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ABSTRACT The Fe2™* ion that specifically replaces Mg?*
in the active center of RNA polymerase generates reactive
hydroxyl radicals that cause highly localized cleavage of
polypeptide chains. Mapping of the cleavage sites revealed the
overall architecture of the active center. Nine distinct sites,
five in the B subunit and four in the B’ subunit of Escherichia
coli RNA polymerase, all at or near highly conserved sequence
motifs, are brought together in the enzyme’s ternary structure
within the distance of ~1 nm from the active center Me?*.
These sites are located in at least six different domains of the
subunits, reflecting modular organization of the active center.

During the past decade, x-ray crystallographic analysis of
small, single-subunit polymerases, such as DNA polymerase I,
HIV reverse transcriptase, and RNA polymerase of bacterio-
phage T7 revealed a common principal structure whereby a
single protein domain contains a characteristic cleft where the
enzymatic reaction of phosphodiester bond formation is be-
lieved to occur (1). A similar cleft has been observed in the
low-resolution contours of large multisubunit cellular RNA
polymerases (RNAPs) (2-4), leading to speculation that their
active center resembles that of the smaller enzymes. The excess
protein in large polymerases, which amounts to hundreds of
thousands of dalton, is explained by complex regulatory re-
quirements of the cell.

But how are the larger polymerases built? Two principal
types of organization are possible. First, a single catalytic
domain structurally analogous to a single-subunit polymerase
may be surrounded by regulatory components. Alternatively,
different structural domains may participate in the active
center of the large enzymes, forming the cleft that resembles
that of the single-domain polymerases only in shape but not in
structural design. Lack of sequence conservation between
large and small polymerase families argues for the latter
possibility. Here we present direct structural evidence to the
same effect using the recently described technique of Fe?*-
mediated local protein cleavage (5).

MATERIALS AND METHODS

Histidine-tagged RNA polymerase was derivatized at Met-932
of the B’ subunit (V.M., E. Lukhtanov, A.G., and A.M.,,
unpublished data) and Lys-1242 (M.K., K. Severinov, A.G.,
and A.M., unpublished data) of the B subunit as described (5,
6), except that NaBH4 was added after [a-3?P]JUTP. Fe?*
induced autocleavage, and degradation of RNAP polypeptides
at Met and Cys were performed as in (5). Products were
analyzed by SDS/PAGE and gel slabs were autoradiographed
as described (5). Gel concentrations are indicated in the figure
legends.
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RESULTS AND DISCUSSION

Fe2*-Mediated Cleavage of RNAP. The Fe?* ion in appro-
priate ligation under aerobic conditions generates hydroxyl
radicals. These activated oxygen species are extremely reactive
and cause degradation of biopolymers with a diffusion limited
rate, within the range of ~1 nm. The process is known as
Fenton reaction (7) and is used for footprinting of nucleic
acid—protein complexes. As was demonstrated previously (5),
Fe?* can bind to Escherichia coli RNA polymerase active
center at the site normally occupied by Mg?*. The binding of
Fe?* leads to cleavage of both protein and DNA in the
RNAP-promoter complex. The DNA is cleaved just upstream
of the transcription start site, while the major protein cleavage
occurs in the largest RNAP subunit, B’, near three evolution-
arily conserved Asp residues that coordinate metal in the
active center. In addition, several minor Fe?*-induced cleav-
ages occur in the B and B’ subunits.

Here, the minor cleavages were mapped with the objective
of deducing the overall architecture of the RNAP active
center. To facilitate mapping, the B and B’ subunits were
tagged with a radiolabeled reporter group near their C termini.
As the tags, chimerical rifampicin—nucleotide compounds were
used (6) that were synthesized and crosslinked to RNAP in
open promoter complexes. Two different tagging protocols
were employed, resulting in the addition of Rif-A*pU to
Lys-1242 of the B subunit, and Rif-GpCpT* to Met-932 of the
B’ subunit (the bold print symbolizes radioactive phosphate,
the asterisk, the crosslinked nucleotide). After crosslinking,
the enzyme was subjected to Fe?* induced cleavage and the
degradation products were analyzed by SDS/PAGE.

Five distinct cleavage sites could be seen in B (Fig. 14), and
four in B’ (Fig. 1B). In the absence of a reducing agent, the
cleavage was weak (Fig. 14, lane 1) in accordance with the free
radical mechanism. No cleavage occurred in the presence of
magnesium, which reflects the competitive nature of Fe*
binding (Fig. 14, lane 3). The efficiency of cleavage increased
with the concentration of Fe?* (Fig. 14, lanes 4-7; Fig. 1B,
lanes 2-5) and eventually reached a plateau reflecting the
saturation of the binding site(s). Within the same subunit,
different sites displayed the same dependence of cleavage rate
on Fe2* concentration. However, two different kinetics were
observed for the two subunits. The apparent binding constants
for Fe?* calculated from the abscissa intercepts of the double
reciprocal plots (Fig. 2) were ~8 uM and ~12 uM for B and
B’', respectively.

Fig. 3 shows the effect of increasing Mg?™ concentration on
the rate of cleavage. Again, the protective effect of Mg?* was
the same for all of the cleavage sites within each subunit,
whereas higher Mg?* concentrations were required for the
protection in the case of 8’ than B.

Abbreviation: RNAP, RNA polymerase.
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Fe?*-induced autocleavage of RNAP radiolabeled in the B (4) or B’ subunit (B). Histidine-tagged RNA polymerase was derivatized

with radioactive reporter group at Met-932 of the B’ subunit, and Lys-1242 of the 8 subunit, and subjected to Fe?* induced autocleavage (A, lanes
1-7 and 10; and B, lanes 2-5 and 8). Products were analyzed by SDS/PAGE followed by autoradiography. As size markers, products of chemical
degradation at Met (4, lanes 8 and 11; B, lanes 6 and 10), or Cys (4, lane 12; B, lanes 7 and 9) was fractionated is the same gels. The following
gel systems were used (acrylamide concentration/length): A Left, 8-16%/20 cm; A Right Upper, 8% /40 cm; A Right Lower, 12%/40 cm; B Left,
6% /20 cm; B Right, 6% /40 cm. The positions of Cys and Met residues in the sequence ladders are marked by arrows with Arabic symbols. Cleavage

products are marked by arrows in Roman symbols.

The difference in the apparent affinity to Me?* ions be-
tween the sites in 8 and 8’ can in principle have two expla-
nations. First, there may be two different Me?* binding sites
in the two subunits. Second, the apparent difference may be an
artifact caused by different charge effect near the catalytic
center introduced by the two reporter groups. We favor the
latter explanation because the modification of B-Lys-1242
leaves intact the charge of lysine residue, whereas the modi-
fication of B'-Met-932 adds an extra positive charge. More-
over, B'-Met-932 is located closer to the catalytic center than
the B'-Lys-1242 because of the 1-nucleotide difference in the
position of the crosslink in the probes (Rif-GpCpT* vs.
Rif-A*pU). The view that cleavage of 8 and B’ is caused by
Me?* binding in the same site is strongly supported by the fact
that the DDD mutation abolished cleavage of both subunits
5).
Additional support to this view comes from the result,
obtained for Mn?* by kinetic and magnetic resionance meth-
ods, that there is only one tight binding site with less than 10

uM dissociation constant whereas other Me2™ sites in RNAP
are ~100 weaker (8). The constants for Fe?* binding deter-
mined in this work is in the 10 uM range (see above). Thus we
believe that in the concentrations range used, Fe?* binding at
the weak sites would be insignificant. Moreover, weak sites are
weak because they poorly coordinate the Me?* ion. Since
coordination is essential for free radical generation, it is not
likely that Fe?", even if it was bound, would lead to cleavage
at all.

Mapping of the Cleavage Sites. To decipher the architecture
of the catalytic center we mapped the Fe?* cleavage sites. To
aid mapping, sequence markers were generated by chemical
degradation of the radiotagged subunits at Cys and Met
residues under the “single hit” conditions. Since the tags are
situated close to a polypeptide terminus in both the 8 and the
B’ subunits, single-hit degradation yields families of nested,
easily identifiable fragments. The Fe?* cleavage products
along with the marker fragments were separated by SDS/
PAGE and visualized by autoradiography (Fig. 1). From the
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FiG. 2. Dependence of cleavage rate on Fe?™ concentration in a double-reciprocal plot. Roman numbers indicate the products as in Fig. 1.
Cleavage rate (Vie1) is expressed in arbitrary units derived from counting radioactive bands in wet gels using a Packard Instant Imager. The results
and the apparent binding constant values (see text) were reproducible in three independent experiments.

relative migration of these products, the location of the
cleavage sites could be discerned. In this way we mapped five
Fe?* cleavages in B8, and four in B’ (Fig. 4). All of the cleavages
occurred in highly evolutionarily conserved regions.

For most sites, the accuracy of the mapping was from 2 to
6 amino acid residues with the exception of the B'-F region
where the diffused appearance of the protein band (cleavage
product VIII in Fig. 1B) apparently reflects multiple cleavages
in this site. In fact, the relative intensity and band sharpness of
the cleavage products may reflect the distance of the respective
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sites from the chelated Me?* ion. Thus, the most prominent
cleavage occurred in the B’-D region (product VI, Fig. 1B)
where the active center Mg?* is actually held (5).
Architecture of the Catalytic Center. The topology of the
active center that emerges from the Fe?* cleavage data is in
agreement with the results of previous mutational analysis of
RNAP catalytic function (Fig. 4). The most severe mutation
described is the triple alanine substitution DDD in the B'-D
region which removes the aspartate residues coordinating
Mg?* in the active center (5). Most of other mutations have a
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FiG.3. The protective effect of Mg?* on Fe2"-induced cleavage. Roman numbers indicate the cleavage products as in Fig. 1. (4) Autoradiograms
of gel slabs. (B) Radioactivity counts in product bands expressed in arbitrary units. The reaction conditions were as in Fig. 1, with varying

concentrations of Mg2* added.
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FiG. 4. Fe?*-induced cleavage sites in the 8 and B’ subunits. The subunits are represented by horizontal bars with the conserved regions
symbolized by lettered boxes. Dispensable regions (DR1 and DR2) and chloroplast and archaebacterial “split sites” (SS) are indicated. Sequence
alignments around the cleavage sites are as follows: Ec, E. coli; Mt, Methanobacterium thermoautotrophicum; Scl, Scll, and SclIl, Saccharomyces
cerevisiae Pol I, Pol II, and Pol III, respectively; HsIl, Homo sapiens Pol II. Invariant residues are boxed. Arrows point at Fe2™ induced cleavage
sites; their extent is indicated by brackets. The map positions of known mutations are indicated as follows: *, Rifampicin resistant mutations in E.
coli (9, 10); -, termination-altered mutations in E. coli (12, 13); n, Streptolydigin resistant mutations in E. coli (11) and Bacillus subtilis (27); +, lethal
substitutions in E. coli (15-17) and yeast (14, 18); x, crosslinking sites or segments (19-23).

subtler effect and have been interpreted as partial distortions
of the catalytic center of varying severity (9-13, 15-17). Our
present results indicate that all of these mutations distort the
catalytic pocket directly, rather than from a distance via a
conformational change. Our results are also in agreement with
the previous data on affinity crosslinking, obtained with
probes incorporated either in the priming nucleoside triphos-
phate (19-21) or in the 3’ terminus of nascent RNA (22, 23).
These experiments have implicated g-D, B-H, B'-D, and B’-G
regions in the formation of the catalytic pocket (Fig. 4).

Recent analyses of domain organization of RNAP subunits
has shown that both 8 and B’ are built of distinct modules that
need not be physically connected to fold and assemble into the
functional RNAP molecule (24, 25). These modules corre-
spond to evolutionary demarcations within the subunits evi-
dent from sequence alignments, such as nonconserved “dis-
pensable regions” or “split sites” reflecting interruptions in the
homologous sequences in chloroplasts and archaebacteria
(Fig. 4). Checked against these demarcations, the sites partic-
ipating in the active center uncovered in our work fall into at
least six different modules. In the 8 subunit, these modules are
separated by the archaebacterial split site between regions 3-D
and B-E, and by dispensable region II between regions 8-G and
B-H. In B’, regions B’-D and B’-E are separated by the
chloroplast split site, and regions B'-F and B’'-G, by the
archaebacterial split site (Fig. 4).

Thus, the active center of the large cellular RNA polymerase
fundamentally differs from that of small, single-subunit poly-
merases in basic architecture and evolutionary origin, even
though they may share a common enzymatic mechanism and
a similar orientation of active residues in the catalytic pocket.
The modular organization of the active center may give the
cellular enzyme greater flexibility needed for regulation. For
example, one can imagine that a module participating in the
active site at the same time serves as the target for an outside
regulatory factor thus providing a direct physical “bridge” for
conducting signals that modulate catalytic function. Also it is
possible that relative movements of the modules constitute the
basis for the apparent stretching of RNAP active center
observed during early stages of elongation (26).
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