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PERSPECTIVES: STRUCTURAL BIOLOGY

A Marvellous Machine
for Making Messages

Aaron Klug

merase 1 (also called RNA poly-

merase b, Rpb, or Pol II) is the cen-
tral enzyme of gene expression in eukary-
otes. It reads the sequence of one strand of
the DNA double helix (the template) and
in so doing synthesizes messenger RNA
(mRNA), which is then translated into
protein. Two papers by Roger Kornberg’s
group (/, 2) on pages 1863 and 1876 of
this issue go a long way toward helping us
to understand the structural basis of tran-
scription at the atomic level.

The first paper (/) describes two crys-
tal forms of the 0.4-megadalton, 10-sub-
unit RNA polymerase Il of yeast at high
resolution (3.1 and 2.8 angstroms, respec-
tively). The crystal structures reveal the
enzyme in two states: an open form and a
partly closed form. These forms differ
mainly in the position of a massive 50-
kilodalton region of the enzyme called the
clamp, which is thought to close over the
DNA as it enters the enzyme. A set of pro-
tein loops at the base of the clamp appear
to act as pivots for DNA movement.

The sccond paper (2) reports the struc-
ture of an actively transcribing complex of
the enzyme with DNA at 3.3 angstrom
resolution (determined by molecular re-
placement from the 2.8 angstrom enzyme
structure). The clectron density map
shows, with conspicuous clarity, the syn-
thesized RNA, the 9-base pair DNA-RNA
hybrid in the transcription bubble, and
cven the three bases of the single-stranded
DNA template known from biochemical
studies to be unwound before it enters the
hybrid duplex (see the figure, this page).
The active sitc where the ester bond is bro-
ken in the substrate nucleoside triphos-
phates (NTPs) is marked by a metal ion at
the base of the hybrid. Somewhat less
clear, because it is partially disordered, is
the DNA double helix situated in the cleft
formed between the two largest enzyme
subunits, Rpbl and Rpb2.

As anticipated from electron mi-
croscopy (3) and cross-linking experi-
ments, the DNA-RNA hybrid is bound in
the cleft between the two large subunits,
but makes a right-angle bend at the active

The multisubunit enzyme RNA poly-

The author is at the MRC Laboratory of Molecular Bi-
ology, Cambridge CB2 2QH, UK.

center. The moving hybrid, as it were,
comes to a “wall” (emanating from Rbp2)
and then runs up against it, so that the nu-
cleic acids exit the enzyme from its top
and back. The synthesized RNA strand
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spun off by the enzyme runs through a
groove and exits under the “lid.”

Most remarkable of all, and unexpected
at this stage of the analysis, the authors arc
able to propose a convincing model for the
translocation step that must follow the ad-
dition of the last nucleotide to the elongat-
ing RNA chain (sce the figure, next page).
They propose that translocation is accom-
plished with the help of a protein helix
(the “bridge helix”) that spans the cleft be-
tween Rpbl and Rpb2. This helix is also
present in the structure of the bacterial
RNA polymerase (which is homologous to
the eukaryotic polymerase 11), whose
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Side (cutaway) view of the RNA polymerase Il transcribing com-
plex, showing the paths of the nucleic acids and the locations of
some functional elements of the enzyme. Cut surfaces of the pro-
tein, in the front, are lightly shaded and the remainder, at the back,
are darkly shaded. By convention, the polymerase is moving on the
DNA from left to right (direction of large arrow, bottom). This view
exposes the DNA duplex entering the enzyme: The template strand
coding for RNA is in blue, the nontemplate strand is in green, and the
RNA in the DNA-RNA hybrid in the active center region is in red.
DNA entering the enzyme is gripped by protein “jaws” (the upper jaw
is not seen in the cutaway view). The 3’ (growing) end of the RNA is
located adjacent to an active site Mg?* ion (pink sphere). A “wall” of
protein blocks the straight passage of nucleic acids through the en-
zyme, as a result of which the axis of the DNA-RNA makes almost a
right angle with the axis of the entering DNA. The bend exposes the
end of the DNA-RNA hybrid for addition of substrate nucleoside
triphosphates (NTPs). The NTPs may enter through a funnel-shaped
opening on the underside of the enzyme and gain access to the ac-
tive center through a pore. The 5" end of the RNA abuts a loop of
protein (the rudder), which prevents extension of the DNA-RNA hy-
brid beyond 9 base pairs, separating DNA from RNA. The exit path of
the RNA passes beneath the rudder and beneath another loop of
protein (the lid). Exiting RNA, DNA, and also the nontemplate strand
of the DNA, are not seen in the electron density map (dashed red,
blue, and green lines). The rudder and lid emanate from a massive
clamp that swings over the active center region (from back to front
in the view shown), restraining nucleic acids and likely contributing
to the high processivity of transcription. [Adapted from (5)]
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structure has been de-
termined at somewhat
lower resolution by
Darst and colleagues
(4). Amino acid side
chains from the bridge
helix (threonine and
alanine) make hydro-
phobic contacts with
the base of the coding
nucleotide in the tem-
plate strand at the ac-
tive site (see the figure,
next page). This region
is straight in the yeast
polymerase II struc-
ture, but bent in the
bacterial version by
about 3 angstroms along
the direction of the
template strand. Korn-
berg and colleagues (2)
therefore suggest that
the bridge helix acts as
a ratchet, allowing the
release of the DNA and
RNA strands for trans-
location but maintain-
ing its grip on the
growing end of the hy-
brid, thus enabling the
next step in the elonga-
tion cycle to take place.

The two Kornberg
papers are thus a far-
reaching stride toward
comprehending the en-
zymatic mechanism un-
derlying transcription.
The first paper (/) sets
out, along the amino
acid sequences of Rpbl
and Rpb2, structural el-
ements to which the au-
thors have assigned
names that explain their
functions: wall, clamp,
rudder, zipper. These
structural elements do
not directly correspond
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to protein domains, such as one often finds
in proteins involved in simpler biochemical
processes, because some of these elements
are small loops only about 20 amino acids
long and may not fold independently. How-
ever, the naming has heuristic value not on-
ly in preparing researchers to confront the
intricacies of transcription, which has no
counterpart in the everyday world from
which the terms derive, but, above all, in
suggesting informative mutagenesis sites.
In view of its far-rcaching im-
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buffers, were reproducible crystals formed
of sufficiently good quality to diffract x-
rays to 3.1 angstrom, the form solved last
year (5). The second (open) form de-
scribed by Kornberg and co-workers (/)
was produced by further shrinkage of the
crystals.

Growing crystals of a transcribing
polymerase (2) presented even more difti-
culties because even highly purified
preparations contained many inactive

powerful potential of yeast genetics, espe-
cially when combined with biochemistry,
and has now paid handsome dividends. At
the time, however. it was not at all clear
that it would, as no one. including Korn-
berg, had been able to make an extract
from ycast that supported promoter-de-
pendent polymerase I transcription
(which had been achieved with mam-
malian cells by Roeder and colleagues)
(9). Morcover, Roeder (/0) had also pre-

pact on our understanding of tran-
scription, it is instructive to review
the advances over the last 10 years
that have led to this outstanding
achievement. Last year saw publi-
cation of a complete 3 angstrom
backbone model of the enzyme
(5), revealing many features sug-
gestive of the enzyme's mode of
action. The year before that her-
alded the announcement of a §
angstrom model (6) and also,
through three-dimensional (3D)
clectron microscope image recon-
struction of 2D crystals, a tran-
scribing complex (3) in which the
nucleic acids were shown to occu-
py the large 25 angstrom cleft in
the molecule. Indeed, electron mi-
croscopy has been crucial for the
eventual determination of the x-
ray crystal structure of RNA poly-
merase 1I. The variable stoichiom-
etry of two small subunits (Rpb4
and Rpb7) proved to be an impedi-
ment to crystallization. This was
discovered by correlating the size
and dcgree of order of the 2D
crystals obtained by carcful moni-
toring with electron microscopy.
These 2D crystals were formed on
lipid bilayers in a process devel-
oped previously by Kornberg (7).
Epitaxial growth of further layers
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TTe
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Diagram of a step in the tran-
scription elongation cycle.
The coding strand of the DNA is
in blue and the RNA is in red.

Bridge
2@ helix Bases are in black, except for
Mg \ the one in the substrate nucleo-
¥ NTP

side triphosphate (NTP) enter-
ing the RNA polymerase, which
is in green. The pre-transloca-
tion state shown is that actually
observed in the transcribing
complex structure, whereas the
synthesis and post-transloca-
tion states are inferred. In the
pre-translocation state, an ac-
tive center Mg?* ion (pink dot)
is located between the nu-
cleotide just added by synthesis
and the next nucleotide in the
RNA chain. The bridge helix of
the protein (see figure, previous
page) may exist in two confor-
mations: The first abuts the
coding base in the synthesis
and pre-translocation states
(gray sphere), and the second
abuts this base in the post-
translocation state (purple
sphere) accompanying move-
ment of the DNA and RNA
along the protein surface. The
bridge may therefore help the
enzyme retain a grip on the

pared fractions from HeLa cells
that supported accurate initiation
at a promoter and that were later
shown to contain the five general
transcription factors (GTFs): TFI-
IB. D, E, F, and H.

The difficulties with ycast
were finally overcome (//) and.
despite the low amounts of RNA
polymerase Il in yeast, the Korn-
berg group finally purified the
yeast GTFs (/2). These turned out
to be highly homologous to mam-
malian GTFs. An added bonus as-
sociated with puritying the ycast
GTFs was a hint of the existence
(later leading to the purification)
of part of the transcription ma-
chinery responsible for gene-spe-
cific regulation—a 20-subunit
protein called Mediator (/3. 14).
Initially, it was thought that gene-
specific transcription factors (or
activators) worked by directly
contacting the GTFs. But now we
know that it is the Mediator com-
plex that transduces the regulato-
ry information from gene-specific
factors binding to upstream acti-
vating sequences (or enhancers in
mammalian cclls) to the RNA
polymerase itself. The huge Me-
diator complex appcars to form a
crescent shape that could embrace

@ growing end of the DNA-RNA
L 4 hybrid during movement.
Synthesis [Adapted from (2)]

on these crystals demonstrated a
way of growing 3D crystals not
only of polymerase II itself, but also of the
related bacterial polymerase, later solved
by Darst et al. (4).

Nevertheless, obtaining reproducible
3D crystals of this fragile enzyme com-
plex has been no easy matter. In contrast
to the bacterial RNA polymerase and, say,
ribosomes (the molecular machines that
make proteins), the RNA polymerase [1
complex is present in low amounts in
yeast so that, even with the heterogeneity
eliminated, determination of the first 5
angstrom crystal structure (6) required
10,000 liters of cultured yeast cells. The
crystals themselves showed much vari-
ability in unit-cell dimensions, and only
after shrinking the crystals in other

molecules, which could be identified indi-
vidually under the electron microscope,
but interfered with homogeneous 3D crys-
tallization. The problem was solved by re-
moving inactive enzyme molecules with
columns of heparin (the heparin is able to
bind to the empty DNA cleft in the en-
zyme) (8).

Although the goal of solving the enzy-
matic mechanism of transcription is an
end in itself, it is part of a wider quest to
understand the gene-specific regulation of
transcription. For Kornberg, this quest be-
gan nearly 20 years ago, when he started
to work on yeast at a time when most re-
searchers were studying mammalian cells.
It was a strategic decision based on the

the RNA polymerase (/5).

Where do the GTFs come into

the picture? Again, a start was

madc by Kornberg’s group, who analyzed
2D cocrystals of polymerase I together
with TFIIB or TFIIE by clectron mi-
croscopy (/6). TFIIB brings the TATA
box complex to the polymerase 11 surface
at a point where the DNA can follow a
straight path and the transcription start
site is juxtaposed to the active center [see
figure 10 in the Cramer ¢t al. rescarch ar-
ticle (/)]. A glimpse of what might be
happening comes from the known proper-
tics and interactions of the GTFs. Once
bound to polymecrasc 1I, the promoter
DNA must be opened up by the helicase
activity of TFIIH to enable the initiation
of transcription. One might also imagine
that this huge 500-kilodalton complex
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(/7)—which can straddle the whole poly-
merase enzyme—opens up the DNA fur-
ther downstream and so disengages the
rest of the DNA such that it does not be-
gin to drag on the actual region of DNA
being transcribed.

Whatever the case, we shall probably
soon find out how GTFs cooperate in the
initiation of transcription. The two Korn-
berg papers (/, 2) mention work in
progress on 3D cocrystals of RNA poly-
merase together with various GTFs. The
determination of these structures should
fill the gaps in our picture of promoter-
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dependent transcription. This is structural
biology on a grand scale. So great is its
power when combined with biochemistry
and genetics that we should eventually
even be able to see Mediator regulating
the enzyme complex. We look forward to
further chapters in the saga of this voyage
of discovery.
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Fleeting Molecules
Extend Their Stay

Curt Wentrup

as methane (CH,), carbon is bound to

four other atoms. Molecules with car-
bon valencies other than 4—such as free
radicals, carbocations, carbanions, and
carbenes—are usually reactive intermedi-
ates with short lifetimes. These fleeting
species can sometimes be stabilized. Sta-
ble free radicals were first prepared in
1900, but carbenes long remained elusive.
On page 1901 of this issue, Solé et al. (1)
report an important synthetic advance that
enables the preparation of unusually stable
yet highly reactive carbenes. Related
species may find future application as ef-
ficient catalysts.

In free radicals, the carbon atom is
bound to three atoms, with one nonbond-
ed electron remaining on the carbon. A
simple example is the methyl radical, CH;
(1) (see the figure). Many free radicals are
transient reactive intermediates, but nu-
merous radicals have been made that are
stable at room temperature, starting with
the pioneering preparation of triphenyl-
methyl (2) by Gomberg in 1900 (2). This
molecule is stabilized through delocaliza-
tion of the free electron into the aromatic
rings and remains stable because the
bulky groups prevent access to the radical
center (“steric hindrance™).

It took much longer to prepare stable
carbenes. The carbon atom in a carbene is
surrounded by only six electrons, rather
than the usual eight that confer electronic
stability. With just two bound atoms, two

In its stable saturated compounds, such
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nonbonded electrons remain on the carbon
atom. These electrons may be in the same
orbital (singlet state, 3) or in different or-
bitals (triplet state, 4). Attempts to make
the simplest carbene, methylene (CH,),
were made before the tetravalency of car-
bon became generally known (3). Just over
100 years ago, Nef still believed that stable
simple carbenes could be prepared (4, 5).
The existence of carbenes as reactive inter-
mediates was established in the 1950s and
1960s (6, 7). Since then, carbenes have be-
come well-established synthetic intermedi-
ates. Their high reactivity makes them ver-
satile targets for preparative, mechanistic,
and theoretical work.

In recent years, much progress has
been made in the stabilization of triplet
di(aryl)carbenes, particularly through the
work of Tomioka (8). The stability record
is currently held by triplet carbene 5,
which has a half-life of 16 minutes in so-
lution at room temperature and is stable
indefinitely at —40°C (9, 10). The stabi-
lization of this and related carbenes large-
ly results from steric hindrance of the car-
bene center by large groups or atoms.

In 1991, the first stable singlet
di(amino)carbene (6) was prepared by Ar-
duengo et al. (/1). Di(amino)carbenes are
stabilized in the singlet state by electron do-
nation from the two nitrogen lone pairs into
the vacant carbon p orbital on the carbon.
This stabilization is also termed “push-
push” stabilization. Many cyclic and acyclic
di(amino)carbenes have been prepared, but
they do not have typical carbene reactivity
because of the electronic stabilization (best
described by the resonance structure 6”) (12,
13). A related species (7) is involved in the
action of the coenzyme thiamin (/4, /5).
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How to make stable radicals and carbenes.
Free radicals (1) were stabilized many years
ago (2). Carbenes (3 and 4) have proved more
difficult to stabilize. Recent synthetic advances
have led to the successful preparation of stable
carbenes (5 to 13), some of which retain their
reactivity. See text for detailed descriptions of
the depicted molecules.
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