Transcription 5, €28869; May; © 2014 Landes Bioscience

RESEARCH PAPER

Activation and reactivation of the
RNA polymerase Il trigger loop for intrinsic
RNA cleavage and catalysis

Pavel Cabart’, Huiyan Jin', Liangtao Li? and Craig D Kaplan'*

'Department of Biochemistry and Biophysics; Texas A&M University; College Station, TX; 2Department of Pathology; University of Utah School of Medicine; Salt Lake City, UT USA

Keywords: gene expression, general transcription factors, intrinsic cleavage, RNA synthesis, trigger loop

In addition to RNA synthesis, multisubunit RNA polymerases (msRNAPs) support enzymatic reactions such as intrinsic
transcript cleavage. msRNAP active sites from different species appear to exhibit differential intrinsic transcript cleavage
efficiency and have likely evolved to allow fine-tuning of the transcription process. Here we show that a single amino-
acid substitution in the trigger loop (TL) of Saccharomyces RNAP I, Rpb1 H1085Y, engenders a gain of intrinsic cleavage
activity where the substituted tyrosine appears to participate in acid-base chemistry at alkaline pH for both intrinsic
cleavage and nucleotidyl transfer. We extensively characterize this TL substitution for each of these reactions by examin-
ing the responses RNAP Il enzymes to catalytic metals, altered pH, and factor inputs. We demonstrate that TFIIF stimula-
tion of the first phosphodiester bond formation by RNAP Il requires wild type TL function and that H1085Y substitution
within the TL compromises or alters RNAP Il responsiveness to both TFIIB and TFIIF. Finally, Mn?* stimulation of H1085Y
RNAP Il reveals possible allosteric effects of TFIIB on the active center and cooperation between TFIIB and TFIIF.

Introduction

Structurally and mechanistically conserved multi-subunit
RNA polymerases (msRNAPs) drive RNA synthesis in all king-
doms of life. msRNAPs have likely evolved to attain a level of
fidelity in transcript synthesis that balances error and synthesis
rates. During the course of transcription, the msRNAP active
center undertakes the nucleotide addition cycle (NAC), wherein
substrates are selected, phosphodiester bond formation is cata-
lyzed, and the enzyme translocates one nucleotide downstream
to allow a repeat of the cycle. Outside of the NAC, msRNAPs
also participate in additional factor-stimulated’ or intrinsic RNA
cleavage reactions that can contribute to transcription fidelity.>*

Reactions in the msRNAP active site are generally promoted
by a highly conserved and flexible domain called the trigger loop
(TL), which is essential for efficient NTP substrate selection and
catalysis.”® Reactions promoted by the TL include the reverse
reaction from phosphodiester bond formation, pyrophospho-
rolysis, and intrinsic cleavage of the RNA transcript (for some
msRNAPs such as prokaryotic RNAP and eukaryotic RNAP II).
Alternatively, RNAP I and RNAP III possess subunits that pro-
mote cleavage of RNA independently of the TL. The TL com-
prises two a-helices and a flexible region. Upon folding, specific
residues in the flexible region attain helical character, and this
transition can be observed in some msRNAP crystal structures
where a matched NTP substrate is present and positioned in the
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active center. The TL is proposed to undergo cycles of move-
ment/folding that underpin the opening and closing of the poly-
merase active site. As observed in structural studies, when the TL
is in the closed conformation, NTP substrates can be trapped in
the active center and a number of TL-NTP interactions are pres-
ent. Highly conserved TL residues recognize different features of
a correctly base-paired NTP substrate. The TL can be observed
in a number of conformations, including partially folded states,
and genetic experiments are consistent with a model for stepwise
TL folding upon substrate interaction’ (as reviewed by Kaplan
in ref. 10). Translocation of msRNAPs is thought to be inhib-
ited when the TL is closed, and movement of the TL into open
conformation(s) has been proposed to allow translocation of the
enzyme.!'"

Mutational studies in a number of systems have confirmed the
importance of TL residues for substrate selection (matched vs.
mismatched substrates, discrimination of NTPs from 2’-dNTPs)
and efficient catalysis.”*® The TL has been proposed to directly
contribute to catalysis through an absolutely conserved histi-
dine Saccharomyces cerevisiae (Sce) Rpbl H1085, Escherichia coli
(Eco) B' HI36, Thermus aquaticus (Tagq) B’ H1242).71>2° This
histidine is able to interact with the NTP B-phosphate and has
been proposed to function as a general acid through donation of
a proton to the pyrophosphate leaving group during nucleotidyl
transfer.””? Such a function for a positively charged residue may
be widely present in nucleic acid polymerases,” and is supported
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Figure 1. A single amino acid substitution of tyrosine for histidine within
the TLat Rpb1 position 1085 activates intrinsic RNA cleavage. (A) Scheme
of transcription and cleavage reactions on a 5-end immobilized tem-
plate. Scaffold-assembled 5’ 3*P-labeled 9-mer RNA with purified RNAP
Il was advanced with ATP, CTP and GTP to the T33 stop through omis-
sion of UTP, resulting in a radiolabeled 32-mer. These stalled elongation
complexes (EC32) were washed to remove NTPs, and then challenged
with Mg? ions or buffer in the absence of divalent cations. (B) Gain-of-
function intrinsic cleavage activity is specific to H1085Y and H1085Y/
E1103G RNAP Il enzymes. Arrows indicate the RNA cleavage products.
Experiments shown are representative of at least two independent
determinations.

by computational simulations of the RNAP II transcription reac-
tion,”" though there are complexities to such simulations (for
review see refs. 22, 23). Studies of pH effects on TL histidine-
to-alanine substituted 7zg RNAP, however, have failed to pro-
vide evidence for H1242 as a general acid due to the absence of
any inhibition of elongation with increasing pH."” Such inhibi-
tion would have provided evidence for an alkaline titratable
group in the reaction. The closed RNAP active site is predicted
to become dehydrated,* which may have important (although
difficult to predict) consequences on pK s of critical residues.”
Acid-base catalysis through this histidine is not essential for TL
function because deletion of the TL generally has much greater
effects on transcription than substitution of the histidine.””!%2
Importantly, however, individual substitutions in RNAPs of dif-
ferent species of highly conserved residues exhibit a wide ranges

€28869-2

Transcription

of effects, suggesting similar active centers can be distinctly
shaped by evolution in different enzymes.*>'*17® Therefore, the
question remains open as to whether the conserved TL histidine
functions as a general acid for RNAP II or other msRNAP active
centers in RNA synthesis.

Cleavage activity by msRNAPs takes two major forms: an
intrinsic cleavage activity, and a factor-stimulated cleavage activ-
ity. Similar to the differential contributions to transcription of
conserved TL residues in different species, intrinsic cleavage of
RNA substrates by the conserved active sites of msRNAPs can
be wide-ranging. For example, Sce RNAP II possesses a very
low RNA intrinsic cleavage ability in comparison to bacterial
Tagq and Eco RNAPs.>? Even between these prokaryotic spe-
cies there are large differences in reaction efficiency. 72g RNAP
exerts an up to 100-fold increased activity when compared with
Eco RNAP.??® The role of the TL in intrinsic RNA hydroly-
sis is not completely clear in bacteria (see Zhang et al.?), and
in eukaryotes intrinsic cleavage in the presence of a-amanitin
has been observed.*” As a-amanitin functions through restraint
of the TL,”* some intrinsic cleavage may be hypothesized to
be TL-independent. Yuzenkova and Zenkin recently reported
the essential role for the 7azg B' H1242 TL residue in intrinsic
cleavage.” Two possible mechanisms were proposed. First, 7ag
H1242 may directly participate in the cleavage reaction by func-
tioning as a general base to activate an attacking water molecule.
Second, this histidine might orient the 3'-NMP, which itself con-
sequently facilitates cleavage.”” These different mechanisms may
both be relevant, depending on the nature of the 3'-NMP partici-
pating in the intrinsic cleavage reaction, which has been termed
“transcript-assisted transcriptional proofreading” for 7zg RNAP.
In this cleavage mode, it was proposed that the 2nd phospho-
diester bond is almost exclusively cleaved at the 3" end of RNA
transcript within 1-bp backtracked and pretranslocated elonga-
tion complexes.?® For Eco RNAP, the cleavage modes for remov-
ing a single NMP (exonuclease mode) and more than one NMP
(endonuclease modes) have different requirements, underscoring
the diversity among reactions within even a single enzyme.?®

The TL is not required for factor-stimulated RNA cleav-
age; indeed, auxiliary cleavage factors (TFIIS in eukaryotes,
GreA/B in bacteria) and related regulatory factors displace the
TL away from the active center.’® Generally, both intrinsic and
factor-stimulated reactions use a two-metal ion mechanism and
require proton transfers, likely supported by acid-base cataly-
sis.! Different catalytic cations have distinct effects on msR-
NAP activities, and therefore may be used as probes for catalytic
reactions. Two other divalent metals, Mn?* and Co®, in addi-
tion to natively used Mg?*, can support msRNAP catalysis as
well as RNA hydrolysis.>* The relative inability of yeast RNAP
IT to hydrolyze RNA was observed in the presence of Mg**,»
while Mn?* and Co** were observed to be stimulatory for cleav-
age within some yeast elongation complexes (ECs).? Alternative
catalytic cations also disrupt fidelity of nucleic acid polymerases
for a number of enzymes. For example, Mn** and Cd?** (the latter
in the presence of Mg?) increased nucleotide misincorporation
in E. coli* A correlation between fidelity and the ability of a
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metal ion to stimulate initiation of RNA synthesis while inhibit-
ing elongation has been suggested.”

While the auxiliary cleavage factors and structurally-related
regulatory factors noted above displace the TL, other transcrip-
tion regulatory factors may conceivably function to control the
TL or collaborate with it. RNAP II general transcription factors
(GTFs) function to promote specific RNAP II initiation from
promoters. For example, GTFs aid in RNAP II recruitment to
specific locations and in opening (“melting”) the DNA template
for its insertion into the RNAP II active site (for recent reviews
see refs. 34, 35). GTFs may also function in collaboration with
the RNAP II active center subsequent to recruitment and tem-
plate opening,® yet these functions are less well understood. It is
unknown whether or how GTFs, specifically TFIIF and TFIIB,
function in conjunction with the RNAP II TL or how they might
influence RNAP II activity.

In this work we describe new findings indicating plasticity in
mechanisms for intrinsic cleavage of RNA by msRNAPs; spe-
cifically, a novel cleavage activity exhibited by a mutant in the
absolutely conserved S. cerevisiae RNAP II TL residue H1085 in
conjunction with the RNA 3’-end. Our experiments reveal that
the H1085Y substitution alters enzymatic function in multiple
ways in response to pH and metal cofactor. We also find that the
TL appears to cooperate with RNAP II GTFs in the formation
of initial RNA synthesis products. The origin of a new activ-
ity in an otherwise highly constrained and conserved enzymatic
active site nicely illustrates the possibility for unexpected changes
providing raw material for the diversification of enzyme families.
Taken together, this work extends the paradigm of the TL being
a highly flexible and dynamic element central to multiple facets
of msRNAP transcription.

Results

Saccharomyces cerevisine H1085Y RNA polymerase 1I
acquires a strong intrinsic cleavage activity

In contrast to bacterial msRNAPs or RNAP I or RNAP III,
yeast RNAP II exhibits weak intrinsic transcript cleavage activ-
ity.” Our previous work showed that H1085Y exhibited reduced
transcription activity, with other substitutions in H1085 showing
similar defects in vitro and similar phenotypes as H1085Y in vivo,
with some differences in severity.”" In vitro transcription reac-
tions indicated that H1085Y conferred a unique intrinsic cleav-
age activity (Fig. 1). Stalled WT RNAP II elongation complexes
treated with catalytic Mg?** ion (Fig. 1A) exhibit no shortening
of nascent transcript (Fig. 1B), consistent with a lack of effi-
cient intrinsic transcript cleavage. In contrast, H1085Y RNAP
IT complexes exhibited a Mg?*-dependent transcript shortening.
The observed intrinsic cleavage was unique to H1085Y RNAP II
among tested H1085 RNAP II substitution mutants. The elonga-
tion rate defects of H1085Y or other H1085 substituted RNAP
IT enzymes, as well as all observed in vivo phenotypes, could be
at least partially suppressed by combination of H1085 substitu-
tions with an additional RNAP II TL substitution, E1103G.>14%
E1103G has been demonstrated to increase RNAP II catalytic

activity while altering RNAP II translocation properties,!>
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likely through promoting closure of the TL and trapping sub-
strates in the active center.!®% In contrast to E1103G effects on
all other previously observed H1085Y defects and phenotypes,
the combination of E1103G with H1085Y did not result in sup-
pression of the apparent H1085Y intrinsic cleavage activity. This
result is consistent with RNA cleavage in H1085Y being a gain of
function conferred by this mutation.

Requirements for the H1085Y cleavage reaction indicate
novel properties

In order to understand the H1085Y intrinsic cleavage reac-
tion, we examined its dependence on metal cofactor, sensitivity
to pH and requirements for chemical groups on the 3’-end of
the transcript, which are all factors implicated in RNAP intrinsic
RNA cleavage. Although generally inefficient, yeast WT RNAP
IT intrinsic cleavage has been reported to be most active using
Co?* as a cofactor, followed by Mn?*, and finally Mg?* as the least
active cofactor.” We confirmed these observations in our system
(Fig. S1). In contrast to WT RNAP II, we found strong stimula-
tion of the H1085Y reaction by Mn** (Fig. 2A-2C). Transcript
cleavage patterns for H1085Y demonstrated moderate cleavage
with Mg?* (lane 3), followed by strong stimulation by Mn** or
Co?* (Fig. 2C lanes 4 and 5, respectively). In addition, a second
RNA cleavage product of increased mobility appeared with Mn?*
treatment. We next examined whether the elongation complexes
having undergone cleavage were maintained in a catalytically
active state (Fig. 2C, lanes 6-8). Indeed, the addition of ATP,
the specified base subsequent to the apparent cleavage position,
allowed H1085Y RNAP II to extend the cleaved RNA to the
original stall position.

As alkaline pH has been reported to stimulate intrinsic cleav-
age by WT RNAP II,*¢ we assessed the pH-dependence of
H1085Y intrinsic RNA cleavage. We found that alkaline pH
stimulated H1085Y to a much greater extent than WT, consistent
with the metal cofactor results shown above. This result suggests
that the cleavage activity is distinct from the activity observed
in WT RNAP II. The pH profile for cleavage by WT (Fig. 2E,
Fig. S2) shows little activity at pH 7-8 with the stimulation
of hydrolysis starting around pH 8.5, and peaking at pH > 10.
Alkaline pH stimulated cleavage by the H1085Y mutant enzyme
to a much greater extent than for WT RNAP II (Fig. 2E, Fig.
§2), increasing up to pH 9.5-10, which is in the neighborhood
of the pK_ value for a tyrosine hydroxyl proton (9.6). This result
is consistent with a contribution of an additional pH-sensitive
group to cleavage in H1085Y that is not present in WT RNAP II.
The tyrosine substitution effect was specific to H1085Y RNAP
I1, because when a tyrosine substitution mutant in the adjacent
F1086 position was examined, it did not exhibit stimulation of
intrinsic cleavage by pH beyond that for WT RNAP II.

TFIIS-stimulated cleavage is not affected by H1085Y

Factor-mediated cleavage of RNA 3’-ends by msRNAPs is
independent of the TL, as the TL is displaced by cleavage factors
that themselves contribute residues to msRNAP active sites to
promote cleavage. It is possible that H1085Y intrinsic cleavage
activity arises simply by increasing the fraction of complexes in an
intrinsic cleavage-competent state, i.e. promoting backtracking,
which mightalso result in increased sensitivity to factor-mediated
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Figure 2. Characteristics of the intrinsic RNA cleavage mediated by H1085Y RNAP II. Starting with RNAP Il elongation complexes stalled at +32 (“EC32,”
as in Fig. 1), a schematic outline next to each experiment indicates, in minutes, the order of additions and washes (without metals) for that panel. (A)
Requirement for divalent metal cofactors and the ability of H1085Y active center to resynthesize the excised RNA. H1085Y(EC32) was incubated in the
absence or presence of catalytic divalent cations. “-Me*" in the schematic indicates the absence of divalent metal cations in the wash buffer prior to
readdition of divalent cations in each experiment as specified, followed by equilibration in buffer containing MgCl, with or without ATP for RNA re-syn-
thesis. (B) Nucleotide sequence of the intrinsic cleavage template with the transcription stop highlighted (T33) and expected cleavage positions noted
(A31, A30). (C) Determination of divalent cation preference for RNA cleavage (lanes 3-5) shows Mn?* as the most potent cofactor at physiological pH (8.0).
Re-synthesis of a 32-mer RNA with ATP only (lanes 6-8) indicates that 1- or 2- nt residues were excised (lane 4 vs. 7, panel B). (D) Dependence on alkaline
pH. WT(EC32), H1085Y(EC32) and F1086Y(EC32) ECs were exposed to the basic range of the pH scale, from neutral (~7.0) to alkaline (~11), and intrinsic
cleavage was quantified in (E), which shows a direct correlation between the efficiency of H1085Y-mediated cleavage and increasing pH (representative
raw data shown in Fig. S2). Percent cleavage was determined by the amount of 31 nt RNA divided by the sum of 31/32 nt RNA. Note logarithmic scale for
percent cleavage vs. pH. Error bars represent the range of two independent determinations or the standard deviation of three independent determina-
tions. (F) TFIIS-supported hydrolysis of the second phosphodiester bond (P2) occurs concurrently and independently with the intrinsic cleavage of P1
with Mg?. Outlined in F, the experiment in gel panel (G) shows a dose-dependent appearance of a 2 nt-shortened RNA at 10-100 nM TFIIS for WT and
H1085Y, while the 1-nt shortened RNA derived from H1085Y ECs still persists at these TFIIS concentrations (lanes 13 and 14). Experiments are representa-
tive of at least two independent determinations.
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Figure 3. An intact 3-hydroxyl group on the ribose of a 3’-terminal UMP is essential for H1085Y-mediated intrinsic cleavage. (A) As outlined, RNAP Il
EC32 (elongation complex with 32-mer RNA) complexes were divided and their nascent RNAs were extended by 1 nt with either UTP, 3'-deoxy-UTP
or 2'-deoxy-UTP. Washes omitting metal cofactors are delineated as “-Me?*".” Following a washing step in the absence of metal cofactors, ECs were
then exposed to Mn?* ions to initiate intrinsic cleavage where appropriate. (B) Comparison of cleavage reactions by WT (RNA lengths; 32, 33 nt) and
H1085Y (RNA lengths; 32, 33 nt) RNAP Il enzymes. A terminal 3’-dUMP prevented RNA hydrolysis by H1085Y RNAP Il (lane 12), while the WT RNAP Il control
lanes reveal little WT RNAP Il cleavage activity regardless of the nature of the 3'-NMP added. (C) Structures of the tested 3’-NMP modified sugars are
depicted. Experiments are representative of at least two independent determinations.

RNA cleavage. We therefore examined the sensitivities of WT
and H1085Y stalled elongation complexes to TFIIS-mediated
RNA cleavage. Direct comparison of intrinsic and TFIIS-
supported cleavage (Fig. 2F-G) illustrates the TFIIS-dependent
dinucleotide cleavage of 1-bp backtracked complexes (cleavage of
the second phosphodiester bond), as reported previously (lanes
5 and 6).“4" Both the intrinsic and TFIIS-mediated cleavage
reactions appear to occur in parallel for H1085Y, suggesting that
H1085Y can enter the TFIIS cleavage-sensitive state with an effi-
ciency similar to WT RNAP II. These results suggest that WT
complexes stalled at this position are not generally defective for
reverse translocation, which would be required for intrinsic cleav-
age of the first phosphodiester bond, as they can further reverse
translocate to allow TFIIS-mediated cleavage of the second phos-
phodiester bond. The single-nucleotide shortened product of
intrinsic cleavage also exhibits resistance to subsequent TFIIS-
mediated hydrolysis (Fig. 2G, compare lanes 12, 13), indicat-
ing possible stabilization of this complex to further backtracking
required for subsequent dinucleotide cleavage by TFIIS.

The 3’ hydroxyl group of the terminal NMP ribose moiety
is essential for intrinsic cleavage of 3'-UMP by H1085Y

The natures of additional functional groups that might
contribute to H1085Y’s intrinsic cleavage are unknown. The
involvement of the RNA 3’-OH in hydrolysis (transcript-assisted
hydrolysis) has been studied through analyses of modified
base and ribose moieties on the RNA 3-NMP for a bacterial
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RNAP.?** This reaction was found to require H1242 in 7aq
RNAP (analogous to Sce Rpbl H1085). We focused on roles for
the sugar moiety in the observed cleavage of H1085Y by incor-
porating modified NMPs at the 3’ terminal position of nascent
RNA in elongation complexes. Elongation complexes containing
nascent transcripts (33-mers) with a terminal UMP, 2'-deoxy-
UMP or 3’-deoxy-UMP were treated with Mn?* (Fig. 3). As
expected, control WT elongation complexes remained relatively
inert to Mn?* challenge, regardless of the nature of the 3'-NMP
(lanes 2,4,6). Consistent with the AMP-terminated 32-mers, a
UMP at +33 allowed efficient cleavage by H1085Y RNAP II (see
lanes 8 and 10 in both panels). However, a UMP analog lacking
a 3"-hydroxyl failed to support intrinsic cleavage (upper panel,
lane 12). 2'-deoxy-UTP-assisted hydrolysis (lower panel, lane 12)
proceeded at a level comparable to UMP, and thus excludes a
requirement for the 2" hydroxyl in the reaction. Though require-
ments for the H1085Y-mediated RNAP II intrinsic cleavage
are fundamentally different from the 7zg B’ H1242-mediated
intrinsic cleavage (requiring a distinct TL residue at the analo-
gous TL position), for at least one cleavage product examined
here, a similar requirement for a 3'-OH is observed. Contribution
of the 3'-NMP to P2 cleavage in RNAP II complexes with mis-
matched 3’-ends has also been observed recently.**

H1085Y ECs remain sensitive to pyrophosphorolysis

Pyrophosphorolysis was used to determine whether stalled
complexes were primarily pre-translocated (Fig. 4A and B).
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Figure 4. H1085Y RNAP Il ECs retain sensitivity to pyrophosphorolysis. (A)
Set-up for pyrophosphorolysis of nascent RNA in RNAP I EC32 complexes
in the presence of different divalent cations. Washes omitting metal cofac-
tors are delineated as “-Me?".” (B) “Me?* treat” indicates RNAP Il EC treat-
ment for pyrophosphorolysis in the presence of specified divalent metal
(Me?*) cations. Both WT and H1085Y RNAP Il ECs are sensitive to pyrophos-
phorolysis, albeit H1085Y RNAP Il shows lowered efficiency. Experiments
are representative of at least two independent determinations.

Efficient pyrophosphorolysis would indicate efficient entry
into the pre-translocated state, as this is the translocation state
sensitive to pyrophosphorolysis. Conversely, resistance to pyro-
phosphorolysis would suggest possible stabilization of ECs
in the post-translocated state. Both WT- (Fig. 4B, lanes 2—4)
and H1085Y-synthesized RNAs (Fig. 4B, lanes 6-8) were sen-
sitive to pyrophosphorolysis in the presence of Mg?*, Mn*, or
Co?, although H1085Y exhibited a lower efficiency of RNA
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degradation than WT, as expected from H1085Y defects in the
converse reaction, RNA synthesis. Based on sensitivity to pyro-
phosphorolysis, the properties of the hydrolytic reactions by
H1085Y are in agreement with those typical for pre-translocated
and backtracked elongation complexes,® yielding the P1 and
P2 bond cleavage, respectively. However, a step-wise exonucle-
ase cleavage mechanism (P1 followed by P2) is an alternative
possibility.

Mn?** ions stimulate the H1085Y catalytic center for all
transcription reactions

The findings illustrated in Figure 4B raised the possibility
that Mn** could alleviate the H1085Y deficiency in nucleotidyl
transfer (the reverse reaction to pyrophosphorolysis). To this
end, WT and mutant RNAP II were assembled on a pre-opened
template and tested for RNA synthesis in different stages of the
transcription cycle using different catalytic metals. Mn?* greatly
stimulated abortive initiation by H1085Y (Fig. 5B, upper panels)
as measured by generation of a 3-mer RNA product (Fig. 5B,
lanes 19-22). Similarly, Mn**-catalyzed productive initiation
(12-mer) by H1085Y (Fig. 5B, lower panels) was activated to
near WT levels, as shown by the comparison of time points at
2 and 5 min (quantified in Fig. 83). It is of interest that Co%,
which efficiently supported both of the degradative reactions,
intrinsic cleavage (Fig. 2C) and pyrophosphorolysis (Fig. 4B),
failed to efficiently support the forward reactions in either assay.
Independent of RNAP II origin, multiple abortive signals were
observed for Co?* in single-round reactions for productive initia-
tion (Fig. 5B, lower panels). Mn?* stimulated H1085Y RNAP II
elongation over a template enabling generation of a 358-nt run-
off transcript, which is consistent with Mn?* effects on H1085Y
RNAP II in abortive and productive initiation assays generating
short RNA products (Fig. 6, quantification in Fig. S4). In the
elongation assay, H1085Y RNAP II treated with Mn?* exhibited
a similar or greater average elongation rate than WT with either
Mg** or Mn?*. The shapes of the run-off product accumulation
curves, however, suggest that WT RNAP II reactions may have a
greater contribution of both more quickly and more slowly elon-
gating Polymerases to the measured rates than H1085Y. We spec-
ulate that a greater proportion of WT RNAP II enzymes pausing
along the template is able to escape the pause(s) and contribute
to run-off product than for H1085Y RNAP II, causing H1085Y
RNAP II runoff production to appear more uniform.

Mn?* and TFIIB compensate for H1085Y defects in respond-
ing to the stimulatory effect of TFIIF on the NAC

In order to probe possible cooperation of TFIIB or TFIIF
with the RNAP II TL, we used different metal cofactors in con-
junction with the TL mutant H1085Y in the abortive initiation
assay (Fig. 7). Specific and regulated RNAP II initiation in vivo
requires the contribution of a number of general transcription fac-
tors (GTFs), with two, TFIIB and TFIIF, particularly implicated
in communication with the RNAP II active site. Although TFIIB
has been proposed to stimulate rearrangements of RNAP II active
site that consequently increase the affinity for metal B and stimu-
late catalysis,* the nature or mechanism of collaboration of either
of these factors with the TL has not been determined. TFIIF has
long been known to stimulate the elongation rate of RNAP II in
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Figure 5. Mn?* restores the catalytic activity of H1085Y RNAP Il in both abortive and productive initiation. (A) Scheme of transcription initiation on a
5’-immobilized pre-melted template onto which RNAP Il is assembled. Positions of the transcription bubble and sequence features (TATA box) are num-
bered relative to the designated TSS (+1). GpG-primed, [a-*?P]ATP-extended 3-mer or a 12-mer RNA generated with NTPs including [«-*?P] radiolabeled
ATP, are indicated. (B) Effects of divalent cations on the formation of the second phosphodiester bond in GpGpA (abortive initiation) or synthesis of a
12-mer RNA (productive initiation) were measured over time courses. “Me?*” indicates addition of divalent metal cations, which are specified under
appropriate lanes of the gels shown. An asterisk marks abortive initiation products generated in productive initiation assays with Co?* ions. Experiments

vitro**# while also showing functional interactions with TFIIB,*

though recently, TFIIF regulation of RNAP II elongation per se
has been reevaluated. However, in S. cerevisiae initiation, TFIIF
has been reported to stimulate formation of the first two phospho-
diester bonds on a pre-opened template and stabilize a short RNA-
DNA hybrid in the active center.*

Assembled RNAP II-GTF-pre-melted template complexes,
originating from equimolar combinations of GTFs and RNAP
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IT’s, produced a 3-mer RNA by incorporating radiolabeled
ATP onto a dinucleotide primer over time (same assay as that
in Fig. 5B). The calculated relative rates of abortive initiation
(Fig. 7B), which were derived from the slope of linear regres-
sion lines (Fig. S5), recapitulate the published TFIIF stimulation
of second phosphodiester formation by WT RNAP II® in the
presence of Mg?* (nearly 3-fold stimulation). We did not observe
TFIIB stimulation of WT RNAP II abortive initiation in the
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Figure 6. Mn?* restores the elongation activity of H1085Y RNAP II. (A) Outline of the RNAP Il elongation assay, based on the 5'-end template immobi-
lized scaffold assembly (Fig. 1A) with a ligated DNA fragment at its 3'-end to extend the RNA Run-Off (RO) product to a final length of 358 nt. Wash
omitting metal cofactors is delineated as “-Me?*.” “t” represents time course of NTP addition in the presence of specified divalent metal cations. (B)
Time-dependent elongation of a 10-mer RNA in the presence of divalent cations. Non-advanced ECs (10-mer) and ECs, stopped due to a portion of the
original scaffold complexes failing to ligate the long run-off template (39-mer), are indicated. 3?P-labeled DNA marker (St.) to approximate RNA transcript
lengths is included. (C) Average elongation rates in nucleotides per second were derived from two to three independent experiments, plotted in Figure
S4, where extension by 348 nts was used for calculations. Plus/minus values are the range of two determinations or the standard deviation of at least

three determinations.

presence of Mg*, while H1085Y RNAP II was not stimulated
either by TFIIB or TFIIF in the presence of Mg?*. This result is
striking because it suggests that TFIIF may function in a path-
way that requires a WT TL. Alteration of the reaction parameters
or functional geometry due to the presence of Mn?* uncovered
a small TFIIB effect on WT RNAP II but not H1085Y. Mn**
also contributed to a robust stimulation of WT by TFIIF (5 to
6-fold stimulation), which was not significantly enhanced by
TFIIB. TFIIB effects on WT RNAP II therefore appear addi-
tive at most with those of TFIIF in this abortive initiation assay.
The presence of Mn?* as metal cofactor uncovered the ability of
TFIIF alone or in combination with TFIIB to stimulate tran-
scription by H1085Y RNAP II. H1085Y was responsive to TFIIF
(2-fold stimulation) and was further accelerated by TFIIB to a
final 4-fold stimulation. These results suggest that TFIIB and
TFIIF may cooperate to influence the Mn?* -dependent active
center within H1085Y RNAP II to stimulate catalysis. Taken
together, they further suggest that TFIIF works with the TL
under Mg**-dependent constraints on reaction function. The
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relaxation of reaction specificity through Mn?* substitution for
Mg?* allowed TFIIB effects on the active site to be uncovered,
and either bypasses a portion of the requirements for H1085 or
allows greater contribution of Y1085 to abortive initiation.

H1085 substitution alters sensitivity of RNAP II activity to
altered pH conditions

We determined how WT and H1085-substituted enzymes
responded to altered pH for synthesis reactions (Fig. 8), as we
had observed a number of pH effects on other active center reac-
tions (Fig. 2). Structural identification of the TL as a substrate-
interacting apparatus for RNAP II suggested a catalytic function
for H1085 through donation of its proton to pyrophosphate.”
Conservation of basic residues in analogous positions within
the active sites of diverse and unrelated nucleic acid synthesis
enzymes led to the proposal that these basic residues (and Rpbl
H1085 for S. cerevisiae RNAP 1I) function as general acids in
phosphodiester bond formation reactions.” Studies with 7ag
RNAP did not show inhibition of the enzyme by alkaline con-
ditions as would be necessary to assess function of 7zg RNAP
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Figure 7. Mn?*" and TFIIB compensate for the deficiency of H1085Y in TFIIF stimulation of 3-mer RNA production. (A) The schematic timeline indicates,
in minutes, the order of additions/washes for the experiment shown in B. WT and H1085Y RNAP Il enzymes were preincubated with equimolar TFIIB
or TFIIF, or TFIIB+TFIIF for 15 min at 25 °C. Following assembly on a bubble template, washed complexes were equilibrated in transcription buffer con-
taining Mg?* or Mn?* ions and supplemented with a GpG dinucleotide primer and [a-*?P]ATP to initiate reactions for time points of 30 s and 2, 5, and 20
min. GpGpA products were quantified (Fig. S5) and the slope of linear regression lines calculated using GraphPad Prism 5.0d software. Wash omitting
metal cofactors is delineated as “-Me?".” (B) Plots represent the average relative rates of abortive initiation derived from linear regression with error bars
indicating the range of two independent determinations, or the standard deviation of at least three determinations [No factors (black bars), TFIIB (white

bars), TFIIF (gray bars), and TFIIB+TFIIF (blue bars)].

H1242 as a general acid.” We observed that WT RNAP II was
strikingly inhibited by alkaline pH for both abortive (Fig. 8, Fig.
S6B-C) and productive initiation (Fig. S6C). Mildly acidic treat-
ment had lictle (abortive initiation, Fig. 8B) or a mild stimula-
tory effect (productive initiation, Fig. S6C). pH treatment had
distinct effects on H1085Y abortive (Fig. 8B) or productive (Fig.
S6C) initiation. First, H1085Y exhibited sensitivity to acidic con-
ditions for both reactions. Second, H1085Y RNAP II showed
partial resistance to alkaline conditions relative to WT RNAP II
for abortive initiation, while showing complete resistance or slight
stimulation by pH 9.5 for productive initiation. H1085Y effects
may relate to the loss of H1085 instead of the gain of Y1085 (as
observed for intrinsic cleavage). The relationships between ioniz-
able groups in the TL (such as H1085 or Y1085) and the critical
deprotonation of the RNA 3’-OH remain to be elucidated.

We utilized an additional H1085-substituted mutant enzyme,
H1085Q, to assess function of H1085 in possible acid-base catal-
ysis. While tyrosine is ionizable and can function in acid-base
catalysis, glutamine is not. H1085Q), though less than H1085Y,
confers some sensitivity to acidic conditions for RNAP II abor-
tive (Fig. 8B) or productive initiation (Fig. S6C), suggesting that
this feature partially relates to a loss of H1085 function (or gain
of an H1085-inhibited function conferring acid sensitivity in
the absence of H1085). Alkaline treatment reveals distinctions
between H1085Y and H1085Q. For abortive initiation, H1085Q
is more sensitive to alkaline treatment than H1085Y, but less so
than WT. Results for both H1085 mutants are broadly consis-
tent with H1085 functioning in acid-base catalysis. However,
because tyrosine is ionizable, alkaline conditions may activate the
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H1085Y-substituted enzyme for synthesis at higher pH (see
Discussion). Other distinctions between abortive initiation and
productive initiation by H1085Y and H1085Q enzymes may
relate to a number of factors. First, abortive initiation is a multi-
round phenomenon and entails a substrate turnover step. Second,
abortive initiation may be sensitive to positioning of the dinucle-
otide primer in ways that most of the NMP incorporations into a
12-mer might not be subject.

Surprisingly, the altered biochemical activity of H1085Y rela-
tive to WT RNAP II enzymes upon pH treatment or alteration of
metal cofactor was reflected in the sensitivity or resistance of these
enzymes to in vivo treatments (Fig. 9). A strain WT for RPO21/
RPBI is sensitive to treatment with MnCL, with an 7pbI-E1103G
strain being markedly sensitive (Fig. 9A). In strong contrast to these
strains, 7pbI-H1085Y was not only resistant to MnCL,, but in fact
MnCl, treatment slightly suppressed 7pb1-H1085Y growth defects
(apparent at 10 mM MnCl,). MnCl, sensitivity correlated with
in vitro activity of RNAP II mutants (alleles for the most active
RNAP II enzymes were the most sensitive in vivo) and showed
the greatest allele-specificity in sensitivity, in contrast to the sen-
sitivities observed for other metals (Fe, Zn, Cd, Liangtao Li and
Jerry Kaplan, personal communication). MnCl, treatment may
affect a Mg?*-dependent process (e.g., the RNAP II active site), as
supplementation of MnCl,-treated media with MgCl, reversed the
observed MnCl, effects. MgCl, alone had no observable effects on
strain growth at the concentrations assayed (Fig. 9A).

Mildly altering the pH of growth medium by either alkaline
treatment (10 mM NaOH) or acid treatment (10 mM HCI) also
revealed allele-specific effects on RNAP II TL mutant strain
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Figure 8. Trigger loop tyrosine at Rpo21/Rpb1 position 1085 is a candidate for acid-base
catalysis during nucleotidyl transfer at alkaline pH. (A) RNAP Il enzymes assembled on a
IT-bubble nucleic acid scaffold were equilibrated in transcription buffer with pH 6.0, 8.0
and 9.5. Production of 3-mer RNAs by abortive initiation (3-mer) was monitored for 30 s,
2, 5, and 20 min time points. Average values from two to three experiments were plotted
with the value for reaction at pH 8.0 set to 1 for each enzyme tested. A parallel experimental
approach was always employed for comparison of transcription at pH 8.0 vs. 6.0 and for pH
8.0 vs. 9.5 for each enzyme. (B) In abortive initiation, H1085Y showed sensitivity to pH 6.0
and resistance to pH 9.5, while WT was resistant to pH 6.0 and sensitive to pH 9.5. H1085Q
was partially sensitive to pH 6.0 and partially resistant to pH 9.5, relative to WT. Data are
average of 2-3 independent replicates with error bars representing standard deviation (for

intrinsic cleavage activity has different chemi-
cal group requirements depending on the nature
of the 3'-NMP present in the RNA.* However,
cleavage is highly if not completely dependent on
Tag B’ H1242 (the residue analogous to Rpbl
H1085).%” The cleavage observed in these cases
is usually 2-nt from the 3’ end of the RNA. In
contrast, S. cerevisiae RNAP 1I exhibits only
very weak intrinsic cleavage. Here we demon-
strate that a mutant variant of H1085, H1085Y,
gains an intrinsic cleavage activity, presumably
through alkaline activation by deprotonation of
the tyrosyl hydroxyl. The activity observed for
H1085Y with the RNA substrates tested here
cleaves a single 3'-NMP, and is distinct from
previously described msRNAP intrinsic cleavage
activities. The function of the substituted tyro-
sine may be analogous to a tyrosine in the 3'-5
exonuclease (exo) site of DNA RNAP I, which
is proposed to orient an attacking hydroxyl
through function as a general acid.**® Analogy
to the DNA RNAP I exo reaction has been noted
for Eco RNAP cleavage of a single NMDP,*® yet

three-replicate sets) or the range (for two-replicate sets).

H1085Y RNAP II has an even greater similar-

growth (Fig. 9B). Generally, H1085 TL alleles were either resis-
tant to the growth inhibition by NaOH exhibited by an RPO2I
RNAP IT WT strain, or very slightly but reproducibly suppressed
for growth defects. pH effects on RNAP II TL alleles by NaOH
treatment were reversed by buffering the medium with equimolar
HCI. These in vivo results are similar to the inhibition of WT
RNAP II, and the resistance of H1085Y and H1085Q), to alka-
line conditions in vitro.

Discussion

msRNAPs have highly conserved active sites throughout the
kingdoms of life. Over evolutionary time, there has been diver-
gence in their regulation by different constellations of factors in
different species. As more is understood about mechanisms that
control msRNAP active centers, increasing amounts of diver-
sity in active center activities have been described.”®* The TL
is the highly conserved focus of kinetic substrate selection and
catalysis by msRNAPs, and contributes to pausing and transloca-
tion. While some residues are almost universally conserved, their
contributions to different active center activities can be distinct
in different species. For example, conserved substrate interact-
ing residues differentially contribute to catalysis depending
on species, with mutants showing a few fold effects in E. coli
RNAP to ~100-fold effects for the analogous 7. aquaticus RNAP
mutants.>" Differences in functions of conserved residues are
even more apparent when examining intrinsic cleavage, and are
discussed below.

Robust, efficient intrinsic cleavage has been observed for
Tag RNAP, with Eco RNAP somewhat less efficient. The 7aq
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ity in that a tyrosine residue heavily supports the
reaction. The deprotonated Y1085 might also
function as a general base to activate a water molecule for hydro-
lysis. Proximity of TL residues to the transcript 3-end likely leads
to a number of alternative conformations with any number of
roles. The H1085Y gain of function we observe here for intrinsic
cleavage also raises the possibilities of cryptic activities for other
TL residues or substitutions therein.

It is generally accepted that msRNAPs utilize the univer-
sal two metal mechanism found in nucleic acid Polymerases to
catalyze phosphodiester bond formation,”>° but the role of a
conserved basic residue within the TL, Rpbl H1085 and its ana-
logs in other msRNAPs, is not defined. This histidine has been
proposed as a proton donor for acid-base catalysis, yet evidence
from other msRNAPs for this has been difficult to obtain. This
question has been most closely addressed in the 7. aguaticus sys-
tem, however 7zg RNAP does not exhibit a descending limb of
reduced activity upon increasing pH, so any effects of remov-
ing proton donation by its TL B’ H1242 would be obscured. It
is also likely that this histidine has roles in addition to proton
donation. Residues substituted for H1085 in yeast that are less
likely (tyrosine) or very unlikely (arginine) to donate a proton at
physiological pH, or unable to donate (glutamine or tryptophan),
are all able to support viability, while an alanine substitution does
not. These results suggest functions for side chains at this posi-
tion beyond the ability to be ionized. Our studies here reveal that
yeast RNAP II activity is inhibited at alkaline pH. Substitution
of H1085 alters the behavior of the enzyme, showing resistance to
alkaline treatment, which is consistent with H1085 functioning
as a general acid for catalysis. Yeast RNAP II is therefore a good
candidate for more sophisticated enzymology and proton inven-
tory experiments to assess the role of H1085. In the two metal ion
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Figure 9. In vivo effects of Mn?" treatment and alteration of media pH on RNAP Il TL mutants. (A) 10-fold serial dilutions of rpb7 TL WT, H1085Y and
E1103G strains spotted onto media without or supplemented with increasing concentrations of MnCl, or MnCl, supplemented with MgCl,. (B) Mild pH
treatment on growth plates was accomplished by supplementation of standard media with 10 mM NaOH or 10 mM HCl or both. 10-fold serial dilutions

of rpo21/rpb1 TL mutants and a control RPO21/RPB1 WT strain are shown.

mechanism for phosphodiester bond formation, metal A(I) Mg**
is proposed to lower the pK of the 3"-hydroxyl of the terminal
NMP, allowing deprotonation at physiological pH. We speculate
an analogous role for Mn?* A(I), or generally both Mn?* ions, in
lowering the pK_ of the Y1085 side chain hydroxyl at ‘transcrip-
tion/cleavage physiological’ pH 8, facilitating deprotonation.
The proton would subsequently be donated to the B-phosphate
oxygen during catalysis. In intrinsic cleavage, proton donation
(general acid), proton receiving (general base), or direct involve-
ment of tyrosyl O as a nucleophile are all possible and are dif-
ficult to distinguish because of likely contribution of multiple
pH-sensitive groups to the reaction. Further studies will identify
the precise role of Y1085.

The next major questions in detailing RNAP II and msRNAP
mechanisms relate to the functions of regulatory factors and an
understanding at the atomic level how they might impinge on
the active center. Indeed, a number of structures of msRNAP
enzymes with additional factors describe their positions in the
enzyme complexes (for review see ref. 9). It is not clear how fac-
tors might communicate or collaborate with the active center
to alter transcription. Recent work has implicated TFIIB, an
essential RNAP II GTF, as an allosteric effector of the RNAP
IT active site.”® TFIIB, in cooperation with TBP, has been shown
to stimulate transcription initiation from premelted DNA tem-
plate,”>? suggesting functions beyond open complex formation.
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In work here, we present evidence that TFIIB alters active center
function. These effects were uncovered through the use of a TL
mutant and substitution of Mn?* for Mg?* as the metal cofactor.

Intriguingly, we find that TFIIF requires a WT TL to stimu-
late transcription in an abortive transcription assay. As mentioned
above, TFIIF has long been known to stimulate RNAP II elonga-
tion rate in vitro,*44
during elongation is less clear.*** In studies utilizing a preformed
transcription bubble template with RNAP II, TFIIB and TBP,
TFIIF was strongly stimulatory.” TFIIF also stabilized TFIIB
in initiation complexes.” Whether TFIIF stimulates catalysis or
product turnover in abortive initiation is an open question and
will be critical for understanding the relationship between TFIIF
and the TL. While TFIIF was shown to stimulate eatly abortive
RNA formation by RNAP II alone using a pre-melted template,
it also stabilized RNA 5-mer association with RNAP IL.#¢ Such
stabilization effects on 2-mer primer association or 3-mer product
have not been determined and could be stimulatory for a 2-mer
if 2-mer association were limiting, but possibly inhibitory for a
3-mer product if turnover became limiting. Differences in Mn?*
and TFIIF stimulation of abortive initiation suggest these treat-
ments might be differentially altering steps in the abortive initia-
tion assay. First, Mn?* showed an increased ability to stimulate
H1085Y over WT RNAP II. Second, Mn?* stimulation resulted
in a behavior of abortive initiation that appeared biphasic (Fig.

though the in vivo relevance of this activity
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83). An apparent burst phase can be detected at the first time
point, which is consistent with simulation of catalysis early in the
reaction, but with possibly limiting product turnover dominating
later time points in the assay. This is in contrast to the behavior
of TFIIF and of pH in the control of abortive initiation, which
are well-described by linear fits (Figs. S5 and S6). Second, TFIIF
is unable to stimulate H1085Y in the presence of Mg?*, but does
stimulate WT RNAP II (Fig. 7). Our results suggest that TFIIF
modulates a TL-sensitive step in the transcription process, but
the exact step remains to be determined. If Mn?* is presumed to
primarily affect catalysis, distinctions between Mn?* and TFIIF
behavior may indicate that TFIIF functions elsewhere or has
multiple roles.

In summary, we identify a new intrinsic RNA cleavage activ-
ity of the first phosphodiester bond that is acquired through sub-
stitution of histidine for tyrosine at trigger loop position 1085 in
yeast Rpo21/Rpbl. Y1085 likely acts as a general acid for RNA
hydrolysis and nucleotidyl transfer in an alkaline environment.
Out of three catalytic metals, Mn** is the most efficient for RNA
cleavage and synthesis, i.e., early phosphodiester bond forma-
tion, initiation and elongation by the H1085Y RNAP II per se.
Furthermore, Mn?* enables further TFIIB-TFIIF collaboration
in reactivating the H1085Y RNAP II active site. In support of
observed biochemical effects on RNAP II in vitro, Mn?* and
alkaline pH partially suppress H1085Y growth defects in vivo.

Materials and Methods

Reagents

tNTPsand 2'-deoxy-d AT were obtained from GE Healthcare
Life Sciences; [a-*P] ATP and [y-**P ] ATP from Perkin-Elmer;
2'-deoxy-UTP, 3'-deoxy-UTP and dinucleotide GpG from
TriLink Biotechnologies. RNase inhibitor, T4 Polynucleotide
kinase, T4 DNA Ligase, and 50 bp DNA ladder were purchased
from Fermentas/Thermo.

Protein preparations

Yeast RNAP II enzymes and cleavage factor TFIIS were puri-
fied as described previously.”">*¢ E. coli-overexpressed, hexahisti-
dine-tagged TFIIB was isolated via a chitin-binding followed by
intein cleavage and an additional purification on TALON metal
affinity resin (Clontech Laboratories) according to the manu-
facturer’s instructions (as described by Liu et al.’”). TFIIF was
kindly provided by Kenji Murakami.

Assembly of elongation complexes, advance to the down-
stream T33 stop and treatment of stalled complexes

Procedure for the immobilized scaffold formation was based on
and modified from method devised by Kashlev group.’® Typically,
10 ! reactions contained 1.25 pmol of template oligonucleotide
TS69, 2.5 pmol 5"-end #P-labeled 9-mer RNA (RNA9), 0.5 pg
RNAP II and 1.25 pmol of the fully complementary nontem-
plate 5"-biotinylated NTS69 in Transcription Buffer (TB) (20
mM TRIS-HCI, pH 8.0, 40 mM KCI, 5 mM MgCl2 and 1
mM DTT) (TB40 for 40 mM KCI, TB1000 for 1000 mM KClI,
etc.). TS69: 5-CCGGA CCCCG GTGTT AATTG GGTTG
GCTTT TCGCC GCGCT CCTICT CGATG GCTGT
AAGTA TTCTA GAGG-3. RNA9: 5-AUCGAGAGG-3".
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Scaffold templates were attached on streptavidin-coupled
Dynabeads M-280 (Invitrogen). ECs were washed twice with
low salt TB40/0.1%NP40 buffers (TB containing 10% glycerol,
0.25 mg/ml BSA) and equilibrated in TB40 without NP40. In
some experiments NP40 was reduced to 0.02%. This washing
protocol was used after each experimental step with immobi-
lized ternary complexes. ECs were then walked to T33 stop with
0.2 mM of each of ATP, CTP, GTP in the presence of RNase
inhibitor (0.4U/wl) at 25 °C for 5 min. Stalled complexes were
washed with buffers without MgCl, . Transcripts in Figure 3 were
extended by 1 nt with 0.5 mM of UTP or deoxy-UTP derivative
in TB40 and washed again in the absence of metal. As indicated
in individual experiments, ECs were subjected to the treatment
with 5 mM of divalent metal (2 mM MnCl, in Figure 4B), 2
mM Na-Pyrophoshate, range of pH, and increasing concentra-
tions of TFIIS or metals in Figures 2G and S1, respectively. In
pyrophosphorolysis and TFIIS cleavage experiments, ECs were
treated with an additional wash in TB1000/0.1%NP40 for 10
min preceding low salt washes before and after EC32 formation.
For pH treatment, complexes were washed as above for assem-
bly and transcription and then equilibrated in TB40 (no Mg?*)
but with Tris buffer replaced by a combination buffer of 25 mM
each MOPS, CHES, CAPS, TAPS (Sigma-Aldrich) adjusted to
desired pH. In Figure 2C, the washed metal-treated complexes
were supplemented with 0.2 mM ATP. RNAs were resolved on
20% polyacrylamide/8 M urea gels. Gels were imaged with Bio-
Rad Imager and quantified with ImageQuant software 5.2 (GE
Healthcare).

Elongation assay

Scaffold assembly and immobilization on streptavidin-para-
magnetic beads proceeded as described above with 5'-phos-
phorylated TS59 and 5"-biotinylated NTS62. TS59: 5'-GTGTT
AATTG GGTTG GCTTT TCGCC GCGCT CCTCT
CGATG GCTGT AAGTA TTCTA GAGG-3', NTS62:
5-CCTCT AGAAT ACTTA CAGCC ATCGA GAGGA
GCGCG GCGAA AAGCC AACCC AATTA ACACG GG-3'.
These complementary oligonucleotides created the Dralll 3’ end
overhang after annealing. Scaffold template was extended down-
stream by ligation to a long double stranded (ds) DNA fragment,
PCR-amplified yeast TFIIB coding sequence with generated
Dralll site at the 5" end. 2.5 pmol of 316 bp DNA (cut with
Dralll) was added to the reaction consisting of TB with 2% PEG
8000, 2 mM ATP and 200 U T4 DNA Ligase, followed by incu-
bation at 12 °C for 1 h. Free DNA was washed off and purified
ECs contained *P-labeled 10-mer RNA, because of sequence
dependent addition of one A in the course of ligation. Prior and
subsequent to ligation, ECs were washed as detailed in the sec-
tion above, including high salt TB1000 washes followed by the
specified low salt TB40 washes. Elongation was resumed with 0.5
mM of each NTP, 5 mM of relevant metal and RNase inhibi-
tor included. RNA products were run on denaturating 6% poly-
acrylamide/8 M urea gels along with radiolabeled 50 bp DNA
ladder and run-off fractions quantified.

Abortive and productive initiation

Pre-opened (from -7 to +3 relative to the transcription start
site) template 83 was derived from bubble80 template.’® TS83:
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5" TGAAG TCTTG TGTGG TCCTG AGAAA GTGTT
GTGtc ctetg acaGA AAGAT TAATA ATTGT ATGAC
TATTT ATACG CGTCC TGT-3', NTS83: 5'-Biotin ACAGG
ACGCG TATAA ATAGT CATAC AATTA TTAAT CTTTC
acgat ctatt CACAA CACTT TCTCA GGACC ACACA
AGACT TCA-3". Annealed oligonucleotides were gel purified
(2% agarose) and ds template attached on streptavidin-M280
beads via its 5’ biotinylated end. To assemble pre-initiation
complexes (PICs), 0.91 pmol of RNAP II was added to 85 ng
of immobilized template in TB50 for 30 min at 25 °C. When
RNAP IT and GTFs preincubations were required, equimolar
amounts of RNAP II, TFIIB or/and TFIIF (0.91 pmol of each)
were mixed for 15 min at 25 °C before addition to template.
Transcriptionally competent complexes were purified with
one TB100/NP-40 wash, followed by two washes with TB50/
NP-40. All transcription reactions were performed in TB50,
5 mM of relevant metal and pH (TRIS-HCI) as indicated.
Abortive initiation assays were run with 0.5 mM GpG and 0.5
uM [a-**P] ATP. Productive transcriptions were initiated with
1 mM GpG, 50 uM ATP, 0.5 pM [a-*P] ATP, 0.2 mM CTP
and 0.1 mM 3’-deoxy-UTP as a chain terminator at the first
downstream T stop. Both types of initiations contained RNase
inhibitor. Transcripts were resolved on 28% (for trinucleotides)
and 20% (for 12-mers) denaturing polyacrylamide gels and
quantified as described above.

Yeast media and strains

Yeast strains used in in vivo growth assay with metals are
derived from S288C,>* 10-fold serial dilutions of saturated cul-
tures of yeast strains were plated on different media for spot
assays. RNAP II mutant plasmids are pRS315 LEU2-based,*
transformed into CKY283 (rpbIA, described in refs. 9, 15) fol-
lowed by plasmid shuffling with 5-fluoroorotic acid (5FOA,
Gold Biotechnology) to select for loss of RPBI URA3 plasmid.®!
Yeast minimal media (synthetic complete, SC with amino acid
drop out) are prepared in standard fashion as described in
Amber et al.® with the following alterations: per standard batch

formulation Adenine Hemisulfate (if added) was 2g, Uracil (if
added) was 2g, myo-inositol was 0.1g, p-Aminobenzoic acid
(PABA) was 0.2g. Manganese (MnCl,, Sigma-Aldrich) and
Magnesium (MgCl,, VWR) were added from 1M stocks to
final concentrations noted in Figure 9. Media with altered pH
were prepared using 1 N stocks of NaOH and HClI solutions to
generate final concentrations noted in Figure 9.
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