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Abstract

Molecular dynamics simulation of Thermus thermophilus (Tt) RNA polymerase (RNAP) in a
catalytic conformation demonstrates that the active site ANMP-NTP base pair must be
substantially dehydrated to support full active site closing and optimum conditions for
phosphodiester bond synthesis. In silico mutant  R428A RNAP, which was designed based on
substitutions at the homologous position (Rpb2 R512) of Saccharomyces cerevisiae (Sc) RNAP 11,
was used as a reference structure to compare to Tt RNAP in simulations. Long range
conformational coupling linking a dynamic segment of the bridge a-helix, the extended fork loop,
the active site, and the trigger loop-trigger helix is apparent and adversely affected in p R428A
RNAP. Furthermore, bridge helix bending is detected in the catalytic structure, indicating that
bridge helix dynamics may regulate phosphodiester bond synthesis as well as translocation. An
active site “latch” assembly that includes a key trigger helix residue Tt p” H1242 and highly
conserved active site residues [ E445 and R557 appears to help regulate active site hydration/
dehydration. The potential relevance of these observations in understanding RNAP and DNAP
induced fit and fidelity is discussed.

1. Introduction

Multi-subunit RNA polymerases (RNAPSs) synthesize RNA from a DNA template, but many

features of the catalytic mechanism and its control remain unknown. For instance, although
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RNAP functions in an aqueous environment, the importance of active site hydration and
dehydration in catalysis has not been fully described. X-ray crystal structures of ternary
elongation complexes (TECs) reveal closed and open conformations of the RNAP active site
[1-4]. Closing and opening, which are expected to affect, and to be affected by, hydration,
rely on the conformation of the trigger helices-trigger loop assembly (Thermus thermophilus
(Tt) RNAP B’ 1220 to 1265), which can assume a helical (closed, catalytic) or more looped
(open, low activity) conformation. To underscore the importance of active site closing for
catalysis, the antibiotic streptolydigin binds to a Tt RNAP TEC with an open trigger loop
[2], and the potent Sc RNAP Il inhibitor a-amanitin binds to a TEC with an open “wedged”
conformation of the trigger loop [1]. In the catalytic structure, the closed trigger helices pack
closely with the bridge a-helix, which is a prominent and dynamic feature of RNAP that
borders the active site [1,5,6]. It has been suggested that bridge helix dynamics, which is
expected to be regulated by trigger loop opening and closing, may provide the thermal
driving force for translocation of nucleic acids through RNAP [7-9].

Water can regulate the specificity and fidelity of enzymatic reactions [10-15], and many
enzymes including RNAP have a buried active site that can close to exclude water [2,3,16].
For example, the active site of DNA polymerase (DNAP)-B is substantially dehydrated by
active site closing [16], and, in this manner, dehydration could potentially be a determining
factor in catalysis and fidelity. Unfortunately, however, biochemical techniques are
somewhat limited in their capacity to analyze water-mediated effects. For instance, lower
resolution crystal structures may not account for bound waters, and loosely bound water
may not be observed crystallographically. To expose RNAP internal sites to hydration,
therefore, the TEC structure was immersed in explicit water and subjected to full atomistic
molecular dynamics simulations, as has previously been done for Sc RNAP I, T7 RNAP,
and DNAPs [17-21]. In this work, simulations strongly indicate that water exclusion from
the closed RNAP active site localized to the dNMP-NTP base pair is a determining factor in
catalysis. In closing the active site, key trigger helix residues perform a central function in
dehydration. In enzymatic mechanisms “induced fit” refers to the cooperative interaction
between enzyme and substrates to accurately align reactive groups for chemistry. The
current work strongly indicates that dehydration within an enclosed active site provides an
essential component of induced fit mechanisms and that, for RNAPs, excessive localized
hydration slows elongation by destabilizing the active site base pair, indicating that
hydration/dehydration may be important in control of transcriptional fidelity.

A highly conserved residue Tt B R428 (corresponding to Saccharomyces cerevisiae (Sc)
Rpb2 R512) is located about 20 A from Mg2*-1 and just C-terminal to the fork loop. The Sc
Rpb2 R512C mutation was initially identified in a genetic screen for suppressors of ssu72-2,
which encodes a catalytically-impaired form of the RNAP |l carboxy-terminal domain
(CTD) serine 5 (S5) phosphatase [22-24]. The CTD is a repeating heptapeptide unit (26
repeats in Sc) of consensus 1-YSPTSPS-7. The cyclin-dependent kinase, Kin28, which is a
component of the RNAP 11 transcription initiation factor 11H, phosphorylates S5 of the CTD,
and the S5-phosphate is removed by the Ssu72 and Rtrl phosphatases [25,26]. The Rpb2
R512C substitution may result in slowing RNA synthesis during early elongation.
Presumably, the reduction in elongation rate allows sufficient time for the ssu72-2-encoded
phosphatase to remove S5-phosphate, thereby allowing RNAP 11 to pass through
transcription cycle checkpoints. Consistent with this interpretation, rpb2-R512C mutants
exhibit defects in transcription in vivo [22] and in vitro [23,27]. The transcriptional defects
of R512C and R512A substitutions are very similar [27].

The B R428A in silico substitution in Tt RNAP was designed based on the Sc RNAP 11
Rpb2 R512C/A replacements, and Tt R428A provides an essential comparison to wild type
(wt) RNAP in molecular dynamics simulations. Although Sc RNAP Il (PDB 2E2H), with a
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closed trigger loop and loaded NTP analogue, might be a reasonable choice for simulations,
we selected Tt RNAP (PDB 205J) because its structure was determined at a higher
resolution, showing a straighter bridge helix and more planar geometries of active site i and i
+ 1 base pairs (in the catalytic structure, i indicates the position of the 3’-end of the RNA,
and i+1 indicates the position of the AINMP-NTP base pair). In addition, on inspection of the
closed Sc and Tt TECs, the Tt RNAP active site appeared to show more favorable atomic
contacts than the corresponding Sc RNAP 11 structure [2,3]. The closed trigger helix
conformation was selected because we reasoned that the catalytic TEC might be more
sensitive to mutation than an open, relaxed TEC. Comparing simulations of wt and § R428A
Tt RNAP indicates: 1) long range conformational coupling between the bridge helix, the
extended fork region, the active site and the trigger helix; 2) the importance of localized
active site dehydration in catalysis and fidelity; 3) the importance and potential complexity
of bridge a-helix dynamics; and 4) mechanisms for streptolydigin and microcin J25
inhibition of Tt RNAP and a-amanitin inhibition of Sc RNAP II.

2. Materials and Methods
2.1 Purification of Sc RNAP Il

Yeast strains YZS84 (RPB2) and YDP19 (rpb2-100), which encodes Rpb2 R512C [22],
were used to TAP-tag the C-terminus of the RNAP Il Rpb9 subunit, as described [28].
Whole-cell extracts from the resulting strains were prepared as described [29] and used to
purify wt RNAP Il and the Rpb2 R512C RNAP Il complex, according to [28]. Purified
RNAP Il was dialyzed against buffer consisting of 20 mM HEPES, pH 7.6, 20% (v/v)
glycerol, 10 mM EGTA, 10 mM MgSO», 5 mM dithiothreitol, and 1 mM
phenylmethylsulfonylflouride and stored in aliquots at —80°C.

2.2 In vitro TEC assembly

In vitro assembly of Sc RNAP Il TECs was done as described [30-33]. The sequence of G9
RNA is 5’-AUCGAGAGG-3’. The DNA non-template strand was 5’-biotinyl-
GGTATAGGATACTTACGCCATCGAGAGGGACACGGTGAAAAGAGAACCCAAGC
GAC ACC-3’ (G9-sequence is underlined) and the DNA template strand was 5’-
GGTGTCGCTTGGGTTCTCTTTTCACCGTGTCCCTCTCGATGGCGTAAGTATCCTA
TAC C-3’ (G9-complement sequence is underlined). TECs were immobilized on Promega
streptavidin-coated Magnesphere beads.

2.3 Rapid chemical quench flow

In vitro transcription experiments with wt and Rpb2 R512C Sc RNAP Il were done using
rapid chemical quench flow with the Kintek RQF-3 instrument, essentially as described
[27,34,35]. RNAs were labeled by addition of o32P-GTP (800 Ci/mmole) for 10 min at 25 C
in transcription buffer containing 60 mM KCI and 8 mM MgCl,. TECs were then set aside
on ice until addition of ATP for the running start to A11. Using this protocol, only active
TECs are tracked in the reaction because GTP must be incorporated to visualize RNA on
gels. Running starts for 32P-labeled G10 TECs were by addition of 5 uM ATP for 30 s on
the bench top. During the 30 s incubation, samples were transferred to the left sample port of
the KinTek RQF-3 (KinTek Corporation) rapid chemical quench flow instrument. Reagents
for elongation were loaded at twice their working concentration in transcription buffer
containing 60 mM KCI and 8 mM MgCly, in the right sample port. The valves to the sample
ports were set to the “fire” position, and the computer-regulated mixing program was
initiated. Reactions were stopped with EDTA (500 mM) or HCI (1 M), as indicated. RNA
products were analyzed on gels.
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2.4 Rationale and strategy for molecular dynamics simulations

These studies demonstrate the requirement for molecular dynamics simulations to
adequately interpret mutational structure-function analyses and to gain insight into wt
mechanisms. For instance, without dynamics, the analysis of Sc RNAP Il Rpb2 R512C/A
substitutions would not be complete. Simulations may be particularly informative because
the starting Tt RNAP TEC structure (PDB 205J) is in a strained, catalytic conformation that
responds very sensitively to the R428A substitution but is stable for wt RNAP. Although not
yet done, simulation of R428A in a structure with a relaxed trigger loop conformation (PDB
2051 or 2PPB) might be much less informative, because the R428A substitution may not as
strongly disrupt an already relaxed TEC. For instance, opening the trigger loop is expected
to remove constraints on bridge a-helix dynamics by reducing contacts between the bridge
helix and the trigger helices [9]. Based on these results and ideas, we suggest that wt
simulations may require a reference structure (in this case R428A) to be most useful and that
the choice of starting wt structure (in this case a strained catalytic structure) may be crucial.

Molecular dynamics provides a model based on optimized force field assignments, and,
therefore, results of simulations must be considered with some caution. Molecular dynamics
provides a picosecond (ps) to nanosecond (ns) time-resolved atomistic model of protein
structure and movement with explicit water hydration and counterions. Genetic, biochemical
and structural approaches rely on ns scale atomistic events in a hydrated environment but are
limited to provide detail comparable to simulations. Using the simulations reported here,
comparison of the wt and R428A RNAP gives insight into probable mutant protein defects.
More significantly, however, without the R428A RNAP reference, the wt RNAP simulation
could not be adequately interpreted. For instance, because excluded waters cannot be
observed for wt RNAP, it would not be possible to detect active site dehydration without
observing the localized increase of hydration at the i+1 dNMP-NTP base pair in R428A
RNAP.

2.5 Tt RNAP TEC simulations

A model of the Tt RNAP TEC containing a closed, catalytic trigger helix conformation was
generated using the structures 2051 and 205J [2,36]. ATP was generated at the active site
from AMPCcPP (o,-methylene adenosine triphosphate, a non-incorporatable ATP analogue).
The initial structure was placed in an octahedral box with explicit waters and counterions to
force charge neutrality and equilibrated while relaxing harmonic restraints placed on the
protein over 500 picosecond (ps) time intervals for 1 nanosecond (ns). The temperature was
held at 300K. Although T. thermophilus is a hyperthermophile, simulations run at 300 or
340K tend to give similar results [37], and force fields are currently optimized and
predominately used around 300K [38], so 300K was selected. Because wt RNAP is stable
during simulation, and the R428A RNAP shows instability, 300K appears sufficient for the
wt RNAP to mutant comparison.

A model of the g and p” Tt RNAP TEC (omitting ay and w) containing a closed trigger
helices conformation, double stranded nucleic acids and ATP was generated using the
Molecular Operating Environment MOE 2009.06 program package [39]. Omission of a and
o subunits was done to decrease computation times, and this strategy appeared to be
justified because structural integrity was maintained far from the active site during long term
simulation, indicating that eliminating subunits did not reduce the overall RNAP stability.
To construct the model, two crystallographic structures were necessary: 205J, which has
AMPCPP (o,B-methylene adenosine triphosphate, a non-incorporatable ATP analogue)
loaded at the active site and which has a closed trigger helices conformation, was made
more complete by addition of the cleft loop residues, obtained from 205I, B’ 1272-1328,
which are disordered in 205J [2,36]. The loop structure was first energy minimized in MOE
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using the AMBER force field [40] with constraints placed on the rest of the RNAP structure
and with implicit waters. The AMPcPP that resides in the active site was used to generate
ATP in the same location. Parameters were generated for the complete system in the xLeap
module of AMBERS using the ff03 force field for the protein, RNA, and DNA [41] while
the ATP monomer parameters were obtained from the AMBER web site. The long range
electrostatics were calculated using the Particle Mesh Ewald method (PME) [42]. Bond
lengths involving hydrogens were constrained with SHAKE [43], allowing a 2 femtosecond
(fs) time step, and the temperature was controlled using a Berendsen thermostat [44]. This
system was energy minimized by first relaxing the water molecules, with a 100 kcal/mol/AZ2
harmonic restraint placed on protein and nucleotide atoms, followed by a 500 picosecond
(ps) equilibration run, relaxing the restraint from 50 kcal/mol/A2 to zero at constant
pressure, up to the final density of 1 g/ml. A subsequent 500 ps run was performed at
constant volume without restraints at 300 K. The total time for system relaxation and
equilibration was 1 nanosecond (ns). Production simulations of wt Tt RNAP were performed
for a total of 9.5 ns, during which time the wt Tt RNAP TEC varied little, as measured by
root mean square deviation, from the original crystal structure (not shown).

The mutant R428A was constructed in MOE with its parameters, and explicit waters
generated in xLeap using the ffO3 force field. Initially, the relaxation and equilibration runs
of R428A RNAP were done as for wt RNAP, leading to a total time of 1 ns. However, it was
noted that during equilibration the R428A TEC deviated from its starting structure
significantly, altering active site protein and ATP geometries. Subsequently, a second
equilibration run was begun from the initial structure with larger restraints (200 kcal/mol/
A?2) that were slowly reduced over a longer time frame. After a total of 2 ns, this latter
equilibration simulation once again showed similar results to the initial run. The run was
continued for another 2 ns, during which time the TEC maintained the new configuration.
Utilizing a variety of initial conditions, varying temperature gradients from 0 to 300 K and
restraints from 200 to 0 kcal/mol/AZ2 through time, we initiated eight separate runs with
R428A varying in their start-up conditions, and durations, and summing to a total of 10 ns.
The results from the single simulation reported here were consistent in multiple simulations.

3.1 Sc Rpb2 R512C is slow in elongation

Using a rapid chemical quench flow mixing device, the elongation rate of Sc Rpb2 R512C
was compared to wt RNAP 1l (Fig. 1). TECs were assembled in vitro from G9 RNA (5’-
AUCGAGAGG-3’) (G9: a 9 nucleotide RNA ending in 3’-GMP), a DNA template, Sc
RNAP 11, and the DNA non-template strand. a32P-GTP was added to extend the TEC to
G10. After a 30 s running start with 5 uM ATP to advance the TEC to Al1l, ATP, CTP, and
GTP were added to extend transcripts to G16. Reactions were quenched with EDTA or with
HCI. EDTA quenching indicates the time of stable NTP-Mg?2* sequestration, and HCI
quenching indicates the time of phosphodiester bond synthesis [35,45].

Wt RNAP Il is much faster in elongation than Rpb2 R512C. In Fig. 1A, Fig. 5 mM ATP,
CTP, and GTP were added, so the reaction is running close to its maximal rate. For wt, the
G16 transcript first appears at 0.1 s (lane 20) and, for Rpb2 R512C, at 0.5 or 1 s (lanes 46—
47), indicating a 5-10 fold slower elongation rate for R512C. Because stable CTP-Mg2*
assimilation (EDTA quench) occurs at earlier times than phosphodiester bond synthesis
(HCI quench) (compare lanes 1-6 and lanes 14-19), Sc RNAP I stably sequesters CTP-
Mg?2* for C12 synthesis prior to formation of the C12 bond [34,46,47].

In panel B, HCI quench data collected at various CTP concentrations was used to compare
apparent elongation rates (kops) for C12 synthesis to CTP concentration and fit to the
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hyperbolic equation Kops=(KpoI[CTP])/(Kgiss+[CTP]), which is analogous to the Michaelis-
Menten equation. Kyjss, @ measure of CTP affinity, is 72 +/— 13 uM for wt and 71 +/— 12
UM for Rpb2 R512C, so CTP affinity does not appear to be affected for Rpb2 R512C. ky,
the maximal elongation rate, by contrast, is 46.7 +/— 2.0 s~1 for wt and 3.51 +/— 0.16 s~ for
Rpb2 R512C. Clearly, the R512C substitution significantly reduces elongation rate (about
13-fold for C12 synthesis) despite the 20 A distance of Rpb2 R512 from the active site.

Relative to wt Sc RNAP I1, Rpb2 R512C has only a weak capacity for CTP-Mg2*
preloading for C12 synthesis (Fig. 1C). In this comparison, reactions at various CTP, ATP,
and GTP concentrations were quenched with EDTA or with HCI at 0.002 s. Because EDTA
quench data gives a higher signal than HCI quench data, wt and Rpb2 R512C RNAP Il can
stably pre-load CTP-Mg2* (EDTA quench) before forming the C12 bond (HCI quench). Wt
RNAP, however, has a much higher capacity for stable CTP-Mg?2* pre-loading than Rpb2
R512C (compare blue and yellow bars). Because the Kgjss for CTP binding is about 70 uM
(Fig. 1B), it is a surprise that NTP concentrations from 100 to 5000 1M so strongly increase
the extent of CTP-Mg2* commitment (Fig. 1C). This interesting result may be attributable to
simultaneous templated binding of multiple NTPs [7,48-52] and/or to allosteric effects of
NTPs [53,54].

3.2 Molecular dynamics simulations

To gain an atomistic understanding of the defects of Rpb2 R512C in elongation, we applied
molecular dynamics simulation using a homologous bacterial RNAP system. Unrestrained
and fully atomistic simulation provides a model for hydration, functional contacts (such as
hydrogen bonding and ionic interactions) and conformation [40,55,56]. The starting point
for molecular dynamics simulation of the Tt RNAP TEC (PDB 205J) was a structure with a
closed trigger helices conformation and bound ATP, replacing the ATP analogue AMPcPP
used to block AMP incorporation during crystal structure determination. As simulation of
the TEC proceeds, crystal packing forces are relieved, simulated temperatures increase, and
explicit waters and ions migrate to available sites. Based on the defects of the Sc Rpb2
R512C/A substitutions (Fig. 1;Table I), simulations were compared for Tt wt and  R428A
RNAP TECs. In biochemical experiments, similar defects in transcription are observed with
Sc Rpb2 R512C and R512A substitutions (Table I) [27], so the alanine substitution was
selected for simulation based on the concept that the greater potential chemical difference of
B R428A rather than R428C compared to wt might produce a clearer result. Comparison of
wt and R428A RNAP provides insight into mutant protein defects, but much more
significantly, R428A RNAP acts as a powerful reference to compare to the wt RNAP
simulation, providing insight into active site closing, dehydration and catalysis. Without
such a reference, because of its complexity, the wt RNAP simulation would be difficult to
interpret.

Wt Tt RNAP was very stable during long term simulation (9.5 ns), but p R428A RNAP
showed active site instability during early stages of simulation (~500 ps). To ensure that
apparent instability of p R428A RNAP was not a consequence of any particular simulation
start-up condition, the results with R428A were reproduced multiple times with different
protocols. For presentation, we selected a simulation with a 1 ns start up and a >3.8 ns
production run, but results described below were typical of each start up and simulation.
Because critical residues and contacts are conserved between Tt RNAP and Sc RNAP II, Tt
RNAP R428A appears to be an appropriate model for the Sc RNAP Il Rpb2 R512C/A
substitutions (Fig. 2), and using a heterologous but homologous system for simulation
potentially enhances the generality of conclusions based on mutation of an invariant residue.
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3.3 Bridge a-helix dynamics

Bridge a-helix bending or unwinding against the DNA template within the RNA/DNA
hybrid has been proposed to provide the thermal ratchet driving force supporting
translocation [5,8,57]. Because the trigger helices surround the bridge helix, dynamics of the
bridge helix associated with translocation are expected to be restrained in the closed TEC
[7,9]. Interestingly, however, during very early stages of simulation of the catalytic Tt
RNAP TEC, the bridge helix bends sharply without disrupting active site geometry. Because
bridge helix bending occurs in the catalytic TEC, this observation suggests a role for bridge
helix bending and dynamics in catalysis in addition to the proposed role in translocation
(Fig. 3). Furthermore, B’ R1078 projects from a dynamic segment of the bridge a-helix to
contact § P440 and R428 on the extended fork, linking bridge helix bending and extended
fork movement (Fig. 2). By inspection, Tt B* 1076-GARKGG-1081, which includes B’
R1078 surrounded by 3 glycines, might be expected to be a dynamic feature of the bridge o-
helix due to bending and rotation at glycine (Fig. 3). Therefore, defining the B’ 1080-
GG-1081 segment as the fulcrum, the bend angle of the bridge helix was measured for wt
and p R428A RNAP (Fig. 3B). Upon rapid stabilization (~250 ps simulation), the bend
angle changes to about 143 to 157 degrees for wt RNAP (black line) and from about 154 to
170 degrees for B R428A RNAP (red line). During simulation of the catalytic structure,
therefore, the B’ 1080-GG-1081 segment is near to the center of a bridge helix pivot that
bends more sharply for wt than for § R428A RNAP.

In addition to different bending angles (Fig. 3B), the bends observed in the bridge helix of
wt and B R428A RNAP form through somewhat different backbone hydrogen bonding
contacts (Fig. 3C-D). In wt RNAP, a bend develops because two hydrogen bonds are broken
that are necessary to maintain a canonical a-helical structure. Specifically, as the bend
develops early in the simulation, the A1077 O-G1081 N and the R1078 O-1082 N hydrogen
bonds, typical of a a-helix, are disrupted (Fig. 3C and E). In the R428A substitution, by
contrast to wt RNAP, a bulge forms in the bridge helix within the same region (Fig. 3D and
F). As in wt, the A1077 O-G1081 N and the R1078 O-1082 N hydrogen bonds are broken in
R428A RNAP. The bulge is stabilized by a bifurcated hydrogen bond between the H1075 O
and K1079 N (black line) and the H1075 O and G1080 N (red line) (Fig. 3F). The H1075 O
to G1080 N contact is not found in canonical a-helix hydrogen bonding and creates the
bulge. It appears therefore that movement in the extended fork region (B 428 to 449) caused
by breaking the p R428-A447 and 3 R428-1449 hydrogen bonds via the  R428—2A
substitution alters details of bridge a-helix bending and dynamics, presumably because of
strain placed on the hydrogen bond between B’ R1078 and 3 428A.

3.4 Conformational coupling between the bridge helix, the extended fork region, the active
site and the trigger helix

Because of the removal of the arginine head group, the Tt B R428A substitution disrupts a
chain of hydrogen bonds linking B P440-p’ R1078-B R428- A447 and B R428-f 1449 (Fig.
2C). Another hydrogen bond links the p R428 NE to the B A423 main chain oxygen (Fig.
2C). With subtle differences, this network of hydrogen bonds is conserved in Sc RNAP 11
(compare Fig. 2B-C). B R1078 is located on the bridge a-helix within a potentially flexible
segment (B’ 1076-GARKGG-1081; Fig. 3). Because B” R1078 is surrounded on the bridge
helix by three glycines, and because flexibility and rotation at glycine disrupts a-helices, p’
R1078 might be expected to be involved in dynamic processes, as is strongly indicated from
the simulation (Fig. 3B). During the wt RNAP simulation, the five hydrogen bonds
described above and shown in Fig. 2C are stably maintained. Substitution of R428—>A
abolishes p R428-p A447, B R428-f 1449, and B R428-p A423 hydrogen bonds, but
additional consequences result. Specifically, as noted above, the orientation of ” R1078 on
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the bridge helix is altered, disruptingBR1078 hydrogen bonding and bridge helix
conformation and dynamics (Fig. 3).

3.5 Changes in the B R428A active site

Because Sc Rpb2 R512C is so slow in elongation (Fig. 1), Tt RNAP B R428A might be
expected to develop distortions near the active site during simulation (Fig. 4). Fig. 4A shows
the root mean square deviation (RMSD) of the i+1 ATP substrate; RMSD is a measure of
ATP atom position deviation from the initial crystal structure. As predicted, significant
changes in the RMSD are observed in R428A (red line) but not in wt RNAP (black line).
The data shown (Fig. 4A-C) for wt RNAP are representative of the entire 9.5 ns simulation,
so changes reproducibly observed during the first 0.5 to 3 ns of simulation in the B R428A
substitution likely reflect differences of the mutant protein. In Fig. 4B, the R428A
substitution is shown to have instability in the i+1 dTMP-ATP base pair, as indicated by
fluctuations in the dTMP O4-ATP N6 base pairing distance in R428A (red line) compared to
wt (black line) during the 0.5 to 2.6 ns interval. At ~2.6 ns, the distance stretches to more
than 6 A, so the base pair has dissociated and does not re-form during the simulation. In
R428A RNAP, the RMSD of ATP at ~ 1.3 ns (Fig. 4A) shows variation from its initial
structure before the irreversible loss of dTMP-ATP base pairing, illustrating that alterations
in ATP conformation begin prior to dissociation from template (Fig. 4B; vertical arrow).

Another indicator of changes in the active site is the distance of p E445 (proximal to
A447; Fig. 2) to ATP (Fig. 4C). In R428A, the distance between B E445 and ATP decreases
to about 3 A. In wt RNAP, by contrast, the distance does not fall below 6 A during the entire
9.5 ns simulation. Although many changes in the active site occur in p R428A, the
movement of B E445 indicates that at 1.7 ns E445 (carboxylate oxygens) with bound water
approaches the dTMP-ATP base pair (Fig. 4C). Simultaneously, there is an increase in
fluctuation for the dTMP O4-ATP N6 base pair distance (Fig. 4B). Highly conserved Tt
RNAP B E445 corresponds to Sc RNAP 11 Rpb2 E529 (Fig. 2A; Table I). Interestingly,
Rpb2 E529A/D substitutions are faster than wt in elongation. By contrast, the Rpb2 E529Q
substitution is slightly slower than wt [27] (Table I). Both functional assays and simulations,
therefore, indicate the importance of conserved Tt B E445 (Sc Rpb2 E529), and we propose
that this conserved residue assists in regulation of active site hydration as part of a “latch”
structure described below.

3.6 The “latch” regulates hydration of i+1

In Fig. 5, representative snapshots are shown of the active site for wt and p R428A RNAP
TECs. During simulation of wt RNAP, critical trigger helix residuep’ H1242 [58,59]
assumes consistent contacts with 3 E445, B N556, and 3 R557 (Fig. 5). We refer to this
network as a “latch” because it appears to form a fully closed and dehydrated catalytic
structure for wt RNAP. By contrast, latch contacts are not observed to form for p R428A
RNAP. Because mutagenesis of conserved Sc Rpb2 E529 (corresponding to Tt § E445)
indicates a regulatory role of this residue (both fast and slow mutants (Table 1)), structure-
function studies show strong correspondence with simulations. Furthermore, Sc Rpb2
R766Q/A (corresponding to Tt B R557) substitutions are lethal, consistent with an important
role for this invariant latch residue.

3.7 Regulated and localized dehydration of the active site

An advantage of molecular dynamics over biochemical and crystallographic approaches is
that simulation predicts the placement of water. X-ray crystallography fails to identify water
molecules that are not resolved or are removed through dehydration during crystallization.
In Fig. 6, snapshots of wt and R428A RNAP are compared. At 4 ns, as expected, wt has a
planar dTMP-ATP base pair with two canonical hydrogen bonding contacts (Fig. 6A). By

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Seibold et al.

Page 9

contrast, at 2 ns simulation of R428A RNAP, a water molecule has inserted into the dTMP-
ATP base pair, breaking both hydrogen bonds. This snapshot of a disrupted base pair with
inserted water in R428A RNAP (Fig. 6B) is characteristic of the reversible instability of the
dTMP-ATP base pair observed between 0.5 and 2.6 ns of simulation (Fig. 4B; distance >4
A; horizontal arrow).

Because water insertion into the active site dTMP-ATP base pair is not observed during the
9.5 ns simulation of wt RNAP, the hypothesis was considered that R428A RNAP was
defective because of excessive active site hydration. Therefore, hydration was compared for
wt and R428A RNAP (Fig. 6C-F). Spheres of radius 6 A were defined around 4 atoms: 1)
ATP N1 (dTMP-ATP base pairing); 2)B’ T1234 OG1 (hydrogen bonding to ’ S1091 in wt
RNAP) (Fig. 5A); 3)p’ H1242 NEL1 (latch); and 4) ATP-y phosphorous. The number of
water molecules contacting or within each sphere was counted as a function of simulation
time.

Most significantly, the dTMP-ATP base pair becomes locally flooded with water during
simulation of R428A RNAP but not wt (Fig. 6C). Note that an increase in hydration in
R428A RNAP occurs prior to dTMP-ATP base pair instability (0.5 to 2.6 ns) and continues
to increase after breaking of the base pair (~2.6 ns). Similarly, in p R428A RNAP there is a
significant increase in hydration surrounding B’ T1234 compared to wt RNAP. In wt RNAP,
B’ T1234 on the trigger helix forms a hydrogen bond to g’ S1091 on the bridge helix (Fig.
5E). The contact breaks in R428A RNAP, explaining the increased hydration at this site in
R428A (Fig. 6D and Fig. 5E).

Increases in hydration in R428A RNAP, however, are local and regulated by the latch.
Critical trigger helix residue B’ H1242 assumes different contacts in wt and R428A RNAP,
but has very similar surrounding hydration (Fig. 6E), indicating that the R428A RNAP
active site may not be globally flooded and that the R428A structure remains closed and
substantially dehydrated (Fig. 5-Fig. 6). 5-11 water molecules surrounding B’ H1242 NE1
represents a dehydrated active site, because surface exposed p H102 NE1 is surrounded by
an average of 22 waters. Interestingly, because of formation of the latch, the ATP y-
phosphorous resides in a more hydrated environment in wt than in R428A RNAP (Fig. 6F).
The difference in hydration around the y-phosphate is likely due to specific contacts in
R428A RNAP between a y-phosphate oxygen and 3 E445 and a y-phosphate oxygen and f3
R557, residues that lose these contacts from formation of the latch in wt RNAP (Fig. 5).
Because [ E445 and B R557 can make alternate contacts either proximal or more distal from
ATP, these latch residues may assist in regulating active site hydration and dehydration. In
wt RNAP, association with B” H1242 in the latch dehydrates 3 E445 and B R557.

Molecular dynamics simulations also indicate active site dehydration functions of the trigger
helices residues B’ M1238 and B’ F1241 (Fig. 7), which have hydrophobic character and
which closely approach the i+1 dTMP-ATP base pair [2,3,58,59]. In the B R428A
substitution in which the i+1 base pair floods with water, contacts are very different from wt
(Fig. 3,Fig. 5 and Fig. 6). Simulation data suggest that excessive hydration localized to the i
+1 dNMP-NTP base pair in p R428A may inhibit formation of the fully closed and
dehydrated trigger helices conformation by inhibition of formation of the latch, slowing
elongation. In summary, formation of the latch structure appears to dehydrate the i+1 dTMP-
ATP base pair in wt RNAP. Disruption of the latch in B R428A RNAP appears to result in
localized flooding of the i+1 dTMP-ATP base pair with water causing base pair instability.
Disruption of the latch and the failure to fully dehydrate the active site in Tt f R428A RNAP
appear to explain the transcriptional defect of Sc Rpb2 R512C/A RNAP Il (Fig. 1) [27].
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4. Discussion

4.1 Molecular dynamics simulation and RNAP structure-function

Major current issues in understanding the catalytic mechanism of multi-subunit RNAPs
include trigger loop dynamics and function, bridge a-helix dynamics, and long distance
conformational coupling. Atomistic molecular dynamics simulation of Tt wt compared to 8
R428A RNAP provides significant insight into these features of RNAP function. Notably,
simulation indicates that trigger loop closing has a fundamental role in dehydration of the
RNAP active site. In addition to a previously proposed role in translocation [8,57], bridge a-
helix dynamics and bending in the catalytic TEC appear to contribute to phosphodiester
bond formation. Through a chain of hydrogen bonds, movement of the bridge a-helix is
coupled to dynamics of the extended fork loop region, ultimately affecting catalytic
function, at least partly through regulation of active site hydration.

4.2 Active site closing and dehydration

The major insight that arises from atomistic molecular dynamics simulation of Tt RNAP is
that dehydration is likely to be a key feature of induced fit within the buried RNAP active
site. We posit moreover that dehydration can drive, and be driven by, active site closing and
catalysis. These hypotheses appear generally applicable to multi-subunit RNAPS, single
subunit RNAPs (i.e. bacteriophage T7 RNAP) [60], high fidelity DNAPs [61], and many
other enzymes with sequestered active sites (e.g. adenylate kinase [62—64], 6-
hydroxymethyl-7,8-dihydropterin pyrophosphokinase [65]). We posit that induced fit
mechanisms for these essential enzymes include a very strong but previously unrecognized
dehydration component. Essentially, dehydration appears to shape and align the enclosed
RNAP or DNAP active site to support accurate catalysis and to recognize and reject
inaccurate substrates.

For Sc RNAP Il and Tt RNAP, closing of the trigger helices appears to: 1) dehydrate the
active site; 2) form the catalytic structure; and 3) drive chemistry by alignment of reactive
groups. Disruption of active site closing and delay of chemistry, therefore, might be
accomplished by any change that causes an increase in active site hydration, specifically
localized to the i+1 dNMP-NTP base pair, where water can compete for substrate hydrogen
bonding. Such an increase in local hydration might occur during pausing, attenuation,
termination, and fidelity decisions.

We predict from these studies that binding a NTP or a non-cognate NTP will, at least in
part, be recognized by inhibiting latch formation, increasing hydration of the i+1 position,
blocking formation of the catalytic complex, and facilitating replacement of the inaccurately
loaded substrate. In this way, hydration of the active site is proposed to be a primary
determinant of RNAP fidelity. Substitution of ATP with incorporated AMP and
pyrophosphate (the pretranslocated product TEC) may cause an increase in local hydration
to signal that the trigger helices should begin to open after completion of the phosphodiester
bond.

4.3 Long range conformational coupling

Molecular dynamics simulation indicates tight conformational coupling between a dynamic
segment of the bridge a-helix (Tt p” 1076-GARKGG-1081), the extended fork loop, and the
active site, resulting in base-pair dehydration for catalysis, in which the closed trigger helix
and the latch participate. In the catalytic structure, bending of the bridge a-helix at f” 1080-
GG-1081 (Fig. 3) re-orients a chain of hydrogen bonds that links  P440-B’ R1078-p R428-p
A447 and B R428-B 1449 (Fig. 2), resulting in an alteration in the position of nearby B E445
in the active site. B E445 participates with B N556 and R557 and key trigger helix residue B’
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H1242 to form the latch that appears to regulate hydration and dehydration of the active site
to control fidelity and catalysis. p” M1238 and F1241 on the trigger helix appear to exclude
water from the i+1 dTMP-ATP base pair. The B R428A substitution breaks the hydrogen
bonding network, explaining the defects of Tt R428A RNAP in simulation and homologous
Sc Rpb2 R512C/A substitutions that have been studied genetically and biochemically (Fig.
1) [27] (Table I). In simulation, the B R428A mutation disables conformational coupling
(Fig. 2), changes bridge helix dynamics and conformation (Fig. 3 and Fig. 5), alters active
site and trigger helices contacts (Fig. 5), and increases local hydration to destabilize the
active site base pair (Fig. 6).

Because of differences in bridge helix sequence, detailed dynamics in the catalytic TEC may
be different for Tt RNAP and Sc RNAP II. In this work, we identify a dynamic segment of
the bridge helix within Tt RNAP B’ 1076-GARKGG-1081, in which 1080-GG-1081 forms
the center of a bend (Fig. 3). In Sc RNAP I, the homologous segment is Rpbl 819-
GGREGL-824. Because the glycines surrounding the critical arginine (Sc Rpb1 R821; Tt p’
R1078) are differently distributed, the details of bridge helix bending and dynamics may
vary somewhat between these organisms. In both Tt and Sc, however, three of four bridge
helix glycines are located within these segments, indicating that this is a dynamic segment of
the bridge helix, and the functional connections of Sc Rpb1 R821 and Tt B’ R1078 appear to
be very similar.

4.5 Inhibitors

Tt RNAP inhibitors streptolydigin and microcin J25 and Sc RNAP |1 inhibitor a-amanitin
interact in the vicinity of the hydrogen bonding network proposed in this work (Fig. 8). Most
notably, streptolydigin binding disrupts Tt p R428 hydrogen bonding (Fig. 8A). Specifically,
similarly to the R428—>A substitution, streptolydigin disrupts R428-A447 and R428-1449
hydrogen bonds [2,66,67]. The mushroom-derived toxin a-amanitin interacts with Rpb1
E822 (Fig. 8B), within 819-GGREG-823, which we propose is a flexible and dynamic
segment of the bridge a-helix [1,68] (Fig. 3). a-amanitin, therefore, is likely to inhibit
transcription in part through restraint of bridge helix dynamics. Because the structure of
bacterial antibiotic microcin J25 resembles that of a-amanitin (Fig. 8C) and because these
inhibitors bind to similar regions of RNAP (Fig. 2), microcin J25 is expected to inhibit
transcription in a similar manner to a-amanitin [48,69]. Microcin J25 and a-amanitin
structures include octapeptide rings with similar crossbridges that project hydroxylated,
aromatic amino acids (Fig. 8C). Because a-amanitin appears to limit bridge helix dynamics
(Fig. 8B), it is likely that microcin J25 may share this mechanism of inhibition [70].
Molecular dynamics simulation, therefore, provides enhanced insight into the mechanisms
of potent RNAP inhibitors and drugs.

4.6 Mutational analyses

Because the bridge helix, extended fork loop, active site and trigger helix are connected and
their dynamics are coupled, broader mutational analyses of these regions are summarized in
Table I. Simulation indicates the importance of bridge a-helix dynamics in RNAP catalysis
(Fig. 3). Consistent with this hypothesis, Ec B’ R780H (Tt B’ R1078; Sc Rpb1 R821) on the
bridge a-helix, a residue that hydrogen bonds to Ec f R548 (Tt B R428; Sc Rpb2 R512), is
rapid in elongation with altered termination activities [71]. An attempt to reduce the bending
and flexibility of Sc Rpbl 819-GGREG-823 by substitution to 819-AAREA-823 resulted in
a lethal mutation, indicating the importance of dynamics within this glycine-rich segment.

Consistent with molecular dynamics simulations, residues that are within the conserved
Rpb2 R512 (Tt B R428) hydrogen bonding network (Fig. 2) and that function in
conformational coupling to the active site appear from mutational analysis to be the most
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important for transcriptional functions. Residues that are not involved in the network have
more minor effects. As examples, Sc RNAP Il Rpb2 R504A, D505A, K510A, and Q513A,
surrounding R512 but not interacting in the network, have very slight defects in elongation.
Escherichia coli (Ec) p P560L/S (Tt g P440; Sc Rpb2 P524) and Ec G566D/K (Tt  G446;
Sc Rpb2 G530), which are part of the network, have defects in elongation, attenuation and
termination [72—75]. As noted above, latch residues Sc Rpb2 E529 (Tt B E445), Sc Rpb2
R766 (Tt p R557) and Sc Rpb1 H1085 (Tt B” H1242) and neighboring trigger helix residues
B’ M1238 and B’ F1241 are shown to be important for transcription. Structure-function
studies, therefore, are in clear correspondence with the molecular dynamics simulations that
we report here.

5. Conclusions

Genetics and biochemistry were used to identify Sc Rpb2 R512 as an important invariant
amino acid for RNAP |1 function. Molecular dynamics simulations of Tt wt and p R428A
RNAP (the homologous residue) were done to gain an atomistic understanding of the
mutation and to gain insight into wt RNAP. This comparison indicates that RNAPs and
probably DNAPs with enclosed active sites appear to utilize opening and closing
mechanisms in part to dehydrate the i+1 base pair as a fidelity check and to align reactive
groups for phosphodiester bond synthesis. Induced fit within a sequestered active site,
therefore, appears to have a strong requirement for dehydration. In simulation, increasing
local hydration at i+1 is shown to destabilize the active site base pair because nearby water
competes with hydrogen bonding. Simulation indicates that hydration/dehydration is sensed
and regulated by a latch structure comprised of B E445, N556, R557, and f* H1242. Within
the dynamic segment 1076-GARKGG-1081, simulation strongly indicates bridge helix
bending associated with formation of a dehydrated catalytic intermediate. Through this
segment, bridge helix dynamics is coupled to movement of the extended fork loop through a
system of hydrogen bonds. The extended fork loop reaches to the active site through the
E445 residue, which is part of the latch and which interacts with the key trigger helix residue
B’ H1242. Extensive conformational coupling, therefore, links the bridge helix, the extended
fork region, the active site and the trigger helix in the catalytic RNAP structure, resulting in
regulated and localized active site dehydration.
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Fig. 1.

Sc Rpb2 R512C is slow in elongation. The protocol and RNA sequence are shown at the
bottom right of the figure. A) Transcriptional defects of Rpb2 R512C. CTP, ATP, and GTP
were at 5 mM. Quench times are in seconds. B) Determination of Kgjss and Kyo. CTP, ATP,
and GTP were varied between 2 uM and 5 mM. Samples were quenched with HCI. Each
data point indicates an apparent rate from exponential curve fitting (C12 + longer transcripts
(product) versus time). Error bars indicate standard error from exponential fitting. C) Rpb2
R512C may have a defect in CTP-Mg?* sequestration. At 5, 2.5, 0.5, and 0.1 mM CTP,
reactions are quenched at 0.002 s with EDTA (E) or HCI (H).
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Fig. 2.

Conformational coupling between the bridge a-helix and the extended fork loop region. A)
Summary of sequences, proposed interactions and interactions with inhibitors. Fork loop 2
sequence is shaded yellow, a relevant portion of § homology region D is shaded green, and a
proposed flexible region of the bridge a-helix (from simulation) is shaded red. Hydrogen
bonds are indicated with red lines. Streptolydigin (STL) disrupts a hydrogen bonding
network in Tt RNAP. a-amanitin, an RNAP Il inhibitor, and Microcin J25 (McJ25), a
bacterial RNAP inhibitor, interact at similar positions (sites of some McJ25-resistant
mutations are indicated (see Table Sl and Fig. 8)). B) A snapshot of Sc RNAP Il (PDB
2E2H) at 2 ns. C) A snapshot of wt Tt RNAP at 7 ns. The image shows the bridge helix
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(blue) and its B’ R1078 residue making backbone hydrogen bonding contact with the
extended fork loop region (gray) through terminal NH nitrogens to the backbone oxygens of
B P440 and B R428. The terminal NH nitrogen of R428 makes hydrogen bonding contact
with the backbone oxygen of B A447 and B 1449 while the R428 NE interacts with the
backbone oxygen of p A423.
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Fig. 3.

Bridge a-helix bending and dynamics at 1076-GARKGG-1081 are altered in f R428A
RNAP. A) A bend in the bridge a-helix centered at 1080-GG-1081. B’ 1078-RKGG-1081
residues are dark blue and stick. The center circle represents the ‘pivot’ (see arrow) (center
of mass of backbone atoms of 1080-GG-1081) around which the angles between the lines
(with center of mass of backbone atoms of L1068 and L1098 shown as circles) were
measured. B) The bend angle (as defined in panel A) as a function of simulation time for wt
(black) and R428A (red) RNAP. C) In wt RNAP (8 ns), a sharp bend develops in the bridge
a-helix. Canonical backbone hydrogen bonds of A1077 to G1081 and R1078 to A1082
break to form the bend. D) In R428A RNAP (3.5 ns), the bridge a-helix bends and bulges.
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In R428A, hydrogen bonds of A1077 to G1081 and R1078 to A1082 break, and H1075
backbone oxygen makes hydrogen bonding contact with both the G1080 (red) and the
K1079 (black) backbone nitrogen. E) In wt RNAP, A1077 to G1081 (red) and R1078 to
A1082 (blue) distances are shown as a function of simulation time. F) In R428A RNAP,
H1075 to G1080 (red) and H1075 to K1079 (black) distances are shown.
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Fig. 4.

Destabilization of interactions within the R428A RNAP active site. A) RMSD of the ATP
molecule of wt (black) and R428A (red). At ~1275 ps, the RMSD of the ATP substrate
begins to vary in R428A from its initial structure, while wt RNAP remains stable. B) The
distance between the NH2 of ATP to the carboxylate oxygen of TMP (base pair) for wt
(black) and R428A (red). dTMP-ATP hydrogen bonding is observed for R428A at the time
of the increase in the ATP RMSD of (~1275 ps; panel A), but base pairing becomes erratic
(panel B; horizontal arrow; from ~500 ps; distance >4 A). dTMP-ATP base pairing is lost at
~2600 ps (vertical arrow). C) The p E445 (OE1) to ATP (N6) distance of wt (black) and
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R428A (red). The vertical arrow indicates the time at which ATP loses hydrogen bonding
with dTMP in R428A (panel B) and more closely approaches E445 (panel C).
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Fig. 5.

Wt latch and R428A RNAP active site conformations. A) Snapshot of wt RNAP at 4 ns. B)
Snapshot of R428A RNAP at 3.5 ns. Trigger helices are dark blue. Bridge helix is cyan.
Relevant residues are in stick representation. Lower panels are a magnification of the
regions boxed in yellow. Yellow dotted lines indicate hydrogen bonding. C) p E445-P’
H1242 hydrogen bonding for wt (black) and R428A (red) RNAP. D) p N556-p” H1242
hydrogen bonding for wt (black) and R428A (red) RNAP. For R428A RNAP, latch contacts
do not form. E)BT1234-B” S1091 (trigger helix to bridge helix) hydrogen bonding for wt
(black) and R428A (red) RNAP.
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Fig. 6.
Localized flooding of the i+1 dNMP-NTP base pair in R428A RNAP. A) wt RNAP
snapshot at 4 ns. B) R428A RNAP snapshot at 2 ns. The dTMP-ATP base pair is shown. In
panel B a water molecule has inserted between dTMP and ATP, breaking both canonical T
A base-pair hydrogen bonds. C-F) Hydration of 6 A radius spheres surrounding various
active site atoms in wt (black) and R428A (red) RNAP. C) Hydration surrounding ATP N1,
participating in dTMP-ATP base pairing. In R428A RNAP water-mediated interruption of
base pairing occurs off and on from ~500 ps to ~2500 ps, as indicated by the horizontal
arrow (distance >4 A). The vertical arrow indicates the time of apparently irreversible base
pair breaking in R428A. D) Hydration surrounding T1234 OG1, involved in hydrogen
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bonding to S1091 in wt RNAP. E) Hydration surrounding H1242 NE1, involved in the latch.
F) Hydration surrounding the ATP-y phosphorous.
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Fig. 7.

Hydrophobic trigger helix residues p” M1238 and F1241 in dehydration of the ANMP-NTP
base pair. A) In wt RNAP, M1238 and F1241 closely approach ATP (4 ns). B) In R428A
RNAP, M1238 and F1241 are further away, the position and conformation of ATP is
altered, the bridge helix is less bent, and the conformation of the trigger helices is changed
(3.5 ns).

Biochim Biophys Acta. Author manuscript; available in PMC 2011 August 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Seibold et al. Page 29

B )
\,\ ‘\’:-_"; a-amanitin
< =
JL —r N A
\ \,/307
_J E822

4 ‘\\ y
T & » ),

_ 4
“Bridge heli
74‘§ ri ge ellx

Extended fork loop

4,5-dihydroxy-lie®

vai® His®

cys®

a-amanitin microcin J25

Fig. 8.

Mechanisms of action of drugs and inhibitors. A) Streptolydigin disrupts R428 hydrogen
bonding to A447 and 1449. B) The mushroom toxin a-amanitin forms a hydrogen bond to
Rpbl1 E822 within a flexible segment of the bridge a-helix (819-GGREG-823) (PDB
2VUM). C) Microcin J25, a bacterial antibiotic, is similar in structure to a-amanitin.
Residues shown in yellow are similar or identical amino acids at similar positions [69].
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Summary of mutations (in bold). MJ25R (microcin J25 resistance); STLR (streptolydigin resistance).

Table |

Minor defect in Ec

Sc RNAP 11 Tt RNAP | Ec RNAP Activity References
Rpbl G820 B’ A1077 | B’ A779G/TIP | MJ25R [70]
Rpbl R821 B’ R1078 | B’ R780H/C Rapid elongation [71)/[70]
rate, altered
termination
efficiency/ MJ25R
Rpbl G823 B’ G1080 | B’ G782A MJ25R [70]
Rpbl B’ M1238 | B’ M932A Slow elongation [58,59,76]
L1081I/M/TIRIV
Rpbl B’ F1241 B’ F935A Slow elongation [58,59,76]
F1084Q/A/S/HI/I
Rpbl B’ H1242 | B’ H936A/Y Slow elongation, Sc [58,59,76]
H1085Y/F/A H1085F/A lethal
Rpb2 R504A B R420 B R540 Little effect [27]
Rpb2 D505A B E421 B E541 Little effect [27]
Rpb2 K507 B A423 B A543P/VIT STLR [77]
Rpb2 L508 B G424 B G544D/IR MJ25R STLR [70,77]
Rpb2 A509 B F425 B F545S/C/I/L | MJ25R, slow [27,67,70]
elongation, STLR
Rpb2 K510A B D426 B E546V Little effect/STLR [27,67]
Rpb2 R512A/C B R428 B R548Q Slow elongation [27], this
rate/ MJ25R paper/[70]
Rpb2 Q513A p D429 p D549H Little effect/ MJ25R | [27]/[70]
Rpb2 L514 B V430 B V550E Mimic ppGpp effect | [78]
Rpb2 H515 B H431 p H551P/Y Mimic ppGpp effect, | [72,78]
reduced termination
Rpb2 P524 B P440 B P560L/S Slightly reduced [72-74]
elongation rate,
reduced termination
Rpb2 T527 B T443 B T563P Mimic ppGpp effect | [75,78]
Rpb2 P528 B P444 B P564S Suppressor G566D [74]
ts
Rpb2 B E445 B D565 Sc E529A/D rapid in | [27]
E529A/Q/D elongation, E529Q
slow in elongation
Rpb2 G530 B G446 B G566D/K Slow elongation [74]
rate, attenuation and
termination defects
Rpb2 Q531 B A447 B P567S Reduced termination | [72]
Rpb2 G534 B G450 B G570C STLR [67]
Rpb2 L535 B L451 B L571Q/R/P Mimic ppGpp effect | [75,78]
Rpb2 V536 B 1452 B 1572S Mimic ppGpp effect | [78]
Rpb2 R766Q/A B R557 B R678C Lethal in Sc, This paper, [54]
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