
Mechanism of transcriptional stalling at cisplatin-
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The anticancer drug cisplatin forms 1,2-d(GpG) DNA intrastrand cross-links (cisplatin lesions) that stall RNA polymerase II (Pol II)
and trigger transcription-coupled DNA repair. Here we present a structure-function analysis of Pol II stalling at a cisplatin lesion
in the DNA template. Pol II stalling results from a translocation barrier that prevents delivery of the lesion to the active site. AMP
misincorporation occurs at the barrier and also at an abasic site, suggesting that it arises from nontemplated synthesis according
to an ‘A-rule’ known for DNA polymerases. Pol II can bypass a cisplatin lesion that is artificially placed beyond the translocation
barrier, even in the presence of a G.A mismatch. Thus, the barrier prevents transcriptional mutagenesis. The stalling mechanism
differs from that of Pol II stalling at a photolesion, which involves delivery of the lesion to the active site and lesion-templated
misincorporation that blocks transcription.

Cisplatin (cis-diamminedichloroplatinum(II)) is a widely used anti-
cancer drug that forms DNA adducts that interfere with replication
and transcription1. The most frequent cisplatin DNA adducts are
1,2-d(GpG) intrastrand cross-links, or cisplatin lesions, in which
platinum coordinates the N7 atoms of adjacent guanosines in a
DNA strand2 (Fig. 1a). A cisplatin lesion in the DNA template strand
blocks transcription elongation by the single-subunit RNA polymerase
from phage T7 (ref. 3) and by Pol II4–6, and leads to stable polymerase
stalling7. The stalled Pol II elongation complex can be bound by the
elongation factor TFIIS, which stimulates polymerase back-tracking
and 3¢ RNA cleavage6. A small fraction of polymerases can apparently
read through a cisplatin lesion6.

The detailed molecular mechanisms of cisplatin DNA adduct
processing by nucleic acid polymerases are not understood. Here we
have used a combination of X-ray crystallography and RNA-extension
assays to derive the molecular mechanism of Saccharomyces cerevisiae
Pol II stalling at a cisplatin lesion. Comparison of the results with our
previous analysis of Pol II stalling at a DNA photolesion, a
TT cyclobutane pyrimidine dimer8 (CPD, Fig. 1a), reveals that the
two types of dinucleotide lesions trigger transcriptional stalling by
different mechanisms.

RESULTS
Structure of a cisplatin-damaged Pol II elongation complex
To elucidate recognition of cisplatin-induced DNA damage by tran-
scribing Pol II, we carried out a structure-function analysis of
elongation complexes containing a cisplatin lesion in the template
DNA strand. Elongation complexes were reconstituted from the
12-subunit S. cerevisiae Pol II and nucleic acid scaffolds as described8,9.

A cisplatin lesion was first incorporated at registers +2/+3 of the
template strand, directly downstream of the NTP-binding site at
register +1 (scaffold A, Fig. 1b). The crystal structure of the resulting
cisplatin-damaged elongation complex (complex A) was determined
at 3.8-Å resolution (Fig. 1c,d and Methods). A very strong peak in the
anomalous difference Fourier map revealed the location of the
platinum atom (Fig. 1c).

In the damaged elongation complex structure, the cisplatin lesion is
bound at positions +2/+3, above the polymerase bridge helix
(Fig. 1d). The DNA-RNA hybrid occupies the upstream positions
–1 to –8. The hybrid structure is essentially identical to our previous
structures of the complete Pol II elongation complex9 and the
elongation complex containing a CPD lesion at the polymerase active
site8. However, the downstream DNA duplex adopts a slightly altered
position (Fig. 1e). The change in the downstream DNA position
results from the presence of the cisplatin lesion rather than from the
scaffold design or the nucleic acid sequences, which were highly
similar to those used previously8. Structures of free DNA containing
a cisplatin lesion10,11 reveal that the lesion at the center of the duplex
leads to DNA bending. In our structure, the lesion is located at the end
of the duplex and induces a slight repositioning of the downstream
DNA, without substantial changes in its internal structure.

RNA polymerase II stalling and AMP misincorporation
The crystal structure of complex A defines a state of the elongation
complex in which the lesion lies downstream of the active site. We
therefore used complex A in RNA-extension assays to investigate the
mechanism of Pol II stalling. The RNA was labeled with a fluorescent
dye at its 5¢ end, complex A was incubated with NTP substrates, and
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the RNA-extension products were separated on polyacrylamide gels
and visualized with a fluorimager (Fig. 2). After incubation with a
physiological concentration of 1 mM NTPs for 20 min, most of the
RNA was extended by two nucleotides (Fig. 2a). Thus, the complex
apparently stalled after nucleotide incorporation opposite the first
guanosine (the 3¢-guanosine) of the cisplatin lesion. Incubation of
complex A with subsets of NTPs suggested that the terminal incor-
poration is a specific misincorporation of AMP (Fig. 2a). To further
investigate this, we prepared a scaffold that resulted in an elongation
complex that was advanced by one position (scaffold B, Fig. 1b). As
expected, the results of incubation of complex B with individual NTPs
again revealed AMP misincorporation (Fig. 2a).

A time course of RNA extension with complex A showed that the
first incorporation event was fast, whereas the second incorporation—
that is, the apparent misincorporation—was much slower and incom-
plete (Fig. 2b, upper). Apparently, the initial incorporation is fast
because GMP is correctly incorporated opposite a template cytidine
and because the substrate site is free in complex A (Fig. 1c), and

translocation of the polymerase is not
required. The slow rate of the second incor-
poration event was confirmed in a time
course of RNA extension with complex B
(Fig. 2b, lower). This misincorporation
event also required high ATP concentrations
and was not observed in the presence of only
10 mM ATP (Fig. 2b).

Possible mechanisms for misincorporation
As the template strand in our scaffold con-
tained a thymidine immediately downstream
of the cisplatin lesion, AMP misincorporation
may have arisen from template misalignment,
a recently characterized mechanism for mis-

incorporation of nucleotides12. During misalignment, the cisplatin
lesion would transiently adopt a flipped-out, extrahelical conforma-
tion, and the thymidine flanking the lesion on the 5¢ side would
transiently occupy the position of the template base, at register +1 in
the active site, to direct AMP incorporation. To test whether this was
the case, we prepared a scaffold that was identical to scaffold A except
that the flanking thymidine was replaced by cytidine (scaffold AT-C,
Supplementary Fig. 1 online). This altered scaffold gave rise to the
same RNA-extension products (Fig. 2d), however, showing that
template misalignment did not occur. We confirmed this by altering
scaffold B and repeating the RNA-extension assay (Fig. 2d).

Another possible explanation for AMP misincorporation is that the
3¢-guanosine of the lesion could act as a templating base by adopting a
position that allows it to form two hydrogen bonds with the Watson-
Crick positions of an incoming ATP substrate (Fig. 2c). To test
whether the third Watson-Crick position of the 3¢-guanosine in the
lesion, the extracyclic 2-amino group, is involved in templating AMP
misincorporation, we replaced the 3¢-guanosine in the lesion with
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Figure 1 Structure of a cisplatin-damaged

Pol II elongation complex. (a) The 1,2-d(GpG)

intrastrand platinum cross-link (cisplatin lesion)

and the TT CPD photolesion. Figures were

prepared with PyMOL (http://pymol.sourceforge.

net). (b) Nucleic acid scaffolds. Filled circles

denote nucleotides with interpretable electron

density that were included in the structure

in c; open circles denote nucleotides with

uninterpretable or absent electron density.

(c) Structure of nucleic acids in Pol II elongation

complex A. Final 2Fo – Fc electron density map

for the nucleic acids is shown (blue, contoured at

1.0s). Anomalous difference Fourier map reveals

the location of the platinum atom (magenta,
contoured at 15s). (d) Overview of the cisplatin-

damaged Pol II elongation complex. Pol II is

shown as a silver ribbon, with the bridge helix

highlighted in green. The nucleic acids are in

color, and the cisplatin lesion is shown as a stick

model in orange. A large portion of Pol II was

omitted for clarity. (e) Cisplatin-induced changes

in the downstream DNA. Comparison of the

course of nucleic acids in complex A (pale green)

with that in the structures of the CPD-containing

complexes B and C8 (violet and light blue,

respectively). The proteins were superimposed

on the basis of the active site region and then

omitted. Nucleic acids are depicted as ribbons,

lesions as orange sticks.
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inosine (I; see Methods), which lacks the 2-amino group (Fig. 2c and
Methods). RNA-extension analysis showed that AMP was still
specifically misincorporated when scaffolds A and B were modified
by replacement of the GG cisplatin lesion with an IG cisplatin
lesion (Fig. 2e). Thus, AMP misincorporation does not involve the
2-amino group. These results were consistent with lesion-templated

misincorporation involving a G�A base pair (Fig. 2c), but we could
not test this directly.

Impaired entry of lesions into the active site
If the AMP misincorporation is templated by the lesion, the lesion
must adopt a position in the active site, at least transiently. However,

b
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structural considerations suggest that lesion
entry into the active site would be impaired,
because translocation of the cisplatin dinu-
cleotide lesion from positions +2/+3 to posi-
tions +1/+2 is expected to be disfavored, as
is the case for a dinucleotide photolesion8.
Template bases in positions +1/+2 are twisted
against each other by about 901 in structures
of the undamaged elongation complex9,13,
but such twisting is impossible for nucleo-
tides that are covalently linked in dinucleo-
tide lesions, giving rise to a translocation
barrier8. To determine whether translocation
of the cisplatin lesion is indeed impaired, we
crystallized complex B, which was designed
to contain the dimer at positions +1/+2
(scaffold B, Fig. 1b). The anomalous differ-
ence Fourier map revealed a platinum peak at
the same location where one was seen in
complex A, indicating that the polymerase
had apparently stepped backward by one
position, so that the cisplatin lesion again
occupied positions +2/+3 (Fig. 3a). A lower
height of the platinum peak (Supplementary
Table 1 online) indicated partial occupancy
of the nucleic acids. Indeed, the electron density for the nucleic acids
was weak and fragmented, and did not allow for model-building.
Thus, the cisplatin lesion was not stably accommodated at positions
+1/+2, and translocation from positions +2/+3 to positions +1/+2
was apparently disfavored.

These results suggest that the lesion does not stably bind the active
site at all. To test this, we prepared a scaffold that contained the lesion
at predicted positions –1/+1 in the active site, and a G�A mismatch
pair at position –1 (scaffold C, Fig. 1b), and crystallized the resulting
complex C. The anomalous difference Fourier map revealed a plati-
num peak at the same location as in complexes A and B, indicating
that the polymerase had stepped backward by two positions so that
the cisplatin lesion again occupied positions +2/+3 (Fig. 3b). The
height of the platinum peak was lower than for complexes A and B
(Supplementary Table 1), and the electron density for the nucleic

acids was again fragmented, preventing model-building. We also tried
to solve a structure with the lesion placed at positions –2/–1 (scaffold
D, Fig. 1b). However, crystal structure analysis (Supplementary
Table 1) revealed no electron density for nucleic acids, consistent
with a low affinity of this scaffold for the polymerase. Thus, the
cisplatin lesion was not stably accommodated in the active site.

Nontemplated AMP incorporation and an ‘A-rule’ for Pol II
The crystallographic data strongly suggest impairment of translocation
of the lesion to a position where it can direct AMP misincorporation.
We therefore asked whether AMP incorporation resulted from
nontemplated synthesis. Such preferential, nontemplated AMP incor-
poration occurs when DNA polymerases encounter a bulky DNA
lesion and is known as A-rule14,15. We prepared a scaffold identical
to scaffold B, but containing an abasic site at the templating posi-

tion +1 and containing no cisplatin
lesion (scaffold Babasic, Supplementary
Fig. 1). Indeed, AMP, and also to a lesser
extent GMP, could be incorporated into
RNA opposite the abasic position (Fig. 2f),
showing that Pol II incorporates purine
nucleotides, preferentially AMP, when a tem-
plating base is unavailable.

The efficiency of nontemplated AMP incor-
poration was comparable to that of the term-
inal AMP misincorporation during stalling at
a cisplatin lesion, as judged from the slow
rate of the reaction and its dependence on
NTP concentration (Fig. 2b,f). In the pre-
sence of the cleavage factor TFIIS, templated
GMP incorporation with scaffold A occurred
normally, but nontemplated AMP incorpora-
tion was suppressed (Fig. 2g), consistent with
a role of TFIIS in transcriptional proofread-
ing16,17. However, TFIIS was unable to pro-
mote passage over the translocation barrier.
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Together, these observations suggest that Pol II obeys an ‘A-rule’ for
nontemplated nucleotide addition, which could explain the terminal
AMP incorporation when the bulky cisplatin lesion is encountered.
This mechanism is consistent with the model in which the cisplatin
lesion does not enter the active site during elongation, not even
transiently to direct terminal AMP incorporation.

Artificial bypass of a cisplatin lesion
The above data suggest that impaired translocation and delivery of the
lesion to the active site causes polymerase stalling, but do not exclude
the possibility that stalling is due to the terminal AMP misincorpora-
tion and impaired elongation of the resulting G�A mismatch. To test
whether polymerase stalling depends on the misincorporation event,
we carried out RNA-extension studies with scaffold C, which con-
tained the misincorporated adenosine opposite the 3¢-guanosine of the
cisplatin lesion, and with a scaffold that contained the cognate cytidine
at this position (scaffold E, Fig. 1b). Incubation of complexes C and E
with individual NTPs showed that CMP was correctly incorporated
opposite the 5¢-guanosine of the lesion, although AMP misincorpora-
tion also occurred, albeit less efficiently (Fig. 4a). The majority of
elongation complexes C and E did not allow for RNA extension past
the lesion (Fig. 4a), indicating that they are stably stalled and that
stalling is independent of the G�A mismatch. Thus, misincorporation
is not required for stalling.

Prolonged incubation of scaffolds C and E with Pol II and NTPs,
however, led to a small but reproducible amount of run-off products
(Fig. 4a). These products may be a result of lesion bypass. Alterna-
tively, they may arise from deplatination of the DNA, maybe by
transfer of the platinum to an amino acid side chain of Pol II. To
investigate this, we analyzed the nucleic acid products resulting from
prolonged incubation of complex A with Pol II and NTPs by MALDI
mass spectrometry. Only intact, fully platinated template strand
was observed (Supplementary Fig. 2 online), and this represents
strong evidence against deplatination. Thus, the cisplatin lesion
apparently can occupy the active site transiently if a nucleotide is
present in the RNA opposite the 3¢-guanosine of the lesion, enabling
RNA extension past the lesion for a fraction of complexes. Modeling
showed that entry of the bulky cisplatin lesion into the active site

would require conformational changes but that the lesion, once
entered, could be accommodated in the active site with only slight
structural changes (Fig. 4b).

To provide further support for possible lesion bypass, we used
scaffolds in which the RNA contained nucleotides opposite both
guanosines of the cisplatin lesion (scaffolds D and F, Fig. 1b).
Incubation of the resulting elongation complexes with NTPs gave
rise to efficient lesion bypass (Fig. 4a). Notably, bypass was possible
not only with a G-C match at the 3¢ position of the lesion, but also
with a G�A mismatch at this position (Fig. 4a). These data show that
lesion bypass is facilitated by RNA nucleotides that are already present
in the scaffold opposite the lesion, most probably because this
facilitates binding of the lesion beyond the translocation barrier, at
positions –2/–1, just upstream of the active site. Because Pol II can
pass the lesion and a mismatch, stalling is not due to impaired
extension of a lesion-containing hybrid or a mismatch. This supports
the model in which stalling results from impaired translocation and
entry of the lesion into the active site.

DISCUSSION
In the structural and functional studies described here, we used
cisplatin lesion–containing Pol II elongation complexes to investigate
the detailed mechanism of transcriptional stalling at the most
frequent cisplatin-induced DNA adduct. We show that Pol II stalls
in front of a cisplatin lesion because it does not pass a translocation
barrier that impairs delivery of the bulky lesion into the active
site. When elongation complexes are prepared in which the lesion
is positioned beyond the translocation barrier, bypass of the lesion
is possible.

To our surprise, stalled Pol II was able to incorporate AMP in an
apparently nontemplated manner according to an A-rule that has been
described previously for DNA polymerases14,15. The A-rule may
explain inefficient AMP incorporation not only at the cisplatin lesion,
but also at the same position during transcription of another di-
nucleotide lesion, the TT CPD photolesion8. This model supersedes
the non-intuitive assumption that when CPD enters the active site, its
3¢-thymidine acts as a template to direct AMP incorporation. AMP
incorporation according to an A-rule enables formation of a matched
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Figure 5 Different mechanisms of Pol II stalling at dinucleotide lesions. (a) Pol II stalling at the cisplatin lesion (this study), shown as a schematic

representation of RNA extension in complex A. The initial RNA (top) corresponds to the unextended RNA of scaffold A. Dashed line represents translocation

barrier. The artificial conditions leading to lesion bypass are depicted at the bottom. (b) Pol II stalling at a CPD lesion. Schematic is adapted from reference 8.
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T-A base pair at the 3¢ position of the CPD, and this may stabilize the
lesion in the active site8. In contrast, at the 3¢ position of the cisplatin
lesion, A-rule incorporation would result in a G�A mismatch if the
lesion were able to cross the translocation barrier. Pol II bypassed the
cisplatin lesion and the mismatch when they were artificially placed
beyond the translocation barrier, showing that the barrier prevents
efficient transcriptional mutagenesis and synthesis of substantial
amounts of erroneous RNAs.

Comparison of the results with the previously established mecha-
nism of Pol II stalling at a CPD8 reveals that Pol II stalls at the two
dinucleotide lesions for different reasons (Fig. 5). First, the cisplatin
lesion cannot overcome the translocation barrier, but the CPD can,
and the CPD binds in the active site. Second, inefficient AMP
incorporation occurs at both lesions, but it enables lesion bind-
ing at the active site positions –1/+1 only for the CPD, probably
because a stabilizing T-A base pair is formed at position –1, in
contrast to a G�A mismatch that would be formed at the cisplatin
lesion. Third, UMP misincorporation occurs opposite the 5¢
nucleotide of the CPD, whereas correct incorporation occurs
opposite the 5¢ nucleotide of the cisplatin lesion, but only if the
lesion is artificially placed beyond the translocation barrier. Fourth,
AMP misincorporation at the cisplatin lesion is not required for
stalling, but CPD-directed UMP misincorporation is required for
stalling. Finally, the misincorporated nucleotide opposite the cis-
platin lesion can be bypassed, whereas the misincorporated nucleo-
tide opposite the CPD cannot.

Thus, the detailed mechanisms of transcriptional stalling at two
different dinucleotide lesions differ in many respects. As a conse-
quence, it is impossible to predict the mechanisms of transcrip-
tional stalling or mutagenesis at other types of lesions. Instead, the
detailed stalling mechanisms remain to be investigated for other
lesions, including the less frequent 1,3-d(GpNpG) intrastrand plati-
num cross-link6,7,18,19. Nevertheless, this study and our previous
study of CPD-induced transcriptional stalling8 suggest general
aspects of the recognition of bulky dinucleotide lesions by Pol II,
including a translocation barrier between positions +2/+3 and
+1/+2, an A-rule for nontemplated nucleotide incorporation, and
the possibility of lesion bypass under conditions that circumvent
the natural stalling mechanism.

METHODS
Sample preparation. Endogenous ten-subunit S. cerevisiae Pol II core enzyme

was purified as described20 except that the anion-exchange step was omitted.

Recombinant TFIIS was prepared as described9, and synthetic oligonucleotides

were annealed for scaffold assembly as described8. We assembled Pol II–nucleic

acid scaffold complexes by incubating pure core Pol II with two molar

equivalents of nucleic acid scaffold in transcription buffer (20 mM HEPES

(pH 7.6), 60 mM (NH4)2SO4, 8 mM MgSO4, 10 mM ZnCl2, 10% (v/v) glycerol,

10 mM DTT) at 20 1C for 30 min as described8. DNA strands containing the

1,2-d(GpG) and 1,2-(IpG) cisplatin intrastrand cross-links were synthesized

as described11.

RNA extension and cleavage assays. Pol II–nucleic acid scaffold complex

(5 pmol) was incubated at 28 1C for 20 min with 1 mM NTPs in transcription

buffer for RNA extension, or with 10 pmol TFIIS for RNA cleavage, unless

mentioned otherwise. For gel electrophoresis, reactions were stopped by

addition of an equal volume of 2� urea loading buffer (8 M urea, 2� Tris-

Borate-EDTA buffer) and incubation for 5 min at 95 1C. For electrophoresis,

the denatured reaction mixture corresponding to 0.5 pmol Pol II was loaded

and 6-carboxyfluoresceine (FAM) 5¢ end–labeled RNA products were visualized

with a Typhoon 9400 scanner (GE Healthcare). For MALDI-TOF analysis,

reactions were incubated overnight with 1 mM NTPs, stopped and analyzed

as described8.

Crystal structure analysis. The cisplatin lesion–containing scaffolds were

cocrystallized and the structures were determined essentially as described8,9,

with minor changes. Stoichiometric Pol II–scaffold complexes were assembled

by incubating core Pol II for 10 min with two molar equivalents of nucleic acid

scaffold, then incubating this mixture for 20 min with five molar equivalents of

recombinant Rpb4-Rpb7 in Pol II buffer (5 mM HEPES (pH 7.25), 40 mM

(NH4)2SO4, 10 mM ZnCl2, 10 mM DTT) at 20 1C. The complexes were purified

by size-exclusion chromatography (Superose 6 10/300 GL) in Pol II buffer. We

grew crystals at 22 1C with the hanging drop vapor diffusion method, by mixing

2 ml of sample solution with 1 ml of reservoir solution (200 mM ammonium

acetate, 150 mM magnesium acetate, 50 mM HEPES (pH 7.0), 5% (w/v) PEG

6,000, 5 mM Tris(2-carboxyethyl) phosphine (TCEP)). Diffraction data were

collected at a wavelength of 1.0716 Å at the protein crystallography beamline

X06SA of the Swiss Light Source (Table 1 and Supplementary Table 1). Raw

data were processed with XDS21 or DENZO22 (complex B). Structures were

solved by molecular replacement with the program Phaser23, using the structure

of the complete 12-subunit Pol II24. The molecular-replacement solution was

subjected to rigid-body refinement with CNS25. Model-building was done with

O26 and Coot27. The nucleic acids were built stepwise into unbiased Fo – Fc

electron density maps (Supplementary Fig. 3 online). CNS topologies for the

cisplatin lesion were obtained with XPLO2D (http://xray.bmc.uu.se/usf/

xplo2d_man.html). Refinement was monitored with the free R-factor, calculated

from the same set of excluded reflections as in the refinement of the complete

Pol II complex24 and the complete Pol II elongation complex8,9.

Accession codes. Protein Data Bank: Coordinates and structure factors have

been deposited with accession code 2R7Z.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.

Table 1 Crystallographic data and refinement statistics

Pol II elongation complex with

cisplatin lesion

Data collection

Space group C2221

Cell dimensions

a, b, c (Å) 222.1, 393.1, 283.7

Resolution (Å) 50.0–3.80 (4.02–3.80)

Rsym 8.8 (36.2)

I / sI 11.2 (3.4)

Completeness (%) 99.1 (97.0)

Redundancy 3.4 (3.2)

Refinement

Resolution (Å) 50.0–3.80

No. reflections 235,052

Rwork / R free
a 21.5 / 24.0

No. atoms

Protein 31,102

Nucleic acids 698

B-factors

Protein 115.5

Nucleic acids 144.0

R.m.s. deviations

Bond lengths (Å) 0.008

Bond angles (1) 1.5

Platinum peak in anomalous

difference Fourier (s) 23.5

Structure was determined for elongation complex A (scaffold A with cisplatin lesion at
positions +2/+3). Diffraction data were collected from a single crystal. Values in
parentheses are for the highest-resolution shell.
aFor free R-factor calculation, we excluded from refinement the same set of reflections that had
been excluded from previous Pol II structure determinations8,9,24.
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