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(A)

Figure 6—6 RNA can fold into specific structures. RNA is largely single-stranded, but it often conseins short
stretches of nucleotides that can form conventional base-pairs with complementary sequences found elsewhere
on the same molecule. These interactions, along with additional “nonconventional” base-pair interactions. allow an
RNA molecule to fold into a three-dimensional structure that is determined by its sequence of nucleotides.

(A) Diagram of a folded RNA structure showing only conventional base-pair interactions; (B) structure with both
conventional (red) and nonconventional (green) base-pair interactions; (C) structure of an actual RNA, a portion of
a group | intron (see Figure 6-36). Each conventional base-pair interaction is indicated by a “rung” in the double

helix. Bases in other configurations are indicated by broken rungs.

relatively short time, the synthesis of additional RNA molecules being started
before the first RNA is completed (Figure 6-9). When RNA polymerase molecules
follow hard on each other’s heels in this way, each moving at about 20
nucleotides per second (the speed in eucaryotes), over a thousand transcripts
can be synthesized in an hour from a single gene.

Although RNA polymerase catalyzes essentially the same chemical reaction
as DNA polymerase, there are some important differences between the two
enzymes. First, and most obvious, RNA polymerase catalyzes the linkage of
ribonucleotides, not deoxyribonucleotides. Second, unlike the DNA polymerases
involved in DNA replication, RNA polymerases can start an RNA chain without
a primer. This difference may exist because transcription need not be as accu-
rate as DNA replication (see Table 5-1, p. 243). Unlike DNA, RNA does not per-
manently store genetic information in cells. RNA polymerases make about one
mistake for every 10* nucleotides copied into RNA (compared with an error rate
for direct copying by DNA polymerase of about one in 107 nucleotides). and the
consequences of an error in RNA transcription are much less signiticant than
that in DNA replication.

Although RNA polymerases are not nearly as accurate as the DNA poly-
merases that replicate DNA, they nonetheless have a modest proofreading
mechanism. If the incorrect ribonucleotide is added to the growing RNA chain,
the polymerase can back up, and the active site of the enzyme can perform an
excision reaction that mimics the reverse of the polymerization reaction, except
that water instead of pyrophosphate is used (see Figure 5-4). RNA polymerase
hovers around a misincorporated ribonucleotide longer than it does for a cor-
rect addition, causing excision to be favored for incorrect nucleotides. However,
RNA polymerase also excises many correct bases as part of the cost for improved
accuracy.

Cells Produce Several Types of RNA

The majority of genes carried in a cell's DNA specify the amino acid sequence of
proteins; the RNA molecules that are copied from these genes (which ultimately
direct the synthesis of proteins) are called messenger RNA (mRNA) molecules.
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The final product of a minority of genes, however, is the RNA itself. Careful
analysis of the complete DNA sequence of the genome of the yeast S. cerevisiae
has uncovered well over 750 genes (somewhat more than 10% of the total num-
ber of yeast genes) that produce RNA as their final product, although this num-
ber includes multiple copies of some highly repeated genes. These RNAs, like
proteins, serve as enzymatic and structural components for a wide variety of
processes in the cell. In Chapter 5 we encountered one of those RNAs, the tem-
plate carried by the enzyme telomerase. Although not all of their functions are
known, we see in this chapter that some small niueclear RNA (snRNA) molecules
direct the splicing of pre-mRNA to form mRNA, that ribosomal RNA (rRNA)
molecules form the core of ribosomes, and that transfer RNA (fRNA) molecules
form the adaptors that select amino acids and hold them in place on a ribosome
for incorporation into protein (Table 6-1).

Each transcribed segment of DNA is called a transcription unit. In eucary-
otes, a transcription unit typically carries the information of just one gene, and
therefore codes for either a single RNA molecule or a single protein (or group of
related proteins if the initial RNA transcript is spliced in more than one way to
produce different mRNAs). In bacteria, a set of adjacent genes is often trans-
cribed as a unit; the resulting mRNA molecule therefore carries the information
for several distinct proteins.

Overall, RNA makes up a few percent of a cell’s dry weight. Most of the RNA
in cells is TRNA; mRNA comprises only 3-5% of the total RNA in a typical mam-
malian cell. The mRNA population is made up of tens of thousands of different
species, and there are on average only 10-15 molecules of each species of mRNA
present in each cell.

Tum

Figure 6-9 Transcription of two genes as observed under the
electron microscope. The micrograph shows many molecules of RNA
polymerase simultaneously transcribing each of two adjacent genes.
Molecules of RNA polymerase are visible as a series of dots along the DNA
with the newly synthesized transcripts (fine threads) attached to them.The
RNA molecules (ribosomal RNAs) shown in this example are not translated
into protein but are instead used directly as components of ribosomes, the
machines on which translation takes place.The particles at the 5° end (the
free end) of each rRNA transcript are believed to reflect the beginnings of
ribosome assembly. From the lengths of the newly synthesized transcripts, it
can be deduced that the RNA polymerase molecules are transcribing from
left to right. (Courtesy of Ulrich Scheer.)

FROM DNATO RNA

Figure 6—8 DNA is transcribed by
the enzyme RNA polymerase. The
RNA polymerase (pale blue) moves
stepwise along the DNA, unwinding the
DNA helix at its active site.As it
progresses, the polymerase adds
nucleotides (here, small “T" shapes) one by
one to the RNA chain at the
polymerization site using an exposed
DNA strand as a template.The RNA
transcript is thus a single-stranded
complementary copy of one of the two
DNA strands. The polymerase has a
rudder (see Figure 6—I1) that displaces
the newly formed RNA, allowing the two
strands of DNA behind the polymerase to
rewind. A short region of DNA/RNA helix
(approximately nine nucleotides in length)
is therefore formed only transiently, and a
“window” of DNA/RNA helix therefore
moves along the DNA with the
polymerase. The incoming nucleotides are
in the form of ribonucleoside
triphosphates (ATP. UTP. CTP. and GTP),
and the energy stored in their
phosphate—phosphate bonds provides the
driving force for the polymerization
reaction (see Figure 5-4). (Adapted from a
figure kindly supplied by Robert Landick.)
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& Figure 6-22 A comparison of the structures of procaryotic and

eucaryotic mRNA molecules. (A) The 5’ and 3’ ends of a bacterial
mRNA are the unmodified ends of the chain synthesized by the RNA
polymerase, which initiates and terminates transcription at those points,
respectively. The corresponding ends of a eucaryotic mMRNA are formed by
adding a 5’ cap and by cleavage of the pre-mRNA transcript and the addition
of a poly-A tail, respectively. The figure also illustrates another difference
between the procaryotic and eucaryotic mRNAs: bacterial mRNAs can .
contain the instructions for several different proteins, whereas eucaryotic
mRNAs nearly always contain the information for only a single protein.

(B) The structure of the cap at the 5" end of eucaryotic mRNA molecules.
Note the unusual 5'-to-5" linkage of the 7-methyl G to the remainder of the
RNA Many eucaryotic mRNAs carry an additional modification: the
2'-hydroxyl group on the second ribose sugar in the mRNA is methylated

(not shown).

translation into protein. In Chapter 4, we saw that a typical eucaryotic gene is
present in the genome as short blocks of protein-coding sequence (eans) sep-
arated by long introns, and RNA splicing is the criticallym'lportant step in which
the different portions of a protein coding sequence are Jomed‘together. As we
describe next, RNA splicing also provides higher eucaryotes with the ability to
synthesize several different proteins from the same gene. e .

" These RNA processing steps are tightly coupled to transcription elonga.tl.on
by an ingenious mechanism. As discussed previously, a key step of the tranmﬂpn
of RNA polymerase II to the elongation mode of RNA synt!vlesw: }s.axl‘exl'ell§1\re
phosphorylation of the RNA polymerase II tail, called the CTD. This C-terminal
domain of the largest subunit consists of a long tandem array of a repeated
seven-amino-acid sequence, containing two serines per repeat that can be
phosphorylated. Because there are 52 repeats in the CTD of humfm RNA poly-
merase 11, its complete phosphorylation would add 104 negatively cha.rged
phosphate groups to the polymerase. This phosphorylation step not only (¥1sso-
ciates the RNA polymerase II from other proteins present at the start point of
transcription, it also allows a new set of proteins to associate with the RNA poly-
merase tail that function in transcription elongation and pre-mRNA processing.
As discussed next, some of these processing proteins seem to “hop” from the
polymerase tail onto the nascent RNA molecule to begin processing it as it
emerges from the RNA polymerase. Thus, RNA polymerase 11 in its elongation
mode can be viewed as an RNA factory that both transcribes DNA into RNA and

processes the RNA it produces (Figure 6-23).

RNA Capping Is the First Modification of Eucaryotic
Pre-mRNAs

As soon as RNA polymerase II has produced about 25 nucleotides of RNA, the 5
end of the new RNA molecule is modified by addition of a “cap” that consists of
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Figure 6-23 The “RNA factory” concept for eucaryotic RNA
polymerase Il. Not only does the polymerase transcribe DNA into RNA,
but it also carries pre-mRNA-processing proteins on its tail, which are then
transferred to the nascent RNA at the appropriate time. There are many
RNA-processing enzymes, and not all travel with the polymerase. For RNA
splicing, for example, only a few critical components are carried on the tail;
once transferred to an RNA molecule, they serve as a nucleation site for the
remaining components. The RNA-processing proteins first bind to the RNA
polymerase tail when it is phosphorylated late in the process of
transcription initiation (see Figure 6—16). Once RNA polymerase Il finishes
transcribing, it is released from DNA, the phosphates on its tail are removed
by soluble phosphatases, and it can reinitiate transcription. Only this
dephosphorylated form of RNA polymerase |l is competent to start RNA
synthesis at a promoter.

a modified guanine nucleotide (see Figure 6-22B). The capping reaction is per-
formed by three enzymes actilig in succession: one (a phosphatase) removes
one phosphate from the 5" end of the nascent RNA, miyl trangs-
ferase) adds a GMP in a reverse linkage (5" to 5" instead of 5 to 3’), and a third (a
methyl transferase) adds a methyl group to the guanosine (Figure 6-24).
Because all three enzymes bind to the phosphorylated RNA polymerase tail,
they are poised to modify the 5 end of the nascent transcript as soon as it
emerges from the polymerase.

The 5’-methyl cap signals the 5" end of eucaryotic mRNAs, and this land-
mark helps the cell to distinguish mRNAs from the other types of RNA molecules
present in the cell. For example, RNA polymerases I and III produce uncapped
RNAs during transcription, in part because these polymerases lack tails. In the
nucleus, the cap binds a protein complex called CBC (cap-binding complex),
which, as we discuss in subsequent sections, helps the RNA to be properly pro-
cessed and exported. The 5" methyl cap also has an important role in the trans-
lation of mRNAs in the cytosol as we discuss later in the chapter.

RNA Splicing Removes Intron Sequences from Newly
Transcribed Pre-mRNAs

As discussed in Chapter 4, the protein coding sequences of eucaryotic genes are
typically interrupted by noncoding intervening sequences (introns). Discovered
in 1977, this feature of eucaryotic genes came as a surprise to scientists, who had
been, until that time, familiar only with bacterial genes, which typically consist
of a continuous stretch of coding DNA that is directly transcribed into mRNA. In
marked contrast, eucaryotic genes were found to be broken up into small pieces
of coding sequence (expressed sequences or exons) interspersed with much
longer intervening sequences or introns; thus the coding portion of a eucaryotic
gene is often only a small fraction of the length of the gene (Figure 6-25).

Both intron and exon sequences are transcribed into RNA. The intron
sequences are removed from the newly synthesized RNA through the process of
RNA splicing. The vast majority of RNA splicing that takes place in cells func-
tions in the production of mRNA, and our discussion of splicing focuses on this
tvpe. [t is termed precursor-mRNA (or pre-mRNA) splicing to denote that it
occurs on RNA molecules destined to become mRNAs. Only after 5" and 3’ end
processing and splicing have taken place is such RNA termed mRNA.

Each splicing event removes one intron, proceeding through two sequential
phosphoryl-transfer reactions known as transesterifications;_these join two
exons while removing the intron as a “lariat” (Figure 6-26). Since the number of
phosphate bonds remains the same, these reactions could in principle take
place without nucleoside triphosphate hydrolysis. However, the machinery that
catalyzes pre-mRNA splicing is complex, consisting of 5 additional RNA
molecules and over 50 proteins, and it hydrolyzes many ATP molecules per
splicing event. This complexity is presumably needed to ensure that splicing is
highly accurate, while also being sufficiently flexible to deal with the enormous
variety of introns found in a typical eucaryotic cell. Frequent mistakes in RNA
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Figure 6-24 The reactions that cap
the 5’ end of each RNA molecule
synthesized by RNA polymerase II.
The final cap contains a novel 5'-to-5’
linkage between the positively charged
7-methyl G residue and the 5" end of the
RNA transcript (see Figure 6-22B).The
letter N represents any one of the four
ribonucleotides, although the nucleotide
that starts an RNA chain is usually a
purine (an A or a G). (After A)J. Shatkin,
BioEssays 7:275-277,1987.© ICSU Press.)
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