase B. cereus, 20 mM Na
citrate pH 5.0, 1 mM EDTA, and dyes (the dyes were omitted in the reactions of Figure
8(A) and (B)); RNase Cl3, 20 mM Tris-HCI pH 7.5; alkaline digest, 50 mM Na carbonate,
pH 10. An equal volume of 8 M urea loading buffer with dyes was added to B. Cereus,

Cl3, and hydroxide reactions before loading.
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Results;

Our experiments were designed to determine the effects of pyrophosphate on transcrip-
tion reactions. We performed parallel reactions under several sets of conditions, varying
the concentration of pyrophosphate by adding either PP; itself or pyrophosphatase. The
initial experiments compared reactions with 50 uyM added PP; and with 20-40 U/ml added
inorganic pyrophosphatase (PPase). We believe that the results obtained at 50 pM PP; re-
flect the in vivo situation; this is explored in the Discussion. Experiments using normal
triphosphates (NTP’s) suggested that the reversibility of nucleotide incorporation could
have important effects on transcription. We used 3’-O-methylnucleoside 5’-triphosphate
(3'-O-methleTP) analogs to study this reversibility in more detail.

To address the effect of reversibility on the fidelity of RNA polymerase, we used a
synthetic DNA template containing a TAC18 promoter and a transcript sequence designed
to allow the preparation of a population of complexes paused at position +20. We analyzed
readthrough products (27mers) in detail using nearest-neighbor analysis and enzymatic se-

quencing.

(a) Reversibility of Nucleotide Incorporation

Figure 2 shows an autoradiogram of a time course of transcription reactions run under
the two sets of conditions described above. The reactions were done such that the poly-
merase initiated primarily at a single promoter on the SV40 DNA template. The reaction
was initiated with the dinucleotide ApA (adenylyl-(3’,5")-adenosine) and triphosphates
UTP, GTP, and [a-32P]ATP, and after a 5 min incubation all four NTP’s were added.
Heparin was also added in order to prevent reinitiation. It is clear that the average rate of
nucleotide incorporation is faster in the presence of PPase than with PP;; the average
length of the transcripts is greater for the same elongation time when PPase is present.
This indicates some involvement of PP; at or before the rate-limiting step(s) of the reaction,

and it suggests that the reversal of incorporation may be slowing the net rate. However,
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Figure 1-2.  Transcription Time Courses in the Presence and Absence of Pyrophosphate

Parallel transcription time courses were initiated with 50 uM GTP, 50 uM UTP,
1.5 uM ATP ([a-32P]JATP 3000 Ci/mmol), and ApA, SV40 DNA, and RNA polymerase
as described in Materials and Methods. In this case neither PP; nor PPase was present
during the 5 min initiation (done at 18 °C). During the elongation period the concentra-
tions of ATP, CTP, GTP, and UTP were adjusted to 100 uM each, [PP;] was adjusted to
50 uM or PPase to 20 U/ml, and heparin was added to 0.1 mg/ml. The temperature dur-
ing elongation was 37 °C. The molecular weight markers in the left lane are from a Hinf I
digest of SV40 DNA. The time O refers to the addition of all four NTP’s and the beginning
of the elongation reaction. The samples were precipitated twice as in Materials and

Methods, separated on a 6 % denaturing polyacrylamide gel, and autoradiographed.
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experiments of this type do not directly prove that nucleotides are reversibly added to a
growing chain. The distinct bands on the autoradiogram are due to pausing of the poly-
merase during transcription, a phenomenon which has been described earlier (Reisbig and
Hearst, 1981). The pattern and intensity of pause sites do not appear to differ substantially
in the presence and absence of PP;.

In order to follow more closely the addition and removal of nucleotides we turned to the
3’-O-methylNTP’s. RNA polymerase can incorporate these triphosphate analogs at the end
of a growing RNA chain, but the chain cannot be further extended due to the 3" blocking
group. These molecules have been used to sequence RNA transcripts (Axelrod et al.,
1978). In order to look only at transcripts from stable ternary complexes (polymerase,
RNA, and DNA), we isolated the RNA transcripts using nitrocellulose filtration of the
ternary complexes (Hinkle and Chamberlin, 1972). Therefore, the products do not derive
from abortive initiation or premature termination. Upon direct precipitation of all the RNA
present in a reaction we have observed higher levels of low molecular weight transcripts,
probably due to termination at 3’-O-methyINTP pause sites.

Figure 3 shows an autoradiogram of transcription reactions in which 3’-O-methylCTP
was substituted for CTP during a 5 minute initiation period and normal CTP was then
added along with the other three triphosphates. The time course run with PPase present
shows that only about 50 % of the ternary complexes were able to read on to form high—
molecular weight RNA, even after 30 min. In contrast, in the presence of 50 pM PP;
essentially 100 % of the ternary complexes are able to read on. This indicates that the
3’-0-methylCTP is incorporated during the initiation reaction and that in the presence of
PP; the resulting block can be removed.

RNA polymerase’s affinity for 3’-O-methylCTP is much lower than for CTP itself, so
once removed the analog is unlikely to be reincorporated. Therefore, when the system is
released from a 3’-O-methyl block in the presence of all four NTP’s the transcript is rapidly

extended to high molecular weight. (However, we have evidence (not shown) that the
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Figure 1-3.  Reversibility of 3-O-MethylCTP Blockage

Transcription reactions were initiated as in Figure 2 except that 200 uM 3’-O-methyl-
CTP and 2.5 uM CTP were also present. In the elongation reaction (done at 18 ©C), final
concentrations were 190 uM each UTP and GTP, 180 puM ATP, 2 mM CTP, 40 uM
3’-0O-methylCTP, 50 uM PP; or 20 U/ml PPase, and 0.1 mg/ml heparin. Transcripts were
isolated on nitrocellulose as described, ethanol precipitated, and analyzed as in Figure 2.
Band compression at lengths of about 24 nucleotides is due to the bromophenol blue

marker dye.
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system can be released from a pause and then rearrested after the incorporation of a few
more nucleotides. This could be due to high local concentrations of 3’-O-methyINTP
analogs, as the effect is more noticeable at high concentrations of analog.)

There are several different low molecular weight transcripts formed in the reaction of
Figure 3, and some do not seem to be due to termination by incorporation of
3’-O-methylCTP. The low affinity of the enzyme for the 3"-O-methyl analogs makes it dif-
ficult to get very efficient incorporation of the analog. The other transcripts may be the re-
sults of pausing from lack of CTP or ATP (the labeled ATP is at low chemical concentra-
tion), of misincorporating, or of initiating at nucleotide 2555 (one base away from the nor-
mal site; Gamper and Hearst, 1982) or elsewhere on the DNA. All of these processes
would give transcripts of different lengths.

Figure 4 shows a graph of the percent of counts found at low molecular weight, under
the two sets of conditions, as a function of time after addition of the four normal triphos-
phates. The data were obtained by Cerenkov counting of gel slices from an experiment
similar to that of Figure 3. Transcripts extended in the presence of PPase show an initial
burst of propagation to high molecular weight which rapidly plateaus. As above, this
probably represents elongation of transcripts which have not incorporated 3’-O-methylCTP
and perhaps some readthrough enabled by residual PP;. In the presence of PP;, essentially
all of the transcripts are extended to high molecular weight due to removal of the analog
using pyrophosphate. In the PP; case there is an initial rapid burst, probably due to exten-
sion of paused transcripts as above, and the rest of the transcripts are extended with bipha-
sic kinetics: about 40% of the low—molecular weight transcripts are extended almost as
rapidly as the paused transcripts, while the remainder of the decrease in short transcripts is
slow. We believe that both these processes reflect the removal of the removal of the
3’-O-methylCTP and rapid extension. It is possible that the fast process is essentially a py-

rophosphate exchange reaction, in which the analog is removed before the polymerase has
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Figure 1-4.  Time Course of Release from 3-O-MethylCTP Blockage

Transcription reactions were done as in Figure 3 except that the 3-O-methylCTP was at
1 mM, added CTP was omitted in the initiation reaction, and CTP was at 180 pM during
the elongation reaction. 50 uM PP; or 40 U/ml PPase were present during initiation. The
transcripts were analyzed on a 12 % polyacrylamide gel. Gel slices were cut out and
quantitated by Cerenkov counting. The y-axis shows the percentage of the total number of
counts in a given lane which were from bands of the same mobility as bands from a control

lane which was not elongated.
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translocated, while the slow process is a pyrophosphorolysis reaction requiring reverse
translocation.

Kassavetis et al. (1986) have reported using a similar “retraction” mechanism to map
transcription initiation sites and to “walk” T4-modified RNA polymerase along a DNA
template by arresting a released complex with a second 3’-O-methyINTP. Our data are
consistent with their result: micromolar concentrations of pyrophosphate are necessary and
sufficient to remove a single nucleotide from the end of an RNA chain (through pyrophos-
phate exchange). However, removal of more than one base through processive pyrophos-
phorolysis appears to require higher PP; concentrations (100 uM; see for instance Figure 6

of their paper).

(b) Pyrophosphate Exchange

To verify that these results arise from the reversal of incorporation, we performed tran-
scription reactions with triphosphates UTP, GTP, CTP, and [y-32P]ATP. When the la-
beled ATP is utilized by the polymerase, radioactive PP; is released. The label can then be
recycled into other triphosphates, presumably via the reversal of incorporation. This was
shown by separating the low molecular weight products of the reaction by HPLC.
Figure 5 shows that during transcription radioactivity appeared in the three triphosphates
which were initially cold and that no exchange was observed in the absence of a DNA
template. This indicates that pyrophosphate exchange occurs at low [PP;] during normal
transcription; most studies of PP; exchange have been done at much higher [PP;] (Krakow
and Fronk, 1969; Deutscher and Kornberg, 1969), and PP; exchange has often been stud-
ied during initiation rather than during elongation (Kumar ez al., 1977). There is recent
evidence that short RNA chains may be specifically pyrophosphorylized at low concentra-
tions of PP; (Krummel and Chamberlin, 1989; Metzger et al., 1989), though this may ac-
tually be due to a hydrolytic process (C. Surrat and M. Chamberlin, personal communica-

tion).
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Figure 1-5.  HPLC of Low Molecular Weight Products of Transcription Reactions

(A) A transcription reaction was performed and analyzed by HPLC as in Materials and
Methods. The reaction was allowed to proceed for two hours (one hour reactions give
identical results). The only source of label in the experiment is [y-32P]ATP, and the count
profile shows that radioactivity has been exchanged into other NTP’s. The peaks were
identified by adding optical quantities of triphosphates or by comparison with authentic la-
beled PP; and P;. The graph plots the percent of the total dpm in a given fraction vs. frac-
tion number.

(B) Count profile of low molecular weight products from a control transcription reac-
tion where the DNA template was omitted. Otherwise the conditions and procedures are
identical to those used in (A). The peak at 28 min is a contaminant in the [y-32P]JrATP la-

bel.
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A problem with the HPLC experiments is that the incorporation of [y-32P]JATP appar-
ently went to completion, so we did not independently measure incorporation. It is possi-
ble that PP; cycling after transcription stalled could affect the results, but since reactions run
for different amounts of time give the same results we do not think this was the case. This
system is not suitable for measuring relative rates of exchange and incorporation because of

the poor resolution of PP; and ATP.

(c) Misincorporation Experiments

To investigate the effect of reversibility on the fidelity of transcription, we used a syn-
thetic ds 86mer template containing a TAC18 hybrid promoter (Mulligan ez al., 1985).
Figure 1 gives the sequence of the template and the expected transcript. The TAC18 pro-
moter was used because it was reported to give minimal initiation at alternate start sites, and
we changed bases -1, -2, and -4 after initial experiments demonstrated production of an al-
ternate transcript (see Chapter 2; these “initial experiments” took about 6 months because
the alternate transcript comigrated perfectly on electrophoresis with misincorporation tran-
scripts and was therefore difficult to identify). Use of the defined system allowed us to
study readthrough by a homogeneous population of ternary complexes poised at position
20 on the template (Levin ez al., 1987), to study readthrough products (27 nt transcripts) in
detail, and to avoid the complications of promoter clearance and abortive initiation, in
which the polymerase can generate many short oligoribonucleotides before starting to make
a complete transcript (McClure, 1985). The SV40 system was not suitable for these exper-
iments because the sequence of short SV40 transcripts (less than 10 nt) includes all four
bases, and ternary complexes containing transcripts of this length are not stable. Also,
usage of minor start points on the SV40 produces transcripts of various lengths which con-
fuse analysis of minor products from readthrough. (Unfortunately, the deficiencies in the

SV40 system became painfully and embarrassingly obvious only after several months of
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rather frustrating experimental work on nearest-neighbor analysis and other attempts at
analysis of a wide variety of transcripts.)

Figure 6 shows an autoradiogram of a typical set of transcription reactions using the ds
86mer DNA template (conditions below). Table 1 gives the amounts of different tran-
scripts produced in a similar reaction, incubated for 3 hr at 21 °C, which otherwise used
the same conditions as lanes 1-6 and 9. Reaction mixtures included 200 uM ApA, 50 puM
UTP, 50 uM GTP, and 15 pM ATP as described in Materials and Methods, and incubated
for 90 min at 21 °C (Lanes 1-10) or for varying amounts of time at different temperatures
(Lanes 11-18). The major product is a 20mer initiated with ApA. Overall reaction yields
based on total amount of RNA polymerase are usually about 30 % for making body-la-
beled transcripts and about 10 % for end-labeled transcripts. This difference in efficiency
is probably due to the very low chemical concentration of [0-32P]pApA (< 5 uUM); in this
case ATP may compete effectively for the initiating nucleotide site. We chose not to reduce
the ATP concentration in order to avoid skewing the misincorporation results.

Readthrough 27 nt transcripts are produced at low levels (~ 1-5 % of the 20mer).
Lanes 1-6 show the effect of decreasing pyrophosphate concentration (from 1 mM PP; in
lane 1 to 400 U/ml PPase in lane 6; other concentrations are given in the figure legend),
and it is clear that the amount of 27mer increases dramatically as the concentration of py-
rophosphate decreases. The 27mer is the product expected if the polymerase reads through
the first site requiring C (+21) and stops before the second (+28). Very weak bands corre-
sponding to transcripts at +33 and +35 (the next C site) are visible in lane 6 of the original
autoradiogram. The increased readthrough with PPase is not due to more efficient usage of
residual CTP in the reaction mix: lanes 8-10 show that when 225 nM CTP is present the
level of readthrough is not strongly affected by PP; or PPase, though the PPase lane shows
less pausing at position 24. Nearest—neighbor analysis (below) directly demonstrates that
the transcripts do not include a substantial amount of C at position 21. Lane 7 is a control

showing that 100 mM ammonium sulfate has no effect on readthrough ((NH4),SOy is

40



Figure 1-6.  Transcription of ds 86mer DNA under Various Conditions

Lane numbers are given above and below the autoradiogram. Lengths of RNA tran-
scripts are indicated on the sides. The DNA was lightly labeled to facilitate purification; it
is more visible on a darker exposure or in earlier experiments. Transcription reactions were
performed as in Materials and Methods. Concentrations of RNA polymerase and DNA
were reduced to 20 nM and 80 nM respectively for these analytical experiments. GTP and
UTP were at 50 UM and ATP was at 15 uM (120 Ci/mmol [a-32P]ATP). All reactions
were at 20 °C unless otherwise noted. Lanes 1-10: 90 min incubations with the following
additions: 1, 1 mM PP;; 2, 250 uM PP;; 3, no addition; 4, 8 U/ml PPase; 5, 80 U/ml
PPase; 6, 400 U/ml PPase; 7, 100 mM (NHy4)2SOy4; 8, 250 uM PP; and ~ 1 uM CTP;
9,~1uM CTP; 10, 80 U/ml PPase and ~ 1 uM CTP. Lanes 11-14: time course under
the conditions used for lane 3: 11, 2 min; 12, 15 min; 13, 1 hr; 14, 3 hr. Lanes 15-18:
effect of temperature; each reaction was incubated at 20 °C for 20 min and transferred to
the new temperature: 15, 40 min at 4°C; 16, 160 min at 4°C; 17, 40 min at 37°C; 18,
160 min at 37 °C. Lane 19 shows a chase of the sample in lane 3: rifampicin was added
to 200 pg/ml followed after 3 min by ATP, GTP, UTP, and CTP to 200 pM each and in-
cubation for 100 min. Lane 20 shows a reaction performed under the conditions of lane 3
with the addition of 50 uM CT P. Lanes 21-24 show a chase from another experiment per-
formed under the same conditions: lane 21, same as lane 3; lane 22, 1 min chase as in lane

19; lane 23, 30 min chase; lane 24, 2 hr chase. Lanes 22-24 are typical chase results:
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about 90 % of the 20mer appears to be extended but there is a wide range of products be-
sides the expected 38 nt runoff transcript.

The identity of the 20mer product was confirmed in other experiments by sequencing of
transcripts initiated with [a-32P]pApA. The end-labeled transcripts (not shown) migrate
slightly faster than the body—labeled, indicating efficient usage of ApA as initiator in the
body-label reactions. Initiation using [y-32P]JATP is very inefficient, but as expected the
product obtained migrates faster than those initiated with ApA or [a-32P]pApA (not

shown).
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Table 1-1: Quantitation of Transcripts from ds 86mer DNA Template

144

Amount of transcript at each length relative to 20 nt transcript = 1000 for each lane

Transcript 1 mM 250 uM ~1uM 8 U/mL 40 U/mL 400 U/mL 225 nM

Length(nt) PP; PP; PP; PPase PPase PPase CTP
15 71.3 39.2 15.1 Y17 8.9 20.7 38.5
16 26.9 17.0 8.4 10.7 6.5 14.1 14.6
17 25.5 18.4 12.4 16.8 9.7 13.35 22.2
18 30.0 24.2 13.6 19.5 15.4 23.4 14.3
19 80.0 45.4 26.4 31.5 24.9 30.7 34.9
20 1000 1000 1000 1000 1000 1000 1000
21 85.9 72.8 44.8 53.6 31.7 32.7 69.5
22 4.5 2.7 2.9 1.7 5.4 3.4 25.2
23 3.3 2.9 2.0 2.3 6.3 3.1 41.6
24 4.8 3.7 2.8 2.9 5.4 5.7 73.6
25 5.1 2.8 % 2.2 . 6.4 24.0
26 Pt 2.2 1.4 2.1 4.1 11.2 42.1
27 8.3 9.1 6.1 10.1 14.7 34.1 1159
28 0 0.4 0.5 0.7 1.9 4.6 dd
35 0 0 0 0.2 0.9 L 200.5
38 0 0 0 0 0 0 106.74

Reaction conditions and analysis were as in Materials and Methods. The average yield of 20mer product based on amount of
RNA polymerase used was 25 %. The concentrations of RNA polymerase and DNA were 50 nM and 200 nM respectively.
Transcripts were labeled with [a-32PJATP. NTP concentrations were 50 uM each GTP and UTP, 15 uM ATP. Values were obtained
by scintillation counting of gel slices and were corrected for smearing of 20mer by subtraction of counts found in areas between bands.
The average total cpm per lane was 150000.

@ There were bands at higher molecular weight in lane 7 also, as in Fig. 6.



added with the PPase). The remaining lanes (11-18) show that the amount of 27mer is in-
creased with longer incubation time or higher temperature; we did not use the higher tem-
perature (37 °C) in other experiments because in our hands the results were less repro-
ducible. Misincorporation is dramatically increased at 50 °C (see Chapter 2, Figure 2), but
it was not noticeably decreased at 4 °C (data not shown). These temperatures were not
further studied because they are non-physiological. The relative amounts of 20 and 27 nt
transcripts vary up to about 3-fold between experiments, but the increase in the amount of
27mer produced with decreasing PP; is very reproducible.

There are weak bands at lengths 22 to 26 which usually are each about 20 % the inten-
sity of the 27mer. This is a much larger extent of pausing relative to the 27mer than is seen
for the transcripts shorter than the 20mer. It appears that complexes which read through
position 21 may not elongate as efficiently as complexes which have not, suggesting that a
misincorporation event disrupts the transcription bubble and thereby slows elongation.
More evidence bearing on this is discussed below.

Other transcripts produced include 15, 19, and 21mers. The 15mer and other weak
bands at lengths less than 19 are of roughly equal intensity under the different conditions.
They probably correspond to pause sites, and the 15mer was sequenced and found to have
the correct sequence (data not shown). The amount of 19mer produced generally decreases
and then levels off as [PP;] decreases (see Table 1), and the amount of 21mer usually in-
creases slightly (the 21mer is difficult to quantitate due to smearing of the 20mer on the
gels). The 21mer also builds up slowly over time (see Chapter 2, Figure 2). We believe
that the 19mer results both from pausing and a low level of pyrophosphorolysis from the
20mer. The 21mer results from incorporation of a base which is not further extended
(enzymatic sequencing data not shown). Experiments at low concentrations of added CTP
(Table 1) show that the relative amounts of 20 and 21mer are not strongly affected by

added CTP, suggesting that the base added to produce 2'mer may be misincorporated.
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The implications of a slow production of complexes stalled after misincorporation are dis-
cussed below.

The expected runoff transcript in these experiments is a 38mer. Transcript lengths of
up to 100 nt or more are seen in Figure 6 and similar experiments when transcription is
done in the presence of all four NTP’s. Some of these products probably come from ini-
tiation at the ends of the template (Melangon et al., 1983), but several transcripts longer
than the runoff have been sequenced and found to have initiated at the correct site (data not
shown; the sequencing was not of sufficient quality to identify the sequence beyond the
end of the transcript). The polymerase may be able to find a new DNA template without
releasing the bound RNA transcript and then prime from that transcript. Our experiments
use excess DNA at high concentration, which would tend to favor such a process, and the
fact that the production of transcripts longer than the template is substantially reduced by
adding heparin to the elongation mix is further supporting evidence. When 20mer com-
plexes are allowed to form and then chased with high concentrations of all four NTP’s, the
amount of 38 nt runoff transcript is increased relative to longer products (Figure 6, com-
pare lane 20 with lanes 21-24). In this case, RNA polymerase molecules may have initi-
ated at ends, produced transcripts too short to be stable, released the abortive transcripts,
and rebound at the promoter site, so that when the chase begins most of the polymerase
molecules are found at position 20 and long labeled transcripts from alternate start sites are
not produced.

The chasing behavior of complexes formed with this template is puzzling: usually
> 90 % of the 20mer formed can be chased to higher molecular weight, as expected from
the results of Levin et al. (1987) with a similar system, but chasing was sometimes less
efficient (see Figure 6, lane 19) and we often observe a substantial amount of pausing or
termination. Reactions initiated with ApA and 400 uM each NTP, in which kinetics are
very rapid, show similar pausing, so we do not believe the inefficient chasing is due to

degradation of the polymerase. The high yield of 20mer (based on polymerase) and the in-
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crease in the amount of high molecular weight material with time (Figure 6, lanes 22-24)
suggest that the short transcripts do not arise from ribonuclease degradation. The short
length of this DNA template may reduce the stability of the elongating complex relative to
those formed on longer fragments or supercoiled templates. Arndt and Chamberlin (1990)
have also shown that the stability of the elongation complex depends on the sequence con-
text, and we may have found a relatively unstable site.

Our system for studying readthrough is very similar to that developed by the
Chamberlin group for their work on stable ternary complexes (Levin et al., 1987). Our
procedures and results differ from theirs in several respects, and we discuss some of these
differences as they relate to the readthrough process. The transcription reactions described
in this work are done at much higher NTP concentrations and for much longer times than
used by Levin et al. (typically 5 uM NTP, 20 min); we were attempting to maximize the
amount of readthrough product for analysis, whereas their goal was to produce a homoge-
neous population of stalled complexes. However, their experiments show a higher level of
readthrough than ours (under conditions where we do not add CTP), and nearest—neighbor
analysis showed that their readthrough products could be attributed to correct incorporation
(of UTP in their case). We believe that our reactions contain less of the excluded triphos-
phate (since our excluded NTP is CTP, we avoid the problem of deamination of CTP pro-
ducing unwanted UTP), and we show below that the readthrough process we are observ-
ing reflects misincorporation rather than the use of residual CTP.

The hypothesis that the 27mer products reflect misincorporation was tested by nearest—
neighbor analysis (to determine the distribution of bases at position 21) and enzymatic se-
quencing (to verify a homogeneous start site) of the readthrough products from the differ-
ent reactions. The transcript sequence from our synthetic template was designed to give us
a sensitive assay for misincorporation at nucleotide 21 of the transcript. The base at posi-
tion 22 is A, so labeling with [a-32P]ATP yields a radioactive phosphate 3’ to the base at

position 21 (as well as several other sites). Digestion with ribonucleases produces nucleo-
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side 3’-monophosphates which can be separated by two—dimensional TLC and quantitated.
The nearest-neighbor distribution expected from the rest of the 27mer transcript, using la-
beled ATP, is 5 Gp : 1 Ap (the initiating ApA dinucleotide is not labeled). Therefore, any
deviations from a 5:1:0:1 ratio of Gp:Ap:Up:Cp reflect misincorporation, and the system is
uniquely sensitive to misincorporation of UTP at position 21 because Up should not
otherwise appear at all. Note that misincorporation of A at position 21 will also label U;
denoting the fraction of +21 sites occupied by X as f;1(X), the observed distribution of 3’

monophosphates is given by expression (2):
Gp:Ap:Up:Cp = [5 + f21(G)]:[1 + £21(A)]:[£21(A) + £21(U)]:£21(C). 2)

Since f21(A) + £21(G) + f21(C) + £21(U) = 1, the total number of counts is proportional
to 7 + f51(A). The value of f;1(A) is determined by the fraction of total counts in A accord-
ing to expression (3) below, and substitution of f21(A) into expression (2) determines
f71(X) for the other three nucleotides.

L4fn(A) o ) THA-1 g

& 1 : = e ) i A
Fraction of total cpm in Ap = f1(A) T+ fy1(A) 1-f7(A)

Figure 7 shows an autoradiogram of two—dimensional TLC separations of nucleoside
3’-monophosphates resulting from total digestion of 27mers and control RNA samples, and
Table 2 gives the results of scraping and counting the radioactivity on the plates. Plates 1-7
show nearest—neighbor analysis of transcripts produced at different PP; concentrations or
with added CTP. The spots corresponding to the four Np’s are indicated on plate 1. The
areas that are UV shadowed by markers are circled on each plate. A small fraction of the
Gp did not move from the origin in the first dimension. The N’ spot running at the top of
each plate (at the aqueous solvent front in the second dimension) does not UV shadow. In
these experiments it comprises about 2-5 % of total cpm, but it becomes more intense with
longer ribonuclease digestion times, higher ribonuclease concentrations, or higher tempera-

ture (42°C). Quantitation of analysis of control RNA samples indicates that Gp is con-
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Figure 1-7.  Nearest-Neighbor Analysis of 27 nt Readthrough Transcripts

Plat_es 1-7 show 27 nt readthrough transcripts prepared and analyzed as described in
Materials and Methods. The autoradiogram shows two—dimensional TLC plates of total
RNase digestions of transcripts. The position of each Np is indicated in plate 1; the N’
spot is discussed in the text. Areas that were UV shadowed by 3" Np markers are indicated
on each plate. Each spot was scraped off and counted to give the results in Table 2.

*Final concentrations of reaction components in each transcription reaction are as fol-
lows: RNA polymerase, 200 nM; ds 86mer DNA, 800 nM; ApA, 200 puM; GTP,
50 uM; UTP, 50 uM; ATP, 20 uM (750 Ci/mmol [a-32P]ATP). Other components
were as described in Materials and Methods. PP;, PPase and added CTP concentrations
were as follows: plate 1, 1 mM PP;; plate 2, 250 uM PP;; plate 3, ~ 2 uM PP; (estimated
final concentration of PP; generated during the reaction); plate 4, 8 U/ml PPase; plate 5,
80 U/ml PPase; plate 6, 400 U/ml PPase; plate 7, ~2 uM PP; and 225 nM added CTP.
Plate 8 shows a digestion of a 35 nt product formed in the same reaction as plate 7, and

plate 9 shows a digestion of the major 20 nt reaction product.
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Table 1-2: Nearest—Neighbor Analysis of 27 nt Readthrough Products

Sample and Calculated Corrected
. Np Raw Cpm?  Corrected Cpm % each Np f21(N)
Conditions Cpmy1(N) Cpmy1(N)
1 A 383 398 15.79 0.125 44.3 54.9
G 1734 1840 72.90 0.194 68.8 85.2
1 mM PP; U 251 250 9.91 0.581 205.8 254.8
C 34 35 1.40 0.100 35.3 43.7
N’ 122 0 (4.83)
2 A 729 761 14.76 0.039 28.6 23.3
G 3559 3798 73.69 0.187 137.2 111.7
250 uM PP; U 562 561 10.89 0.728 532.9 433.9
C 32 34 0.65 0.046 33.5 27.3
N’ 271 0 (5.27)
3 A 824 850 15.06 0.064 51.0 45.7
G 3876 4062 71.98 0.085 67.6 60.6
~2 uM PP; U 702 701 12.43 0.814 650.4 583.2
C 28 30 0.53 0.037 29.8 26.7
N’ 212 0 (3.75)
4 A 996 1020 14.09 (-0.016) 0.0 0.0
G 5105 5290 73.07 0.115 118.5 114.1
8 U/ml PPase U 877 876 12.09 0.846 875.5 842.8
& a2 55 0.76 0.053 54.7 52.1
N’ 211 0 (2.91)

(Continued on next page.)




Table 1-2: Nearest—Neighbor Analysis of 27 nt Readthrough Products, Continued

[4Y

Sample and Calculated Corrected
. Np Raw Cpm?  Corrected Cpm % each Np f21(N)
Conditions Cpmp1(N) Cpmy1(N)
5 A 1561 1624 15.92 0.136 194.8 195.6
G 7101 7545 73.96 0.278 3974 399.1
80 U/ml PPase U 735 728 7.14 0.373 533.2 535.5
C 290 304 2.98 0.213 304.2 305.5
N’ 515 0 (5.05)
6 A 1918 1949 18.07 0.323 476.2 763.1
G 7932 8128 75.34 0.517 762.2 1221.4
400 U/ml PPase U 364 355 3.29 (-0.082) (-121.0) (-193.9)
C 339 356 3.30 0.242 355.9 570.4
N’ 237 0 (2.19)
7 A 3080 3158 15.20 0.075 2214 368.8¢
G 13665 14192 68.300 (-0.167) (-491.2) (-818.4)¢
225 nM CTP 8] 393 319 1.53 0.033 97.1 161.8¢
C 2961 3109 14.96 1.059 3109.4 5180.8¢
N’ 680 0 (3.27)

Corrections and calculations are done as described in the text.

@ Raw cpm are corrected for background.

b The low value for Gp is probably due to losses in workup of plate.

¢ Cpmyj(N) values are also corrected for a smaller volume in the reaction producing sample 7.



verted to N’ about 50 % faster than Ap, and the other two nucleotides degrade to a lower
extent. This may result from a 3" phosphatase activity in our ribonuclease mixture or some
kind of depurination. The data in Table 2 is corrected for N” by assuming that Gp is de-
graded to N’ 1.5 x as much as Ap and that 2.5 % of total Cp is degraded to N’. Since the
total amount of N” is small, the details of the correction do not have a strong effect on the
results. Plate 8 is a digestion of half of the 35mer product obtained by adding 225 nM CTP
to our standard reaction. The autoradiogram shows that under our conditions there is very
little deamination of Cp to form Up; we estimate that about 2.5 % of the Cp is deaminated,
and this correction has also been applied to the data in Table 2. Plate 9 shows a digest of a
small fraction of the major 20mer product.

Table 2 gives the raw cpm obtained from each spot, cpm corrected as above for N” and
deamination, the percent of total cpm for each plate found in each Np, and the fraction of
each Np found at position 21 calculated as above. The total cpm in each base at position 21
is calculated as Cpmy;(N) = f5;(N) X (total cpm) / (7 + f321(A)). The last column gives the
estimated Cpmy;(N) corrected for variations in the yield of the original transcription reac-
tion (based on amount of RNA polymerase used; average was 26 %) and in the overall
yield of eluting, precipitating, digesting, and spotting the samples (average about 90 %).
The value for N’ in parentheses in the “Corrected cpm” column is the experimental uncor-
rected percentage, so the other four values in the column add up to 100 %. Other values in
parentheses are negative numbers, indicating that these values could not be fit with the ex-
pressions above; these data are discussed below.

The data in Figure 7 and Table 2 clearly show that the 27 nt readthrough products are
largely the result of misincorporation of U at position 21. Cp is found at less than 10 % of
the amount which would be required for a correct transcript. A and G are misincorporated
to a much lower extent. It is also clear that the level of misincorporation increases steadily
going from plates 1-4, from 1 mM PP; to 8 U/ml PPase. The data from plates 5 and 6, at

high concentrations of PPase, are more difficult to interpret. It seems that there are high
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levels of misincorporation and that the misincorporation is less dominated by U, but the
amount of CTP incorporated also increases and the data from plate 6 did not fit the equa-
tions used to calculate f1(X). This puzzle may be explained by results from RNA se-
quencing of end-labeled transcripts, below. Plate 7 is from a digest of 27mer produced in
a reaction where 225 nM CTP was added. The radioactivity in Gp for this plate does not fit
our equations, and we believe this is due to losses during workup (confirmed by other ex-
periments, data not shown). Sequencing showed end-labeled molecules synthesized under
the same conditions to be the correct sequence. The amounts of Up and Cp found and re-
sults from other nearest—neighbor experiments correspond to about 90 % correct incorpo-
ration of C and 10 % misincorporation of U. This indicates that there is detectable misin-
corporation when the excess of UTP in the transcription reaction mix is approximately
200—-fold over CTP (50 uM to 225 nM).

The 35mer is presumably the extension product of the 27mer to the next C. It is inter-
esting that digestion of this transcript (plate 8) yields very little labeled Up (0.5 % of the
total, or about 2.5 % of Cp, which is accounted for by a low level of deamination of Cp)
whereas plate 7 (27mer) shows 1.5 % of the total (about 10 % of Cp) in Up after correcting
for deamination. (The qualitative results on the autoradiogram are quite clear.) The 27 nt
and 35 nt transcripts were generated in the same reaction, so the lack of Up in the 35mer
suggests that 27mers having an error at position 21 are not efficiently extended further.
Also, we estimate that the total amount of 27 nt transcript with a misincorporated base at
+21 is comparable in reactions with and without added CTP, though the amount of product
found at lengths greater than or equal to 27 is much larger when CTP is added (Figure 6);
again this suggests slow extension of 27mers including a mismatch. There may be in-
creased pausing and termination after the enzyme has translocated past a misincorporation,
as the mismatch in the RNA:DNA duplex moves back through the transcription bubble.

Such a termination event could be considered another proofreading step, albeit one having a
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high energy cost, in that the truncated RNA transcript is more likely to be degraded by the
cell than a full-length transcript (see the Discussion).

To make sure that the nearest—neighbor analyses were being done on populations of
transcripts initiated at a single nucleotide, we sequenced end—labeled transcripts generated
by [0-32P]pApA initiation. The results of sequencing 27mers using standard partial diges-
tion methods are shown in Figure 8. Transcripts 1-7 were synthesized in parallel with the
transcripts used for nearest—neighbor analysis under the same conditions, except that the
initiating dinucleotides were different, ATP was at 50 uM rather than 20 pM, and the con-
centrations of RNA polymerase and DNA were higher in the end-label reactions (350 nM
and 1.4 uM respectively). The sequencing reactions shown in Figures 8(A) and (B) were
done under identical conditions for each digestion with a given RNase, though it is difficult
to reproduce digestion levels precisely from sample to sample (B. Cereus and Cl3 were
especially troublesome). The reactions in Figure 8(C) were done under slightly different
conditions but again are consistent from sample to sample.

Figure 8(A) shows a part of an autoradiogram of sequencing reactions done on tran-
scripts synthesized in the presence of 1 mM, 250 uM, or ~ 3 uM PP; or in the presence of
225 nM added CTP. Base 21 is indicated. The + CTP sample shows a strong Cl3 band, a
B. Cereus band, and a very weak Phy M band at this position. The other three sets show
Phy M bands identical in intensity to those at U’s 16, 19, and 24. The extent of digestion
with Clj varies, but each lane shows a relatively strong Cl3 band. This may be partly due
to low levels of C at position 21, or UpA sites may be particularly susceptible to cleavage
by Clsz (Perbal, 1988, p. 647). Base 21 is the only UpA site in the molecule. On the
original autoradiogram a faint T; band is visible at position 21 for sample 3, indicating
possible misincorporation of G, but otherwise there is no indication of misincorporation of
Gor A.

Figure 8(B) shows similar digestions of transcripts synthesized in the presence of in-

creasing amounts of PPase, again with the rightmost set being the + CTP reaction (this is
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Figure 1-8.  Enzymatic Sequencing of 27 nt Readthrough Transcripts

Partial digests were analyzed on 20 % polyacrylamide 7 M urea gels. The lengths of
the products are indicated on the left side of each figure, and the sequence is given on the
right. The RNase cutting specificities are as follows: T; at G, Phy M (¢M) at A > U, U,
at A, B. Cereus (BC) at U, C > G, and Cl3 at C > U. Nonspecific hydroxide digests
(HO") and control lanes without added enzyme (n.e.) are indicated. Sequencing reactions
were as described in Materials and Methods.

(A) and (B) show autoradiograms of sequencing of transcripts prepared in parallel with
the samples used for nearest—neighbor analysis (Figure 7 and Table 2). Transcription reac-
tions were as described in the legend to Figure 7 except that the concentrations of RNA
polymerase and DNA were 350 nM and 1.4 uM respectively, ATP was at 50 UM and unla-
beled, and ApA was replaced by 4.5 uM [a-32P]pApA. The transcripts sequenced in (C)
were prepared similarly except that RNA polymerase and DNA were at 200 nM and
800 nM respectively, ATP, GTP, and UTP were each at 30 uM, [a-32P]pApA was at
2.4 uM, and the concentrations of PP;, PPase, and added CTP were as indicated in the

figure.
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the same sample as that in Figure 8(A)). The results are similar to Figure 8(A), with the
PPase transcripts showing strong Phy M bands at position 21. There is a faint Ty band at
position 21 for sample 4 and possibly for samples 5 and 6. However, the salient feature of
this autoradiogram is the presence of several unexpected bands for samples 5 and 6. For
example, there is a weak U; band between bases 13 and 14 of both samples and several
bands in the Ty and HO™ lanes for sample 6 which do not correspond to the HO™ ladder for
sample 7.

Figure 8(C) shows a similar experiment in which the extra bands are more pronounced,
for unknown reasons. These bands are unlikely to result from initiation at other sites on
the template, because alternate start sites should yield extra bands at every position. They
are not due to sequencing artifacts, because the reactions were all done in parallel and extra
bands appear only in PPase samples. It is possible that they reflect extremely error prone
transcription under conditions where PP; is at very low concentration. The high protein
concentration or salt concentration present in PPase reactions may also have some deleteri-
ous effect on fidelity. In any case, the extra bands explain why the nearest—neighbor re-
sults for plates 5 and 6 did not fit well to a model which considered possible errors at only
one site. We still do not understand the increased amount of Cp found on those plates, but
the strong Cl3 band seen in Figure 8(C), sample 3, at position 10, suggests that there may
be preferential misincorporation of C even at very low concentrations of CTP. The aber-
rant C appears to be followed by an A, consistent with nearest—neighbor results.

Finally, we have done a CTP titration experiment to further confirm that the low level
of readthrough observed is not due mainly to residual CTP. The results of Figure 9 indi-
cate that when CTP is added to 1 nM there is no effect on the level of readthrough, con-
firming that under these conditions readthrough is largely due to misincorporation. The ex-
pected effects of PP; concentration are still present but on the light exposure of this gel they
are difficult to see. At 10 nM CTP there is clearly enhanced readthrough. We estimate that
at [CTP] ~ 5 nM and [UTP] = 50 uM correct and incorrect readthrough at position 21
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Figure 1-9.  CTP Titration

The autoradiogram shows transcription of the synthetic ds 86mer template in the pres-
ence of PP;, water, or PPase as indicated and varying concentrations of added CTP. All
reactions contained 85 nM template, 45 nM RNA polymerase, 250 pM ApA, 50 uM UTP
and GTP, and 20 uM ATP (60 Ci/mmol [a-32P]JATP). Reactions were done at 20 °C,
and no heparin was present. Polymerase and template were pre—incubated with ApA for
8 min before the addition of UTP, GTP, and ATP. The reactions were then incubated for
15 min before the addition of CTP to allow the formation of 20mer complexes, and incuba-
tion was continued for 15 min after the addition of CTP. Total final reaction volume was
5 pl per lane. Reactions were terminated by the addition of 6 pl of 10 mM EDTA in 100
% formamide, boiled and cooled on ice, and applied directly to a 25 % polyacrylamide
(1:29 bis:acrylamide, 7 M urea) gel. Lanes 1, 4, 7, 10, and 13 have 120 pM added PP;
(indicated by “i”); lanes 2, 5, 8, 11, and 14 have added H>O (“0”); and lanes 3, 6, 9, 12,
and 15 have 24 U/ml added PPase (“a””). Lanes 1-3 have no added CTP, lanes 4-6 have
1 nM added CTP, lanes 7-9 have 10 nM CTP, lanes 10-12 have 100 nM CTP, and lanes
13-15 have 1000 nM CTP. Transcript lengths in nucleotides are indicated on the sides of

the autoradiogram.
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CTP Titration at Various PP; Concentrations
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would occur at the same rate. The rate of correct incorporation increases approximately lin-
early with [CTP] up to 100 nM, as expected if the K, for CTP at this position is
» 100 nM. Also, the level of readthrough at 10 nM < [CTP] < 1 uM (in this range the
level of readthrough is high enough to be due almost exclusively to correct incorporation) is
independent of [PP;] from < 1 uM (40 U/ml PPase) to 200 uM PP; (see also Figure 6,
lanes 8-10). Higher concentrations of CTP are not used because correct readthrough re-
duces the amount of 20mer complex to such an extent that we cannot observe competition
for incorporation at position 21. The transcripts longer than 38 nt appear when heparin is

omitted from the reaction mix, as discussed above.
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Our experiments demonstrate that E. coli RNA polymerase can remove a nucleotide
from the end of a growing RNA chain and can then extend the chain further. This is
shown using 3-O-methylcytidine 5’-triphosphate, a chain—terminating CTP analog. When
pyrophosphatase is present the analog blocks transcription irreversibly: when CTP is
added, RNA chains terminated with the analog remain at low molecular weight. In the
presence of ~ 50 uM pyrophosphate, the block is reversible and the transcripts are ex-
tended to high molecular weight after the addition of CTP. We have shown that a removal
process also occurs with standard triphosphates by following the exchange of labeled PP;
into uipﬁosphates, and we show that this exchange process can occur at very low [PP;].
Kassavetis et al. (1986) have observed PP; release from 3’-O-methyINTP blockage fol-
lowed by continuing synthesis, and they have used this as a method for mapping promot-
ers.

Our specific interest is in whether such a removal process can enable error correction by
RNA polymerase;l we present a theory (below) which proposes that translocation of the
polymerase from one site on the DNA template to the next may be a critical step in an error
removal mechanism requiring pyrophosphate. (The proposed error correction mechanism
is not referred to as “editing” or “proofreading’ because workers in the field have reserved
these terms for processes which expend energy to increase fidelity.) The 3’-O-methyl-
NTP’s are not good substrates for studying misincorporation or translocation, for several
reasons. They are not high-affinity substrates, and they are inserted much less specifically
than the normal substrates (see Chapter 3). We do not know whether the polymerase can
translocate past a 3’-O-methy! terminal nucleotide once it has been incorporated. The rate
of analog removal is slow compared to the rate of transcription (Figures 3 and 4), suggest-
ing that the polymerase can translocate and that it may be necessary to reverse translocation

(a slow process) in order to remove the analog. However, the low [PP;] needed to remove



one base from the 3 end of the RNA compared to the high [PP;] needed for further pyro-
phosphorolysis suggests that this reverse translocation of the analog is more facile than
pyrophosphorolysis of normal triphosphates. For these reasons we turned to studying
misincorporation using the natural triphosphates.

We have studied misincorporation at a single position on a DNA template by omitting
CTP from transcription reactions and analyzing transcripts resulting from readthrough at
the first position requiring C. Nearest-neighbor analysis shows that misincorporation of U
for C is largely responsible for readthrough. The results show that as the concentration of
pyrophosphate decreases, the level of misincorporation increases steadily (Table 2). The
misincorporation rate increases approximately threefold in going from 1 mM PP; to 8 U/ml
PPase. At higher PPase concentrations, there are indications that A and G are misincorpo-
rated to a greater extent relative to U. The amount of residual CTP incorporated under
these conditions also increases, which may be due to an increase in the rate of elongation or
to incorporation of C at other sites. RNA sequencing results suggest that transcription un-
der these conditions becomes error prone; the polymerase appears to make errors even at
sites where the correct nucleotide is available at 50 uM.

Experiments in which low concentrations of CTP (1-1000 nM, « K,) were added to
transcription reactions verified that readthrough occurs largely via misincorporation and
show that incorporation of the correct triphosphate is not substantially affected by [PP;] at
low tﬁphosphate concentration. Our experiments show that the rembval of pyrophosphate
specifically increases the rate of misincorporation over the rate of correct incorporation un-
der conditions where correct and incorrect triphosphates are competing, and therefore that

the removal of PP; decreases the fidelity of transcription.

(a) A Theory for Error Correction via Reversibility

We have developed a theory explaining how the reversal of incorporation using PP; can

increase the fidelity of transcription. The essential feature of the fidelity enhancement is
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that the incoming nucleotide is covalently bound at the end of the transcript before the en-
zyme is committed to continuing on. This allows enzyme discrimination according to any
distortions in the RNA-DNA hybrid helix caused by a misincorporation, as well as accord-
ing to base—pairing or hydrogen bonding. The important checking step in this mechanism
is proposed to be translocation of the polymerase. Pyrophosphate is necessary in order for
the polymérase to use translocation as a checking step, as explained below.

The error correction mechanism is presented in terms of free energy reaction coordinate
diagrams for the incorporation of a single nucleotide. The diagrams do not show standard
free energies, and first— and second-order processes are presented on the same set of
curves; the curves are better described as kinetic barrier diagrams as discussed by
Burbaum e al. (1989). Figure 10 shows proposed pathways for transcription in the pres-
ence or absence of pyrophosphate, and the process of misincorporation of a nucleotide is
also shown for each case. The intermediates identified in Figure 10 are pictured schemati-
cally in Figure 11; the corresponding intermediates for the top pair of curves in Figure 10
are identical (their populations change). State A represents an RNAP : DNA : RNA
ternary complex ready to bind the next triphosphate. This corresponds to the complex in-
cluding a 20 nt transcript in the misincorporation experiments described here.

The first step in the pathway is binding of a triphosphate. At this step there is little dif-
ference between the presence or absence of pyrophosphate, and the difference between
binding correct (XTP) and incorrect (YTP) nucleotides is much less than the difference
between the two reaction paths later on. However, some incorrect nucleotides may be
more efficiently rejected than others at this step; in our experiments UTP probably binds at
position 21 more readily than ATP or GTP. Binding is freely reversible, and we assume
that the binding energy is available for use by the enzyme. Note that the relative free ener-
gies and therefore populations of the EerN,,eXTP and EerN,,eYTP states will depend on
the concentrations of correct and incorrect nucleotides. (These diagrams show free ener-

gies at equal concentrations of XTP and YTP. Omission of the correct nucleotide corre
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Figure 1-10. Proposed Free Energy Reaction Coordinate Diagrams for Transcription in

the Presence and Absence of Pyrophosphate

(A) The lower curve represents the incorporation of a single correct nucleotide at the
end of a growing RNA chain (rNp,), and the upper curve represents incorporation of a
mismatched nucleotide (this curve will change depending on the identity of the mismatched
nucleotide). The reaction proceeds in the presence of PPi. The correct triphosphate is
designated XTP and the incorrect NTP is YTP. The labels correspond to the cartoons in
Figure 11. The binding of the correct triphosphate is favored by 2.8 kcal/mole over the
binding of the incorrect triphosphate (estimated to be the difference between base—pairing
interactions; Petruska er al., 1988), and this difference between pathways remains the
same until the translocation step (transition states E and E”). The point of maximum sepa-
ration between the two curves is identified as AGmayx, the maximum discrimination free en-
ergy, and AGnax = 7 kcal/mole here.

(B) The labels and the steps of the reaction are as in (A). The concentration of PP; is
1 % of that in (A), so the free energies of the EerN,,X and EerN,,Y intermediates (D and
D’ respectively) are decreased by 2.8 kcal/mole relative to the corresponding intermediates
in (A). The translocation barrier and AGmax remain the same, but the full discrimination
free energy is no longer available for error checking because of the greater driving force for

bond formation.
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Figure 1-10: Free Energy Reaction Coordinate Diagrams
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Figure 1-11. Cartoons Corresponding to the Intermediates and Transition States of

Figure 10

State A represents a ternary complex of DNA template, RNA polymerase, and RNA
transcript. The oval indicating the RNA polymerase represents only the active site for
polymerization. B and B’ are complexes with bound correct and incorrect triphosphates re-
spectively. C and C’ show the complex' after covalent bond formation; D and D’ (not
shown) are identical to C and C’ except that the D and D’ intermediates have lost PP;. E
and E’ show transition states for the translocation of the polymerase to the next site on the
template. The shaded bulges indicate a “collar” in the polymerase which has unfavorable
steric interactions with the mismatched helix in E’. F and F’ indicate the translocated com-
plexes; F is functionally equivalent to A. The lines below the figure indicate the processes
of pyrophosphate exchange and pyrophosphorolysis: exchange requires interconversion
only among states A-D or D’, whereas processive pyrophosphorolysis requires repeated

reverse translocation from F or F’ back to the rest of the pathway.
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Figure 1-11: Cartoon Accompanying Figure 10
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spbnds to raising the free energy of EerN,,eXTP several kcal/mole, effectively allowing
the stuc‘iy of misincorporation.) The subsequent steps of the mechanism do not depend on
NTP concentrations, so the effect of a pool bias (a change in one or more triphosphate con-
centrations) is to shift the entire YTP curve relative to the XTP curve, yielding an effect on
the discrimination free energy and therefore the fidelity. (The discrimination free energy is
the maximum free energy difference between corresponding points on the two reaction
pathways.) States B and B’ in Figure 11 represent ternary complexes with bound triphos-
phate; the sketch of B’ indicates that an incorrect NTP may be accommodated with minimal
distortion of the RNA : DNA helix.

The second step of the reaction is covalent bond formation, in which a phosphoanhy-
dride bond in the triphosphate is broken and the RNA phosphodiester bond is formed. The
pyrophosphate product remains bound to the enzyme. Bond formation is reversible.
States C and C’ in Figure 11 represent complexes after bond formation, and state C” indi-
cates that the incorrect nucleotide may introduce more distortion once covalently bound.
States C and C’ and all of the later intermediates would yield 21mer products in our exper-
iments.

The third step is the loss of the bound pyrophosphate. States D and D’ (not pictured)
are the same as C and C” except for the absence of PP;. The process of going back and
forth between the intermediates with PP; bound or unbound corresponds to the equilibra-
tion of product PP; with the pool of PP; in solution, so the PP; is exchangeable with ex-
ogenous PP; at this stage. Exchange of PP; followed by reversal of the covalent bond for-
mation step is experimentally observable as pyrophosphate exchange. The Ky for PP; in
these states of the system may be quite low; this would explain why very low concentra-
tions of PP; are sufficient for reversal even though substantial inhibition of transcription
elongation requires high PP; concentrations. A low K4 could also explain the fact that in-
creasing [PPase] increases misincorporation substantially even though [PP;] is probably

< 1 uM whenever PPase is present. More precise measurements of the dependence of ex-
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change rate on [PP;] and more information on [PP;] in vivo will be necessary in order to
assess the importance of PP; exchange during in vivo transcription.

In the absence of external PP;, a state which has lost PP; has a lower free energy than
the state which retains it, or at least the free energy of this state is decreased relative to the
corresponding state in the presence of external PP;. Therefore, the equilibrium is shifted to
the state without bound PP; in Figure 10(B) and the formation of the covalent bond be-
comes more favorable. The probability of reversing bond formation versus continuing in
the forward direction is greatly decreased in the absence of PP;. The elongation rate is in-
creased by removing PP; because the enzyme spends less time going back and forth among
states A — C; the concentration of complexes in states D and D’ is increased and this in-
creases the total rate of translocation. This equilibration is the only step in our proposed
mechanism whiéh is different for different concentrations of PP;.

The next and last step is proposed to be the most important checking step, the step
which largely determines the fidelity of transcription. This is the translocation of the poly-
merase along the DNA template, during which the free energy difference-between the right
and wrong pathways is proposed to be the largest. The maximum free energy difference
(AGmax) between the paths leading to incorporation of right and wrong nucleotides sets an
upper limit of exp[AGnax/RT] on the fidelity of transcription (Fersht, 1985). The re-
versibility of nucleotide incorporation could increase fidelity by allowing this free energy
difference to be fully expressed. The physical basis for a maximal AG,x at this step is
that comparisons between molecules in which the covalent bond joining the new nucleotide
to the growing chain has been formed can be more stringent than the comparison between
noncovalent binding interactions. (If bond formation and translocation were simultaneous,
discrimination could only be based on the noncovalent triphosphate binding interaction.)
The enzyme discriminates more effectively by comparing intermediates which are as close

to complete helices as possible and checking any feature of these helices. AGpay 1s indi-
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cated by the vertical bars between E and E’ in Figure 10; AGpax is a difference between
activation barriers, but for convenience we do not represent it as AGmax*.

Our picture of the translocation process is a helix passing through a tight “collar” in the
polymerase. The transition states E and E’ in Figure 11 show the collar as shaded intru-
sions into the grooves of the hybrid helix, with the transition state for misincorporation
being raised in energy by unfavorable steric contacts. The F and F’ states show the ternary
complex after translocation. State F is equivalent to state A, and processive elongation
continues on a free energy reaction coordinate pathway similar to the one shown. State F/
is on a different potential surface, and if there are large barriers to further elongation in this
state, reverse translocation and pyrdphosphorolysis processes could become important (see
below). It also appears that the system can accumulate in state F', and the consequences of
this are discussed below.

The height of the translocation barrier and the AGp,ax are likely to depend on the se-
quence and secondary structure of the transcript, giving different misincorporation rates for
different nucleotides and sites on the template. Sequence-dependent rates of elongation
and pyrophosphorolysis could be a consequence of these differences, and high transloca-
tion barriers could create pausing phenomena independent of the concentration of the next
nucleotide. We have also found that misincorporation rates are dramatically increased by
raising the temperature from 22°C to 37°C or 50°C but remain constant on cooling to
4 oC, and the production of F’ (21mer) behaves similarly. This is consistent with the a
collar/translocation model in which the important steric contacts become progressively less
stringent at temperatures above room temperature, decreasing AGmax. (For barriers that
don’t change with temperature, Arrhenius theory predicts stronger effects at low tempera-
ture.) Of course, the temperature dependence does not exclude other explanations, and ex-
treme temperatures may have unpredictable effects on the enzyme structure; for example,

we expected that .misincorporation rates would decrease at lower temperatures.
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For translocation to be useful as a discrimination step, all the steps preceding it must be
reversible. In order to remove a misincorporated base, the polymerase must use PP; to go
back from state D’ to C’ to B’ to A and start over. Without PP; the reversal pathway is
much more difficult to use, and a high discrimination free energy cannot improve the fi-
delity — all it can do is slow down the translocation past a misincorporated base. Since
RNA polymerase is highly processive, the translocation will usually eventually occur; the
only other option is termination. Therefore, without PP; the full AGy,, is not available for
error correction. Reversibility may allow the evolution of more accurate enzymes: an en-
zyme which released PP; during or following the rate limiting step of misincorporation
would be unable to discriminate on the basis of covalent intermediates, whereas reversibil-
ity allows the development of interactions which increase the AGp,ax between such covalent
intermediates.

This model also requires the enzyme to store some of the energy available from nu-
cleotide binding or covalent bond formation. The stored energy is used to provide a driv-
ing force for reversal of incorporation or for forward translocation. The thermodynamic
driving force for polymerization is manifested in the translocation step, which we see as
essentially irreversible at least for correct incorporation. The error correction and py-
rophosphate exchange processes occur before translocation, and they are therefore
“decoupled” from the net thermodynamics of incorporation. Pyrophosphorolysis is not de-
coupled because it requires reverse translocation. Thus, the model for fidelity enhancement
is essentially independent of the thermodynamics of a particular polymerization step, which

may be sequence and structure dependent.

(b) Mathematical Modeling

The quantitative consequences of this kind of model can be predicted using Cleland’s
(1975) method of net rate constants, in which forward and reverse rate constants for an

elementary step are replaced by a single net rate constant for that step. The kinetic equa-

74



tions of Scheme I correspond to the reaction pathway described above. The expressions
for net rate constants are given, and the intermediates of Figures 10 and 11 are indicated. E
in Scheme I refers to the RNA polymeraseeDNA complex. Given the rate constants for the
elementary steps, values can be derived for misincorporation frequencies, transcription
rates, and concentrations of the various intermediates. We have simulated the behavior of
the system for a range of rate constants for each step, using the computer program in the
Appendix. To simplify the analysis we assume rapid loss of PP; from the EerN (X or
Y)ePP; intermediates. We assume that when [XTP] = 10 uM the free energies of the
EerN,, and EerN,,XTP states are equal and that at [PP;] = 10 uM the free energies of
EerN,,X and EerN,, X ePP; are equal (this is equivalent to assigning reasonable binding
constants for XTP and PP; and defining the standard state). The equilibrium constant for
binding the incorrect triphosphate is assumed to be 100-fold less than for the correct
triphosphate. The internal equilibrium constant for the interconversion of B and C or B’
and C’ was varied between 0.1 and 1 (it is 0.5 in Figure 10). The concentration of PP; is
100-fold less in the - PP; reaction than in the + PP; case. Translocation is taken to be irre-
versible, so we are ignoring pyrophosphorolysis (this allows us to consider F and F’ to be
the same state and allows us to use the net rate constant method). The translocation barriers
for correct and incorrect states do not depend on [PP;], and neither does AGax-

. The apparent rate constant for correct incorporation is given by expression (4) below,
where the prime (*) denotes a net rate constant as in Scheme I. Net rate constants for the
incorrect pathway appear in this expression to allow for partitioning of the available enzyme

along the two different routes.

app ki1x,3x,5x,7x =
klx’

1+ kix flax + kix'[kse” + kix'fkax + kay' [hay’ + k' fksy” + ky' [kay

4)

The apparent rate constant for misincorporation is k,” divided by the same denominator.

The misincorporation frequency is given by kiy/(k1x” + k1y).
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We used a wide range of assumed rate constants to predict the consequences of the
model. These calculations confirm enhanced fidelity in the presence of PP; for any reason-
able choices of rate constants. The maximum possible fidelity for an unbranched pathway
is eXp(AGnax/RT), where AGpax is the maximum free energy difference between analo-
gous points on the right and wrong pathways (Fersht, 19835, ch. 13). In order to achieve a
misincorporation frequency of 1 x 10-5 (approximately the experimentally observed fidelity;
Blank ez al., 1986), AGnax must be about 7 kcal/mole at 300 K. In the presence of PP,
the maximum possible fidelity can be achieved, but when the [PP;] is reduced 100-fold the
misincorporation frequency increases by a factor of 5-50, in reasonable agreement with
experiment. The fidelity enhancement due to PP; (defined as the ratio of misincorporation
frequencies with and without PP;) is of the same order of magnitude as the fidelity increase
due to 3" = 5’ exonuclease proofreading for some DNA polymerases (Fersht et al.,
1982), though other DNA polymerases use 3" — 5’ exonucleases much more effectively
(Kuchta er al., 1988). The fidelity enhancement and the absolute fidelity both increase as
AG,ax increases, and the effect is more pronounced when [PP;] is reduced further. The
absolute fidelity increases as the barrier to translocation increases, but the fidelity enhance-
ment can increase or decrease.

Figures 10(A) and (B) are derived from simulated rate constants which matched the ex-
perimental observations above and the known kinetic parameters for RNA polymerase.
The curves shown give reasonable values for the misincorporation frequency with PP;
(1.3 x 10-5), the relative fidelity +/- PP; (31), the rate of transcription elongation with PP;
(30 bases/sec), the ratio of elongation rates +/- PP; (0.42), and the total amount of complex
found in states with RNA species covalently elongated by one nt. (We calculate 3.1:1 and
1.4:1 ratos of n-mer : (n+1)-mer for +/- PP; respectively, experimentally observable as the
20 mer : 21 mer ratio in our experiments. The calculation assumes that extension of a mis-
pair is rapid after translocation, which is probably not valid; see below.) The pictured ac-

tivation energies are derived from elementary rate constants and ratios of rate constants as-
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suming the same preexponential factor (107) for each step. The absolute values of reaction
barriers are therefore arbitrary; they are simply an intuitive way to represent relative reac-
tion rates. The probability of translocation for an EerN (X or Y) intermediate can be ob-
tained from the relative rate constants, and these probabilities help explain the effectiveness
of error correction. In the presence of PP;, the translocation probabilities are approximately
0.5 and 9.1 x 10 for the EerN,X and EerN,,Y intermediates respectively. The corre-
sponding values in the absence of PP; are 0.99 and 8.8 x 10-2, which show increases both
in the absolute probability of misincorporating a base and in the relative probability of mis-

incorporating vs. translocating correctly.

(c) Relationship to Other Work

Several models for kinetic proofreading propose a branched pathway for rejection of er-
rors during DNA replication (Hopfield, 1974, 1980; Ninio, 1975; Bemardi ez al., 1979).
These models predict that PP; should decrease fidelity by competing with error rejection
from an EeDNAedNMP intermediate or another high—energy state (Hopfield, 1980); our
results show the opposite PP; effect. Adding a branched pathway in our model could in-
crease the attainable accuracy, but PP; exchange is sufficiently facile that we do not believe
it likely that it is exclusively part of an error correction pathway. Abbotts and Loeb (1985)
have found that high concentrations of PP; (7 mM) increase the fidelity of replication by
DNA polymerase @, a eukaryotic polymerase which lacks a 3" — 5" exonuclease. We be-
lieve that our model may be applicable to this enzyme.

Lecomte er al. (1986, also see Doubleday er al., 1983) have proposed a model for the
involvement of pyrophosphate exchange in proofreading by DNA polymerases. They pro-
pose a [DNAedNMPePP;] intermediate with a role in increasing fidelity. In their model,
the formation of this intermediate is rather nonselective, but for an incorrect triphosphate
the reverse reaction to reform the dNTP is favored over the forward reaction to form a co-

valent bond, while for the correct nucleotide the forward reaction is favored. They do not
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explain why this intermediate should be proofread more effectively than a simple
[DNAedNTP] intermediate. Also, the model would predict retention of configuration at the
o-phosphorous of the product in opposition to experiment, and their experiments have not
been reproducible in other labs (Kuchta ez al., 1988). Also, LeComte er al.’s results on the
incorporation of noncomplementary dNMP’s suggest that the [DNAedNMPePP;] inter-
mediate is not efficiently proofread even if it exists. These results probably do not apply to
RNA polymerase, since RNA polymerases have not been observed to generate NMP (this
would have been interpreted as a 3° — 5" exonuclease). We believe that our model is
more intuitively reasonable because formation of covalent phosphodiester bonds gives in-
termediates which can be distinguished more stringently than non—covalent complexes.
One feature the two models have in common is a requirement for energy storage in the en-
zyme during polymerization, though the DNA polymerase model requires the storage of all
of the energy of a phosphoanhydride bond rather than just 2-3 kcal of binding energy.
Lecomte et al. suggest that processive polymerization may be required for such energy
storage; while we believe it is possible to construct models where this is not the case, RNA
polymerase is extremely processive. Lecomte et al. find a weak mutagenic effect of PPase.

Kunkel et al. (1986) report that PP; decreases the fidelity of DNA polymerase 1, and
propose that this is due to interference with a kinetic proofreading mechanism. They find
no effect of PP; on AMYV reverse transcriptase or mammalian DNA polymerase 3 and in-
creased fidelity with mammalian DNA polymerase o as above (Abbotts and Loeb, 1985).
The effects of PP; are interpreted in terms of a model which rejects errors as ANMP’s, so
their conclusions may not be relevant to RNA polymerase, but this study confirms that dif-
ferent polymerization reaction paths exist and that they differ in their responses to PP;.
Effects were observed only at very high concentrations of PP; (5-7 mM), so the results
may not be directly comparable to the Benkovic group’s work discussed below, which

used much lower concentrations (typically ~ 100-200 uM).
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Benkovic and coworkers have presented work on the catalytic steps involved in DNA
polymerization by DNA polymerase I and the Klenow fragment (Bryant et al., 1983;
Mizrahi et al., 1985). They have found two rate-limiting steps, one before and one after
the formation of the covalent bond. The first slow step is proposed to be a conformational
change of the enzyme—template—dNTP complex and the second may be translocation,
though their later work (below) suggests that translocation of at least the correct terminus is
rapid. They also suggest that translocation may be dNTP-dependent, which would predict
a next—nucleotide effect on fidelity. This group does not find evidence for an intermediate
containing free ANMP.

The Benkovic group (Kuchta er al., 1987) has also-addressed pyrophosphorolysis by
Klenow fragment. The resulting model for the free energy reaction coordinate diagram of
incorporation shows PP; exchange occurring after the rate-limiting conformational change
mentioned above. The conformational change is proposed to be important in ensuring the
fidelity of nucleotide selection, so the model does not include the involvement of PP; in in-
creasing fidelity; later work (see below) finds approximately a 100-fold decrease in the
rate constant for this step for misincorporation relative to correct incorporation.
Translocaﬁon was found to be rapid for correct incorporation. This would predict that PP;
should have no effect on fidelity unless the translocation step becomes rate-limiting for
misincorporation, as in our model. The distributive nature of polymerization catalyzed by
Klenow fragment may set limits on mechanisms available to that enzyme, in that transloca-
tion may need to be fast in order to compete with dissociation and increase processivity.
Since RNA polymerase is inherently processive, the translocation rate need not be rapid.
The rate of nucleotide incorporation is much slower for RNA polymerases than for some
DNA polymerases.

Finally, the Benkovic group has proposed a complete kinetic scheme describing correct
and incorrect incorporation by Klenow fragment (Kuchta et al., 1988). They find three

stages which ensure fidelity: (1) relatively slow incorporation of incorrect NTP’s, largely a
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Vmax effect; (2) a conformational change, slowed by misincorporation, which increases
the lifetime of the substrate and allows more time for the slow and non—selective action of
the 3’ — 5’ exonuclease; and (3) slow extension of a mismatched primer 3’ end, again al-
lowing time for the exonuclease to act before fixation of the error. Stages (1) and (2) to-
gether are roughly analogous to our proposed model for RNA polymerase though the de-
tails of which chemical steps are affected are quite different: their conformational change of
stage (2) corresponds to our slow translocation, which effectively decreases Vax for in-
correct‘incorporation. We have also observed slow extension of mismatches, but this ap-
pears to be a futile pathway for RNA polymerase fidelity because at this stage it cannot cor-
rect the mistake (except perhaps by procéssive pyrophosphorolysis). The incorrect tran-
script may eventually be released and degraded, a rather expensive but seldom—used way to
increase fidelity; since a mistake in DNA cannot be discarded, this would not be an accept-
able option for a DNA polymerase.

Results parallel to our proposed 20mer-21mer equilibration (before translocation) are
seen in the unproductive cycling mechanisms of DNA polymerases. An idling—turnover
reaction in which triphosphates are added and then removed as monophosphates by the
3’ — 5’ exonuclease activity has been observed for Klenow fragment (Mizrahi er al.,
19864 and b), and this process competes with pyrophosphorolysis-mediated cycling by the
enzyme. The pyrophosphorolysis reaction proceeds at very low [PP;], though processive
pyrophosphorolysis does not appear under these conditions. DNA polymerase I py-
rophosphorolysis appears to require a base-paired terminal nucleotide (Deutscher and
Komberg, 1969), which again argues against a role for PP; in enhancing the fidelity of this
enzyme.

Results on DNA polymerases may not relate directly to RNA polymerases, especially
as the processivity of RNA polymerization may require specific physical and kinetic prop-
erties different from those of DNA polymerases. There may be a mechanistic as well as an

energetic imperative forbidding the use of an active 3° — 5’ exonuclease in transcription:
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RNA polymerase must be highly processive in order to make complete transcripts, whereas
DNA polymerases can be distributive. Exonuclease and polymerase activities of DNA
polymerases have been found to be in separate domains (Klenow fragment, Freemont ez
al., 1986) or on separate protein subunits (DNA polymerase III, Scheuermann ez al.,
1983); this modularity appears to be a general feature of DNA polymerases (Bemad ez al.,
1989). Therefore exonucleolytic proofreading in general probably requires a substantial
conformational change (Freemont et al., 1988), and this would be expected to increase the
probability of dissociation. Joyce (1989) has recently shown that Klenow fragment has at
least a 50% chance of dissociating from the template after exonucleolytic cleavage but be-
fore further polymerization. Such a mechanism would be unacceptable for an enzyme such
as RNA polymerase, for which dissociation is catastrophic. E. coli DNA polymerase III
and T4 DNA polymerase replication complexes have 3" — 5’ exonuclease activities but
remain highly processive. However, these complexes are believed to use “sliding clamps,”
subunits which hydrolyze ATP and have a role in ensuring processivity (Huang ez al.,
1981; Maki and Kornberg, 1988). It is possible that these clamps are required to prevent
dissociation during a conformational change required for editing, and perhaps such a mech-
anism requires too much energy or interferes too much with control of termination to be
useful for an RNA polymerase.

In spite of the above speculations, the experimental evidence that RNA polymerase
does not possess a 3’ — 5’ exonuclease activity may be inconclusive. Mitochondrial
DNA polymerase ¥ has recently been shown to have a specific exonuclease activity which
removes mispaired termini; this exonuclease was not detectable in experiments measuring
turnover of dNTP’s to give INMP’s, but only in experiments studying the removal of 3’
mismatches on prehybridized template—primer complexes (Kaguni and Olson, 1989;
Reyland et al., 1988). It would be difficult to do similar experiments on RNA polymerase,
because arranging mismatched substrates requires the extension of preexisting primer—

template hybrids, but a 3' — 5" exonuclease with a function in fidelity would have the
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signature that exogenous TNMP’s could then reduce fidelity. The considerations in the
previous paragraph and our results on the accumulation of 21mer product, which we be-
lieve to have mismatched termini, argue against such a role for a putative exonuclease.
Goodman and coworkers have developed a gel electrophoresis assay for measuring Ky,
and Vpax for the steady—state incorporation of correct and incorrect deoxyribonucleoside
triphosphates by DNA polymerases (Boosalis et al., 1987; Mendelman et al., 1989). A
J template—primer for the polymerase is prepared by annealing a synthetic oligonucleotide to
a complementary ss DNA, which can be another oligonucleotide or a single~stranded
phage. Polymerase and dNTP’s are added to the DNA; typically a complementary dANTP
at low concentration is present to extend the primer one or two nucleotides and a dNTP
which is not complementary to the following position is included at a variable concentra-
tion. The rate of incorporation of the noncomplementary dNTP is measured by tﬁc rate of
further extension of primer which has already been extended by the complementary dNTP;
this allows the use of excess primer-template. Primer extgnsion is assayed by elec-
trophoretic separation of unused primer, correctly extended primer, and incorrectly ex-
tended primer. The assay can also be applied to modified template positions such as abasic
sites (Randall e al., 1987) and to mismatched template—primers (see below), but it cannot
be applied to polymerases with active 3" — 5’ exonucleases. Most of the DNA poly-
merases examined, includin g Drosophila DNA polymerase o and the E. coli DNA poly-
merase III o subunit (Sloane et al., 1988), use “Ky, discrimination” rather than “Vpax dis-
crimination.” The K,’s for correct and incorrect triphosphates often vary by a factor of
1000, whereas Vax's vary by factors of only 5 — 10. AMV Reverse transcriptase is an
exception — it has substantial Vs as well as K, discrimination (Mendelman er al., 1989;
Preston et dl., 1988). Attempts have been made to correlate the Ky, for misincorporation
with the thermodynamics of the resulting mismatch (Petruska er al., 1988), but invariably
the discrimination predicted from the mismatch thermodynamics underestimates the ob-

served fidelity, and the fact that different DNA polymerases seem to form different mis-
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matches with different efficiencies indicates that discrimination within the enzyme is diffi-
cult to explain on the basis of DNA thermodynamics alone. Also, the finding of K, dis-
crimination does not necessarily indicate that the nucleotide selectivity is expressed in a
binding step, as Ky, and Ky are not necessarily or even likely to be equal.

The mechanism we have described for RNA polymerase above uses Vax discrimina-
tion. We speculate that enzymes which can remove a misincorporated base (such as
Klenow fragment) are more likely to use Vmax discrimination, with the possible advantages
discussed above, whereas enzymes lacking this capability might be more likely to discrimi-
nate earlier in the pathway and avoid non-repairable errors. Also, INTP concentrations in
E. coli are 0.7 mM to 2.7 mM, about 5 fold higher than the dNTP concentrations of
0.1 mM to 0.3 mM (Mathews, 1972). Ky, discrimination for RNA polymerases might
not be effective under these conditions, because given tight binding (K, ~ 15 pM)‘for
the cormrect INTP the concentrations of incorrect INTP’s could be high enough to cause
significant misincorporation.

Loeb and coworkers have used the electrophoretic assay combined with the $X174 am3
reversion assay to analyze the extension of 3’ mismatches by calf thymus DNA polymerase
o (Perrino and Loeb, 1989). They find that the Ky, for the next nucleotide is dramatically
increased, indicating that slow extension of a mismatch can contribute to fidelity, presum-
ably by allowing cellular exonucleases to remove the mismatch. (Eukaryotic DNA poly-
merases can have cryptic exonucleases which only appear on dissociation of one or more
subunits (Reyland ez al., 1988); it is not clear whether purification methods have advanced
enough that we can be confident that all the in vivo subunits are present in vitro.)

The observation that a misincorporation event appears to cause enhanced pausing
and/or termination suggests that differential extension of mismatches may also contribute to
RNA polymerase fidelity. In the context of our model, this corresponds to saying that the
F’ state of Figures 10 and 11 is not functionally equivalent to F, that a translocated mis-

match does not bind another triphosphate or is blocked at a subsequent step before stable
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incorporation of the next nucleotide (in our experiments this means that very little 22mer is
observed). The computer modeling above did not consider this effect. If further elonga-
tion is slowed by misincorporation the model would predict that the observed rates for
elongation with and without PP; should differ even less than we calculated above, since the
PPase reactions will be slowed by increased misincorporation. The calculated overall mis-
incorporation frequency would not be affected since it is a ratio of incorrect and correct in-
corporation. The calculated ratio of 20 and 21mers becomes meaningless if there is sub-
stantial translocation of 21mer to give an unproductive state. The 21mer increase with time
is much more noticeable in the presence of PPase, which supports the exchange correction
model in that if the 21mers have incorrect 3’ ends it is clear that incorrect triphosphates are
bound and incorporated; a Kp discrimination model would predict very little effect of
[PP;]. Experiments are proposed below to address the nature of the F’ state (Addendum,
section (a)).

The processivity of RNA polymerase makes enhanced termination an unattractive
mechanism for increasing the fraction of correct full-length message, because, as men-
tioned above, it entails discarding the whole transcript after an error. Distributive DNA
polymerases can use slow extension because the 3’ — 5’ exonucleases allow the system to
escape from a block without ill effects. Enhanced pausing could contribute to error correc-
tion if it allowed a pyrophosphorolysis event to restore the correct 3" terminus; if triphos-
phate binding to the F’ state were slow, even a slow pyrophosphorolysis process might be
able to compete with extension, and the pyrophosphorolysis properties of the mismatched
terminus may be different from those of the correct terminus. Essentially, pyrophospho-
rolysis acting in this way would be acting as a 3" — 5’ exonuclease. The mechanism is
physically distinguishable from the exchange—correction model in terms of the position of
the polymerase on the template and so forth, but none of these considerations change the
model’s predictions of attainable misincorporation frequency. Pyrophosphorolysis can’t

really substitute for an exonuclease because thermodynamics says “there ain’t no such thing
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as a free lunch™: if pyrophosphorolysis increases fidelity by removing a mismatch after
translocation it will necessarily remove correct termini at a greater rate than incorrect termini
(given that AG between F and F’ is less than AGpax; see Figure 13 below, Addendum,
section (d)). Essentially, viewing pyrophosphorolysis as a correction mechanism simply
reapportions the fidelity available from AGpax, and any proposal giving increased fidelity
has a hidden increase in AGpayx in it somewhere (with the exception of an energy relay,
below). These constraints do not apply to 3° — 5’ exonucleases because the hydrolysis of
the phosphodiester bond has a large driving force and the system is not returned to its
original thermodynamic state by the reversal process.

Hopfield’s energy relay model (1980) could provide enhanced proofreading by pyro-
phosphorolysis if the F’ state were able to spend energy stored in previous elongation
cycles to make pyrophosphorolysis irreversible. The relay model would then predict de-
creased fidelity in the incorporation cycle following such a removal because stored energy
would not be available (unless the polymerase could be “reenergized” by coupling to other
dissipative processes such as ATP hydrolysis or ribosomal translocation). The energy re-
lay model is potentially testable by looking at fidelity at sites following a misinsertion “hot
spot”, but the complexity of the model would make interpretation difficult. Figure 12
shows a reaction coordinate diagram including an energy relay appended onto a path like
that of Figure 10. The proofreading reaction is selective pyrophosphorolysis of the F* over
the F state (E**rN Y over E*erN X) to give the low energy state EerN,. The “restart”
pathway to regenerate E**erNpy,41 proceeds with decreased fidelity.

There have been several reports of a second type of proofreading by RNA polymerase,
in which noncomplementary NTP’s are preferentially hydrolyzed to NDP’s during tran-
scription. Ninio et al. (1975) and Volloch er al. (1979) initially reported this specific
NTPase based on experiments with transcription of homopolymers. However, Ninio ez al.
also found such an NTPase associated with DNA polymerase I, and this observation has
not been confirmed in more recent careful kinetic studies. Volloch ez al. found the NTPase

-
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Figure 1-12. Kinetic Scheme Including a Hopfield Energy Relay

The diagram shows an energy relay mechanism for enhancing fidelity, adapted from
Hopfield’s proposal (1980). E**, E*, and E represent high, intermediate, and low energy
Enzyme-stemplate forms, so transitions from E**erNy — E*erNy, — EerNp, are irre-
versible for m constant. The enhanced fidelity originates in the proofreading of the
E*erNpmX and E*erNp, Y intermediates (corresponding to F and F’ of Figure 11): the incor-
rect nucleotide is preferentially removed by pyrophosphorolysis, and the enzyme expends
stored energy to make the proofreading irreversible. Proofréading competes with the con-

formational change yielding E**rNp41, and the energy relay mechanism is most effective

if K Conf. change = ( kX path KY pan » SO that the correct product is more likely to continue
on the solid path and the incorrect product is more likely to be proofread. The dashed lines
indicate the proofreading reaction and the subsequent “restarting” reaction to regenerate
E**erNm+1. The restarting reaction proceeds with lower fidelity than normal incorporation
because translocation is not E.IS irreversible in the restart reaction as in normal incorporation,
and the proofreading pathway is not available. The horizontal lines indicate plausible rela-
tive free energies for the E**erNpy,, E**erNpy41, and EerNp,, assuming a driving force for
incorporation of 2.5 kcal/mole and assuming that the enzyme can use all of this energy in
regenerating E**rNm .1 by the restart pathway. (The mechanism does not depend on this
ability, and enhanced fidelity would still be obtained by a mechanism which required two
cycles to regenerate the fully activated E*¥*.) The scheme shown would enhance fidelity

about 16—fold according to Hopfield’s calculations.
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Figure 1-12: Energy-Relay Scheme for Pyrophosphorolytic Proofreading
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only in very impure preparations of RNA polymerase. Recently Libby er al. (1989) have
verified the production of NDP’s in in vitro transcription reactions, and they have shown
that a previously isolated mutant RNA polymerase with an error frequency about twice that
of wild type does not have the NTPase activity; the mutant also shows reduced fidelity in
vivo based on increased leakiness of an early polar mutation in the lacZ gene (Blank et al.,
1986). These results are suggestive of a kinetic proofreading mechanism, in which an in-
correctly paired triphosphate is irreversibly removed by hydrolysis. However, there has
been no detailed kinetic characterization of the NTPase activity, no direct tests for the effect
of NTPase on fidelity (for example, by analogy with the 3° — 5’ exonucleolytic proof-
reading of DNA polymerases, exogenous NDP might be predicted to inhibit hydrolysis and
also decrease fidelity), and no tests of the activity on natural templates. Also, Libby ez al.
do not give a Va4 for the activity, but it appears from their data that the NTPase is ex-
tremely active even on complementary triphosphates, hydrolyzing up to about half the sub-
strate. This would be an extremely expensive proofreading mechanism in terms of energy,
especially since the activity is associated with only a 2-4 fold fidelity difference, and sub-
stantial NTP hydrolysis is inconsistent with results showing that triphosphates can be al-
most quantitatively converted to RNA (Chamberlin ez al., 1983). An NTPase mechanism
increasing the fidelity of nucleotide selection would be independent of the pyrophosphate
reversal mechanism we have proposed. There was no detectable labeled NDP produced in
our pyrophosphate exchange experiments, but to form labeled NDP from [y-32P]NTP
would require a PP; exchange reaction (to give some [B-32P]NTP) followed by hydrolysis.
Dilution of the [B-32P]NTP into the unlabeled pool would make this very difficult to ob-

s€rve.

(d) Anin vivo Role for Pyrophosphate in RNA Polymerase Fidelity?

It is not known whether these pyrophosphate effects are important in vivo. There are

pyrophosphatases in all cells, but the fact that polymerization can continue in the presence
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of high concentrations of PP; shows that pyrophosphate hydrolysis need not be coupled to
nucleic acid synthesis (though of course PP; cannot be allowed to accumulate over genera-
tions). The level of pyrophosphate needed for error correction (< 50 uM) is less than that
which is probably present in cells, especially in light of reports (Kukko and Heinonen,
1982; Kukko and Saarento, 1983) that the intracellular [PP;] may be as high as 2 mM. It
is also possible that the local [PP;] around the site of transcription is higher than the bulk
intracellular [PP;]; if the concentration of PP; is indeed in the millimolar range pyrophos-
phorolysis could be important in vivo, though high in vivo triphosphate concentrations -
would tend to counteract this (Mathews, 1972). Also, the existence of nucleic acid poly-
merizing enzymes without pyrophosphate exchange activity suggests that the activity is not
simply an obligatory consequence of polymerization, but rather that it may have function in
vivo. A mechanism like the one we have described is a fairly “cheap” way of increasing fi-
delity. It may substitute for a 3 — 5’ exonuclease activity without requiring energy ex-
penditure in the form of NTP hydrolysis (the accuracy obtainable is much lower than that
possible for a dissipative exonuclease, but perhaps a lower accuracy in making transient
molecules is preferable to the high cost of exonucleolytic proofreading). The cost is a re-
duction in the rate of transcription, which may not be a serious limitation: since polymer-
ization rates for RNA polymerases are much slower than the maximum possible rates
(about 50 nt/sec vs. about 200 nt/sec for T7 RNA polymerase or 1000 nt/sec for DNA
polymerase III), it is clear that bacterial RNA polymerases have not been selected only for

maximum speed.

(e) General Aspects of in vivo RNA Polymerase Fidelity

The accuracy of RNA polymerase in vivo has presumably been limited by other con-
straints in the cell, such as the requirement for processivity and for transcript production
rapid enough so as not to be rate-limiting for cell growth but slow enough for the control

of elongation by termination and antitermination. In general, increased accuracy carries a
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speed and energy cost, and at some (very high) fidelity it will no longer be “economical”
for the cell to increase the fidelity of any process further. Kurland, Ehrenberg, and
Blomberg have discussed this tradeoff in depth for translational accuracy (Ehrenberg et al.,
1986; Kurland, 1987a; Kurland, 1987b; Kurland, 1987c). There are also experimental
examples of codon preferences in highly—expressed genes reflecting selection for speed
rather than accuracy of translation (Dix and Thompson, 1989). T4 antimatator DNA
polymerases hydrolyze up to 97% of dNTP substrates to dNMP’s in the course of increas-
ing fidelity (Muzyczka et al., 1972). The antimutators appear to be too wasteful and are
selected against, and some of them may have other defects, as the original T4 antimutators
were found by testing temperature—sensitive gene 43 mutants (Drake et al., 1969). Living
organisms require a non—zero mutation rate to adapt, and it is possible that there may be
positive selection for non—zero transcriptional or translational error frequencies independent
of other constraints; for instance, ribosomal misinsertion and frameshifting or error—prone
transcription of damaged DNA may be necessary under some conditions. Bacterial cells
have probably developed the SOS response partially to respond to conditions requiring
rapid mutation of DNA (Echols, 1982), but it is not clear whether the optimal basal level
mutation rate is greater than the maximum possible fidelity consistent with cost considera-
tions. In other words, we don’t know whether polymerases are selected to be as accurate
as they can possibly be for a given energy and speed cost. It has also been suggested that
proteins and structural nucleic acids have evolved in such a way as to minimize as much as
possible the effects of sequence changes on structure and function, that they occupy re-
gions of sequence space where the néighbors of a given sequence have a selective fitness -
roughly comparable to the canonical sequence (Eigen, 1987; Ninio, 1983, pp. 96-97).
The fidelity of translation (including tRNA charging) limits the selective value of in-
creased transcriptional accuracy as long as transcriptional errors contribute a negligible
fraction of total errors, with the caveat that synthesis of structural or catalytic RNA’s with

high fidelity might confer a selective advantage. Workers in the translational accuracy field
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routinely ignore transcriptional fidelity, and the simple calculation below shows that this
approximation is probably justified, especially given the precision of the data on translation
fidelity.

Typically the observed frequency of specific misincorporation of amino acids is
1-6 x 10-4 (Edelmann and Gallant, 1977; Loftfield and Vanderjagt, 1972), ~ 10-60
times the transcriptional error rate, so we can estimate that transcription contributes only
1-10% of the errors. In these cases valine replaces isoleucine or cysteine replaces arginine
and there are single—nucleotide changes which interconvert the specific codons used. The
estimate for the transcriptional contribution is a lower bound, however, because transcrip-
tional errors at many positions can cause misinsertion whereas the calculations for transla-
tional accuracy usually consider errors only at specific codons. The fraction of non-spe-
cific errors caused by transcription may be larger, as the non—specific error frequency is
amplified by the triplet code. (Individual transcriptional errors are amplified by polysomes,
but the error frequency is not.) However, the calculation of the transcriptional contribution
is difficult because we do not know the non—specific error frequency for the translation ap-
paratus. Recent mutational studies (Alber, 1989) have also shown that a surprising fraction
of amino acid substitutions have little or no effect on protein structure or activity, so calcu-
lations on the fidelity needed for the production of homogeneous protein (misincorporation
frequency < 10-3) may underestimate the upper bound for non-specific errors. In any
case, the overall frequency of random amino acid substitutions contributed only by tran-

scriptional errors is given by expression (5) below (Anderson and Menninger, 1986). The

Transcriptional error frequency (= 1 x 10-5)

Overall error frequency
x  Nucleotides/codon (= 3)
x  Fraction of RNA sequence errors yielding coding

errors (examination of genetic code gives 76%)

U

2.3 x 10-5 amino acid errors/codon (5)

92



result indicates that transcriptional errors probably contribute no more than 20% to the total
error frequency of protein synthesis.

The intrinsic fidelity of transcription and the resulting overall effect it has on errors in
protein synthesis are intermediate between these quantities for replication and translation.
Evolution appears to have reduced the error frequency of RNA polymerase to the point
where it does not contribute substantially to errors in protein synthesis, probably without
the use of a dissipative proofreading system. DNA replication and repair require dissipa-
tion for the necessary extremely high fidelity, whereas the translational apparatus needs to
use dissipative proofreading in order to wring reasonable fidelity from a system with a very

large number of possible error pathways.
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There are several types of experiments which could further test our and other models
for error correction. This section also discusses some simple predictions of pyrophos-
phate-mediated error correction models for the results of proposed experiments. Sections
(a) and (c) include some description of experiments which we have attempted and suggest
reasons for their lack of success. The rest of the addendum can be considered an outline
for research proposals; it is included here rather than as an Appendix because the proposed
experiments deal more with the the material of Chapter 1 than with the remainder of the dis-

sertation.

(a) Characterization of Transcripts from Extension-Deficient Complexes

The 21mer products in our system, which come from addition to the stable “U20”
complex without further extension, have not been fully characterized. I have verified by
enzymatic RNA sequencing of [a-32P]pApA initiated transcripts that the first 20 nt are cor-
rect (data not shown), but this method does not give any information on the 3’.end of the
molecule (there are no available ribonucleases whose specificity is determined by the base
3’ to the cleaved phosphodiester bond except M1, which cuts before A, U, and G non—
specifically). Our model proposes that before translocation (states C and D in Figure 11)
there is essentially an equilibrium distribution of A, G, and U at this position, determined
by the different equilibrium constants for binding and covalent bond formation for the in-
correct triphosphates. Therefore, we would predict that the distribution of A, G, and U at
position 21 in the 21mer will differ from the distribution at position 21 in the final 27mer
product, because the final distribution is largely determined by the translocation barrier for
each mispair. Differential extension of translocated errors will also contribute to the ob-
served 21mer distribution, and position 21 in 22-26 nt transcripts may show yet another
distribution due to varying efficiency in elongating past these positions. The pre~translo-

cation distribution could be determined by studying the 21mer products at short times (and
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by PP; exchange as discussed below), whereas the stable non—extendable 21mers accumu-
late ét longer times. Therefore, characterization of the 3’ ends of 21mers, as well as posi-
tion 21 in transcripts paused between +22 and +26 and in transcripts extending beyond
+28, would enable us to be more quantitative about the role of each step in fidelity.
Unfortunately, serious technical problems attend these studies. I discuss these prob-
lems briefly to illustrate the approach and because I do not believe them to be insuperable.
Determination of the 3’ end distribution in the 21mers entails isolating them, labeling with
[-32P]pCp using T4 RNA ligase (England and Uhlenbeck, 1978), and nearest—neighbor
analysis. The isolation is complicated by the low abundance of 21mer relative to 20mer,
which means that large amounts of radioactivity and multiple gels (to remove contaminating
20mer) are required. The transcripts are also difficult to label by ligation, probably due to
the small amount of RNA obtained; several unsuccessful attempts were made to do this.
The amount of 21mer can be increased by using higher temperature (Chapter 2, Figure 2).
A more serious problem is that the labeling reaction must be quantitative for measurement
of an accurate distribution (this is the only way to ensure equivalent labeling efficiency of
different 3’ end nucleotides), so in order to assess addition efficiency the starting material
must also be labeled, complicating further analysis. Also, [@-32P]pCp labeling of 20mer
showed that product and starting material have essentially identical electrophoretic mobility
(the added base slows migration but this is offset by the contribution of the 3’ phosphate;
data not shown). Removal of the 3’ phosphate before purification of labeled product and
determination of labeling efficiency would solve this problem, but the phosphatase would
also remove any 5’ label, so the starting 21mer would probably have to be body- rather
than end-labeled, complicating the interpretation of nearest-neighbor results. As men-
tioned above, these problems have not been solved. Studies on position 21 in the other
minor transcripts would be more straightforward because the position is internal, but the
extremely low abundance and 5’ heterogeneity (Chapter 2) of these transcripts make them

difficult to analyze.
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(b) Measurement of Kinetic Parameters for Misincorporation

It would be valuable to attach some harder numbers to our data on pyrophosphate and
fidelity. The basic concept of Goodman’s electrophoretic misincorporation assay is the
same as that used in our experiments: a defined template—primer complex is prepared and
used for analysis of misincorporation. For the reasons given below, so far it has been
possible to do much more detailed studies on DNA polymerases. Such measurements
would be useful for RNA polymerase as well; the analogous experiments entail the isola-
tion of ternary complexes free of NTP’s as described by Levin et al. (1987) followed by
the addition of the proper combination of triphosphates. DNA polymerase systems are
technically much easier to manipulate. The template—-primer sequence can be varied by
making short oligonucleotides rather than by making or isolating transcription templates,
which are typically 80+ bp ds DNA’s (PCR has made this less of a problem; Higuchi ez
al., 1988). Template—primer complexes for DNA polymerase are prepared without the en-
zyme and without dNTP’s, so compared with the RNA polymerase system they are more
stable and their stability is more predictable, they are easier to prepare, they need not be
purified before use, there are no sequence restrictions on the primer, and the dNTP’s pre-
sent in the final reaction and their concentrations are known with more certainty. Finally,
the purity of commercial dNTP’s appears to be better than that of INTP’s; our results were
dramatically improved by purification of commercial INTP’s (Pharmacia, ‘“Ultra—Pure”),
whereas dNTP’s apparently can be used off the shelf. The deamination of dCTP to dUTP
on storage doe_s not produce a natural DNA precursor (the deamination reaction may be an
explanation for the evolutionary development of thymine).

Again, all of these technical problems are probably solvable, though we have had lim-
ited success iﬁ recovering polymerase complexes from spin columns and in being assured
of their stability. The only experiments which are fundamentally intractable in the RNA

polymerase system are those analogous to DNA polymerase work with preformed tem-
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plate—primer mismatches. Experiments on primed RNA synthesis on single-stranded DNA
would be straightforward (see Chapter 2), but this is quite different from the natural system

and reiterative synthesis might be a serious problem (Chamberlin and Berg, 1964).

(c) More Sophisticated Enzymology

Benkovic and coworkers have done elegant enzymology on the Klenow fragment.of
DNA polymerase I (discussed above). Their work suggests several practical experiments
for RNA polymerases; I do not include stop—flow kinetics in this category because it re-
quires large amounts of enzyme and would probably be difficult on a system as large and
complex as the E. coli RNA polymerasesDNA<RNA ternary complex. Detailed studies of
PP; exchange at a single site using labeled PP; would make a valuable contribution to our
work (high specific activity 32P-PP; could be prepared from [y-32PJATP using snake
venom phosphodiesterase). Simple measurements of relative rates of PP; exchange and
NTP incorporation on plasmid templates could be done; as mentioned above it would be
important to use elongation complexes rather than initiation complexes for these measure-
ments. More sophisticated exchange experiments would employ positional isotope ex-
change to assess reversibility of bond formation without intermediate dissociation of PP;;
PIX experiments using [o.-18302]dATP have been done for DNA polymerase I and the re-
sults show little exchange, again consistent with the lack of a fidelity role for PP; in this
system (Mizrahi er al., 1985). The proposed requirement for reversibility in fidelity sug-
gests that [o-thio]NTP’s would be misincorporated more readily than normal NTP’s and
that PP; should have a reduced effect on the reaction. If accurate kinetic data on RNA
polymerase could be obtained, its interpretation would probably be much simpler than in
the Klenow work, because one need not consider 3’ — 5’ exonuclease activity or thé dis-
sociation of the polymerasesDNA*RNA complex.

We have made some attempts to do more careful measurements on relative rates for PP;

exchange and elongation. These studies were largely stalled for lack of a convenient sepa-
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ration system for the products. Ideally, one would like to separate the NTP’s from each
other and from PP; using one—dimensional 'l;LC. Attempts to do this following literature
methods (Randerath and Randerath, 1964) did not give acceptable results, for unknown
reasons. The HPLC system used above is very laborious and it does not resolve PP; and
ATP well enough to be useful for §imultaneous measurements of the two species, and us-
ing HPLC requires dedicating the system to 32P. Two—dimensional TLC can resolve the
NTP’s, but in our hands it did not separate UTP and PP;, and as with the 1-D systems
there were recurring smearing problems. We chose to pursue the misincorporation work

rather than the enzymology.

(d) Sequence Dependence of Misincorporation and Elongation Reactions

There are nearest—neighbor effects on DNA polymerase fidelity, and different mispairs
are produced with different efficiencies. The sequence-specific study of a variety of pos-
sible mispairs would be valuable for the study of RNA polymerase ﬁdelity~ as well. Several
properties of transcription complexes indicate that the free energy reaction profile for incor-
poration is sequence—dependent. Examples of sequence dependence include pausing and
termination, the large variations observed in Kg for substrate NTP’s at different positions,
variations in stability at different sites (Arndt and Chamberlin, 1990), and specific py-
rophosphorolysis (Krummel and Chamberlin, 1989; Metzger et al., 1989). If the rate—
limiting step for elongation can change at different positions, there should be predictable ef-
fects on the fidelity of transcription and the response of fidelity to changes in PP;. For ex-
ample, if chemical bond formation or substrate binding becomes rate limiting at a particular
site we would predict no effect of PP; on fidelity at that position. It would be valuable to
study fidelity at pause sites or at sites of exceptional stability or instability to see if there are
correlations, and this would be especially useful accompanied by K, and Vmax measure-
ments as discussed in (b). The study of different sequences is a simple though laborious

extension of our work.
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Sequences could be specifically designed to modulate the thermodynamics of elonga-
tion as well as to study nearest—neighbor interactions and different mispairs. Yager and
von Hippel (1989) have constructed a model for transcription termination which proposes
that termination occurs when the thermodynamic stability (AG? ) of the transcription bubble
changes from negative to positive. While this proposal in its present form cannot rational-
ize some terminator sequences (Telesnitsky and Chamberlin, 1989), it predicts sequences
with different driving forces for elongation, including sequences at which elongation is an
uphill reaction. If the thermodynamics of elongation depend on the RNA sequence and the
DNA sequence up to 18 bp behind the active site, the effect of driving force on fidelity can
be studied in a constant nearest—neighbor context. Our model predicts an effect of driving
force only in so far as it affects the translocation barrier, except that if translocation be-
comes readily reversible fidelity would probably decrease because discrimination would be
based on the AG between F and F’ (Figure 11) rather than on AGpax. An equilibrium dis-
tribution would be obtained, and the model postulates that the discrimination provided by
the collar and embodied in AGpax Would not be available for differentiating F and F. See

the sketch in Figure 13 below; in the presence of PP; intermediates A-D can effectively be

Figure 1-13: Maximum Fidelity Requires Effective Irreversibility
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collapsed into one state for illustration purposes. Mathematical modeling of this situation is
very complicated because the method of net rate constants no longer applies if the kinetic
equations do not end with an irreversible step. Note that Figure 13 illustrates that py-
rophosphorolysis of correct termini is expected to be more facile than pyrophosphorolysis

of incorrect termini as long as AGpax > AGFF.

(e) Psoralen Crosslinking of Defined Ternary Complexes

Structural elements included in the generally prevailing models of the ternary complex
in elongation and termination are an RNA-DNA hybrid within the transcription bubble,
RNA-RNA base pairing within the transcript, and a melted region of the DNA template.
The evidence for the existence of an RNA-DNA hybrid consists of (1) protection of about
12 nt of RNA within the transcription bubble from nucleases (Kumar and Krakow, 1975),
(2) photoaffinity labeling of the DNA by an azido group on the 5" end of transcripts up to
12 nt long (Hanna and Meares, 1983), and (3) inhibition of self-cleavage of a
“hammerhead” RNA transcript until about 12 nucleotides after the final stem of the ham-
merhead have been synthesized (Chapter 3; Monforte, Kahn, and Hearst, in preparation).
These experiments actually show only that the RNA is bound within the ternary complex in
close proximity to the DNA and is not able to base—pair with itself; there is no direct evi-
dence for extensive base—pairing between transcript and template.

The existence, extent, and position of the RNA-DNA hybrid could be tested directly by
psoralen crosslinking of defined ternary complexes, followed by determination of the sites
of any RNA-DNA crosslinking. Psoralen specifically crosslinks base-paired nucleic acids
upon irradiation with UV light (reviewed by Cimino et al., 1985), so a psoralen crosslink
between RNA and DNA is prima facie evidence for the existence of a hybrid at that posi-
tion. Figure 14 shows proposed methods of performing this analysis, assuming initial
crosslinking of a complex like the one we have studied, with a ~20 nt stalled transcript and

a template coding for a ~40 nt runoff transcript. The essential problem to be overcome in
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Figure 1-14. Proposed Method for Analysis of Psoralen-Crosslinked Ternary
Complexes

After photoreaction with a psoralen (probably 4’-hydroxymethyl-4,5",8-trimethylpso-
ralen, HMT, due to its superior solubility and reactivity over psoralen), the crosslinked
complex is denatured, a portion is treated with DNase or RNase, and it is subjected to gel
electrophoresis (gels 1 and 3).

For analysis of the site of crosslinking on the RNA, the RNA would be 5° end labeled,
using [a-32P]pApG in this case. The expected products in gel 1 are unmodified RNA,
RNA crosslinked to itself, and RNA crosslinked to DNA. There may be molecules in
which the non—coding strand of the DNA is also crosslinked to the coding strand, as indi-
cated by the lightly shaded band. RNA-RNA and RNA-DNA crosslinks can be distin-
. guished by sensitivity to DNase as indicated, and different RNA-DNA crosslinks should
have different mobilities on a high-resolution gel. The psoralen in an isolated, homoge-
neous, RNA can be located as shown in the RNA sequencing gel 2. A single adduct
should slow the migration of an RNA fragment, as is found for DNA (Chapter 4), giving
an anomalous shift in the sequencing pattern at that site. Also, the adducted base should
not be recognized by RNase. RNA with an intramolecular crosslink should give a pattern
like the one shown on the right in gel 2; cleavage anywhere in the loop yields a molecule
of unpredictable mobility containing the same number of nucleotides as the starting mate-

rial. The center of gel 2 shows the control digestion of unmodified RNA. (A 15mer is
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shown for convenience; the actual experiment would probably use a longer transcript to
ensure stability and to ensure that the elongation complex is being examined.)
The site of adduction on the DNA can be determined independently as shown in gels 3
and 4; of course, nucleotides in complementary positions would be expected to be
crosslinked. Gel 3 shows the separation of complexes prepared uéing DNA 5’ end labeled
“on the coding strand. DNA-DNA and DNA-RNA -crosslinks can be distinguished by
sensitivity to RNase. The DNA-RNA crosslink should have a markedly different mobility
than crosslinked ds DNA or free DNA. It can be isolated, treated with RNase, and ana-
lyzed using a 3" — 5" exonuclease as shown in gel 4. The exonuclease stops one or two
bases away from the site of crosslinking, as indicated. Maxam—Gilbert sequencing of the
unmodified labeled DNA is done to provide standards. This assay can locate multiple

crosslinking sites.
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Figure 1-14: Proposed Analysis of Psoralen-Crosslinked Ternary Complexes
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the analysis is that DNA-DNA, RNA-RNA, and DNA-RNA crosslinks must be distin-
guished and separated. Since at least ~90 % of the base—pairs in the complex are DNA-
DNA, the proposed analysis methods must assume the presence of DNA-DNA crosslinks,
but the psoralen dose can be adjusted so that no more than one RNA-DNA crosslink is
formed per template. The sequence of the transcript can be adjusted to maximize its
crosslinkability, and the sequence should be such that crosslinking is possible at several
sites on the transcript, but the DNA sequence is largely constrained by the need to have a
good promoter. (Alternatively, it might be preferable to use several different transcripts,
each with a unique crosslinkable site in a different position.) Crosslinked molecules con-
‘taining RNA can be obtained by isolating labeled RNA species with altered mobility on de-
naturing polyacrylamide gels after photoreaction, and RNA-DNA hybrids can be distin-
guished by their expected mobility (much slower than the RNA alone due to the size of the
DNA) and their sensitivity to DNase.

The figure also shows several possible methods for locating the sitgs of adduction once
a target molecule is isolated. On short RNA transcripts, adducts can be located by enzy-
matic RNA sequencing (Calvet and Myers, 1987) or by changes in total T} digest patterns
(Thompson et al., 1981). Reverse transcriptase mapping (Wollenzien et al., 1987) can also
be used, but in this system extension of the crosslinked RNA with added NTP’s would be
necessary in order to provide a long enough RNA for hybridization of a reverse transcrip-
tase primer. The extension of the stalled complex after photocrosslinking is problematic
because there may be DNA-DNA crosslinks downstream from the stall site or the inability
to separate the RNA from the template DNA may cause the RNA polymerase to stall.
Figure 14 illustrates mapping of adduction sites on the DNA, after isolation of molecules
containing RNA-DNA crosslinks, using processive exonucleases which are arrested at
adduct sites. Exonuclease III (Kochel and Sinden, 1989) and the 3’ — 5" exonuclease ac-
tivity of T4 DNA polymerase (Sage and Moustacchi, 1987) have both been used success-
fully. |
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The above discussion ignores the technical problem that crosslinked molecules tend to
smear on gels, especially if the position of the crosslink is nonuniform. Creative use of re-
striction digestidn, native or strand-separation gels, or other techniques might be necessary
for isolation of uniquely crosslinked molecules. Also, the possible problems introduced by

psoralen monoaddition have been ignored.

(f) Transcription of Modified Templates and/or Using Modified Triphosphates"

We have proposed that translocation after misinsertion is prevented by a “collar” in the
enzyme active site which is sensitive to subtle chan ges in the RNA-DNA hybrid backbone
conformation or the functional groups presented in the grooves of the helix. The critical
structural or dynamic features subject to such checking could be elucidated using nucleotide
analogs. Extensive work has been done on triphosphate analogs in transcription (for re-
views, see Singer and Kroger, 1979; Chamberlin, 1974; and Krakow et al., 1976). The
essential conclusion with regard to transcript elongation is that analogs which are capable of
participating in roughly normal Watson—Crick base—pairing are incorporated into RNA,
though usually with reduced efficiency and/or fidelity relative to the normal triphosphates.
Some of the analogs which have been employed are shown in Figure 15, and Table 3
summarizes their properties with regard to elongation. (The recognition of promoter DNA
(Dubendorff er al., 1987; Stahl and Chamberlin, 1978) and the selection of the initiating
triphosphate (Krakow et al., 1976; Kumar et al., 1977) appear to have much more strin-
gent requirements than those for elongation substrates.) This list is representative rather
than complete, and I have not included nucleotides with modified sugar residues
(Kutateladze et al., 1983) or nucleotides methylated so as to disturb the hydrogen bonding
face or the tautomeric equilibriurﬁ (Kroger and Singer, 1979; Singer and Spengler, 1981).

The table shows that there is little sequence-specific information about transcriptional
incorporation of modified triphosphates, and much of the work cited was done with tran-

scription of homopolymers, alternating heteropolymers, calf thymus DNA, or other sys
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Table 1-3: Nucleoside Triphosphate Analogs in Transcription Elongation

Anal "-triph

Formycin

Inosine

8-azaguanosine
8-bromoguanosine
8-ketoguanosine

6-methylcytidine

Tubercidin
8-aminoadenosine

7-deazanebularin

2,6-diaminopurine
2-aminopurine
lin-benzoadenosine

2-thiouridine

Elongation Behavior

Same as ATP (effects on pausing and termination)

~1/2 as effective as ATP
Km and Vpax both ~1/3 that of ATP
~10-20 % of GTP

Same as GTP (effects on pausing and termination)

1-5 % of GTP

Competitive inhibitor of CTP incorporation,
Kj = 65uM. Not incorporated.

~1/4 as effective as ATP

Not incorporated

Very low incorporation

1-5 % of ATP or of GTP
Incorporated

Incorporated

Not incorporated or inhibitory
Incorporated ~1/3 as well as UTP

Reference
Darlix et al., 1971

Kumar et al., 1977
Ward, Cerami, et al., 1969

Levin and Chamberlin, 1987; Reisbig and
Hearst, 1981

Darlix et al., 1971

Kapuler and Reich, 1971
Kapuler and Reich, 1971
Kapuler and Reich, 1971

Kumar et al., 1977

Kumar et al., 1977

Kumar et al., 1977

Ward and Reich, 1972

Ward, Reich, and Stryer, 1969
Ward, Reich, and Stryer, 1969
Leonard et al., 1978

Rackwitz and Scheit, 1977




tems in which single—addition reactions were not studied. The “fidelity” of incorporating a
modified nucleotide has only been measured for analogs which “miscode” substantially (for
instance, 7-deazanebularin 5’-triphosphate substitutes equally well for ATP and GTP;
Ward and Reich, 1972). The potential to study analog incorporation at a single site or a
few well-defined sites has developed only in the last few years (Kassavetis et al., 1986;
Levin et al., 1987). Site—specific studies on DNA polymerase reactions have been done,
using both modified templates and modified triphosphates. For example, defined teniplate—
primers have been used to study nucleotide insertion opposite abasic sites (Randall ez al.,
1987), misincorporation caused by template 8-hydroxydeoxyguanosine or 8-ketodeoxy-
guanosine (Kuchino ez al., 1987), and the incorporation of alkylated TTP’s (Singer et al.,
1989) and nucleotides with altered sugar rings (Reardon and Spector, 1989; Reid et al.,
1988). Interest in nucleotide analogs has been stimulated by their clinical application to
retroviral reverse transcriptase inhibition; given the involvement of large pharmaceutical
companies it is not unreasonable to propose a variety of new analogs (see below). A huge
variety of base analogs already exist, and after (deoxy)ribosidation to give the nucleoside
(which can be challenging) the chemistry (and/or enzymology) for converting the
nucleosides to NMP’s, NDP’s, and NTP’s is now fairly straightforward. (See Leonard
and Hiremath (1986) for an overview of some of the synthetic methods involved.)

Several transcriptional studies have made it clear that different steps in the elongation
cvycle respond differently to analogs. For example, 6-methylcytidine triphosphate is a com-
petitive inhibitor of CTP incorporation but is not itself incorporated; it is binding to the
polymerase but presumably no covalent bond is formed (Kapuler and Reich, 1971).
Several analogs, such as 8-bromoguanosine (Kapuler and Reich, 1971), and tubercidin,
formycin, and 7-deazanebularin (Kumar et al., 1977), have different efficiencies in sup-
porting pyrophosphate exchange and productive elongation. PP; exchange without pro-
ductive elongation indicates that an analog forms a covalent bond to the 3-OH terminus of

the RNA but either does not translocate or acts as a chain terminator (however, note that
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most work on PP; exchange has used abortive initiation complexes, with 2 or 3 nt RNA'’s;
as discussed above these results may not carry over to the process of exchange during
elongation). In some cases pausing and termination of transcription are affected even when
polymerization is not (Darlix et al., 1971), though this can probably be explained by differ-
ences in the structure of the product rather than anything having to do directly with the
elongation active site. For example, formycin tends to adopt the syn conformation about
the glycosidic bond, and inosine is commonly used to weaken hairpin structures believed to
be important for transcription pausing and termination (Levin and Chamberlin, 1987;
Reisbig and Hearst, 1981).

This hierarchy of analog activities can be studied in detail using defined ternary com-
plexes. The following list shows how each step can be addressed independently — the ex-
periments done and how the results can be interpreted. The starting ternary complex would
be column—purified to remove triphosphates, so that any desired combination of normal
and analog NTP’s can then be added. The predicted results are discussed in the context of
our model for elongation, though experimental data would probably require some modifi-
cation of the model.

1. Bindiﬁg of the analog NTP. The K; of the analog for inhibition of a single compet-
ing correct NTP insertion would be measured; K;’s for inhibition of continued elongation
are complicated by possible effects on all the steps below. Correct insertion is measured by
the rate of appearance of transcript extended by one nucleotide (n+1).

2. Pyrophosphate exchange (transient analog incorporation). Exchange would be
studied using 32P-PP; to measure exchange of label into cold analog NTP. The presence of
an equilibrium level of n+1 can also be indicative of exchange; in the absence of transloca-
tion n+1 should not accumulate once equilibrium is established for the covalent bond for-
mation and reversal.

3. Translocation (stable analog incorporation). The time course of accumulation of

(n+1) products would be measured. Pyrophosphate exchange should decrease over time if
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the analog is stably translocated but does not permit further NTP binding. Also, pyrophos-
phorolysis of the analog would be studied; if the incorporated analog destabilizes the hy-
brid helix relative to a natural terminus, pyrophosphorolysis may be more efficient.

4. Further elongation. The ability of the polymerase to incorporate the next nucleotide
after the analog would be measured by the appearance of an (n+2) band. If the analog sup-
ports continued extension, the kinetic parameters for extension from normal and analog
termini would be measured. Standard chain terminators used in sequencing act at this step,
but the kinetic details of such an inhibition mechanism can be complex. For example, acy-
clovir triphosphate (Figure 16 below) inhibits herpes virus DNA polymerase I because
after acyclovir insertion the next nucleotide is bound very tightly and appears to stabilize the
enzyme to dissociation; this yields a dead—end complex because the analog lacks a 3’-OH

(Reardon and Spector, 1989).

Figure 1-16: Acyclovir
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5. Effects manifested during subsequent incorporation cycles. Changes in down-
stream elongation appear in enhanced pausing or reduced stability of transcripts extended
up to about 12 bp past the analog incorporation site (after this point the analog presumably
will have left the transcription bubble). Our experimental results on misincorporation sug-
gest that a mismatch may have such an effect. Another viral DNA polymerase inhibitor acts
at this stage: 9-(1,3-dihydroxy-2-propoxymethyl)guanine triphosphate (Figure 17 below)

supports the incorporation of the next triphosphate but prevents further elongation.
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Figure 1-17: dhpG
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6. Effects on pausing or termination of transcription due to transcript structure. The
experimental results here would be similar to those of (5), enhanced or depressed pausing
or termination, but we suppose that effects caused by an analogs more than about 12 nt
from the 3’ end of the RNA are mediated by transcript structure rather than direct interaction
with the polymerase. It might be necessary to incorporate several analogs into an RNA to
see effects of this nature.

7. Cumulative Effects. If an analog supports transcription well enough to affect steps
(4), (5), or (6), any effect of having two or more analog incorporation sites adjacent to each
other, separated by one base, ezc. would be measured.

As mentioned above for DNA polymerases, it is also possible to do the converse of the
analog triphosphate incorporation experiment, in which the transcription of templates con-
taining site—specifically placed modified bases is studied, using normal triphosphates or
analog triphosphates designed to interact in some way with the DNA modification.
Continuing advances in automated DNA synthesis and in protecting and activating groups
for monomer precursors should make the production of such templates routine in the near
future. In general, experiments on analogs are likely to be easier for DNA polymerases
than for RNA polymerases, for the reasons discussed in (b) above. However, the synthe-

sis of ribonucleoside analogs is more straightforward than that of deoxynucleosides, be-
cause the standard methods of derivatizing the base usually give a mixture of o and

anomers at C1’ (Lessor er al., 1984).
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In proposing new analogs which might prove informative, I have been guided by
Leonard’s principle of “dimensional probes” (Leonard and Hiremath, 1986). The goal of
probing the proposed “collar” specifically leads to a focus on the steric and conformational
determinants of base selection, so the analogs retain as much as possible of the electronic
and chemical nature of the unmodified nucleotides but changes are made in the spatial dis-
tribution of functional groups. Figure 18 shows several proposed modified nucleosides,
and Figure 19 shows a few examples of modified base pairs. Some of these molecules
have been prepared or proposed in the literature as discussed below. Examples are given
of the following types of altered nucleosides or base pairs:

1. Wobble pairs. The hydrogen bonding in the wobble pair requires that the bases be
rotated into the major and minor grooves, and there may also be some effect on sugar
pucker. Kennard and coworkers have determined the X-ray crystal structures of GeT
wobble pairs in DNA. It is clear that the induced structural distortion is minimal (Hunter et
al., 1987), but the G:U pair is misincorporated with a frequency of less than 104 (Blank et
al., 1986). The G:U and the 2-aminopurine:C wobble pairs are shown in Figure 19, with
the direction of base rotation relative to the unmodified base pair indicated by arrows. My
work on fidelity has focused largely on the G:U pair. The 2-aminopurine:C mispair is
largely responsible for the mutagenic effect of 2-aminopurine (Watanabe and Goodman,
1981).

2. Base pairs with acyclic bases. leonard has proposed that /in-benzoadenosine
(Leonard et al., 1976) and N-ribosylformamide should be able to form a base pair with di-
mensions similar to that of the standard A:U pair, as shown in Figure 19, and the ribosyl-
formamide triphosphate has been prepared (Czarnik and Leonard, 1982). It appears that
the protecting group chemistry used in this work could easily be applied to incorporation of
the formamide into synthetic DNA, and the incorporation of lin-benzoadenosine into DNA
should pose no special problems. Therefore, in this case experiments addressing the in-

corporation of either modified nucleoside as the triphosphate opposite the other in the tem
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Figure 1-18: Proposed Dimensional Probes and Other Analogs
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Figure 1-19: Proposed Analog Base—Pairs
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Figure 1-19: Proposed Analog Base—Pairs

(continued)
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plate are feasible. Such experiments would give information on the necessity of a planar
aromatic moiety for triphosphate binding, on the interaction of the polymerase with func-
tional groups in the major and minor grooves, and on the symmetry or lack of symmetry in
the formation of a base pair with different partners depending on which is template and
which is substrate. A proposed modified base pair composed of lin-benzoinosine and a
foreshortened N-ribosylamidine analog of cytidine is also shown in Figure 19 (Leonard
and Keyser, 1979).

3. Expanded and contracted base pairs. Expanded pairs between U or C and the cor-
responding lin-benzopurine nucleosides can form. lin-Benzoadenosine is shown pairing
- with U and guanosine is shown pairing with a proposed extended analog of cytidine (the
methyl group at the 3-position is designed to prevent tautomerization of the base).
Xanthosine (Figure 18) offers an extended uridine which could pair with A, and the
pyrroloimidazole to the right of xanthosine in the figure has been proposed as a “stretched—
up” analog of uridine (Leonard et al., 1986). Reported results on lin-benzoadenosine
triphosphate claim it is not a substrate or an inhibitor for E. coli RNA polymerase, though
no experimental details were provided (Leonard et al., 1978). 2¢-Deoxy-lin-benzo-adeno-
sine forms an extended base—pair with thymidine, but lin-dATP is a chain terminator for
DNA polymerase I (Lessor et al., 1984). It appears that the deformation of the phosphate
backbone caused by the lateral extension of the base—pair prevents the proper positioning of
the 3¢ hydroxyl for attack on the a phosphate of the next triphosphate.

Contracted analogs of pyrimidine nucleosides have been discussed above. The
pyrazine nucleotides shown in Figure 18 are proposed as shortened purines. It is difficult
to design a guanosine analog whose favored tautomeric form is likely to favor the proper
hydrogen bonding groups. The molecule shown might aromatize to give another adenosine
analog.

The expanded and contracted base pairs are unlikely to be good probes in the context of

a normal Watson—Crick helix, because the deformation of the phosphate backbone is too
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extreme. However, it is possible that helices that are uniformly expanded or contracted
might be able to form. /in-Benzoadenosine diphosphate can be polymerized by polynu-
cleotide phosphorylase (Leonard er al., 1978) but the interaction of the polymer with
poly(U) has not been reported (reading between the lines of a paper by Czarnik and
Leonard (1982) suggests that there is no stable association). It may also be possible to
create expanded or contracted template—primer analogs for DNA polymerases using cova-
lently linked double-helical cross sections (Leonard and Devadas, 1987a; Leonard and
Devadas, 1987b), and these could be modified to provide an expanded or contracted 3’ end

for further polymerization (see Figure 20 for the covalent cross sections).

Figure 1-20. Covalent DNA/RNA Cross—Sections

Watson—Crick
N ¢ 1 Vam
¢ J N N}_
N N
R n=/ O R
Expanded Contracted

N N
\!

| NN 4 I
(/N U I \ N\7 </_< N N>\\>
R'N J:/N N:\S_ N‘n R'N —QO O)\ N‘R

R = Ribose or Deoxyribose

4. Base pairs with angular distortions. Replacing the imidazole moiety of the purine
ring with a pyrimidine gives the pyrimido{4, 5—d]pyrimidine A and G analogs shown in
Figure 18. The orientation of the hydrogen—bonding surface of the nucleoside is deter-
mined by the angle between the glycosidic bond and the 4, 5 bond; the major groove end
of this bond is rotated about 189 toward the helix axis by the proposed change. The related

117



4-amino-8-(B-D-ribofuranosylamino)pyrimido[5,4-d] Figure 1-21. B-ARPP

pyrimidine (B—ARPP, Figure 21) has been prepared;
it is a substrate for adenylate kinase, and the resulting

cytotoxic monophosphate inhibits PRPP synthetase HO

(Ghose et al., 1989).

The 5~membered ring U and C analogs of Figure OH OH
18 have a slightly distorted hydrogen bonding surface,
and the orientation of the minor groove carbonyl relative to the glycosidic bond is rotated
about 120 toward the major groove. These changes are quite conservative and should offer
a sensitive probe for polymerase constraints on the helix. The proposed uridine analog
shown, 3-B-D-ribofuranosylmaleimide, is the antibacterial agent showdomycin (Darnall ez
al., 1967). Examples of base pairs with angular distortion are given in Figure 19.

5. Base pairs with syn nucleosides. Several 8-substituted purine derivatives prefer the
syn conformation about the glycosidic bond. The syn-G:C base pair is found in Z-form
nucleic acids, but the base-pairing is Watson—Crick (Saenger, 1984). The G:syn-A base
mispair has been observed crystallographically (Brown et al., 1986). Recent work on
triple-stranded DNA has renewed interest in Hoogsteen base—pairing: the base pairing
between the third strand of a triplex and its complement in the target duplex is the same as
that in the corresponding anti-syn base—pair. Several proposed base—pairs incorporating
Hoogsteen base pairing are shown in Figure 19. Syn nucleosides 8-bromoguanosine and
8-ketoguanosine are incorporated into RNA 1-5% as well as GTP (Kapuler and Reich,
1971), so these analogs could easily be studied with the defined complexes proposed. The
3-isoadenosine-uridine pairing occurs in solution between poly(3-isoA) and poly(U)
(Leonard, 1985). A recent proposal that prebiotic precursors of contemporary nucleic acids
were polymers of 9- and 3-substituted purines would make a polymerase system which
could accept such structures very‘interesting (Wichterhduser, 1988). Base pairs with

3-substituted purines are probably incompatible with the ribose sugar, but it has been pro-
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posed that the ribosyl moiety may not have been part of the primordial nucleic acid (Orgel,
1987). |

6. Altered number of hydrogen bonds (changes base pair strength). The analogs
nebularin, 7-deazanebularin, inosine, and 2,6-diaminopurine ribonucleoside fall into this
category (see Figure 18). These molecules could be useful in manipulating the thermody-
namics of transcription elongation, as discussed in (d) above. By substituting analogs on
the non—transcribed strand of the DNA template, the thermodynamics of base—pair melting
and formation can be altered without changing the transcript sequence. (This could also be
done using an internal loop in the DNA; I am grateful to Kamala Tyagarajan for this sug-
gestion.) Some pause sites do not correlate with any obvious RNA secondary structure
(Levin and Chamberlin, 1987; Reisbig and Hearst, 1981), and the suggested substitutions
would permit the elucidation of DNA effects on pausing and perhaps termination.

7. Altered stacking properties (changes base pair strength). 2-Thiouridine (s2U) and
dihydrouridine are found in tRNA. The increased polarizability of sulfur as opposed to
oxygen increases stacking forces in s2U, thereby strengthening base pairs including s2U
and perhaps changing the analog’s binding to a 3’ terminus; s2UTP has been shown to
substitute for UTP in transcription but again no sequence—specific studies have been done
(Rackwitz and Scheit, 1977). The sp3 carbons in dihydrouridine make the base non—pla-
nar, reducing stacking interactions and destabilizing the helix (Saenger, 1984). The substi-
tuted pyrimidines 5-iodo-CTP and 5-bromo-UTP also increase base—pair strength, and they

have been used to study structure formation in termination (Farnham and Platt, 1980).

(g) Comparisons among Different RNA Polymerases

The importance of a pyrophosphate-mediated mechanism for error correction could be
assessed by measuring the fidelity of different RNA polymerases and ascertaining whether
fidelity correlates with PP; exchange. The mechanism proposed predicts that polymerases

with reduced exchange rates would have higher misincorporation rates, all other things be-
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ing equal. Of course, ali other things are never equal, so comparisons between fidelity and
exchange rates for different polymerases may not be appropriate; however, for a given
polymerase the response of fidelity to [PP;j] can be an indication of whether a mechanism
like the one we propose is active. Kinetic proofreading schemes predict a fidelity decrease
with increasing PP; (Kunkel ez al., 1986), while PP; has no effect on fidelity for other
mechanisms (see above). The obvious polymerases to study would be mutant E. coli
polymerases, because in this case kinetic parameters can be directly compared; there is a
large collection of rpoB mutants, including the polymerase with reduced accuracy isolated
by Blank et al. (1986). T7 RNA polymerase would also be a good choice for several rea-
sons — it is a well—characterized enzyme with different kinetic properties, its fidelity as a
function of [PP;] may be of practical importance to groups making RNA for structural
studies, it is readily prepared or purchased, and it is the enzyme for which detailed struc-
tural information is most likely to become available. T7 polymerase might also be suitable
for more sophisticated kinetic studies analogous to the Benkovic work on Klenow frag-

ment.

(h) Transcription in the Presence of Exogenous NMP’s, NDP’s, or Phosphorothioates

Polymerization mechanisms which include free NMP, such as the scheme proposed by
Lecomte et al. (1986) for DNA polymerase I, predict that free NMP can be incorporated
into the nucleic acid product. Also, 3° — 5’ exonucleases are inhibited by free NMP.
Therefore, adding NMP’s to RNA polymerase reactions could determine whether pyro-
phosphate is released before incorporation (if NMP is incorporated) and whether there is a
specific 3° — 5’ exonuclease activity (if fidelity decreases). Both of these experiments are
expected to give negative results. The Lecomte model is probably wrong for the reasons
given in the discussion. However, it does predict an enhancement of fidelity by PP;, and

the NMP incorporation might be worthwhile as a negative control. As mentioned above,
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RNA polymerase has not been observed to have an exonuclease but it is possible that a
specific editing activity could have avoided detection.

The addition of free NDP’s to polymerase could be used to test the NTPase editing
model of Gallant and coworkers (Libby et al., 1989); as in the case of 3 — 5’ exonucle-
ase inhibition by NMP’s, the NTPase model would predict decreased fidelity in the pres-
ence of high concentrations of added NDP, and possibly the incorporation of free NDP into
the product. This experiment is less of a straw man than the above, because the NTPase
fidelity mechanism is backed by more convincing experimental work.

Both of these mechanisms could also be tested using phosphorothioate or other non-
cleavable nucleotide analogs. The NTPase fidelity model predicts that E. coli RNA poly-
merase should incorporate [}-thio]NTP’s or [B,y-imido]NTP’s with low fidelity, because
they are more difficult to proofread by hydrolysis, and it predicts that the mutant poly-
merase which lacks an NTPase should not be as strongly affected. Similarly,
[a-thio]NTP’s inhibit exonucleolytic proofreading (Kunkel et al., 1981), and they would
be expected to have a dramatic effect on the properties of a [DNA«“dNMP”*PP;] interme-
diate. Our model also predicts that [a-thio] NTP’s should decrease fidelity, and that varia-

' tions in [PP;] should have a much smaller effect on fidelity than they do for normal NTP’s.

(i) In vivo Possibilities

Of course, eventually one would like to test any proposed fidelity model in vivo; the ex-
periments I discuss here are speculative. RNA polymerase fidelity has been measured in
vivo by monitoring the production of $-galactosidase from a lacZ gene with a strongly po-
lar nonsense mutation, so that only transcriptional errors allow the translation of the mes-
sage and enzyme synthesis (Rosenberger and Foskett, 1981; Rosenberger and Hilton,
1983). Screening for blue rifampicin-resistant colonies allowed the isolation of a poly-
merase with reduced fidelity (Blank et al., 1986). It might be possible to perform this as-

say while controlling the level of PP; in the cell, either by overexpressing PPase from a
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plasmid or studying strains with down mutations in PPase. Changing [PP;] substantially
may have pleiotropic and unpredictable effects, but comparison of transcription of lac*and
lac™ plasmids should permit the isolation of transcription—specific effects. It would also be
of interest to isolate “antimutator” RNA polymerases; this might be done using a polar
mutation as above by appending a positive regulator or a suppressor tRNA to the down-
stream message which would increase transcription of the lacZ gene as a consequence of
transcriptioﬁal errors (see Figure 22). This amplification of errors would mean that wild—
type colonies would be blue, and one could then screen for white colonies. Hyperaccurate
RNA polymerase mutants might also be selected by coding for a toxic protein such as ari-
bonuclease in the second reading frame, or a toxic gene whose translation would be in-
creased by the suppressor tRNA could be included elsewhere on the plasmid. This rhight
ease the screening problem.

There are several obvious controls that would be necessary for these experiments, as
such systems select for many types of mutation other than polymerase mutants. A large
class of the possible mutants will be in the plasmid construct, such as mutations which
eliminate either the B-galactosidase activity, the amplification mechanism, or the toxicity of
the second gene. This can be checked by isolating and retransfecting the plasmid into wild
type E. coli. Changes in other chromosomal genes which cause the bacterium not to re-
spond to activation (such as mutation of the aminoacyl-tRNA synthetase recognizing the
suppressor) would be detectable using constructs which express larger amounts of the sec- '
ond gene product. The phenotype must be shown to be the result of an altered polymerase
using genetic methods, and eventually in vitro fidelity measurements would be used to
characterize the polymerase. A putative antimutator polymerase should have an increased
AGnax, and our model would predict that this would probably be accompanied by an in-
creased translocation barrier, meaning that the antimutator would transcribe more slowly

than the wild type.
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Figure 1-22. Amplification of Transcriptional Errors in Vivo

The diagram outlines a proposed system for increasing the sensitivity of in vivo mea-
surements of RNA polyfnerase fidelity. The construct includes a promoter, the lacZ gene
with a strongly polar operator-proximal mutation (Rosenberger and Foskett, 1981;
Rosenberger and Hilton, 1983), and a second coding region on the same message. Both
coding sequences are transcribed only if a transcriptional error changes the stop codon of
the polar mutant.

The second gene codes for a molecule which amplifies the consequences of a transcrip-
tional error, either by increasing the frequency of transcription initiation or by increasing
translation of the message. For example, the A cI repressor would activate transcription
from the promoter, in this case a A PrRM promoter, thereby increasing the number of poly-
merases which transcribe the message and the number of errors. The suppressor tRNA
gene would increase B-galactosidase production by enabling a low level of translation of
correctly transcribed message as a result of earlier errors. The response to the repressor
would be more tightly linked to transcription, but the tRNA might give greater amplifica-
tion. The construct is bracketed by terminators (T) to prevent readthrough from or into
neighboring genes.

The thicknesses of the RNA lines indicate relative levels of transcription. The results
expected for accurate or inaccurate RNA polymerases are shown below the construct. The
accurate polymerase makes very few errors and very little enzyme is produced. The inac-

curate polymerase either initiates transcription more frequently (thicker 5” end) or reads
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through the stop codon more frequently (thicker 3’ end). In the actual experiment only one
or the other mechanism would be operative. The effects of a few transcriptional errors
should not saturate the available amplification either by maximally activating the promoter
or by permitting complete suppression of the polar mutation; this could be modulated by
including another plasmid with binding sites for A cI.or by varying the efficiency of the

suppressor gene.
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Figure 1-22: Amplification of Transcriptional Errors
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Chapter 2

Self-Priming by E. coli RNA Polymerase Using Abortive Transcripts
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Abstract;

E. coli RNA polymerase can produce transcripts whose 5’ ends are not complementary
to the DNA template by slippage of an oligonucleotide within the transcription bubble or by
successive extrusion of residues at the 5” end of the transcript (Kassavetis et al., 1986; |
Parker, 1986). We have investigated the mechanism of the non—templated base incorpora-
tion using templates containing TAC 18 promoters (Mulligan et al., 1985) and have shown
that it can occur via priming from a hexanucleotide RNA oligomer which is normally pro-
duced as an abortive transcript. The priming reaction using exogenous hexanucleotide was
also studied. The major products of the priming reaction are the complementary product
starting at +1 and a transcript with 5 non-templated bases at the 5” end of the RNA.
Priming is enhanced by but is not absolutely dependent on homology between positions -3
to -1 and +3 to +5 of the DNA template. Several other minor products with 5 noncom-
plementarity have also been identified by enzymatic RNA sequencing.

Analysis of the dependence of 5’ noncomplementary transcript production on primer
concentration indicates that the self—priming reaction appears to proceed by slippage of a
hexanucleotide RNA (pAAUGGA) within the transcription bubble rather than by release
and rebinding of the abortive transcript. Priming with ApA gives about 2-5 % noncom-
- plementary transcripts whereas exogenous hexanucleotide primes to give a 50:50 mix of the
complementary and alternate products. Priming by pAAUGGA and pApA do not compete
with each other when one of the primers is at low concentration, suggesting prirﬁing of
separate enzyme populations. We have found that the core enzyme utilizes hexanucleotide
primers approximately five times as actively as the complete holoenzyme and that core does
not utilize dinucleotide primers under our conditions. Hexanucleotide—primed transcription
complexes poised at +20 or +25 are stable but deficient in further elongation; the defi-
ciency can be relieved at increased temperature. These results indicate that primed and un-
primed transcription yield complexes in different metastable conformational states.

Possible roles for priming reactions in the control of gene expression are discussed.
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I ion;

Initiation of transcription by E. coli RNA polymerase is a complicated, multistep pro-
cess, and transcription can be controlled at several intermediate steps between promoter lo-
cation and productive elongation. A kinetic model for productive initiation adapted from
McClure (1985) is shown in Scheme I below. Substantially more complex models have

been proposed (Lefevre er al., 1988).

Scheme 2-1
Promoter Clearance
) N
Nk -

R+D == RD === RP, == RP,<=-RP, RP“o".er‘T: CoresRNA<DNA
- /o _J \ )

~ ~N G subunit

Kp ‘ kg Abortive Transcripts

INp,,m< 10

Here R represents RNA polymerase, D is non-specific DNA, P is promoter DNA, RP,
is the closed polymerase—promoter complex, RP; is a kinetically defined intermediate (Buc
and McClure, 1985), and RPy is the open promoter complex, in which the DNA double
helix has been melted in the promoter region between about -9 and +3 (Siebenlist ez al.,
1980). Distinct open complexes with different gel mobilities have been identified (Straney
and Crothers, 1985). Scheme I shows the kinetics and thermodynamics of the initial
binding events lumped into the éffective binding constant Kg, which ranges from 10-6 to
109 M-1. In vivo promoter strength does not correlate well with in vitro binding affinity of
RNA polymerase for its promoter, indicating that regulation at subsequent steps is often
important in the control of initiation (Brunner and Bujard, 1987). The overall rate constant
for isomerization to the open complex is k¢ (range is 10-3 to 10-! s-1). For the strong
TAC18 promoter used in this work, Kg = 4 x 108 M-! and k¢ = 0.09 s-! at 100 mM
KCI (Mulligan e al., 1985). -
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Open complex formation can be essentially irreversible, especially in the presence of
triphosphates. The open complex binds-initiating triphosphate as indicated (usually ATP or
GTP) and starts transcription. The first NTP is bound with a much higher K, (about
150 uM) than subsequent nucleotides, for which Ky, is sequence dependent but usually
about 15 uM (Anthony et al., 1969).

After the initial NTP binding there are still several steps before productive, processive
elongation begins. In the abortive initiation phase, indicated in Scheme I by RP«g»*rNp,,
short RNA oligonucleotides (rNp,) are synthesized and released. DNAase I footprinting
and chemical mapping suggest that during abortive initiation the polymerase does not
translocate on the DNA so as to lose contacts with the -35 region (Carpousis and Gralla,
1985), though changes in chemical protection pattefns can be seen between +1 and +5
(Buckle and Buc, 1989; Spassky, 1986). Straney and Crothers (1987a) have suggested
that abortive initiation results from the polymerase cycling through a “stressed intermediate”
which can relieve stress either by.releasing the abortive transcript or by breaking open
complex contacts and continuing into productive elongation. The release of the ¢ subunit
appears to accompany the transition to a stable elongating temary complex.

Each of these steps can depend on the promoter and transcﬁpt sequence, and each may
be regulated in vivo. Promoter strength is determined by the overall rate of promoter clear-
ance, defined as the the steady—state metabolic flux of polymerase across the intermediate
stages. Recent results by Telesnitsky and Chamberlin (1989) and by Goliger et al. (1989)
on “factor—independent antitermination’ have shown that polymerases transcribing different
sequences between +1 and +30 can also have different properties with regard to termination
at downstream sites, further indicating the absence of a sharp division between initiation
and elongation of transcription.

There is also evidence that the control of transcription exerted by repressor and activator
proteins does not operate solely at the stage of promoter binding. The NtrC protein con-

trolling response to nitrogen starvation activates transcription by accelerating isomerization
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of the closed, heparin—sensitive complex to heparin—resistant open complex, not by direct-
ing the binding of the holoenzyme (in this case, 694uBp") to the promoter (Popham et al.,
1989). In RNA polymerase II transcription of the heat shock gene hsp70 in Drosophila,
Lis and coworkers (Rougvie and Lis, 1988) have shown that the step sensitive to activation
is after chain initiation. Without induction the polymerase transcribes about 25 nt and stops
but remains bound, and the short nascent transcript is rapidly extended upon heat shock in-
duction. The antitermination mechanisms observed in the control of biosynthetic operons
(Landick and Yanofsky, 1987) can also be considered control of initiation, because the
necessary synchronization of transcription and translation probably requires that RNA
polymerase not transcribe a large number of codons before reaching the critical pause sites.

Control of transcription after promoter binding has been proposed to have a function in
optimizing the speed of the transcriptional response to intra— and extra—cellular stimuli, in
that the polymerase is poised to transcribe RNA at all times, so RNA synthesis can begin
immediately upon induction. S.B. Straney and Crothers (1987b) have proposed a similar
explanation for the finding that the binding of lac repressor to its operator in the lac UV5S
promoter increases rather than decreases the binding constant of the polymerase to the pro-
moter.

In the course of investigations into RNA polymerase fidelity (Kahn and Hearst, 1989),
we characterized RNA transcripts originating from readthrough of a stall induced by lack of
the ribonucleoside triphosphate corresponding to the template DNA. In the course of this
work, we discovered that some of these putative readthrough transcripts were actually al-
ternate initiation products, in which the 5" ends of the transcripts were not complementary
to the template. There are several precedents for such an observation. Early work by
Minkley and Pribnow (1973) suggested that non—complementary dinucleotides might prime
transcription at early T7 phage promoters. Parker (1983, 1986) has observed similar ef-
fects in ColE1 transcription, and he has proposed that non—complementary transcripts

originate by slippage of an RNA tetranucleotide from the +1 to +4 template sequence to -4
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to -1, followed by repriming from the 3’ end of the oligonucleotide. Cowie ez al. (1982)
have observed similar 5” heterogeneity in RNA polymerase II transcription in vivo.
Kassavetis et al. (1986) have observed the incorporation of extra A residues at the 5" ends
of transcripts synthesized by T4 gene 55-modified RNA polymerase. Using T7 RNA
polymerase, Martin and Coleman (1988) have observed the production of G4 from a tem-
plate coding for three 5° guanosines. 'fhe latter two observations can be explained by con-
secutive one-base slippage events of oligomeric nascent transcripts.

Priming of transcription by RNA oligonucleotides has been extensively studied, but
most of this work has been done on transcription of single—stranded templates (Niyogi and
Stevens, 1965; Van Kreijl et al., 1977a; Van Kreijl er al., 1977b). Before the advent of
the Maxam-Gilbert and Sanger sequencing methods, DNA sequences were commonly ob-
tained by sequencing RNA transcripts from the DNA fragment of interest (Gilbert and
Maxam, 1973; Pirotta, 1975; Sugimoto er al., 1975; Walz and Pirotta, 1975).
Oligoribonucleotide primers were often used in attempts to produce a homogeneous tran-
script for sequencing. Several conclusions reached by these studies are relevant to our
work. In some cases oligonucleotides can substitute for the stimulatory effect of ¢ subunit
in transcription of single-stranded homopolymer templates (Niyogi, 1972). The ¢ subunit
reduces the efficiency of priming by dinucleotides not complementary to the coding strand
in a promoter region (Hoffman and Niyogi, 1973); this is expected because the addition of
o inhibits the nonspecific transcription observed with core polymerase (Bautz ez al., 1969;
Hinkle et al., 1972). The products obtained from primed transcriptioﬁ often do not appear
to be full-length runoff transcripts, though the limited resolution available to these workers
makes this somewhat uncertain (Pirotta, 1975; Terao et al., 1972).

Promoter-specific priming on double stranded templates has also been studied (Grachev
et al., 1984). DNA oligonucleotides complementary to the coding strand between -4 to -1
and +2 were found to be active as primers, though the yield of products was low (10 -

30 % based on template DNA, in a length range where abortive initiation would be ex-
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pected to increase yields). RNA oligonucleotides extending beyond the +3 position have
been found to be inactive as primers (Ruetsch and Dennis, 1987). Oligonucleotides prime
with K, ’s lower than the typical Ky, for the initiating triphosphate. This is explained as
resulting from binding the primer into the elongation nucleotide and initiation nucleotide
sites simultaneously, with a Kp, corresponding to that of typical elongation triphosphates.
Oligo(G) synthesis has been observed to accompany formation of transcription complexes
stable to high salt (McConnell and Bonner, 1973; Niisslein and Schaller, 1975), indicating
that the oligonucleotides can be tightly bound. Recent results confirm that some transcripts
as short as 6 nucleotides are components of stable ternary complexes (Krummel and
Chamberlin, 1989).

We have investigated the mechanisms of the slippage and priming reactions using syn-
thetic DNA templates with TAC18 promoters. Our results differ from those previously re-
ported in that the alternate initiation is not absolutely dependent on homology between the
early transcribed sequence and the sequence just upstream of the initiation site, though such
homology enhances the alternate initiation.

We have also studied alternate initiation using exogenous, chemically synthesized,
6mer primer. The results suggest that the alternate transcript observed in the absence of
added primer is likely to be generated through slippage of the abortive oligonucleotide
within the transcription bubble rather than by release and rebinding of the short RNA.
However, at micromolar concentrations the 6mer can efficiently prime transcription, and
the complexes generated thereby have interesting properties: they show an altered distribu-
tion of correct and alternate products, and they are stable but deficient in their ability to ex-
tend beyond the first 25-30 nt of the transcript. This deficiency in elongation can be re-
lieved by preparing the primed cc;mplexes at 37 0C rather than 209°C, but raising the tem-
perature of a complex prepared at 20 °C to 37 °C does not have the same effect. In other
words, the primed complex can be formed in either one of two conformations which are

then stable and do not interconvert once they have transcribed about 20 nt. Based on these
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results, we propose that the initiation phase of transcription must be considered to last until
at least 20 nt have been transcribed. We suggest that the elongation phase should be de-
fined as transcription of the region in which the properties of the transcribing complex do
not depend on transcript length.

Priming of the core RNA polymerase was also studied. We find that core primes about
five times as efficiently as the holoenzyme on these double—stranded templates, though this
may be partially due to decreased competition from a normal initiation process.
Comparison of priming by holoenzyme and core polymerase leads us to propose the exis-
tence of enzyme subpopulations with different priming properties. We discuss possible

evolutionary and regulatory implications of the oligonucleotide priming mechanism.
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(a) Materials

E. coli RNA polymerase holoenzyme, core enzyme, isolated 670 subunit, and NusA
protein were generously provided by the Chamberlin lab, UC Berkeley. Nucleoside
triphosphates were column—purified as described (Kahn and Hearst, 1989). Ribonuclease
inhibitor (human placenta) was from Promega Biotec or Pharmacia (the latter appeared to
give better results). [y-32P]Adenosine 5'-triphosphate was from NEN or Amersham.
Cloned T4 polynucleotide kinase was supplied by New England Biolabs.
Adenylyl(3’,5")adenosine (ApA) and 2’-deoxyribonucleoside triphosphates were from
Pharmacia, heparin and rifampicin were from Sigma, and the Klenow fragment of DNA
polymerase I was from United States Biochemical Corp. Electrophoresis grade acryl-
amide, N,N’-methylene-bis(acrylamide), ammonium persulfate, and TEMED were ob-
tained from Bio—Rad. Ultra pure urea was from Schwarz/Mann Biotech. All polyacry-
lamide gels contained 0.6x TBE (50 mM Tris borate, 1 mM EDTA, pH 8.3) with the indi-
cated amounts of acrylamide and urea. Diethylpyrocarbonate—treated water, silanized
Eppendorf tubes (5% dichlorodimethylsilane/chloroform) and deionized formamide were
used throughout. Protected ribonucleoside methylphosphoramidites were from Peninsula
Laboratories. DNA and RNA synthesis was performed on an Applied Biosystems 381A
automated synthesizer. HPLC grade acetonitrile was from Baker. Triethylamine, thiophe-
nol, and tetrabutylammonium fluoride were from Aldrich. Kodak XAR-5 X-ray film was
used for autoradiography, with DuPont Cronex Lightning Plus enhancing screens when
necessary.

DNA oligonucleotides were synthesized using B-cyanoethylphosphoramidite chem-
istry, deprotected overnight with NH4OH at 55°C, and purified by gel electrophoresis.
The templates shown in Figure 1 were synthesized by primer extension using Klenow

fragment, according to the supplier’s directions. The syntheses of templates B and C em
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Figure 1. DNA Templates

The templates shown are double stranded synthetic DNA oligomers with TAC 18 pro-
moters, prepared as described in Materials and Methods. The RNA polymerase can make a
20 nt transcript without requiring CTP. Performing transcription reactions without CTP
gives us a sensitive assay for misincorporation or other processes yielding products longer
than 20 nt, and no complications from abortive transcription or end-binding are introduced.
The promoter elements and expected transcript sequences are shown. Templates A and B
differ only in bases -4 to -1 as indicated, and templates A and C differ only in the transcript

sequence after base +21.
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Figure 2-1: Synthetic DNA Templates Used in Alternate Transcript and Priming Studies

Alternate Initiation Template (A)

-35 TAC18 Promoter -10 +1
5'-CCCAATGTGCTGTTGACAATTAATCATCGCGGCTCGTATAATGTGTGGAATGGATGATGAAGGTGGATCAGTGATCAATGGGTCCC
3’-GGGTTACTCGACAACTGTTAATTAGTAGCGCCGAGCATATTACACACCTTACCTACTACTTCCACCTAGTCACTAGTTACCCAGGG

Misincorporation Template (B)

-35 TAC18 Promoter -10 +1
5'-CCCAATGTGCTGTTGACAATTAATCATCGCGGCTCGTATAATGTCTACAATGGATGATGAAGGTGGATCAGTGATCAATGGGTCCC
3’-GGGTTACTCGACAACTGTTAATTAGTAGCGCCGAGCATATTACAGATGTTACCTACTACTTCCACCTAGTCACTAGTTACCCAGGG

Transcript Expected from Aand B 5’- AAUGGAUGAUGAAGGUGGAUC AGUGAUC AAUGGGUCCC
I |

+ 21 +28
Combination Template (C)
-35 TAC18 Promoter -10 +1

5’-CCCAATGTGCTGTTGACAATTAATCATCGCGGCTCGTATAATGTGTGGAATGGATGATGAAGGTGGATCAGGTCAATGGGTCCC
3’-GGGTTACTCGACAACTGTTAATTAGTAGCGCCGAGCATATTACACACCTTACCTACTACTTCCACCTAGTCCAGTTACCCAGGG

Transcript Expected from C 5- AAUGGAUGAUGAAGGUGGAUC AGGUCI2 AAUGGGUCCC

|
+ 21 +26



ployed 15 nt primers complementary to the coding strand, which was chemically synthe-
sized in one piece, whereas template A was synthesized by the mutual extension of 42 nt
and 57 nt fragments on each other to give ds 86mer. The products were phenol extracted,
purified by ultrafiltration in Centricon 10’s (Amicon) to remove excess primer (templates B
and C only),-ethanol precipitated, purified by denaturing polyacrylamide gel electrophoresis
to remove incomplete extension products, and finally purified by nondenaturing polyacryl-
amide gel electrophoresis to remove any excess single strand. All DNA and RNA concen-
trations are given in terms of molecules. DNA concentrations were determined using an
assumed extinction coefficient of 50 pg/Az60 unit of double-stranded DNA. Template

purity was assayed by restriction of the final double-stranded product.

(b) Preparation of [5"-32P]JpAAUGGA

Initial priming experiments were done using 3—6 nt abortive transcripts recovered from
transcription reactions. In order to investigate higher primer concentrations and for conve-
nience, we turned to chemical synthesis of the hexaribonucleotide ApApUpGpGpA, which
is the longest major abortive transcript produced from ApA—priméd transcription reactions.
The oligoribonucleotide was synthesized from methylphosphoramidite precursors 2’ pro-
tected by tert-butyldimethylsilyl (A and U) or triisopropylsilyl (G) and 5’ protected by
monomethoxytrityl (MMT). Automated synthesis, deprotection with thiophenol, removal
from the CPG column with 3:1 ammonia/ethanol, deprotection with ammonia followed by
tetrabutylammonium fluoride, and desalting on Sephadex G-25F were essentially as de-
scribed by Usman er al. (1987). The 5 MMT group was removed with 2 % TFA in

'CH2C12 (5 min). The fully deprotected and desalted oligonucleotide was purified by
HPLC on a 4.6 mm ID x 25 cm Dynamax 60 A pore size 8 um C;g column (Rainin), at
a flow rate of 1 ml/min (about 1700 psi), with a gradient of 0 to 50 % B over 60 min,
where mobile phase A is 0.1 M TEA acetate, pH 6.1, and B is 50 % MeCN/ 50 % .A. The

main fraction (~ 20 % of the material loaded), eluting at about 55 min, was dried in a
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Speed-Vac, precipitated, and resuspended and stored in 1x TE (10 mM TrisHCI, pH 7.4,
1 mM EDTA). The material isolated by HPLC was estimated to be about 90 % pure,
based on labeling with [y-32P]JATP and gel electrophoresis. The other products seen by
HPLC were shorter oligonucleotides which were not characterized further. They do not
have the same mobilities as the 3—-5 nt abortive transcripts. The hexanucleotide was stable
for months at -20 °C, but labeled oligonucleotides showed substantial degradation over a
period of a week. Enzymatic RNA sequencing and analysis on 25 % polyacrylamide gels
(1:29 bis:acrylamide, 7 M urea) showed the chemically synthesized RNA to be identical to
the hexanucleotide abortive transcript generated by RNA polymerase (data not shown).
The sequences of the 3-5 nt abortive transcripts, isolated as described in the following
paragraph, were also verified.

For priming experiments, aliquots of the HPLC-purified hexanucleotide were kinased
with [y-32P]ATP (Maniatis et al., 1982), purified on a 25 % polyacrylamide gel (R¢ = 0.86
relative to bromophenol blue), eluted overnight at 37 ©C into LES (100 mM LiCl, 0.1 %
SDS, 1 mM EDTA), precipitated out of 2x LES with 15 mM MgCl, and 6 volumes of
ethanol at -20 °C overnight and -70 °C for 4 hr, centrifuged for 45 min in a Hermle mi-
crofuge initially at 4 ©C to pellet the RNA, dried in a Speed-Vac, and stored in 1x TE.
Elution from 25 % gels is slower than elution from lower percentage gels, and the hexanu-
cleotide did not precipitate effectively using the standard 2.5 volumes of EtOH. Carrier
tRNA improved precipitation efficiency, but carrier could only be used when prepéring
samples for sequencing; oligonucleotides used for priming were never exposed to tRNA,
as this would have introduced a large excess of competing non-specific RNA. When nec-
essary, the dinucleotide [a-32P]pApA (kinased as in Kahn and Hearst, 1989) was purified
using the same protocol, tho;Jgh precipitation was much less efficient. Usually
[a-32P]pApA was used without purification.

The oligoribonucleotides were kinased at two different specific activities (typically 5000

Ci/mmol and 25 Ci/mmol) so that mixing the phosphorylated pAAUGGA or pApA stocks
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in varying proportions gave solutions with different chemical concentrations but constant
radioactive concentrations (see (d) below, analysis of titration experiments). Labeled RNA
oligonucleotide concentrations were determined from the specific activity of the ATP used
for labeling: RNA sequencing gels showed that the 3’-phosphorylated hexanucleotide
pAAUGGAp generated from cleavage of 20mer RNA runs substantially faster than
PAAUGGA, so pAAUGGA should also separate efficiently from unkinased AAUGGA.
Isolated yields from kinasing and subsequent purification of the hexanucleotide were typi-
cally.about 40 %, based on RNA concentrations estimated by absorbance of the stock solu-

tion (using a calculated €260 = 70 x 103 M-lemr1, corresponding to 26 pg/Aogg unit).

(c) In vitro Transcription and Analysis of Products

Transcription reactions were done essentially as described (Kahn and Hearst, 1989),
except that the buffer used was 40 mM TrisOAc, pH 8.0, 6 mM Mg(OAc)z, 20 mM
KOAc, 6 mM B-ME, 0.05 mM EDTA, and 40 ug/ml acetylated BSA. All reactions
contained RNAsin at 1 U/ul. The concentrations of RNA polymerase, template DNA, and
other reaction components are given in the figure legends. Unless otherwise noted all reac-
tions used RNA polymerase holoenzyme saturated with the 670 subunit. In general we
used a 1.5-fold excess of template and 5-20 uM ATP, UTP and GTP. Polymerase and
DNA were preincubated for 8 min at room temperature before the addition of pre-mixed
primer and nucleoside triphosphates and transfer to the final reaction temperature.
Inclusion of primer in the preincubation mix did not substantially affect the results. The
typical final reaction volume was 5 ], because reaction mixes had to be loaded directly
onto polyacrylamide gels for analysis of the short RNA products. If a chase was per-
formed, 1 pl of a solution containing 2.4 mM each ATP, GTP, UTP, and CTP and
600 pg/ml heparin in transcription buffer was added and the incubation was continued for

the indicated length of time.
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When present, oligoribonucleotide primers were typically at 10-15 nM, which gave ef-
ficient uptake of primer and allowed the use of high—specific activity probes without the use
of large amounts of label (~ 400 x 103 cpm/lane). Larger amounts of label tended to de-
crease the resolution of the gels. For primer concentration titration experiments, primers
prepared at different specific activities were mixed, as discussed above. Reactions in
which primer concentration was adjusted by serial dilution from a single stock gave similar
results.

Reactions were incubated at the indicated temperature for 30-90 min and stopped by the
addition of an equal volume of 100% formamide containing 20 mM EDTA and dyes. The
total volume was reduced to 5 pl in a Speed-Vac, the samples were boiled for 1.5 min and
quick—chilled on ice for 45 sec, and the entire reaction mix was loaded onto a 0.6-1.0 cm
wide lane of a 40 cm x 30 cm x 0.5 mm 25 % polyacrylamide gel (1:29 bis:acrylamide,
7 M urea). Gels were run at 53-55 W (~3200-3500 V), usually for about three hours (at
this point the bromophenol blue dye had migrated to about 6 cm from the bottom of the gel
and the dinucleotide pApA was about 1 cm from the bottom). Some experiments used
20 % gels as indicated, also at 1:29 bis:acrylamide but using 8 M urea.

We did not study transcription initiated by triphosphates because the incorporation of
[v-32P] labeled triphosphate was not efficient enough to allow the study of minor products
(~2-5 % of 20mer). Also, commercial preparations of label were sufficiently contaminated
with higher molecular weight material that it was impossible to study oligoribonucleotide
reaction products of lengths less than about 8. [0-32P]NTP’s were not used because the
mobility of short body-labeled RNA’s did not depend predictably on length and because
these triphosphates were also contaminated with higher molecular weight material. We
found that end-labeled oligonucleotides migrate as expected in 25 % polyacrylamide gels,
and gel purification of labeled pApA and pAAUGGA allowed us to avoid the problem of
contamination. (Acceptable results could also be obtained by using pApA and pAAUGGA

kinase reaction mixtures directly; apparently some contaminants in commercial [y-32P]JATP
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preparations are substrates for polynucleotide kinase, and the increased priming efficiency
of the oligonucleotides relative to ATP made the presence of minor components on the gel a
less serious problem.)

For experiments in which the proportions of core enzyme and G subunit were varied,
stock solutions of each preparation were diluted into a buffer containing 10 mM B-ME,
10 mM KCl, 0.1 mM EDTA, 0.3 mg/ml BSA, 5 % glycerol, 0.1 % Triton X-100, and
10 mM TrisHCI, pH 8.0, the appropriate amounts of each were mixed on ice, and the
mixtures were dllowed to incubate on ice for 5 min before addition to reaction mixtures
containing DNA. These solutions were allowed to incubate for a further 8 min at room
temperature before the addition of primer and nucleoside triphosphates. The ¢ subunit was
serially diluted for the experiment of Fig. 6 to ensure accurate relative concentrations.
When NusA was present it was at 100 nM in a reaction using 100 nM template and 50 nM
holoenzyme.

Nitrocellulose filter binding of ternary complexes was done as described by Kahn and
Hearst (1989). Nondenaturing electrophoresis of polymerase-DNA complexes was done
essentially as described by Straney and Crothers (1985). The only source of label in these

experiments was the RNA primer.

(d) Analysis of Titration Experiments

Approximate measurements of kinetic parameters for priming used constant reaction
times and conditions with variable primer concentrations (1-5000 nM in the final reactions).
The extent of reaction was measured by the conversion of RNA polymerase to a complex
including a 20 or 25 nt transcript; experiments discussed below show that this process is
irreversible. The amount of each transcript was determined by scintillation counting of ex-
cised gel slices, and the known specific activity of the primer was used to determine moles
of product and therefore uptake of RNA polymerase. . Primer preparations with different

specific activities were mixed as discussed above so that reactions with different primer
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concentrations could be analyzed on the same gel and so that the technical problems asso-
ciated with large amount of radioactivity could be avoided. Control experiments showed
that serial dilution of primers gave similar results. Detailed conditions for these experi-

ments are given in the figure legends.

(e) Enzymatic RNA Sequencing

Reactions were done essentially as described (Kahn and Hearst, 1989), except that re-
action volumes were reduced to S pl to improve resolution. Transcription reactions were
fractionated on polyacrylamide gels and the transcripts were eluted and precipitated. For
low—abundance transcripts it was necessary to repurify the RNA on 85 cm 15 % or 20 %
polyacrylamide gels (1:29 bis:acrylamide, 8 M urea) to separate different sequences of the
same length and remove any labeled RNA’s which had smeared into the band of interest on
the original gels. (Smearing of 20mer could be reduced by loading less material, by pre-
electrophoresing the gel at 50 °C, by preloading the gel with cold ATP, and especially by
allowing the transcripts of interest to migrate further, but smearing was a recurrent, unpre-
dictable problem. Computer simulation (Williams and Tinoco, 1986) did not suggest any
stable secondary structures for the transcripts.) The repurification sometimes did not com-
pletely separate different transcripts, but the different sequences could still be read if two
preparations could be obtained with different relative amounts of the two transcripts; band
intensities on the final sequencing gel then vary in a predictable way and two separate lad-
ders can be distinguished (see Results). We obtained the best sequencing results using
25 % polyacrylamide gels (1:29 bis:acrylamide, 7 M urea) run at about 3500 V ( ~55 W
and ~50 °C for a 40 cm x 30 cm x 0.5 mm gel). Thinner gels did not improve
resolution because the reaction could not be loaded in a narrow band, and 8 M urea was not
used because it is not stably soluble in 25 % gels. Typical exposure times were 2—4 weeks

with an enhancing screen.
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Results:

The experiments discussed below rely on the ability to control the position of transcrip-
tion precisely and to detect low levels of unexpected products. Most of the experiments
employed templates with strong TAC18 promoters coding for 20 nt of transcript not requir-
ing C, so transcription in the absence of CTP yields a major 20mer product as discussed
(Kahn and Hearst, 1989). Products longer than 20 nt must then be due to readthrough or
to alternate initiation processes. Transcription in the absence of CTP inhibits non—specific
initiation, and we constructed the templates such that C would be required for initiation at
the ends. Transcription is inherently single-round in these experiments, so it was not nec-
essary to add heparin or rifampicin to prevent reinitiation (except in chasing experiments),
and we were able to avoid previously described problems with runoff transcription (Kahn
and Hearst, 1989). Such systems were initially developed by the Chamberlin group (Levin
etal., 1987).

(a) In vitro Transcription of Témplates with TAC18 Promoters Yields Several Transcripts

with 5’ Noncomplementarity.

The slippage and priming phenomena discussed below were discovered accidentally.
During an investigation of RNA polymerase fidelity (Kahn and Hearst, 1989), we studied
transcripts produced by readthrough of a block imposed by the lack of the complementary
triphosphate (CTP) at position +21 in template C of Figure 1. The presence of an “alternate
transcript” was first signalled by nearest-neighbor distributions in the 25mer which could
not be reconciled with misincorporation products alone. The full-length 25 nt RNA’s did
not separate even on 85 cm 20 % acrylamide denaturing gels, but upon careful sequencing
by partial enzymatic digestion and electrophoresis we found that a second sequencing lad-
der was distinguishable from the readthrough transcript ladder. The digestion tybically
yielded doublets at each length, and the sequence of the alternate transcript was determined

by comparison with sequencing ladders of the major 20 nt RNA product (from stalling of
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the polymerase without readthrough). The sequences corresponded to an alternate tran-
script with an apparent repeat of 5 nucleotides at the 5” end of the molecule. Reexamination
of the nearest—neighbor results showed them to be consistent with the 25 nt RNA being ap-
proximately a 50:50 mixture of alternate and misincorporation transcripts.

The abundance of the alternate transcript was reduced by changing the DNA sequence
between -4 and -1 (see below), but to perform the fidelity studies it was finally necessary to
change the DNA sequence such that the readthrough transcript was a 27mer. The 86mer
dsDNA template B in Figure 1 was used for the fidelity work, and template A was prepared
for further studies on the alternate transcript reaction. Template A has the same promoter
sequence as the first template used (C) and the same transcript sequence as the fidelity
template, so transcription of template A in the absence of CTP gives a major 20mer prod-
uct, a 25mer alternate transcript, and a 27mer misincorporation transcript. The different
lengths of minor transcripts allows us to study the alternate transcript phenomenon without
interference from misincorporation.

Figure 2 shows an autoradiogram of a typical transcription experiment using templates
A and B and priming with [a-32P]pApA. The major product is a 20 nt RNA. Minor 24 to
27 nt transcripts are apparent in lanes 6-14, transcription of template A. A darker exposure
of lanes 1-5 and other experiments show the presence of a 25mer product for template B as '
well. The 24-26 alternate transcripts, with the 25mer being the major species, are produced
in much greater amounts using template A, which has homology between -3 to -1 and +3 to
+5 of the template, but the fact that such transcripts are produced from template B indicates
that such homology is not absolutely required for alternate initiation. Alternate transcripts
are favored by low NTP concentrations (lane 11, 10 uM), long incubation times (time
courses, lanes 15-19 and 20-24), and by higher temperature (lanes 5-10; though 20mer
production is temperature dependent also, especially for template A, quantitation of gel

slices shows that the ratio of 25mer/20mer increases with temperature).
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(next page 158)

Figure 2-2.  Transcription of Templates A and B Yields Alternate Transcripts
Transcription reactions were done at 50 nM RNAP, 100 nM template, primed by 1 uM
[a-32P]pApA. Unless otherwise noted reactions were done at 37 °C, with ATP, UTP and
GTP at 40 uM each, for 90 min, and template, polymerase and pApA were preincubated
for 8 min before addition of NTP’s. Lanes 1-5: template B at 0 °C, 20 °C, 30 °C,
37 °C, and 50 °C respectively. Lanes 6-10: template A at 0 °C, 20 °C, 30 °C, 37 °C,
and 50 OC respectively. Lanes 11-14: ATP, UTP, and GTP were each at 10 uM, 40 uM,
100 uM, or 200 uM respectively. Lanes 15-19 and 20-24 show time courses at 20 °C and
37 OC respectively, with time points taken at 20 sec, 1 min, 5 min, 20 min, and 60 min.
Lane 25 is a chase of lane 12 with 400 uM each ATP, UTP, GTP, and CTP and 100 pg/ml

heparin, for 1 hr at 20 °C.
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The 27mer products in Figure 2 have been previously characterized as readthrough
products from misincorporation at position +21 (Kahn and Hearst, 1989). The 21mers are
transcripts stalled after addition of one nucleotide to the major 20mer (determined by enzy-
matic sequencing; data not shown). Note the dramatic increase in misincorporation and
one-base extension at elevated temperatures.

Several minor transcripts from each template were isolated from scaled—up reactions,
repurified on 85 cm 20 % polyacrylamide/ 8 M urea gels, and subjected to enzymatic RNA
sequencing. Autoradiograms of the sequencing gels are shown in Figures 3(A) and 3(C).
The resolution of the gels at these short fragment lengths is sufficient to allow us to read
independent sequences from digestions of a mixture of RNA'’s, especially as the major 20,
25, and 27mer products provide sequencing ladders from homogeneous RNA’s for com-
parison. The diagram in Figure 3(B) illustrates the interpretation of mixed ladders. The
minor transcripts from template B were obtained in much smaller amounts than those from
A, so they were sometimes characterized only by RNase T digestion, but knowledge of
the DNA sequence allows us to derive the full sequence from this information, as in Figure
3(C). The sequence of the major 25mer product from templates B and C has been verified
by sequencing with the full complement of enzymes.

The sequences obtained for the minor transcripts and the relative abundances of these
transcripts are given in Table 1. The relative abundances are approximate because of tech-
nical problems (see the table legend). Analytical scale reactions typically yielded relatively
more 25mer and less 24mer, and a greater difference between the level of alternate initiation
on templates A and B. The level of misincorporation is lower than that seen in our fidelity
work because lower triphosphate concentrations and shorter incubation times are used here.

All of the 24 and 25mer sequences can be explained by slippage of a tetraribonucleotide
or hexaribonucleotide within the transcription bubble followed by priming from the 3" end
of the oligonucleotide. Such a mechanism has been reported by Parker and by Cowie et al.

(Cowie et al., 1982; Parker, 1983; Parker, 1986). However, several of the transcripts
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(following pages 161-163)

Figure 2-3. Sequencing of Alternate Transcripts Containing Non-Templated 5’
Nucleotides

End-labeled transcripts were prepared essentially as in Figure 2 except that the concen-
trations of RNAP, template, and [0-32P]pApA were increased to 640 nM, 1450 nM, and
3.6 uM respectively and the reaction was performed at 20 °C. After an 8 min preincuba-
tion, 20 uM each ATP, UTP, and GTP were added and incubation was continued for
30 min. Transcripts isolated from a 40 cm 25 % polyacrylamide gel were repurified on an
85 cm 20 % polyacrylamide gel and subjected to enzymatic sequencing, and the digestions
were analyzed on 20 % gels. The transcript sequences obtained are given in Table 1.
Cleavage specificities for the RNases are as follows: HO~ non—specific; Tj at G; Phy M
(6M) at A and U; Up at A; B. cereus (BC) at U and C; and Clz at C > U.

(A) The autoradiogram for sequencing of transcripts from the alternate initiation tem-
plate A is shown. The enzymes used are indicated. In these reactions RNase B. Cereus
cut strongly at G as well as at pyrimidines, and Cl3 gave unreliable results, but the se-
quences can be read. See (B) for labeling of cleavage products.

(B) A diagram derived from a scanned image of (A) illustrates the interpretation of the
sequencing gel, especially for the mixed transcripts of sample 24’. The Key indicates
bands corresponding to transcript 24 on the sequencing ladder for transcript 24’, and the
remaining 24’ bands correspond to a truncated 25mer, with the sequence given between the
ladders for 24" and 25. Some of the indicated bands are difficult to see on the photograph
but are visible on the original autoradiogram.

(C) Sequencing of transcripts from template B. The deduced sequences (based on the

DNA sequence) are shown at the sides of the autoradiogram with the fragment lengths.
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Figure 2-3(B): Enzymatic Scquencing of Transcripts from Template A

Length:

Reaction:

= = Bands corresponding to
the sequence given to
the left of the 24’ ladder

HO
| T

(A)

24
oM
| Y

BC
} e

24’
HO- oM
| ™

ne U,

e wan
N N

OP»P COPCOP> O CO

o

(A)

|
' 25~ ey ‘I—EE‘ 2740
BC HO- oM Chj Tt Uz i IIT1
M
| Cyne | Tr | U | gne | M | [ v)
-_AG
==
A ==
Gy gy == e Y
G G Hm == = A
u A =S mm (N
G pumEm (V) = —
G EEmm A )] A
A = msmmm O™ st — 3
A == m=m . G mm == G
G Emmm u == == - U
U g G == == L Rl
A B mmmm G =m — G
G B g A --- . A
U == B A = = = A
A HE o= G mm — G
G mEmEm U am = = U
G mmmm A Em™ w A
== G
A == mmmm U =3 —0
A EE mmam A = = -
G . G == = - B G
G mmmm G mm mm == ==G
U == = U = -U
A EmEm L A
(A) (A) (A)

~



24

20

24

> O OC O OPrPCcCZP>OC

1

>
\

Sequencing of Template B Transcripts

24 24’ 25 26 27
I 17 1T ]
24" 25 Ty Ty HO Ty oM HO Ty HO Ty
u : A
U—h e — .
A G - -
G G "
U g o
G g
G —p-l o
A A St
A6 -
G—y-l - =L
U A it
i s
O - —
G~ U’[ -
4 A - i E -
A Q -
G s, G -
G - - o L
U - L - e
U A P o

XBB 902-1162

Fig. 2-3(C)

163

N
[=2]

O > >» O OCOOPCPOCOP»C

N
~

25

Zr0CO>C

20

15

10



124!

Table 2-1: Transcripts Obtained from Templates A and B
The sequences obtained from the autoradiograms of Figure 3 for transcripts of different lengths from templates A and B of Figure 1
are given below; template C yielded the same 25 nt transcript. All RNA’s are initiated with [0-32P]pApA (see text). Transcripts marked
with an asterisk are paused. Sequences are aligned according to nucleotides 2-20, bracketed spaces indicate non-homology (a skipped
base or frameshift), non-complementary nucleotides are underlined, (N) indicates a misincorporated base at position +21 (usually U),

and the ellipses (...) in the table represent nucleotides +8 to +18. The transcript sequence coded for by the DNA is as follows:

5'—p/TAUGGAUGAUGAAGGUGGAU(IZAGUGAU... = /I\AUGGAU...AU(lfAGUGAU

+1 +21 +1 +21

Length Alternate initiation template (A): Amount’ Misincorporation template (B): Amount'

24 AAUGAAUGGAU...AU 100 AAUGGAU..AU(N)AGU* 8

24 AAUGGAAUGGAU...A* 20 AAUGG[JAUGGAU...AU 9

25 AAUGGAAUGGAU...AU 100 AAUGGAAUGGAU...AU 25

26 AAUGGAU..AU[ JAGUGAU 25 AAUGGAU..AU[ ]JAGUGAU 12

ol AAUGGAU..AU(N)AGUGAU 15 AAUGGAU..AUN)AGUGAU 10
Position: +1 21 +1 +21

T Amounts of transcripts are approximate because the 24mers were not completely resolved and the 20mer major product smears into
the other products in the initial fractionation. The values given are percentages relative to the amount of 25mer produced for the
alternate initiation template, which is typically ~2% of the amount of 20mer. The amount of 24 nt transcripts is typically lower than
seen here.



obtained here are unique in that the presumed oligoribonucleotide primers do not show
complementarity with the template after slippage. The transcripts for which this is the case
include the second 24 nt transcript and the 25 nt transcript from template B, which must
have been primed by hexanucleotides complementary only at their 3” ends, and the major
24mer product from template A, which is presumably primed by a tetranucleotide comple-
mentary only at its 3’ end (see Fig. 1 for template sequences). Sequencing of the 26mer
shows that it is a frameshift product, in which position 21 has been skipped. This is most
clearly seen by comparison of the RNase T digest lanes for 26 and 27mer transcripts.
This result indicate that nucleotide incorporation is not absolutely obligatory for transloca-
tion. Detection and characterization of these rare transcripts emphasize the utility of the de-

fined ternary complex in identifying low—frequency events.

(b) Priming of Transcription by Short RNA Oligonucleotides

In the above experiments, with transcription primed by [0-32P]pApA, 3—6 nt abortive
transcripts were observed (see also Fig. 4, lanes 2 and 3, and Fig. 5). The amounts of
each abortive transcript obtained are variable, but usually the trinucleotide is the most abun-
dant product (under our conditions up to 50 % of the pApA could be converted to pAAU),
the tetra- and pentanucleotide products are less abundant, and the hexanucleotide
PAAUGGA is found in greater amounts, at about 15 % the level of the final 20mer at
20 uM ATP, UTP, and GTP and in greater amounts at lower NTP concentrations. This
indicates that the polymerase ejects at least 13 % of nascent hexanucleotide transcripts at
20 9C; the level of abortive transcription increases at higher temperatures. Note that
25mer is typically 1-5 % of 20mer. Since the 25mer originates from 6mer priming (as
shown below), the rate of the priming process is at least 10 % the rate of the ejection of the
hexanucleotide abortive transcript.

To test directly whether alternate initiation results from priming with RNA oligonu-

cleotides, we studied transcription reactions in which the label was provided by abortive
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transcripts isolated from previous experiments. The autoradiogram of Figure 4 compares
priming of templates A and B and shows that the oligonucleotides direct transcription to
give the expected 20mer product. Reactions primed by the pentanucleotide give detectable
25mer on template A (lane 11), and those primed by the hexanucleotide give equal amounts
of 20 and 25mer on template A (lane 14). We focussed our attention on the hexanucleotide
because it is the most abundant long abortive transcript, it primes more efficiently than the 4
and 5 nt oligonucleotides, and it produces an abundant alternate initiation transcript which
is the main alternate product in most reactions. Chemical synthesis was used to produce
larger amounts of the 6mer for the experiments described below (see Materials and
Methods).

Figure 5 shows an autoradiogram of priming by pApA and pAAUGGA on templates A
and B under various conditions. This experiment illustrates many features of primed tran-
scription which are explored in more detail in the following sections. The results confirm
that pAAUGGA primes transcription to give a mixture of 20mer and 25mer products (lane
4). In this experiment pApA appears to prime more effectively than pAAUGGA, but this is
partially due to the different concentrations of the two primers used in this experiment.
Similar experiments have shown that the two primers act with similar efficiency, and the
kinetic parameters for priming are studied in more detail in (d) below. Lanes 5-7 show
priming with a mixture of pApA and pAAUGGA, showing the development of a second
set of paused transcripts between lengths 7 and 19. Lanes 8-10 shon that the
PAAUGGA-primed complexes do not chase efficiently under conditions where pApA—
primed complexes chase efficiently in the same reaction mixture; this observation was
studied further in (g) and (h) below. Pausing or stalling of transcription at lengths between
7 and 19 is also more noticeable for pAAUGGA-primed reactions, as is apparent by com-
parison of the amounts of stalled and full-length products. The doublet bands in
PAAUGGA-primed lanes correspond to transcripts of the same length and different se-

quence, which are intermediates in the production of the different full-length transcripts.
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(next page 168)

Figure 2-4.  Priming by 2—6 Nucleotide Abortive Transcripts

Transcription of templates A and B was primed by pApA (labeled “2” on the sides of
the autoradiogram), lanes 1-3 and by abortive transcripts pAAU (“3”), lanes 4-6; pAAUG
(““4”), lanes 7-9; pAAUGG (“5”), lanes 10-12; and pAAUGGA (“6”), lanes 13-15. The
first lane of each set of three is a control showing the oligonucleotide alone, the second is
priming of template A, and the third is priming of template B. All primers were at 3 nM,
RNA polymerase was at 50 nM, template at 200 nM, and ATP, UTP, and GTP at 5 uM
each. RNA polymerase and DNA were preincubated for 7 min before addition of oligonu-
cleotide primer, and NTP’s were added 3 min later. Reactions were continued for 90 min
at 20°C, terminated with formamide/EDTA and analyzed on a 25 % gel as usual. Product

lengths are also indicated on the sides of the autoradiogram.
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(next page 170)

Figure 2-5.  Priming of Transcription by pAAUGGA and pApA

The autoradiogram shows a comparison of priming by pAAUGGA and pApA under
various conditions. All reactions used holoenzyme at 40 nM, template A at 60 nM, and
unless otherwise indicated [ATP] = [UTP] = [GTP] = 10 uM. Reactions were incubated at
20 °C for 90 min, processed as in Materials and Methods, and analyzed on a 25 % gel.
Lanes are numbered above and below the autoradiogram and the lengths of RNA tran-
scripts produced are shown at the sides. Concentrations of oligoribonucleotides were de-
termined radiochemically using the known specific activity of the [y-32P]ATP used for la-
beling.

The conditions for individual lanes are as follows: Lane 1: [a-32P]pApA control; in
this experiment the pApA was not purified before use. Lane 2: [5-32P]pAAUGGA con-
trol. Lane 3: pApA priming at 60 nM. Lane 4: pAAUGGA priming at 16 nM. Lanes 5, 6,
and 7: priming with a mixture of pApA (60 nM) and pAAUGGA (2 nM, 4 nM, and 16 nM
respectively). Lanes 8-10: 30 min chases of aliquots removed at 60 min from the reactions
of lanes 3, 4, and 7 respectively, with 400 uM ATP, GTP, CTP, and UTP and 100 pg/ml
heparin. Lanes 11-13: 60 nM pApA priming with added low-specific activity pAAUGGA
at 10, 100, and 1000 nM respectively. Lanes 14-16: 16 nM pAAUGGA priming with
added cold ApA at 1, 10, and 100 pM (a 4000-fold excess) respectively. Lanes 17 and 18:
ATP, UTP, and GTP were each at 1 pM and 100 uM respectively. Lane 17 was supple-
mented with NTP’s to 10 uM at 60 min.
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(There is a triplet at length 13; the third band at this length originates from priming at a dif-
ferent site, as shown by sequencing in Figure 10 below.) Lanes 11-13 and 14-16 show
that unlabeled pAAUGGA does not appear to affect priming by pApA, and ApA does not
appear to affect priming by pAAUGGA. Lanes 17 and 18 show that increased concentra-
tions of NTP’s do compete with pAAUGGA priming. These observations suggested that
separate populations of RNA polymerase might use each primer, and this led to the experi-
ments with core RNA polymerase described in (c) below.

Several interesting features of primed transcription are apparent in this experiment.
PAAUGGA priming gives efficient production of heptanucleotides labeled 7a and 7b.
Comparison with the pApA lanes shows that 7a comes from extension of 6mer bound from
+1 to +6 giving pAAUGGAU, while 7b is from extension of primer at —5 to +1 to give
PAAUGGAA. Transcripts 7a and 7b are abortive since in some reactions they are pro-
duced in greater than stoichiometric amounts with respect to polymerase. The autoradio-
gram shows that the 7mers are much more likely to be ejected from a 6mer—primed com-
plex than from a pApA—primed complex (compare 7a to 20mer in lane 3 vs. 7a and 7b to
20 and 25mer in lane 4). However, 8—13mers are not produced by abortive transcription
after 6mer priming, indicating that transcript length as well as position on the template rela-
tive to the promoter affects the alternate initiation process and the ejection of abortive tran-
scripts. This seems to be the case even when the 6mer is partially non—complementary, as
itis when priming to give 25mer.

It is also clear that 6mer is degraded in the reaction to give tri— to pentanucleotides iden-
tical to the abortive transcripts from pApA priming, as is also apparent in Figure 4. These
oligomers have 3’-hydroxyls; in this length range molecules with 3’-phosphates are easily
separable and they migrate almost as fast as molecules one nucleotide shorter with
3’-hydroxyls. The degradation is polymerase—dependent, template—independent, and
RNAsin-resistant, though RNAsin purchased from Pharmacia appears to give reduced

degradation relative to the Promega—Biotec RNAsin used here. Base hydrolysis and most
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ribonucleases yield 3’-phosphates, so this observation suggests a nuclease activity in the
RNA polymerase itself. Varying the pyrophosphate concentration using added PP; or
PPase had no effect on the degradation (data not shown). The observed priming is not due
to degradation of the 6mer primer to give a more active dinucleotide primer, because several

other features of the two priming reactions differ.

(c) Core RNA Polymerase Primes Effectively with Hexanucleotide but not Dinucleotide

Primers

We compared priming by core polymerase (02B8B”) and holoenzyme (0app’c70) by ti-
trating the core enzyme with added ¢. The results in Figure 6 show that core enzyme
primes much more effectively than holoenzyme with the hexanucleotide, but holoenzyme
primes much more effectively with pApA. Core enzyme under these conditions can extend
PAPpPA only to pAAU. However, the priming activity observed for holoenzyme is not due
to contaminating core enzyme, because addition of excess G subunit does not reduce the
level of priming below that observed with one equivalent. Priming with the 6mer gives
very similar transcript patterns for the two enzyme forms, though close examination and
other experiments show that transcripts other than the 20 and 25mers are more abundant
using core polymerase. The addition of half an equivalent of G subunit supports efficient
priming using pApA, presumably because the ¢ sﬁbunit can recycle after the holoenzyme in
the reaction extends to +20. The same amount of ¢ subunit reduces the level of
PAAUGGA priming by about 50 %, suggesting that the holoenzyme is very stable under
these conditions; otherwise, the priming efficiency would be the same as that for core
alone, because the pool of free core enzyme is reduced as it extends the primer.

These results should not necessarily be taken as an indication of promoter specificity in
transcription by the core enzyme, because there is a limited number of possible initiation
sites on this short template. Also, apparent promoter specificity can be due to the physical

properties of promoter DNA rather than sequence—specific recognition, as promoter se
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Figure 2-6. Core RNA Polymerase (a2 Bf’) Is Primed Effectively by pAAUGGA and
Holoenzyme (a2 f3°0) by pApA

This experiment was performed under conditions similar to those of Figure 5 except
that the levels of the ¢ subunit were varied. Lane 0 is a 6mer control. Lanes 1-6 show
PAAUGGA priming reactions, lanes 7-12 pApA priming reactions. Lanes 13-24 are
chases of the reactions of lanes 1-12 respectively, performed as in the experiment of Figure
5, lanes 8-10. Lane 25 is a pApA control. The concentrations of ¢ subunit and core
polymerase are as follows: lanes 1 and 7, 30 nM ¢ and no core; lanes 2 and 8, no ¢ and
30 nM core; lanes 3 and 9, 15 nM ¢ and 30 nM core; lanes 4 and 10, 30 nM ¢ and 30 nM
core; lanes 5 and 11, 60 nM ¢ and 30 nM core; lanes 6 and 12, 150 nM ¢ and 30 nM
core. Template was at 50 nM, primer at 10 nM, and ATP, UTP, and GTP at 10 uM each.

Incubation was for 90 min at 20 °C, and reactions were analyzed on a 25 % gel.
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quences melt out more easily than random sequence DNA (Margalit ez al., 1988) and the
-10 region appears to have unusual conformational and dynamic properties (Lefévre et al.,
1988). We have studied priming by the core polymerase on a fragment of pBR322 lacking
a promoter but containing several possible priming sites (a 160 bp fragment extending from
the Hae II site at 1205 to the Sty I site at 1369). Quantitation and sequencing of the tran-
scripts shows that 4 nucleotides of homology are required for priming with pAAUGGA,
and yield increases as the homology increases to five or six nucleotides; the total amount of
transcription on this primer was within a factor of 2 of the amount observed on template A,
but we have not studied direct competition effects between the two templates. This homol-
ogy requirement suggests that the production of 25mer transcript from non-homologous
templates is mediated by slippage of primer from the homologous +1 to +6 site rather than
by direct binding of primer to the non-homologous site. We note that Wheeler et al.
(1987) have obtained evidence for promoter-specific transcription by core polymerase, with
an optimum salt concentration higher than that used here.

The right-hand half of the autoradiogram of Figure 6 shows chases at 400 uM NTP of
the reaction mixtures of lanes 1-12. These results show that hexanucleotide—primed com-
plexes chase much less efficiently at 20 ©C than dinucleotide—primed complexes, even
though the same core enzyme*DNA+20mer complex is presumably formed in each system.
This prompted us to examine the stability and elongation properties of the primed ternary
complexes, as discussed in (g) and (h) below. We have not been able to identify the ~50 nt
transcript in lane 14, which appears in all reactions using core enzyme when CTP is pre-

sent.

(d) Approximate Kinetic Parameters for Priming

Experiments similar to those discussed above using various concentrations of primer
were performed in order to determine the kinetic parameters of the priming reactions.

Several difficulties attend these studies. There are technical problems in measuring “v” for
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these experiments because of smearing on the gels, incomplete extension to 20mer or
25mer, and the low amounts of radioactivity obtained in products when low specific activ-
ity primer is used at high chemical concentrations. Body labeling was not practical because
of the problems discussed in Materials and Methods and because the additional complica-
tion of competing triphosphate—primed transcription was introduced. This system does not
obey Michaelis—Menten kinetics, because under our conditions there is no turnover. The
irreversibility of E«P formation means that the steady-state approximation does not hold,
and the substrate concentration is usually low enough to change during the reaction.

The considerations above led us to study the extent of reaction at a constant time with
various substrate concentrations and to simulate the results numerically according to
Scheme II below, without the use of the steady state approximation. (We were unable to
solve the differential equations analytically.) Table 2 (p. 178) shows representative titration
data in which the concentration of [5’-32P]pAAUGGA was varied for holoenzyme and core
enzyme, competing ApA for holoenzyme, and [a-32P]pApA for holoenzyme. Time course
results are also shown. These experiments were done as for Figure 5. The data in Table 2
is graphed in Figure 7, with simulated data obtained as in the Appendix for comparison.
Simulation showed that the improved efficiency of priming for core enzyme is best ex-
plained by postulating an increased effective enzyme concentration. Variations in the indi-
vidual rate constants have weak effects on the extent of reaction at “high” primer concentra-
tion (1-5 pM). The ApA inhibition results are best explained by invoking an enzyme popu-
lation which is completely insensitive to ApA; otherwise the slightly inhibitory effect of 1-
10 uM ApA cannot be reconciled with the incomplete inhibition observed at 1 mM ApA.
This semi-quantitative analysis strengthens our conclusion that there are two separate en-
zyme populations (Ej and Ej in. Fig. 16) with high affinities for hexanucleotide or dinu-

cleotide primers respectively.
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Scheme 2-11

6mer (S)
- k
Enzyme*DNA (E) él__—\ EnzymesDNAe6mer ———> EnzymesDNA+20-25mer
x K (E-S) (EP)

NTP-Primed Compl'exes (E*D)

Experiments in which ATP, UTP, and GTP were varied independently were used in
order to determine which step of the priming reaction determines the distribution of 20mer
vs. 25mer products (Figure 8). Changing the concentration of one of the triphosphates
ATP, UTP, or GTP to 100 uM while maintaining the other two at 5 uM has little effect on
the relative amounts of 20 and 25 nt transcripts synthesized either by holoenzyme or core
enzyme (compare lanes 6-8 for holoenzyme and lanes 9-11 for core). Transcript 7a
(precursor to 20mer) terminates in U and 7b (precursor to 25mer) ends in A. A slight in-
crease in 20mer at 100 uM UTP and in 25mer at 100 uM ATP is observed, but there is less
than a 2-fold preference for the substrate in excess. Increasing [UTP] to 100 uM increases
the amount of abortive 7a, but ATP has little or no effect on 7b. The lack of the expected
strong concentration effects on 7mer and 20-25mer synthesis suggests that either the Ky
for the triphosphate added at position 7 is low (< 5 pM) or the step that determines pro-
duct distribution is before triphosphate binding. We favor the latter explanation because the
Km of RNA polymerase for NTP’s is typically greater than 10 M and because increasing
one triphosphate can have dramatic effects on the distribution of paused products (see
Fig. 8). Hexanucleotide priming by holoenzyme is inhibited slightly by increased ATP
and GTP, probably due to competing triphosphate~initiated transcription, but ATP com-
petes with pApA priming much more effectively (compare lanes 6-8 with lanes 12-14).
This is consistent with the results presented in (f) below, which suggest priming of sepa-

rate enzyme subpopulations by the two primers. Note that the dark 7mer band seen for
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Table 2-2: Data Summary from Titration Experiments

Experiment [RNAP] (nM)  [pAAUGGA] [pApPA] [ApA] Time (min) | % RNAP Converted T [RNAP] converted
ApA 30 1.00 E-08 0 0 90 3.08 E-01 9.24 E-11
Inhibition 30 1.00 E-08 0 1.00 E-06 90 2.75 E-01 8.26 E-11
{Holo) 30 1.00 E-08 0 1.00 E-05 90 1.90 E-01 5.70 E-11

30 1.00 E-08 0 1.00 E-04 90 1.07 E-01 3.22 E-11

30 1.00 E-08 0 1.00 E-03 90 9.90 E-02 2.97 E-11
pApA 30 2.09 E-11 1.00 E-09 0 90 3.08 E-02 9.24 E-12
Titration 30 2.55 E-10 1.00 E-08 0 90 6.81 E-01 2.04 E-10
{Holo) 30 6.26 E-11 1.00 E-07 0 90 1.73 E+00 5.19 E-10

30 2.33 E-11 1.00 E-06 0 90 9.60 E+00 2.88 E-09
pémer 60 9.30 E-09 0 0 90 2.23 E+00 1.34 E-09
Titration 60 1.10 E-07 0 0 90 1.62 E+00 9.70 E-10
(Core) 60 9.10 E-07 0 0 90 2.46 E+00 1.48 E-09

60 5.23 E-06 0 0 90 4.75 E+00 2.85 E-09
pémer 60 9.80 E-09 0 0 90 2.43 E-01 1.46 E-10
Titration 60 1.14 E-07 0 0 90 6.44 E-01 3.87 E-10
(Holo) 60 9.15 E-07 0 0 90 1.46 E+00 8.77 E-10

60 5.20 E-06 0 0 90 2.96 E+00 1.77 E-09
pémer 60 1.00 E-08 0 0 5 2.81 E-01 1.69 E-10
Time Course 60 1.00 E-08 0 0 15 8.34 E-01 5.00 E-10
(Core) 60 1.00 E-08 0 0 30 1.39 E+00 8.35 E-10

60 1.00 E-08 0 0 90 2.63 E+00 1.58 E-09
pémer 60 5.56 E-06 0 0 20 9.08 E+00 5.45 E-09
Titration 60 1.00 E-06 0 0 90 6.14 E+00 3.68 E-09
(Core) 60 7.25 E-08 0 0 90 2.67 E+00 1.60 E-09
By Dilution 60 5.42 E-09 0 0 90 1.23 E+00 7.39 E-10

*

[PAAUGGA] was determined after the reaction by Gerenkov counting of gel slices.

1 Approximately 30 % of total RNAP is active, so 10 % conversion corresponds to about 1/3 of the active molecules.

For 6mer titration experiments, [pPAAUGGA] was determined directly by scintiliation counting before the reaction. For the pApA titration,




Figure 2-7.  Semi—Quantitative Analysis of Priming Reactions

The top half of each panel shows experimental data derived from Table 2 and the bot-
tom half shows results simulated as discussed in the Appendix. The scaling of the y axes
may differ between experimental and simulated graphs; the shape of the curves is the ap-
propriate criterion for the applicability of the simulation. Panel A shows titration results,
panel B shows inhibition of hexanucleotide priming by ApA, and panel C shows time
courses for the reaction. In panel B, the effect of ApA is simulated by adding a term re-
flecting ApA priming to rate constant kj in Scheme II. The added term is a net rate constant
ki1[ApA] x (k3/(k2 + k3)), assuming a kp 30—fold higher for ApA than for 6mer (a 30—fold
lower Kg), but using the same k3 for ApA as for 6mer. The simulation clearly shows that
there is a fraction of the enzyme which is not inhibited at all by ApA — note the displace-

ment of the y axes between experimental and simulated results.
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Figure 2-8.  Effect on pAAUGGA Priming of Varying Triphosphate Concentrations

The autoradiogram shows the effect of varying ATP, UTP, andbGTP concentrations on
priming of core polymerase by pAAUGGA and priming of holoenzyme by pAAUGGA
and pApA. A darker exposure of lanes 6-8 is shown at the right. Transcript lengths are
indicated at the sides. Reactions were at 30 nM [a-32P]pApA or [5’-32P]JpAAUGGA as
indicated below, 50 nM holoenzyme or core enzyme, 75 nM DNA template A, and 5 pM
ATP, UTP, and GTP except as noted. Incubation was for 30 min at 37 ©C after a 9 min
preincubation of polymerase and template at room temperature. Reactions were stopped
with EDTA/formamide as usual and analyzed on a 25 % polyacrylamide gel. The compo-
nents in individual reactions are as follows:

Lane 1, core, pAAUGGA, 100 uM ApA added; lane 2, core, pAAUGGA; lane 3,
chase of lane 2 at 400 uM ATP, UTP, GTP, and CTP and 100 pg/ml heparin; lane 4,
holo, pApA, no ATP; lane 5, holo, pApA; lanes 6-8, holo, pAAUGGA, 100 uM GTP,
ATP, or UTP respectively; lanes 9-11, core, pAAUGGA, 100 uM GTP, ATP, or UTP
respectively; lanes 12-14, holo, pApA, 100 uM GTP, ATP, or UTP respectively; lane 15,

chase of lane 5.
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100 uM GTP may correspond to abortive release of pAAUGGAG from priming at tem-
plate positions +8 to +13 (see Figure 10 and Table 3 below); the expected 13mer product
from this reaction also increases at 100 uM GTP, suggesting that at this position the addi-
tion of a nucleotide may be rate limiting.

We have also tested whether an RNA polymerase which has entered the abortive initia-
tion phase can be primed more readily than one which has not. Incubation with ApA,
UTP, and GTP allows synthesis of a pentanucleotide by the holoenzyme, whereas UTP
and GTP alone do not support transcription. Priming reactions including UTP and GTP
with and without 10-100 uM ApA gave identical synthesis of the octanucleotide pAAUG-
GAUG from extension of the 6mer, and preincubation with ApA, UTP, and GTP followed
by addition of ATP showed no effect on 20 and 25mer synthesis (data not shown). These
results indicate that the priming does not depend on abortive cycling by the polymerase. As
expected from the results of Figure 6, ApA had no effect on hexanucleotide priming by the

core enzyme (Figure 8, lanes 1-2).

(e) Production of Alternate Transcripts Using a Dinucleotide Primer Proceeds via Slippage

of Abortive Transcripts within the Transcription Bubble

Experiments similar to those of Figure 5 were done to determine the dependence of al-
ternate transcript production on the concentration of 6mer. Varying proportions of dinu-
cleotide and hexanucleotide primers were used, and the amount of 25 mer vs. the fraction
of 6mer primer is shown in Figure 9(A). The 6mer concentration is always non—zero be-
cause of abortive transcription. While it is clear that added 6mer greatly enhances the yield
of 25mer, the amount of 25mer extrapolated to [6mer] = 0 is greater than half of the level
actually observed for [Added 6émer] = 0. This suggests that 6mer free in solution is not an
obligatory intermediate in the production of 25mer, that the 6mer transcript can slip from

+1 to +6 to —5 to +1 within the transcription bubble and prime from its new position. This
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mechanism is probably responsible for at least half of the observed alternate initiation in re-
actions primed by pApA.

Additional evidence in support of an intramolecular slippage mechanism is given in
Figure 9(B), which shows the amount of transcript 7b, a fragment of the 25mer, as a func-
tion of [6mer]. If 7b and 25mer were both synthesized only as a result of binding exoge-
nous 6mer, the ratio between them should be constant as [6mer] changes. Experimentally
we observe that as [6mer] increases the amount of transcript 7b and the ratio of 7b to 25mer
increase. This suggests that the reaction sequence leading from pApA to 25mer does not
necessarily include an intermediate which can reject 7b as an abortive transcript, and that
there may be different pathways for synthesis of 25mer by “slipped” 6émer or exogenous
6mer.

The existence of a slippage process could be tested by adding “antisense” DNA or RNA
oligonucleotides complementary to the hexanucleotide primer. Hybridization of the primer
to added oligonucleotide would inhibit priming via release and rebinding, but it should have
no effect on slippage within the transcription bubble. We are grateful to M. Chastain of the

Tinoco lab for this suggestion.

(f) Dinucleotide and Hexanucleotide Primers Do Not Compete for Polymerase

The initial observations that added dinucleotide did not inhibit priming by hexanu-
cleotide and vice versa (Figure 5, lanes 14-16) prompted us to examine competition be-
tween the two primers in experiment similar to those of Figure 5 (data not shown). We
confirmed the observation that at low conversion of RNA polymerase to primed complex
(~ 1 %) using one of the primers, the other did not inhibit this priming even at levels that
allowed very efficient priming with the competitor (~ 30 % conversion of RNAP). In other
words, under conditions where one or both of the primers is at low concentration the hex-

anucleotide and dinucleotide primers are mutually non—competitive. (In Figure 5, lanes
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Figure 2-9.  Dependence of Alternate Transcript on [pAAUGGA]

The graph in (A) shows alternate transcript (25mer) production, measured as the final
concentration of 25mer in the reaction mix, as a function of the percent of total labeled
primer comprised of pAAUGGA, the remainder being pApA. Mixtures of hexanucleotide
and dinucleotide primers were used under the conditions of Figure 5, transcripts were ana-
lyzed on 25 % gels, and the results were quantitated by Cerenkov counting of gel slices.
The amounts of dinucleotide and hexanucleotide were determined directly by counting the
appropriate gel slices; the percent 6mer is never 0 because it is an abortive cycling product.
The amount of 25mer is extrapolated to [free 6mer] = 0.

Panel (B) shows the amount of transcript 7b obtained as a function of the amount of
hexanucleotide primer. Transcript 7b is the upper 7mer RNA of Figures 4 and 5, which
can be an abortive transcript generated by a 6mer—primed complex. It has the sequence
corresponding to the 5" end of the 25mer. If 7b and the 25mer were derived only from
binding of an exogenous 6mer, the ratio between them should be constant, which is clearly

not the case.
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Figure 2-9(B): Dependence of 7b Synthesis and 7b/25 Ratio on %p6bmer Primer
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5-7, we see that the priming observed from mixtures of pApA and pAAUGGA is the sum
of the individual priming reactions.)

The concentration of ApA necessary for 50 % inhibition of 6mer—primed transcription
at 10 nM 6mer was found to be about 50 pM, even though 10 uM pApA supports efficient
initiation, and hexanucleotide priming was not completely inhibited evan at 1 mM ApA.
Conversely 1 uM pAAUGGA did not inhibit priming by 10 nM pApA even though this
concentration of pAAUGGA supports efficient conversion of polymerase to primed com-
plex (see the data of Table 2 and Figure 7). These observations suggested that the dinu-
cleotide and hexanucleotide primers access different populations of polymerase, that one
class has a high affinity for pApA and one has a high affinity for pAAUGGA. Since either
oligonucleotide can direct efficient priming at micromolar concentrations, they must com-

pete for the entire pool of polymerase at higher conversion.

(g) Primed Ternary Complexes are Stable but Deficient in Elongation

The autoradiogram of Figure 6 shows that hexanucleotide—primed transcription com-
plexes do not chase effectively upon addition of 400 pM NTP’s. This observation is re-
producible, and it is curious because pApA priming and pAAUGGA priming both yield
complexes poised at +20 and a priori there is no reason they should have different proper-
ties with respect to further elongation. The difference probably does not reflect retention of
the ¢ subunit in hexanucleotide—primed complex versus dissociation of ¢ from the dinu-
cleotide—primed complex, as hexanucleotide—primed core polymerase complexes share the
elongation deficiency while lacking ¢ subunit. Also, photoaffinity labeling experiments
show that o is labeled inefficiently by transcripts longer than 13 nt (Bernhard and Meares,
1986; Stackhouse and Meares, 1988) and that ¢ is not labeled by transcripts from the tac
promoter (data not shown in Stackhouse ez al., 1989). We have not tested for the presence
of ¢ in hexanucleotide-primed complexes but the results of Figure 12 below suggest a

structural difference between hexanucleotide—primed and dinucleotide—primed complexes
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after elongation to +20. The sequence of the 20 and 25mers from priming by pAAUGGA
were shown to be the same as those produced by pApA priming (Figure 10 and Table 3).

Chasing at various times or initiation in the presence of all four triphosphates gave simi-
lar final transcript lengths, though the transcripts initiated in the presence of CTP are more
heterogeneous. The sequences of the major 24 nt transcripts obtained in the presence of
CTP were determined (Fig. 10 and Table 3), and there does not appear to be any reason for
their lack of further elongation (one of them is simply paused at +24). Several experiments
indicate that the inability of these complexes to chase is not due to inherent instability or
premature termination; it is a kinetic defect of a stable complex, though the structure of the
hexanucleotide—primed complex may be unusual. Nitrocellulose filter binding experiments
in Figure 11 showed that the hexanucleotide—primed complex was as efficiently retained by
the filter as the dinucleotide—primed holoenzyme complex. Electrophoresis of complexes
on a native polyacrylamide gel (Figure 12), with RNA dinucleotides and hexanucleotides as
the only labeled species, showed that core and holoenzyme complexes were stable to elec-
trophoresis. Small amounts of the CoreeDNA<6mer complexes could also be observed, as
well as very low levels of HoloeDNAe<2mer. The upper bands in the gel of Figure 12 may
be due to complexes including two polymerases on one DNA molecule. Note that the
CoreeDNA+20-25mer and HolosDNA+20-25mer complexes appear to have different mo-
bilities, perhaps reflecting a structural difference. Neither of these complexes should con-
tain ¢ subunit, as ¢ is absent from the reaction of lane 1 and the HoloeDNA<20-25mer
complex can be efficiently chased and otherwise has the typical properties of the elongating
ternary complex. We have not done gel-shift analysis of the hexanucleotide—primed
holoenzyme complex.

NusA protein can be a termination or antitermination factor, and therefore must have
some effect on the conformation of the ternary complex. Addition of NusA had no effect

on the chasing of the 6mer—primed stalled complexes (data not shown).
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Figure 2-10. Enzymatic Sequencing of Transcripts from pAAUGGA Priming

Three transcription reactions were performed using 200 nM core polymerase, 300 nM
template (two with template A, one with B), 75 nM pAAUGGA primer, 5 uM ATP, GTP,
and UTP, and 1 U/ul RNAsin in a total volume of 8 pl, for 45 min at 20 ©C. One of the
template A reactions was chased as usual for 45 min at 20 °C with 400 uM each ATP,
UTP, GTP, and CTP and 100 pg/ml heparin. Reactions using templates A and B were
fractionated separately on a 20 % polyacrylamide gel, bands corresponding to transcripts
of the indicated lengths were excised, and the RNA was eluted and precipitated as usual.
Due to lack of material for sequencing we were forced to combine transcripts of the same
length obtained from the different reactions before repurification on an 85 cm 15 % poly-
acrylamide 8 M urea gel. Bands from the second gel were excised and the RNA was
eluted, precipitated, subjected to enzymatic sequencing, and analyzed on the 20 % gel
shown. The exposure was for 3 weeks with a screen. Transcript lengths and the sequenc-
ing reactions performed are indicated. The transcript sequences obtained from the autora-
diogram and from comparison with the DNA sequence are given in Table 3. The 13mer is
visible as a minor product in the autoradiograms of Figures 4, 6, 13, and 14. The 24mers
are major products from chasing hexanucleotide—primed complexes or from priming in the

presence of all four NTP’s (Figs. 6 and 13).
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Table 2-3: Transcripts Primed by [a-32P]pAAUGGA

Transcript sequences were derived from the autoradiogram of Figure 10 and by
comparison with the DNA sequence of template A. The assignments of bases in
parentheses are known only by comparison with template. The sequence coded for by the
template corresponding to the first 6 nucleotides of the transcript is indicated on the line
below each sequence, with the position of Ag relative to the normal +1 start site.
Underlined bases are not the same as those of the primer, indicating priming at non—
complementary sites. The reason each transcript was not extended further is given below
the end of the transcript. Transcripts 24a and 24b are composed of at least two components

each, and the sequence of the minor component of 24b could not be identified with

confidence.
Length Transcript Sequences and Alignment with Template A
1=5 610 11=15 16-20 21-25

13 AAUGG AGGUG GA (U)
GAUGA A +13 Lack of C

20 AAUGG AUGAU GAAGG UGGA (U)
AAUGG A +6 Lack of C

24a AAUGG AAUGG AUGAU GAAGG UGG (A)
UGUGG A +1 Lack of C
AAUGG AUGAU GAAGG UGGAU CAU (U)
AAUGG A +6 Pause?

24b AAUGG AACAG UGAUC AAUGG G (UCC)
GGUGG A +19 Runoff
AAUGG AGCNG A(C,G)G(A,U) (U,C) AAA(U,C)A A(NNN)

? Pause?

25 AAUGG AAUGG AUGAU GAAGG UGGA (U)

UGUGG A +1 Lack of C
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Figure 2-11. Nitrocellulose Filter Binding of Primed Complexes

Transcription reactions using core polymerase primed with pAAUGGA (lane 1) or
holoenzyme primed with pApA (lane 2) were filtered through nitrocellulose disks (lanes 3
and 4 respectively). Reactions were at 60 nM polymerase, 100 nM template, 10 nM
PAAUGGA, 100 nM pApA, 15 uM each ATP, GTP, and UTP. Reactions were incu-
bated for 90 min at 20 °C. Equal portions of each reaction mix were terminated directly
with formamide/EDTA or were diluted and filtered. Transcripts were released from the ni-
trocellulose filters by boiling the filter twice for 1 min in LES buffer, the washes were

combined, and the RNA was precipitated in the presence of carrier tRNA.
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Figure 2-12. Nondenaturing Electrophoresis of Transcription Complexes

LanAe 1 (core polymerase, DNA, pAAUGGA, and NTP’s) and lane 2 (holoenzyme,
DNA, pApA, and NTP’s) show aliquots of the same reaction mixtures used for the nitro-
cellulose filter binding experiment of Fig. 11. Lanes 3 and 4 are identical to lanes 1 and 2
respectively except that the NTP’s were omitted. Lanes 5 and 6 are no—enzyme controls
including pAAUGGA (lane 5) or pApA (lane 6) and DNA. Lane 7 is labeled DNA tem-
plate A, which runs with an Rf = 2.5 relative to the Coree DNA*RNA complex (the DNA is
off the bottom of the figure). Proposed complex identifications are shown on the left side
of the autoradiogram. “Core complex” and “Holo complex” refer to complexes in lanes 1
and 2 respectively with 20-25mer transcripts bound, “CoresDNA<+6mer” identifies the ini-
tiation complex in lane 3, and “RNAP2*DNA?” indicates possible complexes with more
than one polymerase bound. Reaction mixtures were loaded directly onto a 4 % polyacryl-

amide gel (1:40 bis:acrylamide) and the gel was run at 4 °C, dried, and autoradiographed.
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(h) The Properties of Hexanucleotide—Primed Complexes Are Temperature Dependent and

There Are Non-Interconvertible Transcription Complex Populations

Analysis of the temperature—dependence of the priming reaction (Figure 13 and experi-
ments not shown) confirmed the increased efficiency of 6mer priming with the core poly-
merase. For each enzyme, priming of template A is essentially independent of temperature,
while priming of template B increases with increasing temperature. This contrasts with
PAPA priming (Fig. 2), for which priming of template B is independent of temperature and
priming of template A increases with temperature. These results suggest that the rate—limit-
ing step for initiation is after open complex formation, because otherwise the temperature
dependence for each promoter should not depend on the primer used. The experiment of
Figure 13 also showed that complexes prepared and chased at 37 °C chased much more
efficiently than those prepared and chased at our standard temperature of 20°C.

Figure 14 shows that the critical variable determining chasing efficiency is the tempera-
ture at which the initial elongation of the primer to +20 or +25 is carried out.
Hexanucleotide—primed complexes prepared at 37 °C chase more efficiently than those
prepared at 20°C, whether the chasing reaction is carried out at 20°9C or 37°C.
Holoenzyme complexes primed with pApA chase efficiently under any combination of
preparation and chase temperatures. These results suggest that the polymerase assumes a
conformational or energetic state upon priming that is metastable, so that different com-
plexes stalled at +20 are non—interconvertible. The temperature during initiation affects the
population distribution of these states. Other experiments (data not shown) indicate that
shifting complexes formed at 20°C to 0°C, 20°C, 37°C, or 50°C did not allow con-

version to a chaseable form.
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Figure 2-13. Temperature Dependence of pAAUGGA Priming of Core and Holoenzyme
The autoradiogram shows reactions in which core and holo RNA polymerases were
mixed at 20 °C with DNA templates B or A as indicated, incubated for 13 min, aliquoted
into reaction mixtures containing primer and NTP’s at the indicated temperatures, and incu-
bated for a further 90 min. The final concentrations of RNA polymerase and DNA were
50 nM and 100 nM respectively, 5" end-labeled pAAUGGA primer was at 10 nM, ATP
and UTP were at 5 uM, and GTP was at 8.3 uM. RNAsin was present at 1 U/ul. Lanes
5, 10, 15, and 20, marked 37c, were incubated at 37 °C for 45 min and then chased for
45 min at 37 °C with 400 uM each ATP, UTP, GTP, and CTP and 100 pg/ml heparin.
Reactions were processed as in Materials and Methods and analyzed on a 25 % polyacryl-

amide gel.
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Temperature Dependence of pAAUGGA Priming of Core and Holoenzyme

Enzyme Core Enzyme Holoenzyme
Template B A B A
1T 1T 1 \
T(°C) 4 20 37 50 37c 4 20 37 50 37¢c 4 20 37 50 37c 4 20 37 50 37c
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

B

i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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Fig. 2-13
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Figure 2-14. Temperature Dependence of Primed Transcript Chasing

The autoradiogram shows complexes prepared at 20 ©C or 37 °C and then chased at
20 °C or 37 ©C. All reactions used template A at 75 nM. Core polymerase and holoen-
zyme were at 50 nM. Reactions were primed with 10 nM pAAUGGA or 5 nM pApA
(this preparation of pApA was at lower specific activity than the pAAUGGA). ATP, UTP, -
and GTP were at 5 uM during a 45 min incubation, and then aliquots were adjusted to
400 uM each ATP, UTP, GTP, and CTP and 100 pg/ml heparin for a further 45 min.
Reactions were processed as in Materials and Methods and analyzed on a 20 % acrylamide
8 M urea gel. Bromophenol blue runs as approximately a tetranucleotide under these con-
ditions. The temperatures and reaction conditions for each lane are as follows:

Lanes 1 and 2: core enzyme primed with 6mer, prepared at 20 °C and 37 ©C respec-
tively, no chase. Lanes 3 and 4: chases of lane 1 at 20 °C and 37 OC respectively. Lanes
5and 6: chases of lane 2 at 20 °C and 37 °C respectively. Lanes 7 and 8: holoenzyme
primed with 6mer, prepared at 20 °C and 37 ©C respectively, no chase. Lanes 9 and 10:
chases of lane 7 at 20 °C and 37 ©C respectively. Lanes 11 and 12: chases of lane 8 at
20 ©C and 37 °C respectively. Lanes 13 and 14: holoenzyme primed with pApA, pre-
pared at 20 ©C and 37 ©C respectively, no chase. Lanes 15 and 16: chases of lane 13 at
20 °C and 37 ©°C respectively. Lanes 17 and 18: chases of lane 14 at 20 °C and 37 °C

respectively. Lane 19 is the pAAUGGA starting material.
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(a) Unique Properties of Primed Transcription Complexes

The experiments described above illustrate the complexity of initiation and promoter
clearance in transcription by E. coli RNA polymerase. Results on the priming of transcrip-
tion by pAAUGGA and pApA suggest the existence of enzyme forms which respond dif-
ferently to primers, and they indicate that the process of priming can have lasting effects on
the catalytic properties of the enzyme.

RNA polymerase can use a hexanucleotide generated by abortive cyclihg to prime tran-
scription. The primed reaction can yield a transcript whose 5’ end is not complementary to
the template. Our experiments suggest that the “alternate transcript” originates partially via
slippage of a hexanucleotide within the transcription bubble rather than by obligatory re-
lease followed by rebinding of the primer, but exogenous hexanucleotide can prime tran-
scription efficiently at micromolar concentrations. Priming of transcription by core poly-
merase is about five times as effective as priming of holoenzyme, and under our conditions
the core enzyme is otherwise unable to transcribe.

Hexanucleotide and dinucleotide primers do not compete with each other for poly-
merase when one or both of the primers is present at low concentration. This suggests that
there are subpopulations of the polymerase with very low Kp,’s for each primer, while the
majority of the polymerase population can use either primer with lower efficiency.
Hexanucleotide—primed complexes are deficient in elongation of transcripts to lengths
greater than about 24 nt, but this deficiency can be partially relieved by preparing the com-
plexes at 37 O©C rather than 20 ©C. These results show that there are different metastable
states of the polymerase poised at +20; dinucleotide— and hexanucleotide—primed com-
plexes presumably have the same protein and nucleic acid components but they have very

different properties.

204



The results we have presented do not agree with previous studies on priming of
holoenzyme transcription at the T7 Aj, Aj, and A3 promoters, which showed that
oligonucleotides extending beyond +3 did not act as primers (Grachev et al., 1984;
Ruetsch and Dennis, 1987). Priming properties are likely to vary for different promoters,
and the synthesis of 5° non—complementary transcripts indicates that the TAC promoter

used here is unusual.

(b) Proposed Kinetic Models for Priming

Figure 15 diagrams proposed pathways available for primiﬁg transcription by holoen-
zyme and core enzyme, and illustrates some of our results. As shown, a simplified version
of this scheme was used for modeling the results of primer titration studies. Initiation with
PAPA leads to the Core™*sDNA<20mer complex, which is the normal, elongation competent
complex. Priming with pAAUGGA leads to the -elongation-deficient
Core T*DNA+20mer/25mer. This scheme does not include the intramolecular slippage pro-
cess. The dotted line leading from HolosPromoters6mer indicates the possibility that
priming of holoenzyme might require a premature loss of the ¢ subunit, to give promoter-
bound core enzyme which then extends the primer. We have not tested the subunit com-
position of the enzyme in an 8mer—containing complex obtained from 6mer priming, but
we have shown that the 8mer is not released as an abortive transcript and can be efficiently
chased (data not shown).

Figure 16 shows a kinetic model for priming of transcription which explains many of
our results. The reasoning behind this scheme focusses on the pathways available to the
complex at +6 resulting from pApA priming, which we take as a model of the normal in
vivo triphosphate—initiated complex. The predominant production of 20mer and not 25mer
from pApA priming indicates that the EnzymesDNA+6mer complex on the pApA priming
pathway must be different from the Enzyme*DNA<6mer generated by the pAAUGGA

priming pathway. The normal complex is indicated in the scheme by (E**p6),, and the
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Figure 2-15. Schematic of Priming Reactions

The cartoon summarizes most of the experimental results. The Core* DNA «6mer,
Core* *DNA 20—25mer, an;i Core T« DNA +20-25mer intermediates are stable on noﬁdena-
turing gels, but DNA « 6mer and Holo+*DNA «2mer are not. The Core*~DNAo20/25mer
intermediate is form of the ternary complex which cannot synthesize a transcript more than
~30 nt long. The Core**DNA-20mer intermediate is the standard elongating polymerase

after loss of 6. We do not know why' the Core*

is unable to further elongate; we speculate
that it may lack a rewindase function or is otherwise unable to release from the back of the
transcription bubble. The figure shows 6mer priming of holoenzyme via release of
abortive transcripts and rebinding, but as discussed in the text there is probably a substan-

tial component of primer slippage within the transcription bubble without release.
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Figure 2-15: Proposed Kinetic Scheme for Primed Transcription
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Figure 2-16. Kinetic Scheme for Priming of Holoenzyme

The kinetic scheme shown explains the observed dependence of the hexanucleotide
priming reaction on [primer] and [NTP] and the different 20mer vs. 25mer product distri-
bution observed for hexanucleotide and dinucleotide priming. The reasoning leading to this
scheme is given in the Discussion. The primer “fixation” step is shown as effectively irre-
versible, leading to noninterconvertible intermediates. (NTP) indicates the first NTP added
to a primer, which has been observed to have little effect on product distribution. 7mer
abortive transcripts are observed only from 6mer priming, not pApA priming. Ej and Ep
are proposed forms of the holoenzyme which have high binding affinity to hexanucleotide

and dinucleotide respectively.
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Figure 2-16: Proposed Kinetic Scheme for Priming of Holoenzyme
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6mer—primed complexes by (E*p6)a and b- TWO enzyme forms are proposed to exist, one
which preferentially utilizes pApA and one which uses pAAUGGA. As above, this differ-
ence might correspond to premature loss of ¢ subunit from promoter—bound holoenzyme to
give Core enzyme*DNA which then preferentially takes up 6mer, or a preferential loss of
from Holoenzyme*DNA+6mer complex; we have no data on the order of ¢ release and
6mer binding. The fact that excess ¢ subunit does not affect the priming results (Fig. 6)
indicates that the putative loss of ¢ must be essentially irreversible or that core bound to
DNA takes up hexanucleotide rapidly under these conditions. The slippage reaction shown
connecting (E*+p6), and (E**p6), must be slow, because the predominant product is the
20mer.

States (E+p6), and (E+p6)p are also accessible by direct binding of free 6mer (generated
by abortive cycling) to the Enzyme*DNA complex. The results of Figure 8 suggest that
this process contributes no more than 50 % of the observed 25mer synthesis. Since prim-
ing by exogenous 6mer gives a product distribution different from pApA priming and
complexes with altered chasing behavior, equilibration between (E*p6); and b and E*+p6
must be very slow. An irreversible “product fixation” step converting (E*p6);3 and b t0
(E'¥'-p6)a and b is included to explain the lack of an effect of changes in NTP concentrations
on the 20/25mer product distribution: if the states which bind NTP could interconvert
freely, we would expect changes in relative NTP concentrations to affect product distribu-
tion. Comparison of results on templates A and B suggests that base-pairing between the
6mer and the template DNA is not strictly necessary for priming, and the lack of a tempera-
ture effect on the 20/25mer ratio suggests that the thermodynamics of base—pairing between
primer and template do not determine the product distribution.

The model proposed predicts that 25mer—containing complexes produced by pApA
priming would be elongation—competent. We have been unable to test this because the

PAPpA reaction produces mainly 20mer product; chasing of these complexes can be very
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efficient, but invariably a ladder of transcripts remains after a chase and this amount of ma-

terial is sufficient to mask the chasing results of the 25mer.

(c) Possible Functions for Priming in Vivo

The findings that primed transcription can activate otherwise inactive molecules and can
produce transcription complexes with altered elongation properties suggests possible in
vivo roles for the reaction. Priming by abortive cycling products might provide another
level of control of transcription initiation. For example, transcription from iﬁactive or
cryptic promoters could be enhanced by priming, allowing the production of abortive tran-
scripts at one promoter to activate other promoters.

There are several examples of situations in which priming could be involved. The lac
promoter region has several cryptic promoter sites of unknown function (Karls ez al., 1989;
Rothmel and LeClerc, 1989), and polymerases bound unproductively at such sites could be
targets for activation. Mutant /ac promoters direct the synthesis of transcripts with 5
heterogeneity, due to variations in the start site rather than noncomplementarity (Carpousis
et al., 1982), and priming could direct the choice of start site in such a case. Heterogeneity
at the 5" ends of mRNA'’s is common in eukaryotic RNA polymerase II transcription
(Baker and Ziff, 1981; Cowie et al., 1982; Hashimoto et al., 1981; Malek et al., 1981).
RNA polymerase appears to bind the A PRy promoter in an inactive form at low concen-
trations of the A cI repressor, which activates transcription from Pry (Hawley er al.,
1985). There may be low-abundance enzyme species which bind-promoters and form open
complexes efficiently but are unable to initiate without a primer, by analogy to the
04aPBB’” polymerase’s requirement for NtrC activator protein (Popham et al., 1989).
Travers (1987) has suggested that there are distinct classes of RNA polymerase in the cell,
based on transcriptional responses to salt and supercoiling and the properties of the strin-

gent response.
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Active abortive cycling at a single promoter could generate a substantial concentration
of oligonucleotide: taking the volume of an E. coli cell as ~10-15 1, 1 molecule/cell corre-
sponds to a concentration of 1.6 nM, so one polymerase transcribing at 50 nt/sec
(= 8 transcripts/sec) could generate ~800 nM hexanucleotide per minute, a concentration
sufficient for effective priming. Of course, degradation of the primer wili reduce this rate,
but the reaction could still be a rapid method of regulation. As far as we are aware, the
cellular level of short oligoribonucleotides is not known — oligoribonucleotides detected
upon cell lysis would probably be attributed to mRNA degradation. In addition to a possi-
ble activation function, priming may generate transcripts with altered 5" ends, which could
affect message stability or processing or the efficiency of translation. This offers a path-
way for regulation of the transcript’s properties depending on the primer concentration.

If primed complexes produced in vivo were deficient in elongation, the priming reaction
could lead to a situation similar to that described for Asp70 transcription in Drosophila
(Rougvie and Lis, 1988), in which a polymerase is transcriptionally engaged but stalled,
presumably in order to respond rapidly to activating stimuli. Such a mechanism might be
useful in positioning a low—abundance form of the polymerase which would otherwise re-
act with free 670 subunit available in the cell. Like the other reactions which activate tran-
scription by enzymes prebound at promoters, such an activation method avoids the poten-
tial slow step of promoter binding by the polymerase.

Conceivably, RNA oligomers could also inhibit transcription by binding polymerase in
a stable but inactive 'conformation, though our experiments provide no supporting evidence
for this. Stable, unproductive binding of polymerase at a cryptic promoter site could yield
repression of an overlapping promoter which would otherwise be active; such a repression
mechanism is seen in the control of transcription at the wild-type lac promoter, where
CAP’s activation function is partially due to prevention of polymerase binding at the inac-‘

tive P2 promoter (de Crombrugghe er al., 1984). An oligoribonucleotide—dependent re-
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pression could have an internal “clock” because degradation of the oligonucleotide would
release the polymerase.

The finding that core polymerase primes much more effectively than holoenzyme sug-
gests that short RNA’s may have been primordial ¢ factors. An oligonucleotide provides a
much simpler method of directing transcription than a large protein subunit (though it is
probably much less specific). DNA polymerases require primers, and it is témpting to
speculate that a primordial primer—dependent polymerase, which used oligonucleotides
available in the environment of a riboorganism, gave rise to DNA and RNA polymerases.
This could be a descendent of an RNA replicase which copied RNA via ligation of oligori-
bonucleotides (Doudna and Szostak, 1989). Primase activities would have developed
when the random binding of oligonucleotides could not support adequate replication rates,
and ¢ subunits developed when the organism’s required specificity of gene expression
could no longer be provided by oligonucleotides. In the context of an “RNA world” the
idea of an RNA o© factor is appealing, especially in light of recent proposals that sophisti-
cated RNA organisms may have existed (Benner et al., 1989). Transcriptional attenuation
has recently been considered as a possible mechanism permitting repression without protein
factors (Landick and Yanofsky, 1987), and priming could similarly be a method of pro-

moter selection without proteins.
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Chapter 3

RNA Folding During Transcription by E. coli RNA Polymerase
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Abstract:

We have used a self—cleaving RNA molecule related to a subsequence of plant viroids
(a “hammerhead”) to study the length-dependent folding of RNA produced during tran-
scription by E. coli RNA polymerase. Transcript elongation is arrested at.deﬁned posi-
tions using chain—terminating ribonucleoside triphosphate analogs (3’-deoxyNTP’s or
3’-O-methyINTP’s). When the transcript can form the “hammerhead” structure, it self—
cleaves to give a truncated product. The experiment yields an RNA sequencing ladder
which terminates at the length at which cleavage becomes possible; the sequencing ladder
is compared to those generated using a non—cleaving transcript or using [0t-thio] ATP in
place of ATP. We have shown that 15-18 nt of RNA past the cleavage point must be syn-
thesized before the transcript can self-cleave within a ternary complex, whereas RNA freed
from the complex by heating can cleave with only 3 or more nt present beyond the cleavage
point. There are sequence—dependent as well as length—-dependent effects. The results
suggest that the length of the RNA-DNA hybrid within the transcription bubble is
12 + 1 nt, as proposed by others, and that the “hammerhead” structure does not disrupt
the transcription bubble. It appears that the RNA beyond the hybrid is not restrained by
interactions with the enzyme, since the last stem of the self—cleaving structure forms as
soon as the RNA composing it emerges from the DNA-RNA hybrid. Self-cleavage of the
transcript offers a simple structural probe for studying less well characterized transcription
complexes. The relevance of the results to models for transcription termination is dis-

cussed.
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Intr ion;

Transcription is the most important level of control of gene expression. The process of
transcription can be divided into four stages (Chamberlin, 1974): promoter binding, initia-
tion of transcription, elongation of the transcript, and termination. Mechanistic details of all
of these processes are becoming available, and it is clear that cellular regulatory mecha-
nisms act at all four stages. Our work concems.the structure and dynamics of the ternary
PolymerasesDNA<RNA complex during elongation.

The formation of structure in the nascent RNA chain is an essential step in pausing,
antitermination, and termination of transcription by E. coli RNA polymerase. These pro-
cesses are believed to require the formation of an RNA hairpin near the 3" end of the tran-
script. The prevailing model for “simple”, rho factor independent transcription termination
and for pausing requires that an RNA hairpin disrupt the RNA-DNA hybrid helix within
the transcription bubble (Farnham and Platt, 1980; von Hippel ez al., 1984; Yager and von
Hippel, 1987; Yager and von Hippel, 1989). RNA structure formation during transcrip-
tion is required for attenuation of transcription in the E. coli trp operon (Landick and
Yanofsky, 1987). The action of several transcription regulation factors such as NusA,
proteins N and Q, and rho are affected by RNA structure (Brennan et al., 1987; Faus et
al., 1988; Landick and Yanofsky, 1987; Yang and Roberts, 1989). These proteins have
been shown to affect pausing and termination of transcription, but in some cases it is not
clear whether they interact with the nascent transcript, the polymerase itself, or both.
Specific folding patterns in the nascent RNA have been proposed to direct splice site selec-
tion (Eperon er al., 1988) and to mediate Tat protein activation of HIV-1 gene expression
(Berkhout et al., 1989). Transient RNA structure could also affect RNA transport,
assembly of protein~RNA complexes, or other aspects of RNA metabolism. Similar con-
siderations may be important in protein folding during translation or membrane transloca-

tion (Rothman, 1989).
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The order in which subsets of RNA sequence become available for folding may kineti-
cally determine the final transcript structure, especially for large RNA molecules in which
many conformations may be thermodynamically equivalent but once formed are too stable
to interconvert. It has been shown experimentally that some RNA structures are present
only transiently during RNA synthesis by Q replicase (Kramer and Mills, 1981).
Possible examples of kinetically dependent structures important in vivo are long multiple
intron mRNA’s and the E. coli 16S ribosomal RNA. Ericson and Wollenzein (1989) have
identified conformational differences between the active and inactive forms of 16S RNA.
The active conformation appears to be favored by kinetically driven structure formation,
meaning that one of a large population of energetically similar conformations is formed
preferentially during transcription. The active and inactive conformations are otherwise
metastable and require heating to interconvert.

Knowledge of the detailed structure of newly formed RNA and of when it becomes
available for intramolecular interactions could provide insight into the molecular mecha-
nisms of processes such as termination and pausing, which require hairpin formation to oc-
cur within a few nucleotides of the site of polymerization. Studying the effects of antiter-
mination factors on transient structure could help determine whether their effects are medi-
ated through the transcript or through protein—protein interactions.

RNA structure formation during}transcription antitermination has been studied using E.
coli trp operon mutations and RNase T probing of paused transcription complexes. The
transcript forms structure upstream from an RNA polymerase paused at the base of the 1:2
hairpin. The exact structure of the presumed RNA hairpin, how much of the hairpin
forms, and whether it interacts with or disrupts the RNA-DNA hybrid is not known
(Landick and Yanofsky, 1987). .

Several groups have examined the contacts and accessibility of the nascent RNA chain.
Hanna and Meares (1983) have used Cleavable photoaffinity labeling techniques to show

that the 5’ end of a growing RNA chain labels the DNA coding strand for 12 to 14 base
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pairs upstream from the point of synthesis on the T7 A1 promoter. The leading end of the
transcript becomes accessible to DTT as transcript length increases from 12 to 14 nt
(Bernhard and Meares, 1986). RNA chains up to 94 nucleotides in length can contact the
and B’ subunits of polymerase. The existence of these RNA-DNA and RNA-protein inter-
actions does not indicate that the RNA does not interact with itself, éspecially as pho-
toaffinity labeling yields are typically low (Stackhouse and Meares, 1988). Additionally,
the RNA-DNA contacts identified are those present in the initiation complex, often with ¢
subunit still bound. The RNA-DNA contacts may be significantly different in the elonga-
tion complex; photoaffinity labels which can be incorporated into the body of an RNA
chain are now available to probe elongation complex interactions (Hanna er al., 1989).

Kumar and Krakow (1975) performed RNase digest experiments on Azotobacter
vinelandii RNA polymerase transcription complexes. The amount of RNA protected from
RNase T digestion was found to be between 8 and 14 nucleotides. The photoaffinity and
digestion data both suggest that an RNA—DNA hybrid of length 12 £ 2 base pairs exists in
the transcription bubble, though direct evidence for RNA-DNA base pairing was not ob-
tained.

Our experiments address the exact point at which an RNA transcript becomes free to
form structure with itself, and whether this structure is capable of forming immediately ad-
jacent to the RNA-DNA hybrid or interacting with the hybrid. To this end we have devel-
oped a simple, nonintrusive assay for structure formation, using the RNA transcript itself
as a probe. By using an RNA molecule which autocatalytically cleaves when it forms
structure we can identify exactly how far transcription must proceed before the RNA tran-
script is free enough to form the self—cleaving structure. This assay introduces no artifacts
due to the presence of exogenous probes and accesses the elongation complex rather than
an initiation complex. It also provides a simple method of assessing the effects of acces-

sory proteins such as NusA on the transcript structure.
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RNA capable of autocatalytic self cleavage is common among certain viroids and viru-
soids and other RNA molecules (Forster and Symons, 1987; Prody et al., 1986;
Uhlenbeck, 1987; reviewed in Keese and Symons, 1987). This “hammerhead” structure
requires the presence of 13 consensus sequence nucleotides, interacting to form an un-
known tertiary structure linked by three helical stems. The cleavage reaction is site—specific
and yields 2°,3’-cyclic phosphate and 5-OH termini. Uhlenbeck (1987) has measured the
rate of cleavage for “hammerheads” constructed from two separate molecules. The sub-
strate RNA’s have half lives as short as 2 minutes, and unimolecular cleavage rates are
likely to be even faster. The cleavage reaction provides an internal assay for RNA sec-
ondary and tertiary structure formation since only a fully formed “hammerhead” is capable
of cleavage. At the salt concentrations used in transcription, the cleavage reaction is abso-
lutely dependent on Mg2+ or other divalent cations, so cleavage can be rapidly and conve-
niently prevented by the addition of EDTA.

We find that 9-12 nt of RNA beyond the final stem of the “hammerhead” structure are
required for cleavage. These results are consistent with the proposed length of the RNA-
DNA hybrid, and they show that once the transcript is free of the hybrid its folding is not
constrained by other interactions within the ternary complex. The self—leaving transcript
experiment is very simple and straightforward, and it is readily applicable to other poly-

merase systems including complexes modified by accessory transcription factors.
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Materials and Meth

(a) Materials

Purified E. coli RNA polymerase holoenzyme and NusA protein were generously pro-
vided by Prof. Michael Chamberlin (University of California, Berkeley). Ribonucleoside
triphosphates, 3’-deoxyribonucleoside triphosphates (3’-dNTP’s), 3’-O-methylnucleoside
triphosphates (3’-O-MeNTP’s), and ribonucleases were purchased from Pharmacia.
Ribonuclease inhibitor (human placenta) was from Promega Biotec or Pharmacia.
Adenosine 5°-(1-O-thio)-triphosphate ([-thio]ATP) was obtained from New England
Nuclear. [y-32P]Adenosine 5'-triphosphate was from NEN or Amersham and T4 DNA li-
gase was from Amersham. Cloned T4 polynucleotide kinase was supplied by New
Englaﬁd Biolabs. Guanylyl-3’,5’-guanosine (GpG) and heparin were purchased from
Sigma. Electrophoresis grade acrylamide, bis(acrylamide), ammonium persulfate, and
TEMED were obtained from Bio—Rad. Ultra pure urea was from Schwarz/Mann Biotech.
Diethylpyrocarbonate—treated water, silanized Eppendorf tubes (5% dichlorodimethylsi-

lane/chloroform), and deionized formamide were used throughout.

(b) DNA Templates

Deoxyoligonucleotides (45-55 nt) were synthesized on an Applied Biosystems 381A
automated synthesizer, purified by gel electrophoresis on 12% polyacrylamide gels, and li-
gated by standard methods (Maniatis et al., 1982) to give the transcription templates. The
oligonucleotides were lightly labelled with 32P for ease of purification. The ligated 145 nt
products were isolated on 8% polyacrylamide denaturing gels and then electrophoresed on
8% nondenaturing gels to remove any excess single strand. The identities and double-
stranded character of the templates were confirmed by restriction analysis. The templates
have modified TAC18 promoters (Mulligan et al., 1985) immediately followed by the self—

cleaving transcript sequence, as shown in Figure 1.
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Figure 3-1.  Template and Transcript Sequences

(A) Sequence of the synthetic double—stranded DNA template, containing a modified
TAC 18 promoter followed by a sequence coding for the “hammerhead” structure. The
“hammerhead” region is followed by a sequence of minimal complementarity to the
“hammerhead” sequence. The control template contains a base-pair change at +9 coding
for a U instead of a G in the resulting RNA product. This mutation destroys autolytic
activity in the RNA.

(B) The full length RNA product. The “hammerhead,” shown in its proposed sec-
ondary structure, cleaves autocatalytically between nucleotides C43 and A44 when the
“hammerhead” structure is fully formed. The conserved bases required for activity as de-
termined phylogenetically are enclosed in boxes. Any deviation from this sequence results
in the loss of activity, as is the case for the control transcript. In addition to the conserved
nucleotides the three helical stems shown must form to promote self—leavage. Constraints
on the numbers and types of base pairs in these three stems are minimal though different

sequences do exhibit a wide range of cleavage rates.
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Figure 3-1: DNA and RNA Sequences
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(c) In Vitro Trarscription Reactions

All transcripts were initiated with [a-32P]pGpG so that the 5” end of the RNA was la-

beled. The dinucleotide GpG was kinased using a standard buffer (Maniatis et al., 1982)
overnight at 4 °C using [y-32P]ATP. Typical reaction mixtures included 100 pCi label
(5000 Ci/mmol), 25 pmol GpG, and 14 U kinase in 15 pl. The kinase reaction was heat—
killed for 3 min at 65 °C and the buffer conditions were adjusted to those appropriate for
RNA polymerase by adding 0.8 volumes of water (or other reaction components) and
0.2 volumes of a solution containing 1.2 M KCl, 10 mM MgClz, and 92 mM Tris base as
described (Kahn and Hearst, 1989). Typically this mixture was further diluted about
1.5-fold by the addition of RNA polymerase and DNA as below, and the binary complex
mixture was then diluted 2.5-fold into the final reaction mixture.

All transcription reactions were performed at 22 °C (room temperature), c*cept as
noted, in a buffer containing 40 mM TrisOAc, pH 8.0, 6 mM Mg(OAc),, 20 mM
KOAc, 6 mM B-ME, 0.05 mM EDTA, and 40 pg/ml acetylated BSA E. coli RNA
polymerase (typically 40 nM final concentration) aﬁd a 50% molar excess of DNA template
were added to the [a-32P]pGpG solution and the binary complex was allowed to form for
8 minutes at 22 °C, at which time the polymerase-DNA complexes were aliquoted into
Eppendorf tubes containing ribonuclease inhibitor (final 2 U/ul), heparin (final 25 pg/ml),
and various nucleoside triphosphate and chain terminator mixtures. Final NTP and
3’-dNTP concentrations are given in the figure legends. We found that the 3’-dNTP termi-
nators gave more reproducible sequencing patterns and less “crosstalk” between termina-
tors than the 3’-O-methyINTP’s; 3’-O-methyINTP’s are also difficult to obtain commer-
cially. Transcripts terminated with a 3-dNMP migrate slightly faster than the correspond-
ing transcript with a 3" hydroxyl (see Figure. 2), and this was also an aid to sequencing be-
cause it allowed us to distinguish paused transcripts and specifically terminated transcripts.

The final reaction volume was 5 pl (a minimal volume was necessary for good resolution
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of RNA sequencing ladders). Reactions were stopped after 30—60 min (as indicated in fig-
ure legends) by the addition of an equal volume of 100% formamide containing 20 mM
EDTA and dyes. Analysis was as described below.

In experiments in which ternary complexes were disrupted and the released transcripts
were allowed to self—cleave, reaction mixtures were boiled for 1.5 min, rapidly cooled to
room temperature, incubated for the indicated length of time, the formamide/EDTA solution
was added, and the mixtures were analyzed as usual.

To verify the identity of the cleavage product, enzymatic RNA sequencing was per-

formed using standard methods as described (Kahn and Hearst, 1989; data not shown)

(d) Transcript Analysis

Samples were concentrated in a Speed-Vac (Savant) to 5 pl, boiled for 1.5 min, cooled
on ice, and loaded directly onto 0.5 mm thick, 33 cm x 43 cm, 12% polyacrylamide (1:19
bis:acrylamide) gels containing 8 M urea and 0.6x TBE (50 mM Tris, 50 mM borate,
1 mM EDTA, pH 8.3). The gels were run at 55 W (~2300 V, about 50 °C) until xylene
cyanol was about 5 cm from the bottom of the gel. Minimal loading volume and high
electrophoresis temperature were required for optimum resolution and complete denétura-
tion of the transcripts. The gels were dried carefully, and end-labeled RNA was detected
by autoradiography at -70 °C using Kodak XAR-5 X-ray film and Cronex Lightning Plus

enhancing screens (DuPont); typical exposure times were 3—4 days.
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Results:

The principal objective of this work was obtaining information on structure formation
in nascent RNA during transcription and on the interactions of the nascent RNA with the
rest of the polymerases DNA<RNA ternary elongation complex. Structure formation of the
nascent RNA is affected by steric interactions within the ternary complex and by the length
of the RNA-DNA hybrid, and therefore transcript structure can report on the static and dy-
namic structure of the ternary complex. Our approach can be applied to examining molecu-
lar processes believed to require the formation of RNA structure during elongation, such as
termination and antitermination.

The autocatalytic cleavage reaction of the “hammerhead” RNA requires a specific sec-
ondary and tertiary structure, and therefore the self-cleavage event provides a powerful as-
say for structure formation. In order for cleavage to occur in a nascent transcript, folding
of the “hammerhead” sequence must be free of constraints imposed by the ternary complex.
By determining the transcript length necessary for cleavage, we have measured the length
of RNA between the site of polymerization and the region of unhindered structure forma-
tion. This internal RNA structure assay provides a simple way to probe the ternary com-
plex, and use of the transcript itself as an RNA structure reporter avoids artifacts potentially
introduced by exogenous chemical or enzymatic probes. The “hammerhead” structure is
especially useful because of its small size and well defined secondary structure.

These experiments require that the time scales for transcription elongation, RNA struc-
ture formation, and RNA self-cleavage be much shorter than the time required for the ex-
periment, and disassembly of the ternary complex must be slower than all of these pro-
cesses. Elongation by one base takes 20-30 ms (von Hippel et al., 1984). The rate of
structure formation is not well-known: the relaxation time for equilibration of an RNA
pseudoknot and a hairpin has been measured to be 0.1-1 sec for a process with an activa-
tion enthalpy of 42 kcal/mole (Puglisi, 1989), but the rate of processes with a lower activa-

tion energy would be expected to be much more rapid, perhaps in the millisecond range.
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The self—cleavage reaétion rate establishes a lower limit for the rate of RNA structure for-
mation, and the half-life for the isolated “hammerhead” used here is less than 30 sec (see
below). The ternary complex is stable for hours (Levin et al., 1987). Therefore, a 30~
60 min experiment provides a clear picture of the extent of the cleavage reaction at each
position and the influence of the ternary complex on cleavage, and it allows us to observe
cleavage events occurring with a wide range of rate constants. Varying NTP concentra-
tions (giving slower or faster elongation) and incubation times (more or less time for cleav-
age or disassembly) did not substantially affect the observed set of transcripts capable of
cleavage. The elongation step time is probably faster than RNA structure formation, but
once transcription is arrested by the incorporation of a chain terminator the RNA structure
has ample time to equilibrate during the experiment; when transcription is not paused or
stalled there may be situations in which the relative rates of elongation and folding affect the
kinetically accessible RNA structures. Evidence presented below shows that the ternary

complex is stable for the time of the experiment.

(a) Transcript Self-Cleavage in Stalled Elongation Complexes

Transcription reactions were performed in the presence of chain terminating nucleoside
triphosphate analogs, usually 3’-deoxynucleoside triphosphates. A sequencing ladder of
stalled complexes was created by using the four nucleotide analogs in separate reactions. A
fifth reaction using only normal triphosphates was performed to give a ladder of natural
pauses and to provide a control for sequencing. Transcripts initiated at a single site from a
single round of transcription were generated by using a template with the strong TAC 18
promoter and by including heparin with the triphosphates to prevent reinitiation. Only
RNA molecules which had been initiated with [0-32P]pGpG were detected; because the
labelling is at the 5" end of the initial transcript only the 5’ portion of the cleaved RNA
molecules are visible in these experiments. Transcription reactions were quenched with a

mixture of formamide and EDTA in order to simultaneously disrupt the ternary complex
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and prevent further “hammerhead” cleavage by denaturing the RNA and sequestering all
divalent cations.

Two different templates were used, one coding for the “hammerhead” sequence and
one control containing a single base change within the “hammerhead” consensus sequence
(Figure 1). The control template produces a transcript which does not cleave, giving a
standard sequencing pattern of stalled complexes for the full length of the DNA template
(Figure 2, lanes 1-5). The transcript sequence was designed to minimize any alternate
conformations which might compete with the “hammerhead” structure and inhibit cleavage.
The sequence was derived from a combination of the sequence from Satellite Tobacco
Ringspot Virus and suggestions from Olke Uhlenbeck. The entire transcript (99 nt) was
analyzed using the RNASS RNA folding program (Williams and Tinoco, 1986) in order to
ensure that sequences in the long 3" end of the transcript would not interfere with formation
of the “hammerhead” structure. An undisturbed “hammerhead” was predicted for the
minimum energy structure and for all other structures within 3.5 kcal/mole of the minimum
energy (-40.5 kcal/mole at 37 °C). Visual examination of the other structures suggested
that alternate conformations would be unlikely to form during transcription. The *“final
stem” of the “hammerhead,” referred to below, is nucleotides 1-6 : 44-49; it is the last part
of the “hammerhead” portion of the transcript to form during transcription.

Figure 2 shows a typical autoradiogram of sequencing reactions performed on the
cleaving and non—cleaving templates, using ATP or [a-thio]ATP in the reactions on the
cleaving template. The pattern of stalled complex transcripts from the “hammerhead” tem-
plate is identical to the pattern from the control template for the first 42 nucleotides, after
which the pattern changes as a result of transcript self-cleavage. A strong band
corresponding to the cleavage product appears at position C43 (the identity of the cleavage
product was confirmed by enzymatic sequencing; data not shown). The patterns are again
similar between A44 and Gs7, indicating that transcripts from the “hammerhead” template

do not cleave in this length range. (Gs7 indicates the transcript of length 57, whose last
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(next page 234)

Figure 2. Self~Cleavage of the Nascent Transcript

Comparison of RNA sequencing ladders from transcription of the control and
“hammerhead” templates shows self—cleavage of the transcript. Lanes 1-5 show transcrip-
tion on the control template in the presence of the four different chain terminators and a low
rNTP concentration control. Lanes 6-10 are the same as 1-5 except that the “hammerhead”
template coding for the self—cleaving transcript is used; the cleaved product is the strong
band at C43. Lanes 11-15 also use the “hammerhead” template but ATP is replaced by
[a-thio]ATP in the INTP mix. The presence of a phosphorothioate at the cleavage site
significantly reduces the rate of cleavage, giving a mixture of cleaved and uncleaved
products. DNA templates were lightly labelled during their preparation. The Gg — U
base change is not seen in sequencing because it is off the bottom of this gel. The reaction
was performed at 22 °C for 60 minutes. The triphosphate concentrations used in each lane
are as follows:

Control and “hammerhead” experiments (lanes 1-10). A lanes: 3’-dATP 100 uM;
ATP 80 uM; GTP, UTP, and CTP 450 uM. G lanes: 3’-dGTP 100 uM; GTP 50 uM;
ATP, UTP, and CTP 450 uM. U lanes: 3’-dUTP 100 uM; UTP 30 uM; ATP, GTP,
and CTP 450 uM. C lanes: 3’-dCTP 100 uM; CTP 50 uM; ATP, GTP, and UTP
450 uM. Control lanes: ATP, GTP, UTP, and CTP 50 uM.

[a-Thio]ATP experiment (lanes 11-15). A lane: 3’-dATP 100 uM; [o-thio]ATP
250 uM; GTP, UTP, and CTP 450 uM. G lane: 3’-dGTP 100 uM; GTP 50 uM;
[a-thio]ATP, UTP, and CTP 450 uM. U lane: 3’-dUTP 100 uM; UTP 50 pM;
[a-thio]ATP, GTP, and CTP 450 uM. C lane: 3’-dCTP 100 puM; CTP 80 uM;
[a-thio]ATP, GTP, and UTP 450 uM. Control lane: [a-thio]ATP 250 uM, GTP
50 uM, UTP 50 uM, and CTP 80 uM.
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Transcript Self-Cleavage in the Elongation Complex
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base is G.) Beginning at position Csg, there is a diminution of band intensity in the
“hammerhead” lanes compared to the control template, and beyond position Gg the band
intensity is dramatically reduced, indicating essentially 100% cleavage of transcripts in
these stalled complexes. Thus, we find that only the transcripts which extend 9 nucleotides
beyond the end of the final “hammerhead” stem show any indication of cleavage, and
nearly complete cleavage occurs when 13 or more nucleotides past the final “hammerhead”
stem have been synthesized. This suggests that a maximum of 12 nucleotides of the
transcript are unavailable for RNA-RNA base pair formation, beyond which the transcript
is free to form structure. There appear to be sequence—dependent effects on cleavage
efficiency between Gs7 and Gg1: for example, Csg cleaves more readily than Gg;.

The position of the “cutoff” for cleavage is highly reproducible. Experiments in which
triphosphate or terminator concentrations were varied over a wide range (NTP’s 20—
400 pM; 3’-0-MeNTP’s 50-1000 uM) gave the same cutoff position even though the
overall distribution of transcript lengths was dramatically changed (data not shown). The
invariance of the cutoff position indicates that differences in the fraction of polymerase that
reaches a given template position are not responsible for the observed banding patterns.
Note that some runoff product is visible in the “hammerhead” template lanes, and experi-
ments described below show this is due to the presence of transcript trapped in a noncleav-
ing conformation.

The use of [a-thio]ATP instead of ATP in the transcription reaction results in the incor-
poration of a phosphorothioate at the cleavage site (and other A sites), which reduces the
rate of cleavage but does not substantially perturb the “hammerhead” structure (Buzayan et
al., 1988). Experiments using [o-thio] ATP showed that the disappearance of bands longer
than Gs7 in the “hammerhead” transcript is not an artifact caused simply by the formation
of the “hammerhead” structure. “Hammerhead” formation might be prevented in the con-
trol template because of the essential point mutation, but the phosphorothioate—containing

RNA molecule presumably forms the “hammerhead” secondary and tertiary structure. The
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disappearance of higher molecular weight transcripts from the cleaving template is thereby
confirmed to be due to a cleavage event rather than to enhanced pausing or other structural
effects on the ternary complex.

The results above demonstrate that formation of the “hammerhead” structure and self—
cleavage of the transcript are inhibited for RNA molecules within the ternary complex up to
61 nucleotides in length (corresponding to molecules including up to 12 nucleotides past
the end of the final “hammerhead” stem). The control experiment of Figure 3 shows that
the integrity of the ternary complex is essential for the prevention of cleavage. When the
complexes are disrupted by heating, the RNA transcript is released, and the figure shows
that molecules long enough to form three or more of the base pairs in the final
“hammerhead” stem self—cleave. Separate experiments show that cleavage is complete
within 30 seconds after release (data not shown). These results also indicate that the
ternary complex is stable over the course of the experiment, since released RNA would

rapidly self—cleave.

(b) Temperature Dependence

Figure 4 shows the temperature dependence of transcription reactions on the
“hammerhead” template. As the temperature is increased from 4 °C to 50 °C the abun-
dance of transcripts of lengths from 58 to 61 decreases until virtually all have cleaved at
50 ©C. Since only the first three base—pairs of the final “hammerhead” stem are required
for cleavage, especially at higher temperatures, this again suggests that a minimum of 11
nucleotides, the distance between the third base—pair of the final stem and Gs7, are
unavailable for base—pair formation. The stability of Gs7 at 50 ©C shows that this distance
does not appear to vary with temperature. Figure 4 also shows that the 99 nt runoff
product and bands at several pause sites between 61 and 99 (which are visible in the control
template reactions in Figure 2 as well) disappear as the reaction temperature is increased,

demonstrating that these bands are probably due to a noncleaving alternate conformation.
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Figure 3. Cleavage of Released Transcripts

Comparison of transcript cleavage before and after disruption of the ternary complex.
Transcription was performed using the “hammerhead” template at 22 °C for 30 minutes, at
which time the reaction volumes were split. In lanes 1-5 the reactions were immediately
quenched with EDTA/formamide as usual. In lanes 6-10 the reactions were heated to
90 °C for 2 minutes to disrupt the complex and release the transcripts, quick cooled to
22 9C and incubated for 30 minutes, and then quenched. This procedure allows free tran-
scripts of sufficient length to self—cleave. Except as noted herein the reaction conditions are

the same as those for lanes 6-10 in Figure 2.
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Self-cleavage of Bound and Free RNA

Ternary Complex Free RNA
I 1 1
A G U C Con A G u C Con
1 2 3 4 5 6 7 8 9 10

FULL LENGTH __
PRODUCT

Ge1—

Gs7—

CLEAVAGE
PRODUCT

XBB 902-1174

Fig. 3-3

238



(next page 240)

Figure 4. Temperature Dependence of Self-Cleavage Reaction

Transcription reactions were performed for 60 minutes at the following temperatures:
lanes 1-5 at 4 °C, lanes 6-10 at 20 °C, lanes 11-15 at 37 °C, and lanes 16-20 at 50 °C.
Except for the differences in temperature the reaction conditions are the same as those for

lanes 6-10 in Figure 2.
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At elevated temperature, equilibration among cleaving and non—cleaving conformations is
rapid, giving efficient cleavage. Non—cleaving alternate conformations have been proposed |
as an explanation for the failure of some “hammerhead” sequences to cleave (Uhlenbeck,
1987). At 40C several intermediates of lengths between 62 and 99 are observable; at this
.temperature the cleavage rate even within the active conformation may be slow.

‘The decrease in intensity between lengths of 58 and 61 as temperature increases could
be due to enhanced displacement of the upstream end of the RNA-DNA hybrid by the final
RNA-RNA stem of the “hammerhead,” giving a larger population of molecules with fully—
formed final stems, or it could be due to enhanced cleavage rates for molecules with abbre-
viated final stems. As discussed below, we favor the latter explanation.

The data above show that self—cleavage of the transcript occurs only after 11 to 12 nu-
cleotides have been synthesized beyond the “hammerhead.” When the transcript is elon-
gated to Csg the “hammerhead” sequence becomes capable of forming the minimal 3 base—
pair final stem, allowing cleavage to occur. Partial cleavage at 22 °C and complete cleav-
age at higher temperatures is observed. The results indicate that the separation between the
site of polymerization and the 3 base pair final stem is at least 11 nucleotides. As the tran-
script is elongated to Cg) the “hammerhead” sequence can form the complete 6 base pair fi-
nal stem, giving complete cleavage at 22 °C and higher temperatures. These data deter-
mine a maximum separation of 12 nucleotides between the site of polymerization and the
end of a complete 6 base pair final stem whose structure formation appears to be unhin-
dered.

Landick and Yanofsky (1987) and Faus er al. (1988) have suggested that the transcrip-
tion factor NusA affects transcription by interacting with the transcript as well as the poly-
merase. We have performed transcription reactions similar to those above with the
“hammerhead” template in the presence and absence of NusA (data not shown). The se-
quencing patterns were identical ﬁnder the two sets of conditions, but the lack of an ob-

servable effect does not preclude the existence of NusA/RNA interactions. NusA may not
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interact with this particular transcript or the interaction may not disrupt the self—cleaving

structure.
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Di ion;

Our results clearly show that in the RNA*DNA-+polymerase ternary complex the forma-
tion of intramolecular structure in the nascent RNA transcript is inhibited for the first 12 to
13 nucleotides upstream of the site of polymerization, whereas beyond 13 nucleotides RNA
structure can form freely. The assay for RNA structure formation is the self—cleavage of
the “hammerhead” transcript sequence as its final stem forms upon emerging from the
ternary complex. This approach has advantages over intrusive structural probes such as
RNases in that no artifacts are introduced due to steric interactions between the probe and
the polymerase, and the functional assay for structure gives more global information than
chemical protection experiments.

The self-cleavage experiments we have described are straightforward to perform,
though they require practice and optimization of conditions. The experiment offers a rapid
and precise measurement of the extent of RNA unavailable for folding in the transcription
bubble, using readily available reagents and standard techniques. Several potential applica-
tions to other systems can be proposed. For example, polymerase accessory factors have
been proposed to interact with the RNA transcript, and if any of these molecules change the
transcript or complex structure, length— or sequence—dependent changes may be observed
in the cleavage of the transcript. We have done preliminary experiments on the NusA—
modified E. coli RNA polymerase without observing strong effects. It is also possible that
the unmodified Polymerases DNA+RNA temary complex can exist in altered, stable confor-
mational states, as suggested by the recent work of Telesnitsky and Chamberlin (1989) and
Goliger er al. (1989) on factor—independent antitermination. Changes in the transcript
structure at the target terminator might be detectable using a modified terminator including a
self-cleaving structure. The system could easily be modified to include factor recognition
sequences within the stems or loops of the “hammerhead” or upstream of the 5’ end of the
“hammerhead” structure. Coupled transcription and translation of a “hammerhead” could

be used to study the interaction of the ribosome with the nascent transcript. The method
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could also be used to study less well-defined transcription complexes such as eukaryotic
RNA polymerase II. A more applied use of the method is in the production of transcripts
with defined 5’ or 3’ ends (Dzianott and Bujarski, 1988).

Our results are consistent with the generally accepted model of the transcription bubble,
which holds that an RNA-DNA hybrid of 12 + 2 nucleotides forms upstream of the active
site for polymerization. The RNA in the hybrid would be unavailable for RNA-RNA
structure formation, and therefore the transcript cannot self—cleave until the essential nu-
cleotides of its final stem emerge from the hybrid. Our results actually require only that the
RNA be restrained by interaction with another component of the ternary complex. Though
these results do not directly demonstrate the hybrid’s presence, in the remainder of the
discussion we assume its existence. It is clear that the RNA is free to form structure imme-
diately upon exiting the hybrid, suggesting that it does not form strong, specific interac-
tions with the RNA polymerase outside this region. Photoaffinity results showing efficient
labeling of RNA polymerase subunits by RNA’s up to 94 nt in length indicate only that the
RNA is spatially close fo the protein; they do not indicate specific interactions (Bernhard

and Meares, 1986).

(a) Relevance to Termination

Models for transcription termination propose that an RNA-RNA hairpin is required for
termination. Competition between RNA-RNA and RNA-DNA structure has been pro- -
posed to cause pausing and destabilization of the ternary complex. Our results suggest that
the six—base final stem of the self—cleaving “hammerhead” structure cannot disrupt the
RNA-DNA hybrid; that RNA-RNA and RNA-DNA structures of comparable stability do
not interconvert rapidly. If such interconversion were facile, we would expect to see cleav-
age starting when transcripts were elongated a minimum of 12 nucleotides beyond the
cleavage site, when the nucleotides composing the final stem of the “hammerhead” reach

the upstream end of the RNA-DNA hybrid. When less than 12 nucleotides have been
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synthesized beyond the cleavage point, disruption of the hybrid would require melting base
pairs at the upstream end of the bubble for which no apparent Watson—Crick complements
for the RNA are available, and it is reasonable that no cleavage would be observed even if
there were equilibration. However, once 12 nucleotides have been added, formation of the
final stem only requires that 6 base pairs of Watson—Crick RNA-RNA hybrid replace
6 base—pairs of RNA-DNA hybrid, and since these helices would have comparable stabil-
ity the cleaving structure should form readily. These ideas are illustrated in Figure 5. The
shortest transcript which cleaves completely, Cga, is shown in Figure S(A) with a 13 bp
RNA-DNA hybrid, and the shortest transcript which cleaves under any conditions within
the complex, Csg, is shown in Figure 5(B) with a 12 bp hybrid. If the RNA-DNA hybrid
were being disrupted during cleavage of transcript Csg, we would expect that the structure
shown in Figure 5(C) could also foﬁn,_ and such a structure would give cleavage at position
Uss. Our model is consistent with recent studies on pausing during transcription of S. ty-
phimurium his operon mutants, which suggest that the RNA-DNA hybrid is not com-
pletely disrupted at a strong pause site (Chan and Landick, 1989)

Since cleavage is only observed at lengths for which the hybrid can be essentially
undisturbed, we propose that disruption of the hybrid may be prevented by the polymerase.
These considerations and the stability of transcripts shorter than 57 nucleotides within the
complex, even at 50 °C, suggest that the polymerase may specifically bind to and stabilize
the RNA-DNA hybrid in the region before the “separator” which disrupts the hybrid. We
believe that the data on the temperature dependence of cleavage, showing approximately a
4-base range in which cleavage becomes more efficient at higher temperatures, reflect more
rapid cleavage of molecules with truncated final stems at higher temperatures rather than
more rapid equilibration between complexes with complete final stems, because experi-
ments on the RNA freed from the complex indicate that three nucleotides of the final stem

are sufficient to allow cleavage (Figure 3).
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Figure 5. Proposed Self-Cleaving Structures

The nascent RNA transcript, the DNA of the transcription bubble, and the RNA-DNA
hybrid are shown. The cleavage point is indicated between nucleotides 43 and 44. The
question mark represents the tertiary structure of the “hammerhead.” The melted region of
the DNA helix is shown as approximately 18 base pairs (Gamper and Hearst, 1982), and
the active site for polymerization is shown at the front of the transcription bubble (Shi ez
al., 1988); neither of these assumptions affect the interpretation of our results. The length
of the RNA-DNA hybrid and the 3’ nucleotide are indicated for each structure.

(A) The proposed structure of transcript C6é, the shortest transcript which cleaves
completely at 22 °C.

(B) The structure of Csg, the shortest transcript which can cleave at temperatures up to
50 °C.

(C) A hypothetical structure, not believed to form, in which the RNA-RNA stem in-
vades the RNA~-DNA hybrid, yielding cleavage of the Uss transcript. The total number of
base—pairs is the same as would be found in a complex with a 12-base RNA-DNA hybrid.
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Figure 3-5: Proposed Self-Cleaving Structures




Of course, terminator sequences must eventually cause the disruption of the RNA-DNA
hybrid. Our results imply that the hairpins in pause and termination sequences may need
to have some minimuin -stability before they can overcome the binding energy of the
polymerase for hybrid and thereby disrupt the hybrid. Perhaps hairpins of some minimum
length are required in order to allow disruption, and there may be kinetic as well as thermo-
dynamic barriers to termination depending on the spcciﬁc hybrid base—pairs which must be

disrupted during hairpin formation.
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Chapter 4

The Interaction of RecA Protein wifh Psoralen-Modified DNA
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Abstract:

We have taken two approaches to a detailed physical characterization of RecA-DNA
complexes, especially the three—strand intermediate in the strand exchange process between
single and double-stranded DNA. We have extended previous work in this laboratory
showing that the three— and four—strand intermediates created by RecA—-mediated, ATPYS—
dependent invasion of a single strand into a target duplex are stable during nondenaturing
gel electrophoresis, even in the absence of the RecA protein. The three-strand complexes
are formed using 40—60 nt oligonucleotides; such small complexes offer significant advan-
tages over previous systems for the chemical and enzymatic probing of this critical recom-
bination intermediate. The presence of an interstrand psoralen crosslink in the target double
strand enhances the stability of the three—strand complex. Four—strand intermediates, po-
tential models for the Holliday junction, are more stable than the three-strand intermediates.

We have reacted double stranded DNA in RecA-DNA complexes with the psoralen
derivative 3H-HMT (4’-hydroxymethyl-4,5’,8-trimethylpsoralen). The resulting adducts
have been studied by digestion of the DNA and purification of nucleoside adducts by
HPLC. The stereochemistry of the adducts formed by addition of free HMT to protein-
DNA complexes and irradiation at 320-380 nm (to produce interstrand crosslinks) or at
390 nm (to produce monoadducts) is the same as the stereochemistry of adducts produced
in the absence of RecA. When RecA is used to invade a monoadducted DNA into a ho-
mologous double strand or to renature a monoadducted DNA oligomer and its complement,
and the resulting complexes are irradiated at 320-380 nm, adducts of novel stereochemistry
are produced, as shown by altered retention times of the 3H-labeled adducts on HPLC.
The novel adducts can be detected as minor products of HMT photoreaction with calf thy-
mus DNA, and the purification and analysis of large quantities of the adducts is in

progress.
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Intr ion:

The RecA protein of Escherichia coli is central to DNA metabolism. RecA is required
for the major pathway of homologous recombination, and in its capacity as a coprotease of
the LexA repressor RecA mediates the SOS response (reviewed in Radding, 1989 and Cox
and Lehman, 1987). RecA acts in recombinational repair of DNA damage. In vitro, RecA
promotes renaturation of single strands, homologous pairing, and strand exchange, and it -
is an ATPase. The remarkable ability of a protein of M; = 38,000 to perform this variety of
reactions is made possible because RecA acts as a polymer, stoichiometrically with respect
to its DNA substrates.

A wealth of mechanistic information is available on RecA-mediated strand exchange.
The reaction proceeds in three steps. RecA polymerizes on single-stranded DNA, in a pro-
cess termed presynapsis, to form the nucleoprotein intermediate active in strand invasion.
In synapsis, the RecA—coated single strand invades a duplex DNA target, probably within a
coaggregate, a nucleoprotein network of single- and double—stranded DNA and RecA.
The search for homology within this network is rapid as long as the coated single strands
need not interact with multiple separate molecules of duplex DNA; the network appears to
concentrate the reactant duplex and invader but it slows diffusion of the invader (Honigberg
et al., 1986). Strand exchange proceeds via the formation of a paranemic joint, in which
the invading single strand and its complement in the target duplex are paired but not inter-
wound. If a free DNA end is available, the paranemic joint is converted into an interwound
plectonemic joint. The new base—paired region is extended in a 5" to 3’ direction with re-
spect to the invading strand, in a directional branch migration requiring ATP hydrolysis
(Cox and Lehman, 1981). The strand exchange process has been proposed to occur via
“spooling” of the strand complementary to the single—stranded invader from a
RecA+dsDNA filament into the RecA*ssDNA presynaptic filament (Honigberg and
Radding, 1988). |
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RecA-DNA ﬁbérs have been studied extensively by electron microscopy and neutron
diffraction (DiCapua et al., 1989; Egelman and Yu, 1989), and the stoichiometry of ATP-
or ATPyS—dependent RecA binding to single and double strands has been determined. The
complexes have also been subjected to chemical and enzymatic probing (Bryant ez al.,
1985; DiCapua and Miiller, 1987; Leahy and Radding, 1986; Pugh and Cox, 1987b).
The RecA—dsDNA filament is substantially unwound and extended — the pitch of the nu-
cleoprotein complex is about 100 A and there are about 18.5 bp DNA and 6.5 RecA
monomers/turn. The DNA is near the axis of the filament, and the major groove is exposed
to solution while the minor groove is partially protected. The available evidence suggests
that the RecA+ssDNA fiber has roughly the same dimensions.

Most of the structural studies have employed RecAsDNA<ATPYS filaments. The non-
hydrolyzable phosphorothioate analog allows the maintenance of stable complexes,
whereas RecA’s ATPase activity and the inhibitory effect of ADP make it difficult to study
the RecA*DNA<ATP complex. ATPYS does not support extensive branch migration, it al-
ters the pH dependence of RecA binding to double stranded DNA, and it alters the stoi-
chiometry of RecA-DNA ﬁ.bers. RecA binds double-stranded or single~stranded DNA
with a stoichiometry of 1 RecA monomer/ 4 bp or 4 nt respectively in the presence of ATP
(Bryant ez al., 1985; Pugh and Cox, 1987b) and 1 monomer/ 8 bp or 8 nt with ATPYS
(Bryant et al., 1985; Chrysogelos et al., 1983). These results may be due to the activation
of a proposed second binding site for DNA upon binding of ATPYyS.

In contrast to the one— and two-strand complexes, the structures of the three—strand
intermediates involved in strand exchange, stoichiometry of the complex, and the disposi-
tion of DNA in the two proposed DNA binding sites are unknown. There must be inter-
molecular interactions among the bound strands of DNA in order for a search for homology
to take place, but the character of the base—pairing, if any, among the DNA strands is
likewise unknown. Nuclease protection studies on strand exchange intermediates have

shown that the double—strand heteroduplex product remains bound by RecA after strand
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exchange, that the outgoing single strand can be bound by excess RecA, but that the com-
plementary strand in the double strand is sensitive to DNase (Chow er al., 1986; Chow er
al., 1988; Pugh and Cox, 1987a). The slow release of RecA from product heteroduplex
essentially confers a memory on the system, as the released dsDNA is not reactive in fur-
ther strand exchange. These studies are done using ATP under conditions where RecA
binds dsDNA very slowly. It has been shown that the observed inability of RecA to bind
dsDNA results from slow kinetics rather than unfavorable thermodynamics (Pugh and
Cox, 1987b). This has also been proposed as an explanation for apparent enhanced bind-
ing of RecA to damaged DNA and Z-DNA (Kim ez al., 1989). Electron microscopy and
image reconstruction have also been applied to strand exchange intermediates, but detailed
structural models have not emerged (Register et él., 1987; Register and Griffith, 1988;
Stasiak et al., 1988).

Consonant with its role in DNA repair, enhanced binding of RecA to sites of DNA
damage such as pyrimidine dimers and psoralen crosslinks has been observed (Lu er al.,
1986; Shi et al., 1988). The enhancement may be kinetic rather than thermodynamic (see
above and Pugh and Cox, 1988), but it may still have functional significance, so the inter-
action between RecA and damaged DNA is interesting in and of itself. Additionally, pso-
ralens in particular potentially offer a powerful method of examining intermediates in the
strand exchange process and in DNA repair. Psoralens have been used in studies of other
processive reactions on DNA, replication and transcription (Piette et al., 1988; Shieral.,
1987), and our and other laboratories have been engaged in extending the drug’s useful-
ness to recombination (Cheng er al., 1988; Hahn er al., 1988; Sladek ez al., 1989). For
example, Cheng et al. (1988) have shown that RecA can use a site—specifically monoad-
ducted oligonucleotide as an invading single strand, and that upon UV irradiation the
oligonucleotide can be covalently crosslinked to its complement within the three—strand in-
termediate. The ability of the psoralen to crosslink within the RecA-DNA complex is in-

triguing because this complex is presumably significantly extended relative to B—form
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DNA. A priori éne might expect intercalators to bind to the complex with a lower binding
constant than to native DNA, and crosslinking to an adjacent base—pair might be inhibited
or eliminated. Psoralen crosslinking occurs only in double—stranded regions of nucleic
acid, though the ends of stem regions have been shown to be “hot spots” for photoreaction
(Cimino et al., 1985). Shi and Hearst (unpublished results) have shown that RecA can in-
vade oligonucleotides into crosslinked duplexes to form three— and four—strand complexes
stable to the removal of the protein (probably) and nondenaturing gel electrophoresis.
These molecules offer models for the three-strand intermediate which may be much easier
to study in detail than the traditional plasmid systems, and the psoralen may enable the
study of an arrested kinetic intermediate in strand exchange.

These results have stimulated two effons.at detailed characterization of strand exchange
intermediates. First, we discuss studies of the RecA + single strand + crosslinked duplex
reaction, an extension of Shi’s work mentioned above. The results show that the system
has promise for physical studies, but several problems have prevented us from completing
such work. Specifically, in my hands RecA reactions appear refractory to the application
of LeChatelier’s Principle, experimental results are disappointingly irreproducible, and un-
predictable technical problems attend the analysis of reaction mixtures; we propose a pos-
sible explanation for the first of these observations. Second, we have attempted to deter-
mine the stereochemistry of psoralen~-DNA photoadducts produced under various condi-
tions in RecA reactions. Digestion of adducted DNA to nucleosides and HPLC purification
of adducts show that the major photoproducts obtained from irradiation of preexisting
monoadducts in RecA-associated double- and triple-strand intermediates are seen only as
very minor products of standard DNA-psoralen photoreactions. The purification of large
quantities of these minor products and their characterization by mass spectrometry and

NMR is in progress.
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Materials and Methods:

(a) Materials

RecA protein was purchased from Pharmacia. Electrophoresis chemicals were obtained
as in Chapter 3. HMT and 3H-HMT monotritiated on the 4’-hydroxymethyl group
(12 Ci/mmol) were generously donated by HRI Assbciates, Inc. (Berkeley, CA). The ir-
radiation device used for psoralen photoreactions has been described (Cimino et al., 1986);
for the work described here a 2200 W Hg—Xe lamp was used, the irradiation temperature
was controlled using a Neslab circulating bath, and irradiations were done in 1 cm path
length quartz cuvettes (> 300 pl) or clear Eppendorf tubes. Adenosine 5'-(3-O-thio)-tri-
phosphate (ATPYS) was obtained from Boehringer Mannheim. HPLC grade methanol was
from Baker. DNase II, phosphodiesterase II, and alkaline phosphatase were from Sigma.
Pyrex plates for electrophoresis were from VWR. [y-32P]Adenosine 5'-triphosphate and
T4 DNA ligase were from Amersham. Cloned T4 polynucleotide kinase was supplied by
New England Biolabs. Sarkosy! (N-lauroylsarcosine) was from Sigma. SDS was from
Bio—Rad. DNA oligonucleotides were sy;lthcsized using B-cyanoethyl phosphoramidite
chemistry on an Applied Biosystems 381A gene machine. Some of the oligonucleotides
used were generously provided by HRI Research and Development, Inc. (Berkeley, CA).
Electroelution of DNA from gel slices was done in an Elutrap device (Schleicher & Schuell)

according to the manufacturer’s instructions, except that electroelution time and voltage

were typically increased to 3—4 hr at 200 V in the Elutrap electrophoresis chamber.

(b) Preparation of Site-Specifically Crosslinked Duplex DNA Targets

The DNA targets used are shown in Figure 1, with the other oligonucleotides used in
their preparation. A site—specifically crosslinked duplex (referred to simply as crosslink) is
synthesized by irradiation (320-380 nm) of a specific monoadducted oligonucleotide

(monoadduct) annealed to its complement, which is typically prepared by ligation of exten
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Figure 4~1. DNA Substrates for RecA Reactions

The 41mer and 54mer substrate systems shown were prepared as in Materials and
Methods. The position of HMT crosslinks in the target duplexes are indicated. For reac-
tions with the 54mer system only one unique position of the three shown is actually
crosslinked in any given experiment. The oligonucleotides used in preparation of 15mer,
16mer, and 20mer site—specifically monoadducted oligonucleotides are shown below each
substrate. The partial self-complementarity of the 16mer permits efﬁéient monoadduction
without added complement, while added 10mer and 8mer complements respectively were
mixed with the 15mer and 20mer to give a double stranded substrate for HMT intercalation
and photoreaction at 390 nm. Gel—puriﬁed monoadducted oligonucleotides were ligated to
extender oligonucleotides, yielding full-length monoadducted top strands. These were
crosslinked to their complements and the crosslinks were purified by denaturing gel elec-
trophoresis. As shown above the 54mer substrate, we refer to the molecule with a
crosslink at the 5” end of the top strand as XL1 and that with a crosslink at the 3" end as
XL3. Full-length unmodified top strands were chemically synthesized independently. The
bottom strand 54mer was non—specifically 3H-HMT—monoadducted using a mixture of
16-, 18-, and 20mers as complement, thereby allowing convenient purification of monoad-

ducted 54mer without contaminating complement.
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Figure 1: DNA Substrates for RecA Reactions
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der oligonucleotides onto a shorter monoadducted oligonucleotide. The initial site—specific
monoadduct is obtained by irradiation of free DNA duplex with psoralen. All the oligonu-
cleotides are lightly 32P-labeled to aid in purification. (Even when UV-shadowing quanti-
ties are available the exposure of the adducted DNA to UV light is to be avoided because
monoadducts can be photoreversed or crosslinked. Nucleic acid stains such as ethidium
bromide and toluidine blue cannot be removed completely enough to prevent photodegra-
dation of the DNA under our irradiation conditions.) The details of the crosslink synthesis
process are given below.

HMT photoreacts preferentially at 5” TpA sites in DNA (Gamper er al., 1984), and this
can be exploited for the preparation of specific monoadducted oligonucleotides (mono-
adducts) as described (Shi er al., 1988a; Van Houten et al., 1986). The earlier methods
for synthesis of monoadducts required irradiation of duplex DNA with free psoralen at
365 nm (the filters used pass light from 320-380 nm, but the Hg—Xe lamps used have a
strong output peak at 365 nm), photoreversal of the purified crosslinked product, and sepa-
ration of the desired monoadduct from other monoadducts and unmodified DNA.
Monoadduct cannot be isolated directly from the initial irradiation because the conversion of
monoadduct to crosslink is more rapid than the photoreaction yielding the monoadduct.
Besides the labor required and the low yields of this protocol, it has the disadvantage that
unless pyrone-side and furan—side monoadducts can be separated, the final product is
usually a 50:50 mixture of the two types, but only the furan—side monoadduct can be re-
crosslinked. Recently we have tumed to an improved method for monoadduct preparation
which requires only irradiation of duplex DNA and HMT at wavelengths 2 389 nm; this
affords a much better yield of monoadduct because the initial monoadducts formed do not
absorb at 390 nm and therefore are not converted to crosslink. Also, the monoadducts
formed are about 98 % furan-side, the desired isomer. Purification then requires only a
single gel and yields are much better (theoretical yield is 50 % as opposed to 25 % for the

previous method, and the practical advantage of the new method is typically larger). The
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only disadvantage of the new protocol is that the irradiation times are much longer than for
previous methods (~ 1-2 hr vs. ~ 10 min), because the available light sources do not
have high output at 389 nm and the extinction coefficient of the psoralen is much lower at
389 nm than at 320-380 nm. Also, much simpler and cheaper irradiation devices can be
used for 320-380 nm irradiations; the irradiation device we use was constructed partly for
the determination of action spectra (Cimino et al., 1986), and the use of a monochromator
requires very high initial intensities. The long irradiation time has the added effect that any
leakage of 320-380 nm light into the sample cell can be disastrous; some crosslink is usu-
ally obtained in these reactions, probably due to imperfect filtering and masking in the irra-
diation device.

A 9 cm path length 1.7 % Co(NO3)y/ 2 % NaCl filter was used for irradiation at 320-
380 nm (crosslinking), and filters for long—wavelength UV irradiations were purchased
from Oriel. For long—wavelength irradiations we used a 1/4” thick glass—Pyrex filter with
about 50 % transmission at 365 nm and either a combination of 3/16” 350 nm and 385 nm
cutoff filters or a 350 nm cutoff filter with a 389 nm bandpass filter; multiple filters were
necessary to remove the strong 365 nm mercury line and to protect the bandpass filters. A
piece of cardboard covered with aluminum foil was used to mask scattered light — signifi-
cantly improved devices could be used for this purpose. In general the 389 nm bandpass
filter yielded superior product yield and purity and reduced the extent of crosslink forma-
tion. A Xe lamp has better output at long wavelength, but changing lamps is difficult and
the Hg—Xe lamp has much better output at more commonly used crosslinking wavelengths.

The 41mer crosslink was synthesized as follows: Irradiation of 15mere10mer (Fig. 1)
with HMT at 389 nm, HPLC purification of the 15mer monoadduct, and ligation of a
26mer extender oligonucleotide to the 3" end of the monoadduct afforded the 41mer
monoadduct, provided by HRI Research and Development. The 41mer monoadduct and
its complement were combined, heated to 90°C for two min, allowed to cool to 55°C,

and crosslinked at 55 °C for 5 min using 320-380 nm light, in a buffer containing 50 or
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100 mM NaCl, 1x TE. The high irradiation temperature is used to prevent the formation
of self-structure in the monoadduct, leading to hairpin formation upon irradiation. The
crosslinked product was ethanol precipitated and purified by gel electrophoresis in 20 %
polyacrylamide, 7 M urea gels. (Unless otherwise noted, all polyacrylamide gels contained
50 mM Tris borate, pH 8.3, and 1 mM EDTA, and the bis:acrylamide ratio was 1:29 for
15 % and 20 % gels and 1:19 for 6-12 % gels. Except as noted, all ethanol precipitations
were done with 150 mM NaCl, 15 mM MgCl,, and 2.5 volumes 100 % ethanol at -20 °C
overnight or at -70 ©C for at least 1 hr.) High specific activity 32P-labeled crosslink was
prepared by labeling the 41mer monoadduct with [y-32P]ATP and T4 polynucleotide kinase
before crosslinking.

The 54mer crosslink substrates were prepared in order to test the effect of changing the
position of the crosslink. In this case 16mer and 20mer monoadducts were prepared and
ligated individually to the other two top strand oligonucleotides, to give two different site—
specific top strand 54mer monoadducts. The 16mer and 20mer were 5’ phosphorylated
with cold ATP before photoreaction, to minimize the required handling of the monoadduct
and because kinasing of monoadducts proceeds with unpredictable efficiency depending on
psoralen position. The 54mer monoadducts were crosslinked to the bottom strand 54mer
and the crosslinks purified. The initial 16mer and 20mer monoadduct preparations may
have been a mixture of different monoadducts, though molecules with 2 or 3 monoadducts
were efficiently separated by electrophoretic purification; the presumed extra monoadducts
reduced crosslinking efficiency. The detailed conditions for a typical react;on are as fol-
lows:

One hundred pg of 16mer (20 nmol) was labeled with 3 U T4 polynucleotide kinase
and 50 uCi [y-32P]JATP for 2 hr at 37 °C in a 40 pl reaction using a standard buffer
(Maniatis ez al., 1982). After this time, 27 U of kinase and cold ATP to 2.1 mM were
added and the reaction incubated for a further 2 hr (the 16mer, being the 5 oligonucleotide

comprising the 54mer, did not need to be phosphorylated for synthesis of the 54mer
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monoadduct, but since identification of closely—spaced adduct bands was by autoradiogra-
phy we wished to avoid problems caused by differential mobility of 5-phosphate and
5’-OH molecules). The DNA was ethanol precipitated, resuspended in HyO, and aliquotted
into four 1.5 ml microcentrifuge tubes; each contained 50 pg/ml DNA (10 uM in
su‘ands), 160 uyM HMT (satufating, 41 pg/ml), 150 mM NaCl, 10 mM MgClj, 0.1 mM
EDTA, and 50 mM TrisHCI, pH 7.6. The reaction tubes were irradiated for 20 min at
4 oC with the 350 nm and 385 nm cutoff filters, a second aliquot of HMT in ethanol was
added, and the irradiation was repeated. HMT is photodestroyed during the reaction, and if
its concentration drops too much crosslinking will begin to compete effectively with
monoaddition; use of the 389 nm bandpass filter obviates this problem somewhat and al-
lows longer irradiation times. The solutions were concentrated briefly in a Speed-Vac
(Savant) after each HMT addition to remove EtOH. The 20mer monoadduct was prepared
similarly except that a three~fold molar strand excess of 8mer complement was also pre-
sent. Reaction mixtures were ethanol precipitated and purified on 20 % polyacrylamide
8 M urea gels. We obtained the best separation of monoadduct from unmodified and mul-
tiply-monoadducted DNA by running these gels at ~ 75 ©C using Pyrex gel plates
(~ 85 W, ~4000 V for a wide gel). The monoadducted DNA was eluted into 1x TE/
10 mM NaCl buffer, and precipitated. The final isolated yield was about 10 %, deter-
mined by UV absorption; we observed an Ag0/A333 = 12 for monoadducts, consistent
with the presence of a single psoralen, and bands corresponding to double monoadducts
showed Az¢0/A333 = 6.5.

Three pg of each monoadducted oligbnucleotide was ligated to the other two oligonu-
cleotides of the top strand, using a 1.2—fold excess of the other oligonucleotides and of the
S54mer bottom strand complement. The four DNA strands were coprecipitated, resus-
pended in 0.5x TE, heated to 95 ©C, and allowed to cool to room temperature, and ligase
reaction components were added. The final 25 pl reactions contained 66 mM TrisHCI,

pH 7.6, 6.6 mM MgCly, 10 mM DTT, 50 pg/ml BSA, 1 mM ATP, and 4 U T4 DNA li-
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gase. Reactions were incubated for 1 hr at room temperature and overnight at 4 °C, loaded
directly onto 20 % polyacrylamide denaturing gels, and electrophoresed at ~ 75 °C.
Ligation efficiency was approximately 80 % based on quantitation of radioactivity in gel
slices, but UV absorbance showed that monoadducted and unmodified S4mer were not ef-
ficiently separated — the concentration of DNA was higher than could be accounted for by
monoadduct alone. About 4 pug of each S4mer monoadduct was crosslinked to approxi-
mately a 1.1-fold excess of lightly labeled bottom strand in 25 pl of the buffer described
above for monoaddition, with a 15 min room temperature irradiation at 320-380 nm. The
two strands were heated to 95 °C and allowed to slow cool before irradiation. The
crosslinks were isolated in about 20 % yield (~1.5 pg each) from a 12 % denaturing gel
run hot as above. Recrosslinking of 54mer recovered from the gel did not yield more
crosslink, suggesting that either the monoadducts were efficiently photoreversed rather than
crosslinked or a substantial fraction of monoadduct contained incorrectly placed psoralen.
The crosslink was bottom-strand 5’-32P labeled with [y-32P]JATP before use in RecA reac-

tions. Luckily, at 3 nM crosslink in a 10 pl reaction only 1 ng is required per lane.

(c) Preparation of Non-Specifically 3SH-HMT Monoadducted 54mer

For the studies of adduct identity and stereochemistry, we used non-specifically
3H-HMT monoadducted S4mer as an invading strand in RecA-mediated strand exchange.
The tritiated monoadduct was prepared from the bottom strand 54mer using a mixture of
the three top strand oligonucleotides as complement. This allowed convenient gel purifica-
tion of adducted 54mer free of the opposite strand. The monoadducted S4mer was lightly
labeled using [y-32P]ATP and T4 polynucleotide kinase before use, so that the products
could be conveniently followed by Cerenkov counting and autoradiography. Detailed
conditions follow.

Bottom strand 54mer (1 nmol, 16.7 pg) was combined with a 1.5-fold excess of

phosphorylated 16mer (7.5 pg), 18mer (8.5 pg), and 20mer (9.3 pg), in a 100 pl reaction
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containing 50 mM NaOAc, 10 mM Mg(OAc),, 50 mM TrisHCI, pH 7.5, and 140 uM
3H-HMT (12 Ci/mmol, 165 pCi). The reaction mixture was heated to 95 °C, allowed to
slow cool, and irradiated for 4 hr at 4 ©C in a quartz cuvette, using 350 nm cutoff and
389 nm bandpass filters (the irradiation was designed to maximize yield based on
3H-HMT rather than DNA). The DNA was ethanol precipitated and run on a 15 % poly-
acrylamide gel (1:19 bis:acrylamide, 8 M urea) at ~ 75 ©C. The level of adduction was
quantitated from the total amount of 3H recovered in 54mer (6.9 LCi) and the absorbance
of the DNA: 0.34 nmol of 54mer monoadduct containing 1.7 HMT/strand was isolated.

Absorbance was measured in a 120 pul volume in an ultramicrocuvette (Hellma).

(d) RecA Reactions

RecA reactions were performed in a buffer containing 15 mM Mg(OAc),, 1.25 mM
DTT, 60 mM NaOAc, 125 pg/ml BSA, 1 mM ATPYS, and 12.5 mM TrisOAc, pH 7.5,
except as noted. Reaction volumes were 6—12 pl. RecA protein was diluted to 15 uM
immediately before use in a buffer containing 10 % glycerol, 1 mM DTT, 0.1 mM EDTA,
and 20 mM TrisHCI, pH 7.5, and the diluted mixture was aliquotted into pre~warmed re-
actions. The concentrations of RecA, target DNA, and single—stranded DNA, used in ex-
cess with respect to target duplex, are given in the figure legends; generally 1.25 uM RecA
and 3.75 nM target DNA were used (all DNA concentrations are given in terms of
molecules, with a double strand considered as one molecule). Under these conditions,
with a 5-fold excess of single strand, there are 0.9 RecA monomers per residue of DNA;
RecA with bound ATPYS has been reported to bind 8 nucleotides/ monomer, but higher
than stoichiometric amounts of RecA are necessary for complete coverage of oligonu-
cleotides (Cheng et al., 1988; Leahy and Radding, 1986). Double-stranded DNA target
was mixed with the buffer components and incubated at 37 °C, diluted RecA protein was
added and incubation was continued for 15 min before the addition of single-stranded in-

vader. Results were the same if the order of addition was changed (data not shown); this
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may be due to the use of ATPYS, which allows RecA to bind both single—stranded and
double-stranded DNA under these conditions. Reactions were transferred to an ice bath,
stopped by the addition of 1/5 volume of a stop solution containing 1 % Sarkosyl, 10 mM
TrisHCI, 10 mM NaCl, 50 % glycerol, 0.05 % bromophenol blue, and 0.2 % xylene
cyanol, and analyzed as in (e). Sarkosyl gave somewhat less smearing of the DNA bands
than SDS (BioRad), which was also at 1 % when used.

Analysis of 3H-HMT reactions required much larger amounts of material because of the
reduced specific activity of tritium relative to 32P and the need for HPL.C quantities of tri-
tium (104-105 dpm of 3H was necessary for a good trace, whereas 2000 cpm of 32P per
lane was sufficient for some of the gel experiments above). For these reactions, RecA was
at 13.5 uM, 54mer monoadduct single-stranded invader at 50 nM, and duplex 54mer target
at 100 nM in a final volume of 500 pl (a total of 257 ug RecA, 1 RecA monomer/ nu-
cleotide, 5 x 105 dpm 3H). The RecA and monoadducted DNA were incubated at 37 ©C
for 20 min, in the standard buffer except with 2.5 mM Mg(OAc),. Double stranded target
was added and [Mg(OAc);] adjusted to 15 mM, and the reaction mixtures were further in-
cubated for 18 min before a 15 minute irradiation in an Eppendorf tube at 320-380 nm, all
at 3790C. The reaction was extracted sequentially with phenol, 50:50 phenol:SEVAG,
SEVAG, and ether, the combined organics were back—extracted with 1x TE buffer (10 mM
TrisHCI, pH 7.4, 1 mM EDTA), and the DNA was ethanol precipitated. This treatment re-
moves unreacted HMT as well as protein and salts, which was important in earlier experi-
ments in which free 3H-HMT was added to RecA reactions. Analysis is described in (e)

and (f).

(e) Gel Electrophoresis of Reaction Mixtures

RecA reactions using 32P-labeled DNA from (d) were analyzed on 6-12 % (1:19
bis:acrylamide) nondenaturing 0.5 mm thick x 40 cm long polyacrylamide gels run at

4 oC. Gels contained 50 mM Tris borate and 1 mM EDTA, pH 8.3. Electrophoresis was
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for 2-3 hr, typically at 950 V (~ 6 W for a narrow gel and ~ 11 W for a wide gel). The
low voltage was intended to minimize heating of the gel. The gels were transferred to filter
paper, dried, and autoradiographed at -700C (Kodak XAR-5 X-ray film). Typical
exposures were overnight without a screen.

Precipitated 3H-HMT labeled DNA from (d) was resuspended and analyzed on side—
by-sidé 10% native and 10% denaturing (8 M urea) polyacrylamide gels (both 1:19
bis:acrylamide). The DNA was lightly labeled with 5’-32P to allow detection of products
by autoradiography. One fifth of the material was withheld for direct digestion as in (f).
The reaction mixture was denatured by boiling in 5 M urea before loading on the native gel,

in an attempt to separate crosslinked product from double stranded DNA.

(f) Analysis of Adducts by Digestion and HPLC

Adducted DNA was enzymatically digested essentially as described (Kanne ei al.,
1981; Straub ez al., 1981). Samples were treated with DNase II, phosphodiesterase II,
and alkaline phosphatase and analyzed by reverse-phase HPLC as follows: Precipitated
DNA was resuspended in 2 ml of 15 mM NaOAc, pH 5.0. Approximately 0.5 mg (500-
1500 Kunitz units) Type IV DNase II was added and the reaction was incubated for 24 hr
at 37 9C. The solution was neutralized to pH 7 with ~12 pul 1 M Tris base, 0.4 U Type
1-S phosphodiesterase I was added (the lyophilized enzyme is resuspended before use to
10-15 U/ml in 15 mM NaOAc, pH 7), incubation at 37 ©C was continued for 24 hr, a sec-
ond 0.4 U aliquot of enzyme was added, and incubation was continued for a further 24 hr.
The pH was then adjusted to 8.1 with ~ 5 ul 1 M Tris base (and 1 M pH 5 NaOAc if nec-
essary), 20 pl (20-30 U) of Type VII-S alkaline phosphatase in (NH4)2SO4 suspension
was added, and incubation was continued for 24 hr at 37 °C. The pH was adjusted to 2.9
with 3 M or 6 M H3PO4 and the solution was allowed to sit at room temperature for
30 min. This ensures that the pyrone ring of the psoralen adduct is closed; the phenolic

lactone is unstable to base after the unsaturation of the 3,4 double bond is removed by pho-
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toreaction. In later digestions we added 0.1 % NaN3 throughout to ﬁrevent bacterial
growth; the buffer amounts needed to adjust pH are then somewhat different. ‘Before
analysis by HPLC, the solution was filtered through 0.45 pum filters (Millipore). HPLC
was done using a 4.6 mm ID X 25 cm Dynamax 60 A pore size 8 pm Cjg column
(Rainin). Mobile phase A is HoO or 10 mM H3POy, pH 2.2 and mobile phase B is MeOH,;
the gradient is 100 % A from O to 10 min followed by 0 to 100 % B over 70 or 90 min, at
a flow rate of 1.4 ml/min. Fractions were collected at 1 min intervals and counted with
5 ml of Ecolume flupr (ICN) in an LKB 1209 scintillation counter. In this solvent system,
charged molecules elute in the void volume, so the large peak at 3-5 min corresponds to
32p_p; and any incompletely digested 3H or 32P-nucleotides. Double counting of the ini-
tial peaks was used to verify that a negligible fraction of the 3H adducts were incompletely

digested.

(g) Reaction of HMT with Calf Thymus DNA

These reactions use cold HMT with tracer amounts of 3H-HMT. One ml of 1 mg/ml
sonicated calf thymus DNA in 50 mM Na(l, 1x TE was irradiated with saturating HMT
(40 pg/ml = 160 uM including 10 uCi 3H-HMT, final specific activity 6.25 x
10-5 Ci/mol). Irradiation was for 1 hr in a quartz cuvette with a 500 W Hg—Xe lamp, with
a 1 cm path length and using a Co(NO3)» filter (passes 320-380 nm). The DNA was pre-
cipitated with 200 mM NaCl and 2 volumes 100 % EtOH and analyzed as in (f), with
0.1 % NaNj3 present (azide is more impoftant for preparative scale reactions because there
is more bug food available). Millipore filtration of the calf thymus DNA before photoreac-

tion is recommended to remove uncharacterized material and reduce scattering.
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Resul nd Di ion;

These experiments describe the use of psoralens to investigate the structure and proper-
ties of RecA-DNA three-strand complexes, intermediates in the strand exchange reaction.
A system potentially suitable for detailed structural analysis of a model three—strand com-
plex has been developed. Adducts formed in three-strand complexes have been shown to

have novel structures, and the elucidation of these structures is in progress.

(a) Analysis of Three— and Four-strand Oligonucleotide Intermediates

Preliminary investigations in this laboratory (Y.-b. Shi, unpublished results) showed
that RecA protein mediates the appearance of three— and four—strand oligonucleotide inter-
mediates which are stable to electrophoresis. A crosslink in the target duplex was found to
stabilize the three-strand complex, and the presence of all three strands in the complex was
verified by changing which strand carried the label. We have investigated the efficiency of
forming these intermediates under various conditions, their stability, and the effects of
varying the identity of the single strand invader and the crosslink position.

Figure 2 shows an autoradiogram of a RecA-mediated strand exchange reaction. Lanes
1-6 are a time course of the reaction among RecA, the 41mer crosslink of Figure 1, the
bottom strand single-stranded 4 1mer, and the cofactor ATPYS. Reactions were stopped by
the addition of SDS loading buffer and loaded directly onto a native gel. The appearance of
the triple strand band over time is clear. Experiments in this laboratory (Y.-b. Shi,
unpublished results) have shown that this band can be labeled using starting material la-
beled in any of the three strands proposed to comprise it. Excess single strand increases
the reaction yield, so labeled crosslink is typically used. Lanes 7-9 are a control time
course showing that RecA is required for the reaction. Lanes 10-13 show alternate meth-
ods for stopping the reaction; scuttlebutt in the field has it that RecA is not completely de-
natured by SDS, so we attempted to use protease K or phenol extraction to stop the reac-

tion. Protease K causes the gel to smear. Phenol reduces the yield of triple strand, but this
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Figure 4-2. RecA-Mediated Triple Strand Oligonucleotide Formation

The autoradiogram shows typical strand exchange reactions performed using the 41mer
system. For these experiments the concentration o.f RecA was 3.75 uM, top-strand
5’-labeled 41mer crosslink was at 2.5 nM, bottom—strand 5’-labeled unmodified 41mer
duplex was at 3.75 nM, and unlabeled single strand 41mer bottom strand invader was in
5-fold excess (12.5 nM in crosslink reactions, 18.7 nM in unmodified duplex reactions).
Unless otherwise indicated the reactions were stopped by the addition of SDS loading
buffer and electrophoresed immediately on a 10 % polyacrylamide gel. For —RecA con-
trols, RecA dilution buffer alone was added to reactions.

The components and reaction times for individual lanes are as follows: Lanes 1-6, time
course of RecA + XL + ss reaction, 1, 5, 15, 30, 60 and 120 min respectively (lanes 5 and
6 were loaded later than the others); lanes 7-9, XL + ss without RecA for 5, 30, and 120
min respectively. The faint triple-strand band seen in lane 9 was not reproducible. Lane
10 is the same as lane 4 except stopped with the Sarkosyl loading buffer. Lanes 11 and 12
were incubated with 0.5 pl of 1 mg/ml protease K for 5 min at room temperature before
loading, using the SDS buffer for lane 11 and buffer without protein denaturant for lane
12. Lane 13 was rapid]y phenol extracted before loading without denaturant. Lane 14 isa
control identical to lane 4 except that a noncomplementary 43mer was used as the single-
strand invader. Lanes 15-20 are the same as 1-6 except that unmodified duplex was used,

and lane 21 is a —RecA control otherwise identical to lane 18.
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may be due to the increased handling of the sample required relative to detergent addition.
In any case, the three strand intermediate appears to be stable to electrophoresis even in the
absence of protein. The complex is also stable on ice for at least an hour after the addition
of denaturant before loading. Attempts to analyze reaction mixtures with no denaturation of
the RecA-DNA complexes yielded only smears on the gel, probably because of the variable
stoichiometry of the complex or aggregation problems.

Lane 14 of Figure 2 is a control showing that non—-homologous single strand invader
does not yield a three strand complex. Lanes 15-20 are analogous to lanes 1-6 except that
unmodified 41mer duplex was used as the target. A single—strand band grows in with
time, presumably due to completed strand exchange. A longer exposure shows that a
three—strand intermediate is detectable on the gel, but it is clear that the intermediate is dra-
matically stabilized by an interstrand crosslink. Lane 21 shows that the reaction with un-
modified duplex is also RecA—dependent.

Similar experiments using a 25mer system showed no triple strand formation. This re-
sult is in accordance with literature results showing that the interaction of RecA with single
strands is strongly length—dependent for oligonucleotides up to 20 nucleotides in length
(Leahy and Radding, 1986) and that greater than 30 nt of ssSDNA are required for optimum
RecA binding (Brenner et al., 1987) and strand exchange (Gonda and Radding, 1983).

We are interested in structural probing of these intermediates using DNase or chemical
reagents, and for this reason it is of interest to establish conditions for which the interme-
diates are most efficiently produced and most stable. It is important to ascertain whether
the observed limited reaction efficiency is caused by slow kinetics, by equilibrium among
different nucleoprotein complexes, or by the stability of the three—strand complex to analy-
sis. Figure 3 shows an experiment testing whether the identity of the single—strand invader
affects the reaction and testing the stability of the complexes. Comparison of time courses
in lanes 1-6 and 7-12 suggests that RecA invades the top strand into duplex much more ef-

ficiently than the bottom strand. Lanes 4, 5, 10, and 11 show incubation of Sarkosyl-
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Figure 4-3.  Comparison of Different Single—Strand Invaders

The autoradiogram shows an experiment testing the formation and stability of strand
exchange reactions using top and bottom strand 41mer single strand invaders. Reactions
were done as in Figure 2 except that a 7.5-fold excess of single strand and the Sarkosyl
loading buffer with 1 mM added spermine were used. Lanes 1-3 and 6 show invasion of
bottom strand into crosslink for 15 min, 45 min, 75 min, and 120 min respectively. Lanes
4 and 5 show the stopped reaction mixture of lane 3 incubated for 5 min at 30°C and
42 oC respectively before loading. Lanes 7-12 are the same as lanes 1-6 except the single
strand invader was the top strand 41mer. Lane 13 is a 75 min reaction in which a
3.75-fold excess of bottom strand invader was added followed after 20 min by the same
amount of top strand and incubation for a further 60 min. Lanes 14 and 15 show incuba-
tion of the stopped mix of reaction 13 for 5 min at 30°C and 42 °C respectively. lanes
16-21 are the same as lanes 1-6 except that unmodified target duplex was used. The gel is

12 % native polyacrylamide.
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treated complexes at 30 ©C and 42 ©C. The complex appears stable at 30 ©C but disso-
ciation is evident at 42 ©C. Lanes 13-15 show the production of a four—strand complex
and its stability to 30 ©C and 42 °C. Four-strand complexes are typically ob