
Coliphage HK022 Nun protein inhibits RNA
polymerase translocation
Christal L. Vitielloa, Maria L. Kireevab, Lucyna Lubkowskab, Mikhail Kashlevb,1, and Max Gottesmana,1

aDepartment of Microbiology and Immunology, Columbia University Medical Center, New York, NY 10032; and bGene Regulation and Chromosome Biology
Laboratory, National Cancer Institute, Center for Cancer Research, Frederick, MD 21702

Edited* by Jeffrey W. Roberts, Cornell University, Ithaca, NY, and approved April 11, 2014 (received for review October 23, 2013)

The Nun protein of coliphage HK022 arrests RNA polymerase (RNAP)
in vivo and in vitro at pause sites distal to phage λ N-Utilization (nut)
site RNA sequences. We tested the activity of Nun on ternary elon-
gation complexes (TECs) assembled with templates lacking the λ nut
sequence. We report that Nun stabilizes both translocation states of
RNAP by restricting lateral movement of TEC along the DNA register.
When Nun stabilized TEC in a pretranslocated register, immediately
after NMP incorporation, it prevented binding of the next NTP and
stimulated pyrophosphorolysis of the nascent transcript. In contrast,
stabilization of TEC by Nun in a posttranslocated register allowed
NTP binding and nucleotidyl transfer but inhibited pyrophosphorol-
ysis and the next round of forward translocation. Nun binding to and
action on the TEC requires a 9-bp RNA–DNA hybrid. We observed
a Nun-dependent toe print upstream to the TEC. In addition, muta-
tions in the RNAP β′ subunit near the upstream end of the transcrip-
tion bubble suppress Nun binding and arrest. These results suggest
that Nun interacts with RNAP near the 5′ edge of the RNA–DNA
hybrid. By stabilizing translocation states through restriction of TEC
lateral mobility, Nun represents a novel class of transcription
arrest factors.

Transcription Termination | Bacteriophage HK022 |
Bacteriophage Lambda | Transcription Elongation | Exclusion

Transcription elongation is highly processive, yet the rate of
nucleotide addition varies significantly for different ternary

elongation complexes (TECs). In the normal elongation path-
way, each nucleotide addition is followed by translocation of RNA
polymerase (RNAP) along DNA in single-nucleotide increments.
This process transfers the RNA 3′ end from the i + 1 site to the i
site of the active center, thus allowing binding of the next NTP and
subsequent phosphodiester bond formation. Translocation is
thought to be a stochastic, rapid, and fully reversible process and
not rate-limiting for elongation (1, 2). Instead, NTP sequestra-
tion, phosphodiester bond formation, or pyrophosphate release
has been suggested to be rate-limiting for transcription elongation
(3, 4). However, several reports strongly suggest that translocation
may be at least partially rate-limiting for elongation (5–9).
Immediately following bond formation, a catalytically inactive

and highly pyrophosphorolytic (pretranslocated) state is formed. In
this state, the 3′ RNA end remains in the i + 1 site of the active
center. The 3′ RNA thus prevents NTP binding and generates a sub-
strate for pyrophosphorolysis. To bind the next NTP, RNAP must
translocate 1-bp forward along the DNA register to form a cat-
alytically active and pyrophosphate-resistant (posttranslocated)
state. Stationary RNAP has been suggested to “ratchet” between
the two states via Brownian motion (5). NTP bound to the tran-
sient posttranslocated state acts as a pawl that interferes with
backward translocation, thereby favoring the formation of a phos-
phodiester bond. Retention of this NTP in the posttranslocated
TEC is facilitated by isomerization of the active site that blocks
substrate exit, and aligns it for catalysis (10, 11). According to
a thermodynamic model for transcription elongation (12),
annealing of a single RNA–DNA base pair at the newly formed
3′ end and melting of a single RNA–DNA bp at the 5′ end follow
forward translocation (13, 14). In the pretranslocated state, the

hybrid is 10 nt in length, whereas in the posttranslocated state,
the hybrid retracts to 9 nt (10). Restriction of this transition in
hybrid length may hinder forward translocation and induce
subsequent pausing and/or arrest. Although a conventional view
suggests that translocation is rapid and reversible (15), and
occurs in both directions with a rate substantially faster than
catalysis, recent data argue that, at least at some sequences,
RNAP dwells primarily in the posttranslocated state with a slow
return to the pretranslocated state (16, 17).
NusG is the only known elongation factor that promotes for-

ward translocation; factors that directly restrict translocation in
both directions have yet to be reported (6). It has been suggested
that Nun may inhibit transcription elongation by blocking RNAP
translocation (8). Using a combination of bulk biochemical and
presteady-state approaches, we provide evidence that translo-
cation inhibition is, in fact, the mode of Nun action. Further-
more, on the basis of physical and mutational analysis, we propose
a mechanism by which Nun acts upon RNAP to restrict lateral
movement of the RNAP along DNA.
Coliphage HK022-encoded Nun protein blocks elongation of

λ early transcripts in vivo, suppressing phage λ growth in HK022
lysogens. Nun is a small (109-aa residue) protein with a func-
tionally distinct N-terminal domain and C-terminal domain
(CTD). The N-terminal arginine-rich motif of Nun binds the
boxB RNA sequences within the N-Utilization (nut) regions of
the λpL and λpR nascent transcripts (18, 19). Interactions be-
tween Nun, the RNA nut sites, and RNAP promote formation of
stalled TECs at intrinsic pause sites downstream from nut both in
vivo and in vitro. Escherichia coli Nus factors are required for
Nun activity in vivo and stimulate Nun in vitro (20). The Nun
CTD contacts DNA and is indispensable for Nun inhibition
of transcription. Substitution of the penultimate tryptophan
(W108) with a nonaromatic residue abrogates Nun arrest. Nun
might intercalate W108 residue into dsDNA (21). Additionally,
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two neighboring CTD lysines are essential for Nun activity.
These residues (K106/K107) are suggested to facilitate CTD
binding to template by salt-bridging and hydrogen-bonding to
DNA phosphate groups (22). Although Nun has been extensively
analyzed functionally, the exact mechanism by which it acts upon
elongating TEC has yet to be elucidated.
Inhibitors of translocation have been described that function

by inducing global conformational changes in TEC, leading to
physical rearrangements in the active center (7, 23–26). Here, we
show that Nun affects translocation, and thereby the nucleotide
addition cycle. By restricting physical movement of TEC along
the DNA register, Nun freezes the translocation state. Such re-
striction can thereby result in both arrest (when RNAP is locked
into a pretranslocated state) and activation (when it is frozen in
a posttranslocated state). Nun therefore represents a newly de-
scribed class of dual-function transcription factors that alter
elongation rate by physically restricting translocation. We sug-
gest that the action of Nun upon RNAP is due to a physical
restraint imposed upon melting of the RNA–DNA hybrid.

Materials and Methods
Proteins for in Vitro Transcription. Nun is toxic upon overproduction; thus,
measures were taken to ensure tight control of induction during protein
expression and purification. Note that themethod of Nun purification used in
this study was adapted from Kim and Gottesman (22). Improvements were
implemented to increase the specific activity of the full-length protein. Nun
protein was expressed from a pET-21d vector (22) and harvested from BL21
arabinose-inducible cells (Invitrogen). In these cells, expression of T7 RNAP is
controlled by the stringent ara promoter. Overnight cultures were grown in
noninducing media (MDAG-135 + 200 μg/mL carbenicillin) and inoculated
1:500 into autoinducing media (ZYM-5052 + 0.05% arabinose + 200 μg/mL
carbenicillin). Media and methods of autoinduction were described by
Studier (27). A total of 4 L of autoinducing media was used per purification,
and culture volumes were kept to 70% of the flask capacity to ensure op-
timal aeration for protein production in the autoinducing media (27). In-
oculated cultures were incubated for 12–16 h at 37 °C, shaking at 330 rpm.
The final OD600 of autoinduced cultures were between 12 and 16, consistent
with published methods (27). Cultures were then transferred on ice, and cells
were pelleted at 5,000 rpm for 30 min in a Sorvall RC-5B centrifuge, using an
SS-34 rotor, and resuspended in buffer A [50 mM Na-phosphate (pH 7.9), 200
mM NaCl, 1 mM DTT, 1.5 tablets of Complete Protease Inhibitor (Roche
Applied Science)] in a final volume of 50 mL of buffer to ∼30–60 g of cells.
Resuspended cells were then kept on ice before being passed three times
through an EmulsiFlex C3 French press (Avestin) at 1,500 psi. Cell debris was
then removed by centrifugation at 45,000 rpm for 20 min in an Optima L-80
XP ultracentrifuge (Beckman Coulter) using a type 45 Ti rotor. Clear super-
natant was then loaded on a 5-mL Hi-trap SP-Sepharose column (Amersham/
GE Healthcare) at a flow rate of 0.5 mL/min. The column was washed with
50 mL of 50 mM Na-phosphate (pH 7.9) and 200 mM NaCl (1 mL/min flow
rate) before protein elution in 50 mM Na-phosphate (pH 7.9) and 1 M NaCl at
a flow rate of 1 mL/min. Two-milliliter fractions were collected and analyzed
via SDS/PAGE, and fractions containing Nun were pooled before the second
step of purification with Mono-S column (Amersham/GE Healthcare), as
described by Kim and Gottesman (22). Note that to maintain an extremely
high standard of homogeneity in protein preparation, only ∼10–20% of
fractions were retained. Therefore, although the final amount of protein
harvested from a single purification was ∼20 mg, more protein could po-
tentially have been acquired. After the final step of purification, resulting
fractions were then analyzed via MALDI MS to ensure integrity and homo-
geneity of the preparation, and fractions of >95% purity were pooled. This
step allowed us to eliminate fractions that contained trace amounts of
nonfunctional CTD mutants. Buffer was then exchanged to 50 mM Na-
phosphate (pH 7.9) and 100 mL of NaCl using a Slide-A-Lyzer dialysis cas-
sette, with a molecular weight cutoff of 3,000 (Pierce). Glycerol was added
to a final concentration of 10% (vol/vol), and aliquots were frozen in an
ethanol-dry ice bath and stored at −80 °C.

The E. coli RNAP holoenzyme carrying the His6 tag at the C terminus
of the β′ subunit was purified as described by Kashlev et al. (28) with
minor modifications.

Assembly of TECs for Transcription Assays. Synthetic RNA and DNA oligonu-
cleotides used in this work (Table S1) were from Integrated DNA Technol-
ogies. The TECs were assembled in transcription buffer (TB) [20 mM Tris·HCl

(pH 7.9), 5 mM MgCl2, 40 mM KCl, 2 mM 2-mercaptoethanol], with 10–20
pmol of purified RNAP, 5′-labeled RNA primer annealed to the template
DNA strand (TDS) and nontemplate DNA strand (NDS) subsequently added
(Fig. 1A) as previously described (14, 29). The nomenclature of the TECs is as
follows: Taking, for example, the TEC 9G9, the RNA length is indicated by the
first number (9), the letter (G) identifies the 3′ residue of the RNA primer/
transcript, and the subscripted number (9) indicates the distance from the
arbitrary +1A position in the nontemplate DNA to the 3′ end of the RNA
(the transcription start site of the T7A1 promoter from which the oligonu-
cleotide sequence was derived). When the RNA length and the distance from
the arbitrary transcription start site are the same, the TECs may be referred
to as G9 or A11, for example, omitting the specification of the RNA length.
The assembled TECs were purified by immobilization on Ni2+-nitroloacetic
acid (NTA) agarose, followed by TB washes (28) or by membrane filtration
(30). When the 12C12 and 10C12 TECs were purified from excess CTP for
pyrophosphorolysis experiments, MgCl2 in the buffer was substituted with
1 mM EDTA to prevent the RNA pyrophosphorolysis by the trace amounts of
pyrophosphate present in the Nun storage buffer.

To assess the effect of the Nun on transcription, 15 μM Nun or a corre-
sponding volume of Nun buffer was added to the TEC immobilized on Ni2+-
NTA agarose and incubated at room temperature for 10 min; Nun was then
removed by two consecutive washes with TB. The TECs were eluted from
Ni2+-NTA agarose by addition of 100 mM imidazole (pH 7.5) and 0.2 mg/mL
acetylated BSA (Sigma–Aldrich). Eluted complexes were then incubated for
5 min at room temperature before 1 mM NTPs were added to begin tran-
scription reactions. Alternatively, the TECs purified by membrane filtration
were preincubated with 5 μM Nun or a comparable volume of Nun buffer at
room temperature for 10 min and directly used in the transcription assays.
The reactions were stopped manually by addition of an equal volume of gel-
loading buffer [10 M urea, 50 mM EDTA (pH 7.9), 0.05% bromophenol blue,
and xylene cyanol] or, for incubation times less than 5 s, by addition of HCl
using an RQF-3 rapid quench flow instrument (Kintek) as described (31).
Transcription products were resolved in 20% or 23% denaturing poly-
acrylamide gels (acrylamide/methylene-bis-acrylamide ratio was 19:1) con-
taining 1× Tris-Borate-EDTA (TBE) and 7 M urea. Gel slabs (20 cm × 20 cm ×
0.4 mm) were used, and electrophoresis was performed in 1× TBE at con-
stant power of 50–55 W. The gels were exposed to phosphor screens, which
were scanned with a Typhoon PhosphorImager (GE Healthcare Life Scien-

Fig. 1. Assembly of Nun-sensitive TECs. (A) Cartoon representation of TEC
assembly. (B) TEC G9 was assembled by addition of a 32P 5′-labeled RNA9
hybridized to a TDS65, followed by addition of NDS65. TEC A11 was obtained
by addition of ATP and UTP (5 μM each) to the G9 assembly reaction. G9 and
A11 were purified by membrane filtration. TECs U10 and C12 were obtained
from G9 and A11 by 5 min of incubation with 10 μM UTP or CTP, respectively.
TECs were then preincubated for 10 min at 25 °C with 5 μM Nun, or a com-
parable volume of Nun storage buffer before transcription was initiated by
addition of 1 mM NTPs and stopped with an equal volume of 2× stop buffer.
The 0-, 10-, and 60-s time points are shown.
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ces). Transcription products were quantified using ImageQuant software (GE
Healthcare Life Sciences).

Exonuclease III Toe Printing. The TECs immobilized on Ni2+-NTA agarose were
formed and purified as described for transcription assays, but one of the
DNA strands, in addition to the RNA primer, was labeled at the 5′ end. For
RNAP rear-end toe printing, the TDS was labeled, and the NDS contained
two consecutive phosphothioate bonds at the 3′ end to ensure unidirec-
tional degradation of the TDS by exonuclease III (ExoIII; Promega). Nun
(5 μM) was added to the TECs for 10 min, and ExoIII was added to the TEC
without washing off excess Nun protein. For the front-end toe printing, the
TECs were assembled with TDS65 containing two consecutive phospho-
thioate bonds and NDS52 labeled at the 5′ end. The TECs were washed after
incubation with Nun as described for the transcription assays. The final
concentration of ExoIII was 3 units/μL. The reactions were stopped by addi-
tion of the gel-loading buffer as described above. ExoIII digestion products
were resolved in 10% denaturing polyacrylamide gels (acrylamide/methy-
lene-bis-acrylamide ratio was 19:1) containing 1× TBE and 7 M urea. Gel slabs
(40 cm × 20 cm × 0.4 mm) were used, and electrophoresis was performed in
1× TBE at a constant power of 60–65 W.

Results
Nun Arrests TECs Assembled on Synthetic RNA–DNA Scaffolds. To
determine how Nun arrests elongating RNAP, we assembled a
TEC in vitro from RNAP core enzyme carrying a His6 tag in
the C terminus of the β′ subunit, as well as synthetic TDS65,
RNA9 and NDS65 (14, 29) (Table S1). The template DNA se-
quence used in these studies was derived from the T7A1 pro-
moter. Fig. 1A shows an overview of the assembly process. TECs
U10, A11, and C12 were obtained from TEC G9 as described in
the figure legend. The four TECs were chased with 1 mM NTPs
for 10 s to detect transient pausing and for 1 min to establish the
sites of transcription arrest after preincubation with Nun (Fig.
1B). All of the TECs were proficient in elongation despite some
pausing at the +9G, +10U, and +12C sites in the absence of Nun
(e.g., Fig. 1B, lane 2). Preincubation of 9G9 with Nun increased
pausing at the +10U position, promoted pausing at +11A, and
stably arrested ∼50% of RNAP after formation of three con-
secutive phosphodiester bonds (+12C position; Fig. 1B, compare
lanes 3 and 6). Note that Nun did not induce a pause until at
least one nucleotide was added. Thus, upon NTP addition, the
G9 TEC paused at +10U and +11A (Fig. 1B, lane 5) and U10
paused at +11A (Fig. 1B, lane 11). When A11 was preincubated
with Nun and chased with NTPs, a single CMP was incorporated
and about 90% of the TECs were arrested at +12C (Fig. 1B, lane
18). Nun arrested the preformed TEC C12 with the same high
efficiency (Fig. 1B, lane 24). Thus, A11 and C12 TECs represent
a clear minimal system for Nun-induced transcription arrest that
recapitulates nut-independent arrest in the regular promoter-
driven transcription. We used these TECs to address the question
of why some TECs incorporate one or more NMPs before being
arrested, whereas others are instantly arrested by Nun.

Translocation States of Nun-Arrested TEC. To test if Nun affects
RNAP interaction with the DNA template, and to identify the
site of Nun interaction with elongating RNAP, we used ExoIII,
a 3′→5′ processive dsDNA exonuclease, to probe the upstream
and downstream boundaries of the TECs with and without Nun.
ExoIII has been widely used to determine translocation equi-
libria in TECs by different RNAPs and to locate DNA binding
sites of proteins (32–34). Such experiments were performed as
time courses, and representative time points were chosen to
determine the translocation state. In TEC A11, RNAP protects
13 nt of the TDS upstream from the RNA 3′ end from degra-
dation by ExoIII, yielding a 47-nt product (Fig. 2A, Upper, lane 1).
Interestingly, incubation of TEC A11 with CTP generated TEC
C12 (Fig. 2A, Lower, compare lanes 1 and 3 showing the RNA) but
did not result in a significant shift of the rear-end RNAP boundary
(Fig. 2A, lane 3). In TEC C12, RNAP protects 14 nt of the TDS
from the RNA 3′ end. The invariant toe prints indicate that TEC

A11 is primarily posttranslocated and C12 is primarily pretrans-
located. In this case, the faint band above the major toe print of
A11 (Fig. 2A, lane 1) corresponds to the pretranslocated boundary
of TEC A11, and the band detected below the major toe print of
TEC C12 (Fig. 2A, lane 3) is its posttranslocated boundary.
Addition of Nun extended the RNAP toe prints in both TECs.

A clear Nun-dependent toe print located 2 bp upstream from the
most prominent rear-end boundary of posttranslocated TEC A11
and pretranslocated TEC C12 (Fig. 2A, lanes 2 and 4) was ob-
served. Importantly, the addition of CMP to TEC A11 did
not change the site of the Nun-dependent toe print. The Nun-
dependent toe print might reflect (i) a direct physical barrier im-
posed by Nun to ExoIII approaching the rear end of RNAP, (ii)
Nun-induced DNA “scrunching” (retraction of upstream DNA
into RNAP) protecting the DNA from nuclease digestion, or (iii)
backtracking (i.e., reverse 1- to 2-bp translocation) of Nun-bound
RNAP. A major fraction of TEC A11 efficiently and very rapidly
incorporated CMP in the presence of Nun and was resistant to
pyrophosphorolysis (Fig. 2A, RNA and the presteady-state ex-
periment described below), further indicating that Nun did not
induce backtracking of this TEC. A very high sensitivity of TEC
C12 to pyrophosphorolysis in the presence of Nun also eliminated
involvement of backtracking in arrest of this complex (see below).
When the front-end toe prints of TEC A11 and TEC C12 were

determined, ExoIII revealed at least three RNAP boundaries
(Fig. 2B, lanes 1 and 3). The 47-nt ExoIII digestion product is the
same as the single-band front-end toe print of TEC G9 (Fig. 2B,

Fig. 2. Nun effects on RNAP toe prints. (A) Rear-end toe printing of TECs
A11 and C12 in the presence and absence of Nun. Upstream DNA was uni-
directionally digested with ExoIII to the rear-end boundary of each TEC (the
TDS was 5′-labeled). Reactions were stopped after 2 min of incubation.
(Upper) Toe prints (including the length of the DNA fragments) are indicated
by arrows on the immediate right side of the blot. (Right) Cartoon indicates
how ExoIII digestion defines the pre- and posttranslocated states of TEC as
determined by the rear-end toe print. (Lower) RNA synthesized by each TEC
is shown. (B) Front-end toe printing of TECs A11 and C12. Downstream DNA
was unidirectionally digested with ExoIII. Posttranslocated boundaries of
A11, C12, and G9 (a translocation marker) are indicated by diagonal arrows next
to the corresponding gel lanes. (Upper) Lengths of the ExoIII digestion products
are indicated on the immediate right side of the blot. (Lower) RNA products
are again shown. (Right) Cartoon illustrates front-end ExoIII digestion.
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lane 5), suggesting that ExoIII can induce RNAP backtracking
by pushing the TEC backward (16, 35, 36). The longest 49-nt
digestion product, barely detectable in TEC A11 (Fig. 2B, lane 1)
and well pronounced in C12 (Fig. 2B, lane 3), corresponds to the
posttranslocated boundary of TEC A11 and the pretranslocated
boundary of C12. Nun stabilized the 49-nt posttranslocated
boundary, indicating that Nun blocks the movement of this
complex from a posttranslocated to pretranslocated state (Fig.
2B, compare lanes 1 and 2). Notably, we find no Nun toe print at
the downstream border of TEC A11. In TEC C12, Nun reduced
the abundance of reverse translocated bands and stabilized the
complex in a pretranslocated state. In the presence and absence
of Nun, incorporation of CMP to TEC A11 did not induce for-
ward translocation of RNAP on DNA. Strikingly, the Nun-
induced toe print also remained stationary upon RNA syn-
thesis. Thus, we conclude that Nun restricts lateral movement
of either pre- or posttranslocated TEC. TEC A11 is clearly not
backtracked because it is catalytically active in the presence of
Nun (see below). TEC C12 also did not show any evidence of
backtracking in this assay; thus, we conclude that backtracking
is not implicated in Nun arrest of this complex.

Effect of Nun-Resistant RNAP Mutants and a Nonfunctional Nun
Mutant on Transcription Arrest and RNAP Toe Print. Three RNAP
mutations that specifically inhibit Nun activity in vivo (β′ D264G,
β′ D329G, and β′ R322H) have been previously identified (37).
Other than inhibiting Nun arrest, all three mutant polymerases
are fully functional in elongation and support λ N anti-

termination (37). β′ D329 and D264 are located in the base of
the rudder and lid elements, respectively, and β′ R322 is located
in the rudder. They are positioned within 3–9 Å of one another,
measured from a structure of TEC determined by Vassylyev
et al. (10) (Protein Data Bank ID code 2PPB) and the model for
the transcription bubble and upstream DNA duplex in TEC from
Andrecka et al. (38) (Fig. 3A, Right). All three residues localize
near the −8 RNA base of the RNA–DNA hybrid in elongating
Thermus thermophilus RNAP (Fig. 3A, Left).
To confirm that the minimal in vitro transcription system ac-

curately reflected the biological functions of Nun, we tested the
β′ R322H RNAP mutant for arrest in vitro. TEC 11A11 was
assembled with either mutant or WT RNAP and incubated with
Nun either before or after addition of CTP (thus comparing TEC
A11 with TEC C12), followed by incubation with all four NTPs to
test for arrest. The β′ R322H was 10-fold less efficient than WT
RNAP in supporting Nun arrest at the +12C site regardless of
whether transcription was started from A11 or C12. (Fig. 3B,
compare lanes 2 and 4 and lanes 6 and 8). Conversely, when WT
TEC A11 was incubated with the nonfunctional Nun mutant
(K106A/K107A) (22), arrest was inhibited to the same extent as
with the mutant RNAP (Fig. 3B, compare lanes 14 and 15).
Consistent with the transcription data, the Nun-dependent toe

print was absent whether mutant RNAP (Fig. 3C, lanes 3 and 4) or
mutant Nun (Fig. 3C, lane 5) was used. Collectively, the positions
of the β′ mutations suggest that Nun may physically interact with
the upstream boundary of RNAP, dsDNA, the transcription bub-
ble, or the RNA–DNA separation site.

Fig. 3. RNAP β′ mutations near the upstream edge of the RNA–DNA hybrid inhibit Nun. (A, Left) Structure of 9-bp RNA–DNA hybrid in a TthRNAP TEC is
shown (PDB ID code 2O5J). All three RNAP mutants that inhibit arrest by Nun in vivo locate in the β′ subunit of EcRNAP (β′ D264G, β′ D329G, and β′ R322H)
between the lid and rudder domains in the zipper region. The mutations are clustered within 3–6 Å of the 5′ end of the transcription bubble in the vicinity of
base pair −9 of the 9-bp RNA–DNA hybrid. Only the DNA (gray, space-filled model) and the RNA (colored elements, sticks) strands of the 9-bp RNA–DNA
hybrid and the NTP in the active center (i + 1 site) are shown. Numbers in brackets indicate the corresponding amino acid residues in the β′ subunit of TtRNAP.
(Inset) Zoomed area surrounding the −8/−9 bp of the hybrid. The −8 RNA and DNA paired bases (−8R and −8D) are shown in yellow and brown colors,
respectively. The R322 (TtRNAP R598) residue is located 3 Å from the α-phosphate of the −8 residue of the nascent RNA. (A, Right) Model of the structure of
the “complete” TEC by yeast RNAPII containing the intact transcription bubble (44). The colors are as in the left panel. (Inset) The −8 and −9 positions of the
RNA–DNA hybrid are highlighted; the position of Rpb1-R320 (corresponds to EcRNAP β′ R322) is shown. (B) TECs A11 were assembled with WT and β′ R322H
mutant RNAPs immobilized on Ni2+-NTA agarose for the TEC purification with RNA11, TDS65, and NDS65. C12 TECs were obtained by 90 s of incubation with 5
μM CTP. A nonfunctional mutant of Nun (K106/107A) was tested with WT TEC (lane 9). The +11A RNA is indicated by an arrow. (C) Upstream DNA was
unidirectionally digested with ExoIII to the rear-end boundary of A11 or C12 TECs. Before ExoIII treatment, each TEC was incubated for 5 min with Nun or
a comparable volume of Nun storage buffer. The Nun-specific toe print is indicated on the immediate right side of the blot by an arrow. (Right) Cartoon
indicates the location of the Nun-specific toe print.
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Presteady-State Kinetic Analysis of Nun Activity on NMP Incorporation
and Pyrophosphorolysis. Presteady-state kinetic analysis can quan-
tify the typically very rapid NMP addition rate at physiological
concentrations of substrate NTP. It can identify alternative func-
tional states of TEC during the translocation/catalysis cycle (5) at
a resolution impossible to achieve from bulk biochemical experi-
ments. We performed a presteady-state analysis of CMP addition
to TEC A11 in the presence and absence of Nun. In the absence of
Nun, the major (∼70%) fraction of TEC A11 showed a rapid in-
corporation rate (>100 s−1), whereas the rate of the minor (15%)
fraction was substantially slower. The experimental data fitted
a double-exponential function rather than a single-exponential
function (i.e., two incorporation rates are observed, as indicated by
the double-headed arrows in the graph in Fig. 4A.) We attributed
these two fractions to posttranslocated TEC A11, which incorpo-
rates CMP12 rapidly, and pretranslocated TEC A11, which must
translocate before nucleotide addition. The extra translocation
step is responsible for the slow catalytic rate of the minor fraction
of TEC A11. It has been shown recently that forward RNAP
translocation is a rate-limiting step at some DNA sequences (7,
17, 39). Nun converted the double-exponential curve to a single-
exponential curve, presumably by inactivating the minor pretran-
slocated fraction (compare the black and red curves in Fig. 4A,
Left). Accordingly, TEC A11 treated with Nun incorporated ∼15%
less CMP than untreated TEC A11 after a 0.2-s incubation with
CTP (the red curve lies below the black curve in Fig. 4A). These
results eliminated the possibility that TEC A11 backtracked on
DNA in the presence of Nun. The robustness of the Nun effect
was confirmed with a complex carrying a 3′ A11→T(U)11 sub-
stitution (Fig. S1). We conclude that in a 0.2- to 0.5-s time frame,
Nun kinetically trapped or reduced the conversion of pretran-
slocated TEC to posttranslocated TEC at position +11A.
As a second approach to determine the translocation state of

TEC A11 and the effect of Nun on translocation, we measured
pyrophosphorolysis rates and sensitivities (Fig. 4B). Pyrophos-
phorolysis in TEC depends on the identity of the 3′ RNA base
and the translocation state of RNAP (7, 40). The 3′ RNA must
reside in the i + 1 site to be susceptible to nucleolytic attack
by exogenous pyrophosphate, leading to pyrophosphorolysis.
Therefore, pretranslocated RNAP is more sensitive to pyro-
phosphorolysis than its posttranslocated counterpart. The latter
requires backward translocation (i.e., reversion to the pre-
translocated state) to pyrophosphorolize the 3′ RNA. Sensitivity
to pyrophosphate also depends on the nature of 3′ RNA residue
in TEC (40). As expected, TEC A11, which is primarily post-
translocated (Figs. 2A and 4A), was relatively resistant to pyro-
phosphorolysis. This result is not surprising, given the high
catalytic rate of this complex, which indicates the post-
translocated state (Fig. 4B; note the difference in the time scale
for nucleotide addition in Fig. 4A and pyrophosphorolysis in Fig.
4B). Nun further increased the resistance of A11 to pyrophos-
phate (Fig. 4B, red curve). This finding suggests that Nun
blocked transient reversion of the posttranslocated TEC A11 to
the pretranslocated TEC A11, just as it blocked forward trans-
location of the pretranslocated state to the posttranslocated state
of TEC A11 in Fig. 4A. These results strongly argue that Nun
blocks or slows down lateral movement of TEC independently of
the translocation state (Fig. 4C). In contrast to TEC A11, Nun
strongly prevented addition of the next cognate AMP to TEC C12
(Fig. 4D), supporting the idea that the Nun-arrested complex is
primarily pretranslocated (Fig. 4C). TEC C12 was also hypersensitive
to pyrophosphorolysis compared with TEC A11 (Fig. 4E, compare
time scale with Fig. 4B). Nun stimulated pyrophosphorolysis ap-
proximately twofold in TEC C12 (Fig. 4 E and F), presumably by
inhibiting conversion of the pretranslocated complex to the pyro-
phosphate-resistant posttranslocated state. The Nun-dependent in-
crease in pyrophosphate sensitivity of TEC C12 further argues
against backtracking of RNAP induced by Nun. In the backtracked

TEC, the RNA 3′ end is extruded into the secondary channel, and is
thus resistant to cleavage by exogenous pyrophosphate.
We conclude that Nun prevents lateral movement of TEC,

blocking conversion of pretranslocated TEC to posttranslocated
TEC, and vice versa (Fig. 4C). This idea is consistent with the

A

C

D

B

E F

Fig. 4. Presteady-state analyses of Nun effect on NMP addition and pyro-
phosphorolysis. (A) CMP addition time course by TEC A11. TEC A11 was obtained
as described in Fig. 1B. Transcription was assayed by mixing the TEC with ATP
and CTP (1 mM final concentration) using an RQF-3 rapid quench flow in-
strument (Kintek). The fraction of the 12-nt or longer products was plotted
vs. time, and the data were fitted with a double-exponential function. The
apparent rates and fractions of the TECs incorporating the CMP with these
apparent rates are shown in the plot. (B) Pyrophosphorolysis of TEC A11. The
TEC was incubated with 2.5 mM potassium pyrophosphate for the indicated
times. The reaction was stopped manually by addition of gel-loading buffer.
The fraction of the 11-nt RNA product was plotted vs. time, and the data
were fitted with a single exponential function. (C) Proposed mechanism of
Nun interaction with TEC A11. (D) AMP addition time course by TEC C12. The
experiment was performed and analyzed as described in A, except that TEC
C12 was obtained from TEC A11 before Nun addition. (E) Pyrophosphorolysis
of TEC C12. The experiment was performed and analyzed as in B, but the
reaction was carried out with an RQF-3 rapid quench flow instrument. (F)
Nun effect on susceptibility of TEC C12 to pyrophosphate. The fraction of TEC
C12 remaining intact after 5 s of incubation of TEC C12 with various pyro-
phosphate concentrations is plotted. The data were fitted to a Michaelis–
Menten equation to determine the concentration of pyrophosphate pro-
moting pyrophosphorolysis of 50% of the elongation complex after 5 s of
incubation with pyrophosphate. Δ t (s) (time in seconds), threshold cycle.
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observation that Nun stabilized TEC against dissociation by high
(1–2 M) salt (20), indicating a tighter clamping of the nucleic
acid scaffold by RNAP.

RNA–DNA Hybrid Length Influences Nun Activity. We next searched
for regions in the RNA–DNA scaffold critical for Nun activity.
We initiated transcription from a set of TECs with the same
RNA 3′ end (+11A) but with different RNA lengths at the 5′
end, and compared elongation in the presence and absence of
Nun. Cartoon representations of the complexes and their re-
spective RNA lengths are depicted above each gel in Fig. 5. A
complex formed with an 8-mer RNA (8A11) showed no Nun
arrest at +12C, although a weak arrest site (27%) could be
identified 2 nt downstream, at +14C (Fig. 5A, lane 2). In con-
trast, TEC 9A11 was strongly arrested by Nun at +12C [Fig. 5A,
lane 4 (75%)]. The efficiency of arrest was comparable to that
seen when transcription was initiated from a complex formed
with an 11-mer RNA (TEC 11A11; Fig. 5A, lane 6). TEC 11MA11,
which carries a 3-nt mismatch at the 5′ end of the 11-nt RNA,
and thus an 8-bp RNA–DNA hybrid, behaved similar to TEC
8A11. Arrest at +12C was abolished, although weak arrest at +14C
could be seen (Fig. 5A, lane 8). The sequence of the non-
complementary RNA did not account for this result, because

changing the DNA sequence to restore complementarity (TEC
11RA11) fully restored Nun arrest (Fig. 5A, lane 10).
We then tested the effect of Nun on complexes assembled

directly at the site of arrest (+12C) (Fig. 5B). In this context,
a minimum of 10-mer RNA, rather than 9-mer RNA, was nec-
essary for Nun arrest at +12C (Fig. 5B, compare lanes 2 and 4).
Furthermore, a TEC formed with a 12-mer RNA containing a
3-nt mismatch at its 5′ end (TEC 12M C12), carrying 9 nt of 3′
cRNA, was also refractory to Nun arrest at +12C (Fig. 5B, lanes
7 and 8). Again, restoring complementarity by changing the
template sequence restored Nun arrest (Fig. 5B, lanes 9 and 10).
These results suggest that the minimal 10-bp length of the RNA–

DNA hybrid, rather than the RNA length per se, determines
Nun arrest efficacy at this site. A 9-bp cRNA corresponds exactly
to the length of the RNA–DNA hybrid observed in the X-ray
crystals of posttranslocated T. thermophilus TEC (10). The hy-
brid length should increase to 10 bp after conversion of this
complex to the pretranslocated state upon a single bond for-
mation. In conclusion, Nun arrested TEC with a 9-bp hybrid only
after addition of a single NTP, whereas Nun-modified TEC with
a 10-bp hybrid cannot incorporate another NMP.
We next determined that a 9-bp RNA–DNA hybrid is the

minimum required for Nun activity. We substituted single abasic
residues in the template or NDSs of TEC 9A11 (Fig. 6). Note
that only the DNA was modified in these scaffolds. Importantly,
the ability to support Nun-mediated arrest was eliminated with
templates that contained an abasic site opposite the −8 or −9
base position in the RNA, generating continuous hybrids of 7 bp
or 8 bp, respectively (Fig. 6A, lanes 4 and 6). In contrast, an
abasic substitution at the −10 position, which allows formation of
a 9-bp RNA–DNA hybrid, did not inhibit Nun activity (Fig. 6A,
lane 8). We next assayed Nun binding to TEC 9A11 carrying
template-strand abasic substitutions (Fig. 6B). Nun generated a
strong upstream toe print on this template (Fig. 6B, lanes 1 and
2). In contrast, we observed no Nun-specific toe prints on the
Nun-resistant −8 and −9 abasic templates (Fig. 6B, lanes 3–6).
Like WT TEC 9A11, these variants were roughly equivalent in
the distribution between their pre- and posttranslocated states.
In contrast, Nun generated the extended toe print in TEC 9A11
carrying a −10 abasic template (Fig. 6B, lanes 7 and 8). The toe
print was slightly weaker on this template compared with its
nonmodified counterpart, indicating that the −10 abasic site
slightly reduced or altered Nun binding to RNAP (Fig. 6B, com-
pare lanes 2 and 8). These results confirm the positive correlation
between Nun-dependent toe print formation and Nun arrest
efficiency. In support of the hypothesis that Nun recognizes
template DNA and/or RNA–DNA hybrid, the abasic sub-
stitutions on the nontemplate strand had no impact on Nun-
mediated arrest (Fig. 6C). We conclude that posttranslocated
TEC, which includes a 9-bp RNA–DNA hybrid, is recognized by
Nun, although arrest only occurs when the hybrid is extended to
10 bp, that is, at a pretranslocated state (Fig. 5A, lanes 3 and 4,
and B, lanes 3 and 4).

Discussion
The Nun protein of temperate coliphage HK022 is a unique
transcription elongation factor that specifically excludes super-
infecting phage λ. Nun arrests E. coli RNAP at intrinsic pause
sites promoter-distal to phage λ RNA nut sequences. Nun arrest
results in the abrogation of λ transcription (8, 19, 20). E. coli Nus
proteins facilitate Nun-mediated arrest both in vivo and in vitro.
We assayed Nun activity in vitro on templates that lack both λ
nut RNA and ancillary protein factors. Thus, our system allowed
us to study the direct effect of Nun on transcription elongation.
We demonstrate that Nun impedes lateral mobility of RNAP

on the DNA template in both directions, immobilizing RNAP in
either a pre- or posttranslocated register. Tethering of post-
translocated TEC inhibits RNA pyrophosphorolysis (as exem-

Fig. 5. Hybrid length determines the ability of Nun to inhibit transcription.
TECs were assembled as described in Fig. 1, but with RNA8A, RNA9A, and
RNA11A (Table S1). All of the RNA primers shared the 3′ sequence, ending at
+11A. RNA11A was fully complementary to TDS65, and RNA11AM carried
a 3-nt 5′-end mismatch. TEC 11AR

11 was assembled with RNA11AM, TDS65M,
and NDS65M, restoring the full complementarity of the RNA to the template.
The assembled TECs were preincubated with Nun or Nun storage buffer
before (A) or after (B) addition of 5 μM CTP for 5 min. NTPs (1 mM) were
added in even-numbered lanes for 60 s.
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plified by TEC A11), whereas tethering of pretranslocated TEC
enhances pyrophosphorolysis and blocks phosphodiester bond
formation (e.g., TEC C12). Nun requires at least a 9-bp RNA–

DNA hybrid for binding, and it arrests transcription once the
hybrid is extended to a length of 10 bp. Nun binds to both pre-
translocated and posttranslocated TEC, thus implying that the
hybrid fluctuates between a length of 9 bp and 10 bp depending
on the translocation state of TEC. This conclusion is consistent
with structural data (10).
In addition to transcription arrest, Nun can modulate TEC

pausing (Fig. 1). Nun effects on pausing are complex. When
transcription was initiated from TEC G9, Nun stimulated pausing
at +10U and +11A yet arrested transcription at +12C. The +10
and +12 positions are intrinsic pause sites that appear to be
sensitive to Nun. This finding is in accordance with previous
observations that Nun arrest corresponds to intrinsic pause sites
on natural DNA templates (20). Nun may induce pausing of
TEC at nonintrinsic pause sites, as illustrated by pausing at +11A
of transcription initiated from TEC 10U10 in the presence of
Nun (Fig. 1B, lanes 5 and 11).
Nun produced a unique toe print 1 to 2 nt upstream to the

TEC edge of TECs A11 and C12 (Fig. 2B). This toe print did not
change upon limited RNA synthesis (from +11A to +12C). Nun
allows TEC A11 to add a single nucleotide (CMP) but blocks
further nucleotide addition by freezing the pretranslocated TEC
C12 (Fig. 1B). Note that TEC C12 has an intrinsically slow rate of
forward translocation after bond formation. Even in the absence
of Nun, the toe prints of TEC A11 and TEC C12 remain invariant.
We propose that TEC C12 is a substrate for arrest by Nun be-
cause it does not undergo rapid equilibrium between the pre- and
posttranslocated states, and remains primarily pretranslocated.
It has recently been shown that the translocation dynamics of

DNA polymerases may significantly vary between different DNA
sequences (41). Two distinct patterns have been identified: (i)
prolonged dwelling in either the pretranslocated or posttran-
slocated state (e.g., TEC C12 and TEC A11, respectively) or
(ii) rapid exchange between these states, accompanied by a short
duration in each state (41). Comparatively Nun-resistant TECs,
such as G9, may belong to the latter category of rapidly trans-
locating complexes, which have very short-lived and poorly de-
fined translocation states, presenting Nun with a challenge to
interact with either of these states. An alternative model would
be that Nun requires access to the hybrid fork junction for
a suitable length of time to establish a tight interaction. Thus,
frequent oscillation of the hybrid length due to rapid melting/
reannealing nucleotides at the 5′ end (because of either a rapid

exchange of translocation states or accelerated transcription)
occlude the pocket into which Nun must establish tight contact
with the upstream hybrid edge.
Our work indicates that the 5′ edge of the hybrid region plays

a critical role in Nun action. This finding is supported by the fact
that the Nun-specific rear-end toe print is correlated with arrest.
Whether this toe print represents a barrier to ExoIII by Nun
protein or is the consequence of a secondary effect of Nun
binding (e.g., DNA distortion) is not known. Nevertheless, this
effect is specific to the upstream region; we have not observed
a Nun-induced front-end toe print. Furthermore, the three
RNAP mutants that ablate Nun activity all localize near the 5′
edge of the RNA–DNA hybrid. One such representative mu-
tant, β′ R322H, abolished both Nun-induced arrest and the Nun-
specific rear-end toe print. Because forward translocation

Fig. 6. Abasic sites in the TDS that disrupt the RNA–DNA hybrid block Nun-mediated transcription arrest and Nun binding to TEC. (A) TEC 9A11 was assembled
with RNA9A; original TDS65; or TDS65 containing abasic substitutions −8, −9, and −10 relative to the location of the RNA 3′ end (TDS65 abasic series; Table S1)
and NDS65. AB, abasic. (B) Rear-end boundary of TEC 9A11 on the original, −8 abasic, −9 abasic, and −10 abasic templates was determined by ExoIII toe
printing. A short arrow indicates the position of the Nun-specific toe print. Bars and cartoon indicate the positions of pre- and post-translocated TEC 9A11. (C)
TEC 9A11 was assembled with RNA9A; TDS65; original NDS65; or NDS65 containing abasic substitutions −8, −9, and −10 relative to the location of the RNA 3′
end (NDS65 abasic series; Table S1). Transcription assays in A and C were performed as described in Fig. 3B.

Fig. 7. Molecular mechanism of Nun action. Details are provided in the
main text.
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requires melting one base pair at the upstream end of the hybrid
in TEC (12, 42), Nun may interfere with translocation by stabi-
lizing the end of the hybrid.
Previous work using a C-terminal cross-linker showed contacts

between the Nun C terminus and template DNA ∼9 bp down-
stream to the active center (43). The work presented here does
not refute that data, because it did not monitor cross-linking of
Nun to template. It is possible that Nun makes multiple simul-
taneous contacts at both the upstream and downstream bound-
aries of TEC. A downstream Nun toe print may not have been
detected because the site of cross-linking, 9 bp downstream from
the 3′ end of transcript, lies within the RNAP dsDNA-binding
groove, and therefore is not accessible to ExoIII digestion. We
cannot rule out the possibility that more than one Nun molecule
is bound by TEC and that each one makes distinct contacts.
Furthermore, different templates were used in each study. Those
used in the cross-linking experiments, for example, were based
upon λ sequences; the templates used here were not. Note that
neither template contained BoxB.
Fig. 7 shows how Nun might interfere with the transcription

cycle by restricting translocation of RNAP. TEC A11, which is

mostly posttranslocated, is used to illustrate the model. Nun does
not block CMP incorporation by this TEC population. For the
minor pretranslocated population of TEC A11, Nun immobilizes
the upstream edge of the RNA–DNA hybrid (between −9 and
−10 positions of the hybrid), thus blocking forward translocation
and incorporation of CMP (step 1). Nun also blocks backward
translocation of the posttranslocated fraction, thus increasing its
resistance to pyrophosphate (step 2). Immobilization of post-
translocated TEC A11 allows CMP incorporation but not AMP, the
next nucleotide (steps 2 and 3; Fig. 4 A and B). Nun-immobilized
pretranslocated TEC C12 is sensitive to pyrophosphorolysis (steps 2
and 4). Note that the Nun-induced toe print does not change po-
sition in steps 2–4. Nun pauses, rather than arrests, pretranslocated
TEC A11 (Fig. 1B). Nun releases its hold on the RNA–DNA hybrid,
which melts, allowing the complex to move to the posttranslocated
state and add CMP (step 1a). We suggest that the forward trans-
location potential of pretranslocated TEC A11 may be greater than
that of pretranslocated TEC C12 due to the lower stability of this
state at +11A compared with the +12C position. This difference
may allow the former to break from Nun tethering and to escape
from the pause.
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