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SUMMARY

Protein N of bacteriophage A activates the lytic phase of phage development in infected E. coli cells
by suppressing the activity of transcriptional terminators that prevent the synthesis of essential phage
proteins. N binds tightly to the boxB RNA hairpin located near the 5’ end of the nascent pL and pR
transcripts and induces an antitermination response in the RNA polymerase (RNAP) of elongation
complexes located at terminators far downstream. We here test a RNA looping model for this N-
dependent “action at a distance’ by cleaving the nascent transcript between boxB and RNAP during
transcript elongation. Cleavage decreases antitermination, showing that an intact RNA transcript is
required to stabilize the interaction of boxB-bound N with RNAP during transcription. In contrast,
an antitermination complex that also contains Nus factors retains N-dependent activity after transcript
cleavage, suggesting that these host factors further stabilize the N-RNAP interaction. Thus the
binding of N alone to RNAP is controlled by an RNA looping equilibrium, but after formation of the
initial RNA loop and in the presence of Nus factors the system no longer equilibrates on the
transcription time-scale, meaning that the ‘range’ of antitermination activity along the template in
the full antitermination system is kinetically controlled by the dissociation rate of the stabilized N-
RNAP complex. Theoretical calculations of nucleic acid end-to-end contact probabilities are used
to estimate the local concentrations of boxB-bound N at elongation complexes poised at terminators,
and are combined with N activity measurements at various boxB-to-terminator distances to obtain
an intrinsic affinity (Kq) of ~ 2 x 10° M for the N-RNAP interaction. This RNA looping approach
is extended to include the effects of N binding at nonspecific RNA sites on the transcript and the
implications for transcription control in other regulatory systems are discussed.
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INTRODUCTION

Specific gene transcription is often controlled by “action at a distance’ effects that reflect
processes in which regulatory proteins bind to specific nucleic acid sequences at one position
on the DNA genome and modulate transcription at another. These processes generally involve
nucleic acid looping mechanisms that facilitate interaction between a bound regulatory protein
assembly and a functional transcription complex.l‘3 Looping-facilitated interactions are
essential for proper transcription complex assembly and function and have been observed in a
number of biological contexts, including intiation and elongation of prokaryotic and eukaryotic
transcription,l‘ replication,7 RNA splicing,8 recombination,®10 and telomere maintenance.
11 Despite the ubiquity of these processes, many of the mechanisms that control interactions
facilitated by cis-looping are poorly understood.

A minimal model of regulation by nucleic acid looping involves four steps: (i) binding of
regulatory protein factor(s) to specific sequences on the DNA or RNA; (ii) looping of the
nucleic acid “tether’ to bring the bound protein(s) to the (usually DNA-bound) target complex
that is to be regulated; (iii) binding of the regulatory proteins to the target complex in cis, with
an affinity that depends both on the looping-dependent local protein concentration at the target
and on the intrinsic affinity of the protein(s) for the target; and (iv) interaction of the protein
(s) with the target complex to achieve regulation. The effectiveness of each of these steps
depends on those preceding; thus protein binding in trans to the nucleic acid binding site
determines the fraction of protein-nucleic acid complexes available for looping-facilitated
binding of protein to the target site, which in turn determines the fraction of target-bound
complexes that can modulate the regulatory response. Determination of the relationship
between regulatory protein binding and changes in transcriptional activity requires
measurement of the efficiency of all four steps in a single experimental system. Such
experiments allow determination of the affinity of regulatory proteins for their targets, identify
regulatory mechanisms that arise from the cumulative effect of multiple mechanistic steps, and
isolate key parameters whose modulation by accessory factors changes regulatory output.

The antitermination function of the N protein of bacteriophage A provides a simple model
system for the study of such interactions. N protein activates the transcription of developmental
genes of phage A by contacting the RNA polymerase (RNAP) of transcriptional complexes of
the E. coli host and increasing the read-through of intrinsic and Rho-dependent terminators
that otherwise Brevent synthesis of transcripts required in the lytic pathway of phage
development.l =14 This antitermination process occurs only at terminators located within the
PR and pL operons of A and requires the i)resence of nut DNA sequences that are located just
downstream of the pL and pR promoters. 5,16 These nut sequences, functioning in their RNA
forms, are present on the transcripts that originate from promoters pL and pR17_ 9 and contain
the boxA and boxB RNA sequences that act as binding sites for regulatory factors involved in
antitermination.20:21 N binds to the boxB RNA hairpin sequence element20:22 and contacts
(by cis RNA looping) transcription elongation complexes paused at terminators located as far
as thousands of bps downstream of the boxB binding site. 3-25 | vitro, in the absence of
boxB, N protein alone can cause high levels of terminator readthrough by binding
nonspecifically to the transcript RNA.26,37

The ability of N to act “at a distance’ (via cis RNA looping) to suppress transcript termination
at terminators located downstream from the nut-encoded boxB binding site is inversely related
to the distance along the template DNA between the nut site and the transcriptional terminators
of the pL and pR operons. In vivo, DNA insertions in this region decrease, and DNA deletions
increase, the expression of genes located as much as 10,000 bp from nut.23 The effective
‘range’ of the N-dependent antitermination effect in vitro is smaller, with N and the E. coli
NusA protein cooperating to suppress terminators located 300 bp from nut with >95%
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efficiency,26 but failing to suppress terminators positioned >500 bps from nut.2° The
diminished activity of N at terminators located significantly downstream of the nut site can be
restored in vitro by the addition of the E. coli host factors NusA, NusB, NusE (also called
ribosomal protein S10) and NusG. 24,25 These host protein factors do not facilitate
antitermination in the absence of N, but they do increase the range of in vitro N-dependent
antitermination to >3 kbp from the nut site. The Nus factors bind to the boxA RNA sequence
located adjacent to boxB and also to N, to RNAP and to one another,21,27-30 suggesting that
they work together to stabilize the interaction of N protein with the RNAP. However, little is
known about how the Nus factors increase the stability of the N-RNAP complex in the context
of RNA looping.

A generally accepted model for action at a distance in the N system proposes that the interaction
of N protein with the RNAP of the elongation complex is weak and requires an elevated local
concentration of boxB-bound N protein at the elongation complex to permit blndmg This
elevated local concentration is provided by RNA looping, as outlined above.3 22 The
local concentration of transcript-bound N protein at RNAPSs positioned at the target terminators
is high for nut sites close to the terminator, because the volume through which the tethered N
can diffuse (and therefore its local concentration) is controlled by the length of the RNA
transcript. The longer RNA tether that results when the nut site is far from the terminator
increases the volume of solution around the RNAP that is available to the boxB-tethered N
protein, thus lowering the effective local concentration of N at the target. Thus, as elongation
proceeds, extension of the RNA transcript results in a ‘reverse titration’ of RNAP with N
protein, with the local concentration of N protein bound ‘in cis’ at the boxB hairpin decreasing.
Eventually, at terminators for which the length of the RNA ‘tether’ between boxB and the
terminator exceeds an upper limit, the local concentration of boxB-tethered N protein becomes
too low to permit effective equilibrium binding of N to the RNAP of the transcription complex.

The local concentration of N protein at the elongation complex has been calculated for various
nut to terminator distances using quantitative models of RNA looping. This approach uses a
freely jointed chain model and empirical measurements of RNA flexibility to calculate the
probability that two proteins bound to the same transcript will make contact.3:31-34 This
probability is expressed as the local molar concentration of one protein in the vicinity of another
bound at a defined position on the nucleic acid chain as a function of the separation of the two
binding sites (e.g., boxB and RNAP at the terminator) along the template. The basic premises
of this model have been verified experimentally by monltorlng the Kinetics of ligase-catalyzed
loop closure 35 enhancer- -dependent RNA spllcmg, FLP recombinase-dependent DNA
Iooplng and other looping processes.

In this work we have estimated the looping-dependent binding affinity of N protein for RNAP
by comparing the fraction of RNA transcripts that read through transcription termination
signals at various boxB-to-terminator distances with the calculated local concentrations of N
protein at these same distances. To do this we first verified that N protein acts via a RNA
looping mechanism and then showed that the looping-facilitated interaction of N protein with
RNAP achieves equilibrium on the time scale of the transcription process. We have sought to
verify this second point experimentally because transcript elongation increases the size of the
RNA loop even while the N protein is bound to RNAP. This raises the question of how and
whether the RNAP -- bound to N protein via an elongating RNA tether -- senses the changing
local concentration of N. A simple interpretation of the local concentration model postulates
that N protein binds to and dissociates from the polymerase of the elongation complex on a
time scale that is faster than the rate of RNA synthesis from the nut site to the terminator,
allowing the binding interaction to ‘sample’ the changing (equilibrium) local concentration of
N provided by the looping of the growing RNA chain. This model requires the presence of an
intact RNA during elongation. An alternative model proposes that, after the initial looping
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event, N forms a persistent complex with the RNAP of the elongation complex, with
dissociation of N from RNAP being slower than transcript elongation. This scenario requires
an intact loop only during the initial N binding phase and means that the range of the N effect
should depend on the dissociation rate of the complex rather than on the equilibrium binding
constant of N to RNAP.

We here test these versions of the local concentration model by cleaving the RNA transcript
between boxB and the terminator while the intervening template region is being transcribed.
In this way we can ask whether the binding interaction ‘samples’ the changing (equilibrium)
local concentration of N due to the elongation of the RNA chain, or whether the tethered N is
persistently bound on this time scale. We then use a RNA-looping-dependent in vitro
antitermination assay to quantitate the decrease in N activity at distal terminators, and compare
this distance-dependent difference in termination levels with the quantitative predictions of the
local concentration model. We note that N protein binds to (and is active at) both the boxB site
and nonspecific RNA binding sites on the nascent transcript 26,37, requiring that we extend
our quantitative theoretical models of nucleic acid looping to include also the local
concentrations of proteins bound at nonspecific sites. Our results suggest that, in the presence
of anintact RNA chain, the boxB-bound N protein is involved in a rapid cis-looping equilibrium
with the transcribing RNAP. In contrast, addition of the full complement of Nus host factors
appears to stabilize the binding of N protein to RNAP sufficiently so that the rate of dissociation
of the tethered N from the RNAP becomes slow relative to the rate of the transcript elongation
process. As a consequence the N-dependent antitermination interaction transitions from an
equilibrium system to one controlled by the kinetics of N dissociation from the Nus-factor-
containing elongation complex.

These studies show that the kinetics of tethered association and dissociation are critical
parameters in the mechanism of N-dependent antitermination in particular, and in ‘action at a
distance’ regulatory systems in general. Additionally this work suggests that nonspecific
binding of proteins to long nucleic acid loops is likely to occur even when the difference in
protein binding affinity between specific and nonspecific nucleic acid binding sites is large.
Thus extended looping models must take into account the looping interactions of both
specifically and nonspecifically bound protein, and a complete picture of looping-facilitated
regulation must include the relationship between the interaction kinetics of enhancers and
repressors with their targets, and the rates of the molecular processes that these binding events
control.

N protein and the boxB RNA hairpin suffice to demonstrate distance-dependent
antitermination in vitro

The requirement for RNA looping in N-dependent antitermination has not been unambiguously
established. In addition, previous measurements of the N-dependent antitermination ‘range
effect” were performed in the presence of NusA protein, which binds to both N and RNA
polymerase and thus provides a potential RNA looping-independent pathway for recruitment
of N to RNAP. To establish the minimal requirements for the N range effect, we measured
terminator read-through in reactions containing only N, RNAP and a series of templates
containing different lengths of DNA between the nut and terminator sequences (Figure 1A).
Transcription of each template produced two RNAs in each gel lane of Figure 1B,
corresponding to the terminated and the read-through transcripts, respectively. Addition of
antitermination protein N increased the fraction of transcripts that read through the terminators;
this fraction was calculated by measuring the intensities of the terminated and readthrough
bands.
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Figure 2 shows the fraction of terminator read-through as a function of increasing RNA (and
DNA) distance in nts from the boxB RNA sequence to the termination position within intrinsic
terminator tR’ at four different total N protein concentrations. At high N concentrations (200

and 400 nM) read-through is high at all boxB-to-terminator distances, presumably due to the
nonspecific binding of N protein to the transcript RNA.26:37 At lower N levels (100 and 50

nM) antitermination is observed at short (200-600 nt) distances and decreases as the boxB-to-
terminator distance surpasses 500 nts. This distance-dependent decrease in antitermination at
low N concentrations shows that N-dependent ‘action at a distance’ does not require NusA. In
addition, because the transcription complexes generated in these experiments differ only in the
lengths of the DNA templates (and therefore the lengths of the RNA transcripts) the observed
decrease in N activity at distal terminators reflects a lattice-length-dependence of N-dependent
antitermination activity that is consistent with an equilibrium RNA looping mechanism for this
minimal system.

A continuous RNA transcript is required for N-boxB-dependent antitermination activity

We used this minimal N-dependent antitermination system to test the requirement for a
continuous RNA tether between the N-boxB complex and a transcription complex poised at
the terminator by enzymatically cleaving the nascent RNA with RNAse H during transcript
elongation from boxB to the terminator. The experimental steps are outlined in Figure 3.
Because direct N binding to RNAP does not occur at the concentrations of N used in these
experiments,26 we reasoned that if the looping-dependent interaction of N-boxB complexes
with RNAP equilibrated rapidly, cleavage of the RNA transcript would result in irreversible
dissociation of N-boxB complexes from RNAP and loss of N-dependent antitermination
activity. Alternatively, if the N-boxB complex were stably bound to the RNAP of the elongation
complex during the time required for transcription from boxB to the terminator, the cleaved
N-boxB complex should remain bound to the RNAP and retain its antitermination activity.
The assay thus offers a rough estimate of the kinetics of the RNA-looping-dependent binding
of the N-boxB complex to RNAP located at the terminator.

Antitermination complexes were formed after ‘stalling’ elongation complexes on the DNA
template with a ‘road-block’ protein (the cleavage-deficient restriction enzyme mutant
EcoRI GIn111A). These experiments were initiated in the absence of N, and the ‘roadblock’
EcoRI mutant was then removed from the DNA template by the addition of salt and sequestered
by a competing dsDNA oligonucleotide carrying the EcCoRI sequence. N protein was added
after the desalting step to form functional antitermination complexes and a sSSDNA oligomer
was hybridized to the transcript between boxB and the terminator to provide a cleavage target
for RNAse H.

Two competing reactions were then launched simultaneously. One, involving elongation of
RNAP through the termination position, was initiated by the addition of NTPs (containing
0-32P ATP for labeling of the 3' end of the RNA) to the reaction. The other, involving cleavage
during transcript elongation of the transcript at a defined RNA site located upstream of the
terminator, was initiated by also adding RNAse H. Simultaneous addition of NTPs and RNAse
H resulted in cleavage of approximately 50% of the RNA transcripts generated by NTP
addition, allowing the antitermination efficiency of both the cut and the uncut complexes to be
measured in one reaction.

TConceptuaIIy similar experiments, in which RNAse H digestion was targeted to the boxB sequence in the nascent transcript, have been
described previously17 and showed that a decrease in antitermination accompanied cleavage. We note that the earlier experimental design
was ambiguous in that the observed antitermination decrease could have reflected either the destruction of the boxB binding site or the
loss of RNA looping due to transcript cleavage, or both.
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Figure 4 shows the results of transcript cleavage on antitermination function. In these reactions
a fraction of stalled elongation complexes failed to resume transcription upon addition of NTPs
(lane 3, “Unextended stalled ECs™), due to the well-known tendency of stalled elongation
complexes to dissociate from the 3" end of the transcript. The remaining fraction of elongation
complexes resumed transcription upon NTP addition, and extended the RNA to produce two
transcripts that correspond to terminated (lane 3, “Uncut Term”) and full-length readthrough
(lane 3, “Uncut RT”) transcripts. Simultaneous addition of RNAse H and NTPs to stalled
elongation complexes (lane 5) resulted in both extension and cleavage of RNA transcripts.
Cleavage by RNAse H during the brief (~15 second) extension reaction is incomplete, so that
the final reaction product contains both RNase H-cut and uncut transcripts. The transcripts that
are cut by RNAse H during elongation from the stall position to the terminator continue to
elongate, and produce terminated (lane 5, “Cut Term”) and full-length readthrough (lane 5,
“Cut RT) RNAs. Transcripts that are not cleaved by RNAse H during elongation also extend
through the terminator to produce terminated (lane 5, “Uncut Term”) and full-length
readthrough (lane 5, “Uncut RT”) RNASs.

The observed antitermination efficiency was low in all the reactions (lanes 4 and 6), presumably
because the lower concentration of NTPs required for 3'-labeling of the transcript results in
increased termination. Nevertheless antitermination was observed in the intact complexes
(fraction read-through = 0.39, lane 6). In contrast, antitermination in complexes for which the
RNA transcript had been cut was decreased (fraction read-through = 0.30, lane 6). To test
whether N protein, given enough time, would completely dissociate from RNAP, we pre-
incubated the antitermination complexes with RNAse H for varying amounts of time prior to
addition of NTPs and extension through the terminator. Under these conditions the total amount
of RNA decreased, presumably due to degradation of transcripts by contaminating RNAses in
the RNAse H preparation. However, terminator readthrough decreased still further,
approaching levels observed in the absence of N (compare lanes 14 and 5). Thus these
experiments show directly that N protein requires an intact RNA between the boxB binding
site and RNAP to permit antitermination, and suggest that RNA looping promotes re-
association at terminators of dissociated N/boxB complexes in a tethered equilibrium with the
functioning elongation complex.

Effect of Nus host factors on antitermination ‘range’

The NusA protein of E. coli is an essential transcription elongation factor that increases
termination in the absence of N, and increases antitermination in the presence of N.27,38
Several lines of evidence suggest that NusA may stabilize the cis interaction of N protein and
boxB with RNAP. NusA confers resistance to increased salt concentration and to the addition
of competitor nucleic acids in antitermination reactions.26 NusA also binds both N and core
RNAP, although it has no effect on the binding of N to boxB in isolation.28,41,42 NusA, RNAP
and boxB together stabilize the interaction of N with the elongation complex, possibly via
autoregulatory conformational changes.43 In sum, these observations predict that complexes
of NusA and RNAP will bind the tethered N and boxB more tightly, thus slowing dissociation
of the N-boxB assembly from the elongation complex and thus increasing the antitermination
range.

To test this interpretation we repeated in vitro measurements of the distance dependence of
antitermination in the presence of NusA (Figure 5). Antitermination levels were higher in the
presence of NusA than in its absence at all boxB-to-terminator distances and at all
concentrations of N protein (compare with Figure 2). High N concentrations in the presence
of NusA induced small decreases in antitermination at distal terminators, again reflecting
nonspecific binding of N to the RNA transcript. At lower N concentrations, distance-dependent
decreases were observed that were greater than in the absence of NusA. NusA inhibits

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conant et al.

Page 7

antitermination by nonspecifically bound N protein, thus the observed decrease likely reflects
a higher occupancy of RNAP by boxB-bound N proteins located farther from the terminator
than the majority of nonspecific binding sites. The increase in the observed overall
antitermination activity of N at downstream terminators, as well as the increase relative to
reactions at the same N concentration in the absence of NusA, suggests that a greater fraction
of N-boxB assemblies were bound to elongation complexes in the presence of NusA than in
its absence.

To further examine the relationship between antitermination complex stability and
antitermination range we repeated the above measurements in the presence of NusA and NusB,
NusE, and NusG (Figure 6). In these reactions a significant portion of the RNAs remained in
the wells of the polyacrylamide gels used to measure fraction read-through; control reactions
showed that these complexes consisted mostly of full-length RNAs that had read through
terminators (see Materials and Methods). For the remaining RNA transcripts, addition of these
factors abolished the distance dependence of antitermination at all concentrations and
distances, such that the lowest levels of antitermination were in excess of 95%. These data are
consistent with previous reports that show that antitermination in the presence of the full
complement of Nus factors can persist for thousands of nts downstream from boxB23:24 and
suggest that almost all elongation complexes are bound by N protein at downstream terminators
in the presence of Nus factors.

The requirement for a continuous RNA tether is relieved by the presence of Nus factors

To test whether the increased ability of N protein to suppress termination at downstream
terminators in the presence of accessory factors might be due to a Nus-factor-dependent
reduction in the dissociation rate of N protein from elongation complexes, we repeated our
RNA transcript cleavage experiments in the presence of both N and NusA, or of N and NusA,
B, E and G (Figure 7). In the absence of N and accessory factors, fractional readthrough of the
terminator was 0.25 (data not shown). In the presence of NusA (lane 2) or NusA, B, E and G
(lane 8), but no N, both cut and uncut transcripts showed increased termination, as expected
for the well-known effect of these factors acting in trans. In the presence of N, reactions with
NusA (lane 4) and NusA, B, E and G (lane 10) showed resistance to cleavage of transcripts by
RNAse H (consistent with previous RNA footprinting experiments showing stable
antitermination complexes in the presence of accessory factorslS) and weak signals for
terminated and runoff products of cut transcripts. Consequently, reactions were incubated with
RNAse H for several minutes prior to addition of NTPs and resumption of transcription,
resulting in near-complete cleavage of the RNA transcripts. Reactions with NusA (lanes 5-6)
showed strong readthrough on both RNAse H-cleaved and intact transcripts. Reactions with
NusA, B, E, and G (lanes 11-12) also showed strong read-through of the terminator on both
cleaved and intact transcripts. We conclude that the presence of the full set of Nus host factors
makes the interaction of N and RNAP sufficiently persistent to eliminate its dependence on
the presence of an intact RNA tether during transcription, although the tether is clearly required
to permit the complex to form initially.

Comparison of measured and predicted RNA looping efficiencies

We next estimate the binding affinity of N for the RNAP of the elongation complex in the
tethered equilibrium observed in the absence of Nus factors. In this system binding of a single
N protein to RNAP resultsin antitermination.3’ We therefore used measurements of terminator
read-through at various nut-to-terminator distances (Figure 2) to determine the fraction of
elongation complexes bound by N. We then calculated the binding of N protein in trans to
RNA transcripts present in antitermination assays, and estimated the local concentration of
transcript-bound N protein at the nut-to-terminator distances of the in vitro antitermination
assays to obtain an apparent tethered equilibrium binding affinity of N for RNAP in this system.
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The extent of N protein binding in trans to the nascent RNA transcripts produced by the in
vitro antitermination assays was estimated using the ‘exact’ method described in the Appendix,
which incorporates the effects of nonspecific binding site overlap on N binding. Under the
conditions used in the experiments of Figure 2, N protein binds to the boxB RNA site and also
to nonspecific RNA and DNA binding sites, resulting in the involvement of a number of
different protein binding configurations in these transcription systems. We calculated the
partition of N protein onto the available boxB, RNA, and DNA sites using measured binding
affinities of N for boxB, nonspecific RNA, and nonspecific DNA, and estimations of the
number of potential nonspecific sites with the elongation complex located at the terminator.
Complexes of N and DNA are inactive for antitermination, 37 presumably because the DNA
is too stiff to allow looping. Therefore we considered only elongation complexes with one or
more molecules of N protein bound to the RNA transcript to be capable of binding to the RNAP
of the elongation complex and bring about antitermination. The fraction of transcripts bound
by N at boxB and/or nonspecific RNA sites was then determined using the ‘exact’ method
described in the Appendix.

Having determined the distribution of N protein-RNA and N-boxB complexes on the RNA
transcripts contained in our transcription reactions, we next calculated the looping-facilitated
binding of tethered N protein to RNAP bound at the terminator. We determined the local
concentration Ic of each protein-RNA complex tethered at a distance of nt nucleotide residues
from the RNAP of the elongation complex using the relation:31

le=0.13 x (nt)">/* x exp(=76/nt*)mol /liter 1)
The looping-facilitated binding of the N-boxB and N-RNA complexes on the transcript to

RNAP poised at termination positions was then calculated as:
lexyHleray+ - - +Hewy

K vy Hleky ey + - - ek @)
where Ky n-rRNAP S the equilibrium constant for N binding to RNAP in the tethered looping

equilibrium, and lcyy),Ick(2). - - Ick(j) are the local concentration of the 1st, 2nd, ..., ith bound N
protein on the transcript (see Appendix for details of derivations and treatment of transcripts
bound with regulatory proteins at multiple sites).

Figure 8 compares the predicted fraction of RNAP molecules bound to N protein with
experimental measurements of terminator read-through on the five templates shown in Figure
1 at 50 and 100 nM concentrations of N. To permit comparison of the fractional occupancy of
N protein on RNAP with experimentally measured terminator readthrough, the experimental
data were normalized to total change in antitermination due to the presence of N protein (see
Figure legend). Regression analysis was used (Figure 8) to estimate the binding constant for
the interaction of transcript-bound N protein with RNAP within the elongation complex. For
experiments performed at 50 nM and 100 nM N concentration, the best fit values using the
‘exact’ method (see Appendix) were Kq = 2.8 x 1072 and Ky = 1.7 x 107° M, respectively.
Regression of the combined data using the ‘exact’ method yielded a best-fit value of Kg =2 x
107> M for the tethered interaction of N with RNAP. This value is in good agreement with
previous estimates (K4 = ~5 x 10~ M) obtained from experimental studies of transcript
elongation kinetics. 9

The fit of the model to the data for transcript lengths of 100-800 bps (from boxB to the
terminator) appears to describe adequately the binding of N to RNAP in the minimal
antitermination system. We note that at the longest distance (terminator 984 bps from boxB)
the experimentally measured terminator read-through values are somewhat smaller than
predicted by the model for both concentrations of N protein. This discrepancy likely stems

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conant et al.

Page 9

from the tendency of the long RNA transcripts to aggregate in the wells of acrylamide gels
used to measure fractional readthrough (see Materials and Methods). Alternatively the
experimental RNA may be stiffer than the RNA used to generate the model. To test the latter
possibility, Kuhn length values and equilibrium association constants for N-RNAP binding
were subjected to simultaneous regression. This procedure failed to improve the fit of the model
to the experimental data. Nevertheless, the ability of the model to predict the majority of
antitermination events more accurately than models that ignore the effects of nonspecific
binding (see Discussion) emphasizes the important role of such binding in the control of
regulatory nucleic acid looping processes.

DISCUSSION

In this work we provide evidence that the N protein of phage A, when bound to the boxB hairpin
of the nascent RNA transcript, uses RNA looping to bind to the polymerase of the E. coli
elongation complex during active transcription. We show that in the minimal antitermination
system (containing only the binary N-boxB complex) N interacts transiently with the RNAP
and ‘range control’ of the antitermination effect is exerted through a RNA looping equilibrium.
In contrast, in the presence of the full complement of Nus factors, N binding to the RNAP of
the elongation complex via cis looping becomes persistent on the transcription time scale,
resulting in kinetic (dissociation-dependent) regulation of the ‘range’ of the antitermination
effect. The observation that looping involves a persistent complex in this simple transcriptional
regulatory system implies that more complicated systems may rely on persistent complexes as
well, especially in vivo where macromolecular crowding may force looping-facilitated
interactions to operate under Kinetic control. 40 These results show that nucleic acid looping
models for transcriptional regulation must include the effects of tethered protein association
and dissociation rates on target occupancy.

Previous experimental studies of range effects in N-dependent antitermination included NusA
protein which, in addition to stabilizing the cis (via RNA looping) N binding pathway could
also -- in principle -- provide a second (trans) pathway for the direct association of N with
RNAP as a NusA-N dimer. To test this latter possibility we used a minimal in vitro assay
containing only N, RNAP and variable length boxB-encoding DNA templates, and showed
that decreases in N activity as the transcript is extended are manifested in the presence of N
protein alone. The elongation complexes generated by these reactions vary only in the lengths
of the RNA transcript and DNA template, and we have shown that when both the RNA
transcript and the DNA template are increased by the same length, as they are in these
experiments, the binding of N protein in trans to nonspecific sites on the RNA and DNA
remains proportionate and does not significantly alter antitermination levels ((37); see also the
Appendix). We conclude that antitermination range in this minimal antitermination system is
controlled by RNA-length-dependent interactions of N protein with the RNAP of the
elongation complex.

We then asked directly, using an RNA-cleavage methodology, whether N-dependent ‘action
at a distance’ occurs via a cis RNA looping mechanism during active transcription. In the
minimal N-boxB-RNAP reaction, cleavage of the intervening transcript strongly reduced
antitermination. This observation, taken alone, could have a number of mechanistic
interpretations. However, based on the results that we have presented here and in earlier studies
by our lab and others,17+26 it seems most likely that the N protein (together with the transcript
segment to which it is bound) dissociates from the RNAP shortly after transcript cleavage and
is unable to rebind directly (now in trans) in the absence of the local concentration increase
provided by an intact RNA tether. The cis RNA looping interpretation is also consistent with
the lack of results supporting a non-tethering role for boxB and the intervening RNA in
stabilizing antitermination complexes. Assuming that the decrease in activity observed with
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antitermination complexes after transcript cleavage is indeed due to dissociation of the N-boxB
complex from the RNAP, we can assert that this dissociation process is fast compared to
transcription (the transcription reactions in our cleavage assays go to completion in ~15 sec).
Fast dissociation of N-boxB complexes from RNAP is consistent with the weak binding of N
to RNAP calculated from local concentration models and functional assays, and explains our
inability to measure directly the binding of N to RNAP in trans (37; S.E.W., Marc Van Gilst
and C.R.C., unpublished results).

We show here that complexes of N and boxB are rendered inactive within ~15 sec following
transcript cleavage. During this time the elongation complex will have transcribed over ~500
nts of template DNA, which represents a small fraction of the nut-to-terminator distances along
the genome that manifest diminished N activity in our range assays. If N dissociates from the
RNAP during the transcription process, substantial reassociation must occur in order to explain
the higher antitermination levels observed in the absence of transcript cleavage. We thus
conclude that N and boxB exist in a RNA looping equilibrium with RNAP on the time scale
of transcription, and that this equilibrium is modulated by increasing the length of the RNA
tether linking boxB and the RNAP located at the terminator. Such an equilibrium has been
proposed for N-dependent antitermination,3:18:22 ang appears to regulate the behavior of other
sSRNA loop-dependent control systems as well 8:44

The present results can also be used to estimate the association constant for the binding of
tethered N protein to RNAP located at terminator positions. To this end the antitermination
assay results shown in Figure 2 were used to calculate the in trans binding constant of N protein
to the elongation complex.22’37 We then used theoretical models to estimate the local
concentration of N protein near RNAP when the elongation complex is poised at the terminator.
Combining these local concentration estimates with an expression for the equilibrium
association constant for N protein binding to RNAP produced an expression for the fraction
of RNAP bound by N protein in our antitermination assays, and allowed us to employ
regression analysis to estimate a value of K4 = 2 x 107 M for the N-RNAP interaction. This
value is consistent with previous estimates of this parameter.39 The quantitative
approximations used in the model to generate the local concentration values of N are discussed
in the Appendix.

Because N protein is active in the absence of boxB (i.e., when bound to nonspecific RNA
binding sites on the transcript26737) we extended the looping model to include the effects of
nonspecific binding of the regulatory protein, which occurs for N at significant levels despite
an ~1000-fold affinity difference for N binding to boxB and to nonspecific RNA sites.
Nonspecific binding is likely to occur in other looping contexts as well (especially in in vitro
experimental systems that employ ‘naked’ nucleic acid lattices), because the large number of
overlapping45 binding sites on lattices used in looping experiments compensates for the lower
nonspecific binding affinities. Figure 9A shows the calculated local concentrations of boxB-
bound N protein in the presence and absence of nonspecific binding sites on the nucleic acid
components of the elongation complex and illustrates how the interplay of N binding to
nonspecific sites on the RNA transcript in trans and in cis can alter looping specificity.

When transcripts are short, nonspecific binding to the nascent transcript can be ignored and
the local concentration of N-boxB complexes at the elongation complex will be high. However,
when the total effect of nonspecific N binding is taken into account significant amounts of N

Fn our transcription experiments the K for the interaction of N protein with boxB in 50 M monovalent salt is ~0.5 nM, while for N
Erotein binding to nonspecific RNA sites this parameter is ~100 nM; at 0.1 M salt, these values are 1 nM and ~1000 nM, respectively.
2 Foran elongation reaction that has produced a 1000 nt RNA transcript there will be an ~55,000 nM concentration of overlapping
nonspecific binding sites present on both RNA and DNA of the system, providing ample opportunity for competitive (with boxB)

nonspecific binding.
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protein bind to the DNA of the elongation complex, resulting in less binding of N to the RNA
transcript and a lower effective local concentration of N protein at the elongation complex.
When transcripts are long, both specific and nonspecific binding to the RNA regulate the local
concentration of N, but nonspecific N binding will have the greater effect because nonspecific
binding of N to the RNA chain can occur closer to the RNAP than specific binding to boxB.
The presence of additional DNA adjacent to the transcription unit (as is the case in vivo) further
stimulates the decrease in local concentration at short distances. The effect of these changes
in effective local concentration on the binding of N to RNAP are depicted in Figure 9B. In the
context of transcription, the net effect of nonspecific binding in our minimal N-dependent
antitermination experiments is to decrease specificity at both ends of the range of N function,
suggesting that transcriptional specificity relies as much on the suppression of nonspecific
binding as on the enhancement of specific binding. These ideas are outlined schematically in
Figure 10A.

In the more general context of nucleic acid looping-dependent processes, the effects of
nonspecific binding will depend on the activity parameter used to measure end-to-end looping
contacts. For systems resembling N-dependent antitermination, where nonspecific binding of
N to RNA (but not to DNA) produces activity, function will be increased for large RNA loops.
For systems where nonspecific binding does not produce activity, such binding will decrease
the free protein available for specific binding and thus reduce activity by acting as a ‘sink’ for
the regulatory protein. In both kinds of systems high levels of nonspecific binding may also
change the stiffness and/or the conformational freedom of the nucleic acid loop itself, resulting
in either increased or decreased activity.

While the presence of a continous tether during transcription is required for N activity in
minimal systems, it does not appear to be required (once the N-RNAP binding interaction has
been initiated by cis RNA looping) for range-control of N-dependent antitermination in the
more physiologically relevant system that includes the E. coli Nus factors. Reactions in which
the transcript was cleaved by RNAse H in the presence of N and NusA, B, E, and G show the
same amount of terminator readthrough as do reactions run in the presence of these same Nus
factors in which the transcript was intact (compare lanes 9 and 11, Figure 7). Similar results
were obtained when only NusA was added to the transcription reactions. Taken together, the
results show a pattern of increased read-through in the presence of Nus factors, consistent with
existing reports of kinetically-stabilized antitermination complexes.18’30’46

These observations are supported by our measurements of antitermination range in the presence
of Nus factors. Inclusion of NusA increases antitermination at low N concentrations, and
modestly increases the range of antitermination. Inclusion of NusA, NusB, NusE, and NusG
in the antitermination system extends the range of antitermination activity to the point where
no activity decrease is observed at RNA lengths up to 1000 nts. This finding is consistent with
the participation of these Nus factors in the formation of stable antitermination complexes with
N and RNAP in isolation, 18,30 increasing both the apparent activity of N on the read-through
seen at multiple terminators2425 and increasing the antitermination range24 (see Figure 10B).

A persistent complex of this sort may increase the specificity of N function by minimizing the
effects of nonspecific binding and nuclease activity on antitermination activity, and explains
the near-complete antitermination defect of mutants that lack boxB. We have used binding
measurements and a simple mass balance model to estimate the binding of N protein in trans
to the nucleic acid sites (boxB, nonspecific RNA, and nonspecific DNA) contained in
elongation complexes produced by in vitro transcription of the 184 nt template pRB2 (Figure
11). The large number of overlapping nonspecific binding sites present on the DNA template
and RNA transcript of these systems results in the binding of multiple N proteins to nonspecific
nucleic acid binding sites, while the boxB RNA site can bind only one molecule of N (Figure
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11A). N protein bound to nonspecific DNA is inactive in inducing antitermination and thus
acts as a ‘sink’ for free N protein. The remaining molecules of N protein, bound to boxB and
nonspecific sites on the RNA transcript, compete with one another for RNAP binding. Figure
11B shows that the outcome of such a competition is that the fraction of RNAP molecules
bound by N-boxB complexesis small compared to the fraction of the RNAP molecules bound
by N protein located at nonspecific RNA sites. Furthermore this nonspecific N binding effect
increases as the transcripts increase in length (Figure 11C). Only when the RNA transcript is
very short, as it is immediately following transcription of nutL, does the proportion of RNAP
molecules bound by N-boxB complexes exceed that bound by N-nonspecific RNA complexes
(Figure 11D).

There are few nonspecific RNA sites available when the boxB RNA sequence is first
transcribed, and thus initial N binding is primarily at boxB. Subsequent binding of Nus factors
to the boxA element of the RNA and the formation of a stable antitermination complex renders
the elongation complex insensitive to competition from N molecules bound at nonspecific sites
elsewhere on the growing RNA transcript. Stable complexes are also expected to be insensitive
to cleavage of the pL mRNA by RNAse 11 (which occurs concurrently with tramscription4 -
49), as well as to other events (such as concurrent translation) that may alter the looping
properties of the RNA transcript.

These considerations lead us to propose that physiological antitermination involves a series of
reaction steps, some that equilibrate during transcription and some that do not. Thus N protein,
shortly after it is synthesized, will first bind tightly to the boxB RNA site. The N-boxB complex
then binds weakly to the RNAP of the elongation complex in a tethered cis-RNA looping
equilibrium. The fractional occupancy of RNAP by N-boxB will then depend on the rates of
association and dissociation of the antitermination complex from the RNAP of the elongation
complex relative to the rate of transcription. For reactions containing only N-boxB, rapid
equilibration affords the N-boxB complex time to explore changes in the local concentration
provided by the RNA tether. In contrast, reactions between RNAP and N that involve the full
complement of Nus cofactors assembled around N may be relatively slow, and thus initial
binding to RNAP of the entire tethered and N-dependent antitermination complex may be slow
as well. However, since the interaction of RNAP with the antitermination complex is
completely (or at least primarily) through N, the initial binding to the RNAP of the elongation
complex will continue to depend on the length of the RNA tether in the same way as does the
binding of the N-boxB complex alone.

On the other hand, after binding of the full antitermination complex, the rate of dissociation
from the RNAP of the Nus factor-stabilized N-boxB complex will also be slow. Therefore,
after transcription has proceeded and the RNA tether is long, a single dissociation event is
likely to result in local concentrations of tethered N that are too low to facilitate productive
interactions with the elongation complex and antitermination activity will appear to switch to
kinetic (dissociation rate) control. Under slow dissociation conditions the most important
regulatory parameter then becomes the time required for the elongation complex to transcribe
from the nut site to the terminator, which will depend on the length of the template DNA, the
presence of pause sites, etc. As a consequence the form of the regulation of this cis-looping
system, and possibly the regulation of other systems as well, is likely to depend on the rates
of a series of inter-dependent association and dissociation reactions relative to the rate of the
regulated process itself.

Numerous studies have correlated the equilibrium binding of N protein in trans to boxB RNA
and boxB mutants with antitermination activity, but the effects of RNA looping on this process,
the role of N binding in trans to specific and nonspecific sites contained in elongation
complexes, and the effect of accessory factors on looping dynamics, all of which regulate N
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activity, have not been previously examined. Our present work suggests that in vivo
antitermination defects of phages carrying mutations in N, boxB, and accessory factors might
be divided into two phenotypic classes. One class of such mutations may disrupt assembly of
the antitermination complexes, preventing antitermination at terminators located close to boxB.
The second proposed class of mutations would allow assembly but also increase the “cis’
dissociation rate of N protein from RNAP, thus shortening the observed antitermination range.
Mutations that likely lead to assembly defects include NusA124 and boxB G1A (nutL44), 6
since both of these mutations decrease antitermination at terminators located close to boxB. In
addition, while it is generally true that N- and boxB- mutants that bind well also promote
antitermination, there exist mutants that bind but do not antiterminate in vivo or in vitro-20 and
at least one mutant that binds poorly, but antiterminates reasonably well in vivo*2. These
phenotypes may reflect differences in the kinetics of assembly of transcription complexes;
alternatively they may be due to differences in the RNA chain dynamics of the cis-looping
process that change the occupancy of the RNAP of the elongation complex by N at terminators
and thus alter the observed termination efficiency. Study of these mutants in the context of the
quantitative antitermination model developed here and in (37) (see also (14)) may further
illuminate the control points of this looping-dependent regulatory system.

MATERIALS AND METHODS

Protein and Oligonucleotide Preparation

The N protein of phage lambda,22 E. coli RNA polymerase,28 NusA ((38), with modifications
(28)), NusB and E,%0 NusG,>? and EcoRI G111A,%2 were purified as described. The ssSDNA
used in the RNAse H experiments (5'-CACACCCCAAAGGCCT-3') was hybridized to a
complementary RNA site generated by transcription of a template sequence located 15 nt
downstream from boxB in pRB2 and related plasmids. Concentrations of DNA, RNA, and
proteins were determined spectrophotometrically using calculated molar extinction
coefficients for oligonucleotides and proteins53 and bulk extinction coefficients (50 pug/0.D.)
for transcription templates and calf thymus DNA (Sigma).

Plasmids and Transcription Templates

Plasmid pRB2 was constructed as previously described.39 Plasmid pRB250 was constructed
by insertion of an oligonucleotide encoding A bps16236-16286 and complementary ends for
the Pstl-EcoR1 DNA between nutL and the tR’ terminator of pRB2. Plasmids pRB200, pRB400,
pRB800, and pRB1600 were constructed by inserting A DNA (16236-16436, 16236-16636,
and 16236-17036, respectively) at the same site in pRB2. All templates for in vitro
transcription were prepared from parent plasmids by PCR with Vent DNA polymerase (New
England Biolabs, Beverly, MA); each template includes 139 bps dsDNA upstream of the
transcription start site. PCR fragments containing the pL-tR’ transcription unit were isolated
by electrophoresis on 1% agarose, purified using Quiagen (Valencia, CA) gel purification spin
columns, precipitated with ethanol, and quantitated specrophotometrically with g,g9 = 6.6 X
103 M temtnt L,

In vitro Transcription Reactions

Transcription reactions (10 ul) containing 25nM template dsDNA (Figure 1A) and 25 nM E.
coli RNAP in transcription buffer [20 mM Tris-Cl (pH 7.6), 0.1 mM EDTA, 5 mM MgOAc,
50 mM KOAc, 5mM DTT, and 5% (v/v) glycerol] were incubated at 30°C with 150 uM ApU,
10 uM ATP, CTP, GTP, and 250 nM a-32P ATP to form elongation complexes stalled at the
first U position on the transcription templates. Complexes were chased with 1 mM NTPs, 10
ng/ml of rifampicin, and proteins (120 nM NusA, 250 nM NusB, E, and G, and indicated
amounts of N protein) for 7 msec per nt of transcript RNA between the transcription start site
and the terminator position. Reactions were quenched with 0.25% (w/v) SDS/10mM EDTA
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and digested with 20 ug/ml of proteinase K for 45 min at 45°C, diluted with an equal volume
of formamide loading buffer, heated to 94°C for three minutes, and loaded onto a 7 M urea/
7% (w/v) polyacrylamide gel. Fraction readthrough was defined as:

Fraction Readthrough:{RNArcadthrough / (RNAtcrm+RNA|‘|‘adlhr0ugh )}

where RNAerm and RNA noff are amounts of radioactivity in terminated and full-length bands
(after subtraction of background determined by quantification of the area between bands) as
measured using a Model 60 Phosphimager and accompanying software (Molecular Dynamics,
Sunnyvale CA). Where indicated by error bars, activity measurements represent the average
of three independent measurements; otherwise they represent a single measurement.
Transcription experiments often produced bands that stuck in the wells of acrylamide gels
(Figure 1B). To determine whether these bands contained a different proportion of terminated
and runoff RNAs than bands that ran into the gels, reactions were processed with and without
extended proteinase K digestion that resulted in > 97% of RNAs entering the gel. RNAs
liberated from the wells in this way showed a greater proportion of runoff than terminated
products, with reactions showing equal amounts of radioactivity in the wells and in gel bands
manifesting a maximum increase of 20% in fractional terminator readthrough. Accordingly all
reactions were performed with proteinase K digestion of the samples, and we take the 20%
value as an upper limit for this potential measurement error.

To facilitate comparison of the predicted fraction of RNAP bound by N with experimental
measurements of the fraction of RNAP molecules that read through transcriptional terminators
(Figures 8 and 11), experimental data from Figure 2 were normalized to the total terminator
readthrough due to addition of N protein. On all transcription templates, the maximum
fractional terminator readthrough due to addition of N protein was taken to be 0.77,
corresponding to the fractional readthrough of template pRB2 at saturating (1 uM) levels of N
protein. Terminator readthough in the absence of N protein varied for each template (see Figure
2); for template pRB2 this value was 0.11; thus the experimentally measured value for fraction
RT on template pRB2 at 100 nM N concentration (0.53) corresponds to a normalized value of
(0.53-0.11)/(0.77-0.11) = 0.64.

EcoRI GInl11l ‘Roadblock’ Transcript Cleavage Reactions

Elongation complexes stalled at the EcoRlI site between nut and termination sequences were
prepared by incubating EcoRI GIn111A protein (200 nM) and DNA template pRB2 (100 M)
for 5 min at 30°C in NB buffer [50 mM NaCl, 100 mM Tris-HCI (pH 7.5), 10 mM MgCl5].
RNAP (100 nM) was added and the reaction was incubated for an additional 5 min. Transcripts
were then initiated and extended to position +11 by addition of 150 uM ApU, 5 uM each of
ATP, CTP, GTP and 150 pM a-32P ATP (3000Ci/mmol). After incubation for 3-5 min the
transcripts were further extended to the EcoRI position with 500 uM each of ATP, CTP, GTP,
UTP and 10 pg/mL rifampicin. The remaining NTPs were removed by twice transferring
reactions to Bio-spin 30 (Bio-Rad, Hercules, CA) columns pre-equilibrated in NB buffer plus
10 pg/mL of rifampicin, and desalting as per Bio-Rad directions.

EcoRI GIn111A protein was removed from the template by addition of 250 mM KCl for 20

min at 40°C in the presence of a competitor dSDNA oligonucleotide containing the EcoRl site
(2 uM final concentration), together with 300 nM a-32P ATP to 3'-end-label the transcript. Salt
and complexes of DNA oligonucleotide with ECoRIGIN111A were removed by two passages
through a microcon-50 spin column, followed by two passages through a microcon-100 spin
column (Millipore, Bedford, MA); between each spin step the complex-containing solution

was diluted 10-fold with transcription buffer plus rifampicin. Following the last desalting step,
an oligonucleotide (1 pM) complimentary to a RNA transcript sequence located between the
nut site and the terminator (see Figure 1A) was added and allowed to anneal for 20 min at 45°
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C. Indicated amounts of proteins were then added to form antitermination complexes and the
complexes were supplemented with RNAse H (0.25 U), 250 uM NTPs, 300 nM a-32P ATP,
and rifampicin (10pg/ml) to simultaneously cleave and extend the transcript to (and through)
the termination sequences. Time courses of activity were performed by adding RNAse H at
the indicated times prior to NTP addition. Where stated, reactions contained 250 nM N protein,
120 nM NusA, and 250 nM NusA, B, E, and G. Reactions in the presence of accessory factors
(Figure 7) were carried out as above, but with 150 nM a-32P ATP added prior to the RNAse
H oligo annealing step to label the 3’ end of the blocked transcript.

Measurement of N-boxB, N-RNA, N-DNA binding constants and parameters used for
prediction of N looping and N-RNAP binding

Equilibrium binding constants and salt dependencies for the nonspecific binding of N to RNA
and DNA oligonucleotides were determined using fluorescence quenching and anisotropy and
analyzed as previously described using the McGhee-von Hi;)pel model for ligands binding to
a homogenous lattice (N binding shows no cooperativity).3 To account for the effects of the
Mg** present in the transcription reactions on the binding of N protein to boxB RNA, the salt
dependence of N protein binding to boxB RNA was measured as previously described,?’7 but
here in transcription buffer containing 20 mM Tris-Cl (pH 7.6), 0.1 mM EDTA, 5 mM Mg
(OACc), and 190, 210, 230 and 250 mM KOAc. Measured N-boxB association constants as a
function of salt concentration were plotted as log K, versus —log[K*], and linear fits and errors
were estimated using least-squares analysis and Kaleidagraph (Synergy Software, Reading,
PA), yielding (dlogK,/dlog[K*]) = 4.3 (+ 0.1) and logK, = 3.7 (+ 0.1) at 1 M K*. Calculations
for Figures 8, 9, and 11 were performed with the ‘exact’ model (see Appendix) with 25 nM
elongation complexes at the termination position.
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APPENDIX A general method for calculating the activity of transcription
regulators that bind specifically or nonspecifically (and functionally or
nonfunctionally) to overlapping DNA and RNA sites

Authors: Jim P. Goodarzi, Clarke R. Conant and Peter H. Von Hippel

In this Appendix we calculate the antitermination efficiency of a transcription complex as the
probability that the RNAP of a transcription complex poised at a terminator is bound by N
protein tethered to the transcript. Our approach is both general and exact, in order to permit
others to use these procedures to calculate the binding distribution and thus the regulatory
activity of any protein that can bind to both specific and nonspecific binding sites of the nucleic
acid components of the cell in either a functional or a non-functional manner. We also compare
this complete approach to estimates that are sometimes more easily made by more inexact
methods involving various assumptions, because our ‘exact’ approach can also be used to
estimate which portions of ‘parameter space’ are most likely to introduce significant errors
into the regulatory calculations.

In our analysis of the N-dependent antitermination system we calculate the equilibrium
partitioning of N protein between boxB and nonspecific binding sites on the RNA and DNA,
as well as the probability that the RNAP of the transcription complex is contacted by the
tethered N protein. Since molecules of N protein bound to the DNA or free in solution are
functionally inactive, either because they cannot reach the RNAP or because their
concentrations are substantially below the dissociation constant of the N-RNAP interaction,
we will only consider cis-RNA-looping-facilitated interactions between N and RNAP in
calculating antitermination efficiency. If antitermination function does indeed result from
tethered N-RNAP interaction when the elongation complex is poised at the terminator, and if
this interaction equilibrates on the time scale of elongation, then the probability of
antitermination mediated by cis-RNA-looping can be written as

Imax

P antiterm :Z(f bound [ i ])(.[,\'_R,\Hp [ ] ])
i=1 (A1)

where fpoungli] is the fraction of RNA transcripts that have i molecules of N protein bound,
fn—rnapli] is the fraction of complexes that have a N-RNAP contact (given that there are i
bound N proteins), and imax is the maximum number of N proteins that can bind to the nascent
transcript.

First we will calculate fyoung[i], which was done previously for low N protein binding densities
by treating every potential binding site on bare sSRNA and ds DNA lattices as an independent

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conant et al.

Cl0MkLyy-c0] (LU (L2, (L=t Cia

Page 19

species.?’7 We now extend that model to include situations of higher protein binding density

by using a statistical mechanical approach that has been previously used for complexes with

more than one ligand binding site®4, and to describe the probability of multiple ligand binding
events on finite lattices.5®

Consider a system of protein and nucleic acid chains where there is only one nonspecific nucleic
acid binding site per protein and each bound protein covers n nucleic acid residues. Then, a
bare nucleic acid chain of length M will consist of (M — n + 1) overlapping binding sites with
equal affinity to the protein. We represent the concentration of a particular unique ligand/lattice
configuration with i bound proteins as C*[i]. Then the intrinsic (nonspecific) binding constant
of the reaction:

C'lil+ligand < C*[i+1] (A2)
is given by
C*[i+1J) ..
= ——— (for all i<ijpax)
¢ (C*llJLfme e (A3)

where L is the concentration of free ligand. We note that C*[i + 1] in egs. (A2) and (A3) is
the concentration of a unique ligand/lattice configuration, which is exactly the same as the
ligand/lattice configuration of C”[i] except that one additional ligand is bound to a previously
free binding site. Using eq. (A3), we can write the concentration of some unique ligand/lattice
configuration with i bound proteins as

c1o1/\c 1] crli-21)\c*[i-1] (A4)
Eq. (A4) must be multiplied by the number of ways i proteins, each with a site size of n, can
be arranged on a lattice of length M in order to obtain the total concentration of all ligand/lattice
configurations with i bound proteins:
(M —nit+i)! i
Clil= M = )] C*[01(KaLyree) A5)

In what follows we drop the star from C*[0] since there is only one ligand/lattice configuration
with zero bound proteins (i.e., C[0] = C*[0]).

As described in the text (see also refs. 14 and 37), N protein binds noncooperatively to
nonspecific sSRNA and dsDNA binding sites in the transcription complex, and the measured
binding of N to ssSRNA and dsDNA does not vary significantly with the sequence or
composition of the target nucleic acid lattice. Therefore, eq. (A5) is valid for any uninterrupted
section of the DNA template or RNA transcript.

RNAP asymmetrically bisects the DNA template when it is poised at the terminator, which
results in two uninterrupted sections of dsSDNA. Additionally, our analysis of binding
experiments of N protein to DNA is consistent with N protein binding simultaneously on
opposite sides of the dSDNA lattice3, resembling the situation for E. coli lac repressor, which
has been shown to bind nonspecifically to both sides of dSDNA, resulting in a nonspecific
binding site size one-half as large as the specific (operator binding) site size.26 Thus for present
purposes each uninterrupted section of dsSDNA will be treated as two separate sub-lattices.
Then, eq. (A5) can be used to write the concentrations of ‘short” and ‘long” DNA sub-lattices
with i nonspecifically bound N proteins as
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short N
Mot — D)) )
shorty - _ DNA DNA short i
CDNA L= iN(Mshort — )1 CDNA [O1(K s Nfree)
N pna DNA®)* (A6a)
long L
( pva ~ Mpyy!t +1)!

C]ong[ l]=

DNA

C]()I]g[ OI(KDNA Nﬁge)’

DNA

. long p
MMy = Ny, D! (A6b)

where C*""[ 0] is the concentration of a short DNA sub-lattice with zero bound proteins,

DNA

"¢ 0] is the concentration of a long DNA sub-lattice with zero bound proteins, M%"°" s the
length of the short DNA sub-lattices, M'"¢ is the length of the long DNA sub-lattices, npna is

DNA

the nonspecific site size of N protein on dsDNA, Kppa is the intrinsic association constant for
the nonspecific interaction of N with dsDNA, and N is the concentration of free N protein.

A similar equation can be written for N protein bound to RNA. However, in doing so the higher
affinity of N to the boxB site must be taken into account:

(Mmml_” ) i+i)! .
71— RNA RNA I
CRNA [ l]'— ,'I(MtutuI,"RA 4 ,')l CRNA [0](Kg\g\Nfree)
" RNA VA7
o ((M;SICA V) ‘/“/)’) ((Mgifg,”km (i=g=D+(i-g-D)!

Te - > -
‘/!(MIQ)CA Mgy D) (i-q- l)!(Mlleiit;l —Ngya (i=g=1))!

) CRNA [ OI(KRN,\ Nfl‘ee)i
q=0

i—1 left right . .
Mgy =1ena 4D | [ (Mpna —1pya (i=q=D+(i—g—1))! i1
+ ( e ) ( A ) Crona [01(K,,, s Niree) (K gy Nf"l’? )
q

- : righ .
=0 ‘/!(Mz?GA_'TRAbtq)! (1—q—l)!(MI'éi,‘I—nRM‘(t—q—l))!

(A7)

Here Crnal0] is the concentration of transcripts with zero bound molecules of N protein,
M " is the length of the RNA from the 5'-end of the transcript to a point 18 nts upstream of

RNA

the 5’-end of the terminator (18 nts of RNA are contained within the RNAP complex and are
therefore inaccessible to N37), M " is the number of nts from the 5'-end of the transcript to

RNA
the 5'-end of the boxB site, M"¢" is the number of nts from the 3’ end of the boxB site to a
point 18 nts upstream of the 5’ end of the terminator, ngya is the site size of N protein on RNA,
Krna is the intrinsic association constant for the nonspecific interaction of N with RNA, and
Kpoxg is the association constant for the specific interaction of N with boxB. In eq. (A7), all
ligand/lattice configurations with N protein bound nonspecifically to the boxB site are
subtracted in the second term, while all ligand/lattice configurations with N protein bound
specifically to the boxB site are added in the third term. Accordingly, the combinatorial factors
in terms 2 and 3 of eq. (A7) give the number of ways that (i — 1) proteins can be arranged on
the transcript, given that there is a protein bound at boxB. This maintains the proper weights
of the ligand/lattice configurations with or without specific binding of N to boxB, given that
the specific site size of N to boxB (~8 nts from RNase protection experimentszo) is equal to
Ngrna = 11 nts37 and assuming that N cannot bind to the boxB site in a nonspecific manner.

Proceeding from eq. (A7), we can write the concentration of transcripts with i molecules of N
protein bound nonspecifically and zero bound to boxB as

o (Mg i) ;
= CRNA [0I(K RNA Nf/'f‘i’ )

i|=- -
RNA,~boxB [ ! total _ ]
box I'(MRNA Nppy D!

i-1 left right : :
(Mg =g 4D | | Mpyp —1gygs (i=g—D+(i=g-D)! '
- ( M )( T Cran [ 01(K gy Nf"é’@)l

Iefr - right -
4=0 G (Mg, —Tpns ! (i=g—= D! (Mpgy —npy, (i—g—1))! (A8)

c

and the concentration of transcripts with (i — 1) molecules of N protein bound nonspecifically
and one bound to boxB as
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RN +hozz L E]=

left

q!(Mm‘x_”RM\‘/)!

s 0! | [ Mgas ~y (i=g-D+i=g-D)! N N )il
o T l)Y(M,:iﬂ('—”R‘\H(f—t]—l))5 Crnn [01(K 5 Nfree)(Kipyy Niee) (A9)
In order to solve egs. (A6)—(A9), we require N¢ree, Which can be obtained from the mass balance
equations for the system. The mass balance for N binding to nucleic acid components of the

elongation complex is

imax Jmax kimax
I u
Niotar= Nfl(’l’+ZlCR’H +22]C,;,:,01”[] +22kcgj\l/;
i=1 Jj= (A10)

where Niqta) IS the total concentration of N protein, imax is the maximum number of proteins
that can bind to the transcript, jmax is the maximum number of proteins that can bind to the
short DNA sub-lattice, and kpmay is the maximum number of proteins that can bind to the long
DNA sub-lattice. It is also true that

imux
RNA = ) Ci L]
i=0 (A11a)

dex

E h
DNA total = C ;,1,(1’ t
Jj=0 (A11b)

Kimax

DNAga= ) C [ k|
k=0 (Atlle)

where RNAota) and DNAqq are the total concentrations of RNA and DNA lattices in the
reaction. To obtain Ngee at any particular Nigtar, €0s. (A1) are solved, respectively, for

Crnal0], €11 0], and C"¢[ 0] as a function of Niree. These equations replace Crnal0],

DNA DNA
Cor'0], and C"4[ 0] in eq. (A10), and Niree is adjusted in an iterative fashion until eq. (A10)

gives the required value of Nigtal-
Then, the fraction of RNA transcripts that have i bound proteins is

CRNA [ i ] — CRNA [ i]
Jjmax RNA{()ral

> Coll
=0

where Crnali] is given by eq. (A7). With egs. (A8) and (A9), we can also express the fraction
of RNA transcripts with i molecules of N protein bound nonspecifically and zero N bound to
boxB as well as the fraction of RNA transcripts with (i — 1) molecules of N protein bound
nonspecifically and one N bound to boxB:

CRN-\ —lm\B[ l] CRNA.—Im.\B [ l]

j[‘vmmd,—ha.\B[ J j max RNA[()[[[]

> CoulJ]
=0

f bound 1=

(A12)

(A13a)

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conant et al.

Page 22

f [i]= CRNA.+Im.\B[ i] _ CRI\H.—Im.\B [7]
bound,+boxB L * 17 jmax - RN, Amtal
Z CRNA [ ]]

= (A13b)

We note here that our previous method37 of obtaining fyoundlil, where every nucleic acid
binding site is treated independently, is formally equivalent to setting

C, lil=—22' 01K, Nyeo)
DNAllI_"—‘ ova [ O1(K s f"t’l’)

i!(kpyy — 1) (Al4a)
Conlil= 20 01K Nfiee)'
RNA i!(kRNA _ l)! RNA RNA® ) (Alz}b)

where kpna is the number of potential nonspecific binding sites on both sides of a bare dsSDNA
lattice that is bisected by RNAP poised at the terminator and krna iS the number of potential
nonspecific binding sites on the bare transcript. The combinatorial terms in egs. (A14) give the
number of ways that i proteins can be arranged on a DNA and RNA lattices with kpya and
Krna independent binding sites, respectively. Since the specific site on the transcript is also
treated as an independent species, the concentration of boxB sites bound by N is given by

B NjreeboxBig
B 14K, 5 Npree (A15)

boxB

where boxBy is the total concentration of boxB sites. The corresponding mass balance
equations for this simplified treatment are

Imax Jmax

Nlotal:Nﬁ'ee+ZiCRM4 [ i]+ZjC1);\§4 [ ]] +C11‘,,\B
i=1 J=1 (A16a)

Imax

RNA =) L]

i=0 (A16b)
jmux

DNAgar= ) Cony L]
=0 (At6c)

Given the parameters obtained experimentally37, Figure Al shows that the solution of egs.
(A14)—(A16) is valid as long as the occupancy of the ssSRNA or dsDNA lattices does not
approach saturation. For our purposes, model calculations using egs. (A12) or (A13) will be
termed ‘exact’, while model calculations using the solution of egs. (A14)—(A16) will be termed
‘independent’.

In order to determine fy — rnapl[i], We use the concept of local concentration to relate the
probability of N-RNAP contact to the length of the RNA “tether’. Local concentration (Ic) is
defined by:
K(lc)llwred)
le=—2 B
K, (A17)
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where g™ js the association equilibrium constant for the tethered reaction and £» is the
association constant for the second order reaction. The local concentration of tethered N protein
bound at either boxB or at a nonspecific site on the nascent RNA is given by31

le=(0.1 3)(nt)’3/zexp (L620) moles/liter
nt (A18)

where nt is length of the RNA tether, the stiffness of the transcript RNA is approximated using
empirically determined values for polyr(U) (Kuhn length = 4 nm57). We note that using the
parameters for polyr(U) to define the flexibility of ‘real” mRNA molecules, especially if they
carry significant bound protein, may be inappropriate, and that a smaller flexibility parameter
may apply. However, polyr(U) is the only RNA for which the Kuhn length has been measured
under ‘theta solvent’ conditions, and since the RNA is not fully coated with N protein and the
introduction of stacking or secondary structure is likely to effectively shorten the chain, this
estimate may not be too unreasonable.

For a single N protein is bound to the transcript, egs. (A17) and (A18) can be used to obtain
the fraction of complexes with an N-RNAP interaction for a unique ligand/lattice configuration
with one bound N protein:

K{(]Ielhered) (lC)K((lz)

K[(]lethered)_'_ 1 - ([C)K((,Z)‘f' 1 (A19)

After rearranging, eq. (A19) becomes

lc
K +lc (A20)

where Ky is the dissociation equilibrium constant of the untethered N-RNAP interaction.
Similarly, if there are i molecules of N protein bound to the transcript and only one N protein
can interact with RNAP, then the fraction of complexes with an N-RNAP interaction for a
unique ligand/lattice configuration with i bound N proteins is

le(1)+ICk(2)+ oo +1Ck(,')

Kd+lck(|)+lck(2)+ oo +lck(,') (A21)

where lcy () is the local concentration of the xt bound N protein which has a tether length of
(MrnA — K(X) = NrNA).

If the boxB site is free, then the concentration of elongation complexes with a unique ligand/
lattice configuration of i tethered molecules of N protein and a contact between one of the
tethered N proteins and RNAP is

lck(l)+lck(2)+ s +lc'k(i)

C s [01(K oy Niee)'
RN,\[ 1( RNA f'ee) (Kd+lck(l)+lck(2)+"'+1Ck(i) (A22)

where Crnal0](Krna Niree)' is the concentration of any unique ligand/lattice configuration
with i molecules of N protein bound nonspecifically to the transcript. If the boxB site is bound,
then the concentration of elongation complexes with a unique ligand/lattice configuration of
i tethered molecules of N protein and a contact between one of the tethered N proteins and
RNAP is
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Coos 01K o Niree) (K o N )"‘( Ky o Heroyt - Hewn )
RNA boxB* ' Jre€ RNATVJree

Kd+l(,‘me +lck(1)+lck(2)+ #e8 +lck(,-,1)

(A23)
where Icyoxp is the local concentration of N protein bound to boxB and Crna[0](KpoxaNiree)

(Krna Niree) ™1 is the concentration of any unique ligand/lattice configuration with (i — 1)
molecules of N protein bound nonspecifically and one N molecule bound specifically to boxB.

The fraction of elongation complexes modified by one of the tethered N proteins, given that
there are i proteins bound to the transcript, is obtained by summing egs. (A22) and (A23) over
all possible configurations of i proteins bound to the transcript and dividing Crnali], the total
concentration of transcripts with i by proteins bound:

i N-RNAP Lil= )
Crua LO1(K pyp Nfiee )

Cruall]

M, —in M I)n M

'va ~ My Mpna == Dy, RNA_"'RNA

K, lek(n) +Heko) +++eka)
: 1 = (Mg ko) (1 - 222 ) )
K20 kQ=k(Dbngy,  k()=k(i—1)+ngy, ( g Kaws )\ Kartlewan Heray -+l (A24)
Note that Ic pe = IChoxs, and the Kronecker Delta 6(Meg;, k(x)) = 1 for any k(x) = Myefe and is
equal to zero otherwise. Eq. (A24) preserves the proper weight of ligand/lattice configurations

with specific binding of N protein to boxB.

Egs. (A12) and (A24) can be inserted into eq. (A1) to obtain the probability of antitermination
function mediated by cis-RNA-looping. However, the summations of eq. (A24) require large
amounts of computation time as the number of bound proteins and the length of nucleic acid
lattices are increased. We will therefore use an approximation for the local concentration of
nonspecifically bound proteins. If there is no boxB site on the transcript (i.e. Kyoxg = Krna),
eq. (A24) reduces to

N Mgy —ingy

(Mg, — Ny !
(M — Mgy 1+0)!

M,

rva ~ (= Drgyy M,

RNA _"'RNA (

lck(l)+lck(2)+ st +lck(,') )

K,{+lck(1)+lck(2)+ cee +lck(,~)

KD=0  k(@)=k(D)+n k(D=k(i= )+t (A25)

RNA

We evaluate eq. (A25) for one ligand bound nonspecifically and then solve eq. (A26) for Ic’,
which is the ‘effective’ local concentration for each protein bound nonspecifically to the

transcript:
M

( 1 )RNAZ_”RNA( le(l) )_( ic’ )
My — ey +1 kD=0 ey +Ky lc’+K,

(A26)

Then, egs. (A27) give the approximate fraction of elongation complexes modified by a tethered
N protein for RNA transcripts with i molecules of N protein bound nonspecifically and zero
bound to boxB and RNA transcripts with (i — 1) molecules of N protein bound nonspecifically
and one bound to boxB.

031/
AP -baxs 1= (—)
Sy-rap -bors ()’ +Ky (A27a)

le,, ,+(i = D’ )

fN—RNAP.Hm,\RllJ: (ZC;,,,\B"'(i — Dic’'+K,

(A27Db)
Using parameters corresponding to the experimental conditions described in the Materials and

Methods and the local concentration given by eq. (A18), we have confirmed that the use of
egs. (A27) does not introduce significant error.
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Finally, egs. (A13) and (A27) can be used to determine the approximate probability that
tethered N protein contacts RNAP and modifies the activity of the elongation complex at the
terminator:

i max

Paniitern= ) | Urntoes DU s s LD rieis DUy s LD
i=1 (A28)
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A. B.
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PRB800 e 64 1248 1206 Yoo

Figure 1. Transcription templates and reactions

(A) Transcription templates used to measure the effect on N-dependent antitermination activity
of the boxB-to-terminator RNA length. All templates contain pL promoter, nutL DNA encoding
the boxB RNA sequence (grey box) and the A tR’ terminator (black box); template sequences
are identical except for insertions between nut and tR’'. Insertions share the same 5’ sequence
and differ in length of the 3’ end. (B) Read-through (RT) and terminated (Term) RNA bands
for transcription reactions performed with templates pRB50, pRB200, pRB400 and pRB800
in the presence of increasing concentrations of AN protein.
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Figure 2. Effect of template distance between the boxB-N protein binding site and the terminator
on N protein-dependent antitermination activity in the absence of accessory proteins

The fraction of full-length RNA transcripts produced by transcriptional readthrough of
terminator tR’ for each template in Figure 1 at the indicated concentrations of N protein are
plotted as a function of transcript distance (in nts) between the N binding site (boxB RNA) and
the target terminator.
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Figure 3. Schematic of transcript cleavage experiments

Procedure used to form stalled antitermination complexes and simultaneously re-extend and
cleave RNA transcripts during transcription between boxB and the terminator. Asterisks
indicate positions of a-32P ATP incorporation in the RNA transcript. Re-extension of
transcripts and cleavage with RNAse H produces five radiolableled RNAs, corresponding to
the 5’ cleavage product and pairs of cut and uncut terminated and readthrough transcripts.
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Figure 4. A continuous RNA tether is required for functional interaction of N with RNA polymerase
RNAse H cleavage of the transcript between boxB and the terminator site decreases N-
dependent antitermination activity. Elongation complexes stalled between boxB and terminator
sequences were hybridized to a ssSDNA oligonucleotide, supplemented with N protein (200
nM) and re-extended with NTPs in the presence of RNAse H. Partial RNAse H cleavage of
the elongating transcripts yielded four RNA chains corresponding to terminated (Term) and
full-length readthrough (RT) products of the RNAse H-cut and uncut transcripts, and two
shorter RNAs corresponding to unextended stalled complexes (Unextended Stalled EC) and
the 5’-product generated by RNAse H cleavage of the transcript (Cut 5’ end). The fraction of
RNAse H-cleaved transcripts (Fraction RT, cut) that read through terminators and the fraction
of intact transcripts that read through terminators (Fraction RT, uncut) are indicated at the
bottom. The times between addition of RNAse H and the NTP-extension mix are indicated at
the top of the gel.
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Figure 5. Effect of template distance between the boxB-N protein binding site and the terminator
on N-dependent antitermination activity in the presence of NusA

The fraction of full-length RNA transcripts produced by transcriptional readthrough of
terminator tR’ for each template in Figure 1 at the indicated concentrations of N protein in the
presence of 120 nM NusA protein are plotted as a function of transcript distance between boxB
and the terminator.
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Figure 6. Antitermination 'range’ in the presence of N, NusA, NusB, Nusg, NusG and transcript-
encoded boxB

Products of transcription reactions performed with templates pRB250, pRB200, pRB400 and
pRB800 in the presence of indicated concentrations of N and NusA (120 nM), NusB, NusE
and NusG proteins (250nM each). In all cases, the fraction of transcripts that ‘read through’
the terminator was >95%.

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Conant et al. Page 32

N - -+ ++ ++-+++ +
NusA + + + ++ ++ + +
+
+

&
+
+

NusBEG - - - - - - + + + + +
RNAseH - + -

Time(min) 0 0 O

+ -+ -+ +
0000515

Aegs

o +
N +
)

B2

Uncut RT =
Uncut Term =

CutRT =»

Cut Term =

Unextended
Stalled EC

Fraction RT Uncut .22 .17 .82.74.71 NA .17 .20 .84 .83 NA NA

Fraction RT Cut .22 70.73 .99 .19 NA.82.71
Lane 1 2 3 4 5 6 7 8 9 10 11 12

Figure 7. A continuous RNA tether is not required for functional interaction of N with RNA
polymerase in the presence of accessory factors

RNAse H cleavage of the transcript between boxB and the terminator site does not decrease
N-dependent antitermination activity in the presence of transcription accessory factors.
Experiments were performed as in Figure 3; i.e., elongation complexes stalled between boxB
and terminator sequences were hybridized to a sSDNA oligonucleotide, supplemented with N
protein (200 nM), NusA (120 nM), and NusB, E and G (250 nM each), and incubated with
RNAse H for the indicated times before NTP addition and resumption of transcription.
Reactions yielded four RNA chains corresponding to terminated (Term) and full-length
readthrough (RT) products of the RNAse H-cut and uncut transcripts, and two shorter RNAS
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corresponding to unextended stalled complexes (Unextended Stalled EC) and the 5'-product
generated by RNAse H cleavage of the transcript (not shown). The fractions of full-length
RNA transcripts produced by transcriptional readthrough of terminator tR’ of RNAse H-
cleaved (Fraction RT Cut) and intact (Fraction RT Uncut) transcripts, and the times between
addition of RNAse H and the NTP-extension mix, are indicated above and below the relevant
lanes.
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Figure 8. Comparison of experimental and predicted values for terminator readthrough produced
by the addition of N protein as a function of RNA length

Experimental measurements from Figure 2 at input concentrations of 50 (black circles) and
100 (white circles) nM N protein were normalized to the total change in terminator read-through
due to the addition of N protein; thus the maximum terminator readthrough at 400 nM N (0.77)
in Figure 2 corresponds to a Fraction Terminator Readthrough (right y-axis) of 1, and the
terminator readthrough in the absence of N (0.11) in Figure 2 corresponds to a Fraction
Terminator Readthrough of 0. Predictions of the fraction of elongation complexes that are
bound in cis by transcript-tethered N protein (Fraction RNAP bound by N, left y-axis) at 50
(thin solid lines) and 100 (thick solid lines) nM N protein as a function of increasing RNA loop
length were generated using the ‘exact’ model described in the Appendix and a tethered
equilibrium constant (Kg) of 2 x 107 M. The K for the binding of N to boxB was 0.5 nM at
the salt concentrations used in the transcription reactions; apparent K4 values for nonspecific
binding of N to ssRNA and dsDNA were 100 nM and 135 nM, respectively. Binding constants
were measured and nucleic acid concentrations were estimated as described in Materials and
Methods.
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Figure 9. Effect of nonspecific binding on the local concentration of N, on N binding to RNAP and
on terminator read-through as a function of transcript length. A. Local concentrations of N protein
in the presence and absence of nonspecific interactions between N, RNA and DNA

Thick line: predicted local concentration of N (bound at boxB) at RNAP (bound at the
terminator) as a function of distance between boxB and the terminator in the absence of
competition from nonspecific sites. At a total N protein concentration of 100 nM, more that
99% of the boxB sites are bound. Medium line: average local concentration when 100 nM N
protein is partitioned between boxB and nonspecific nucleic acid binding sites. Thin line:
average local concentration when 100 nM N protein is partitioned between boxB and the
nonspecific nucleic acid binding sites when the transcription template has an additional 800
bp dsDNA adjacent to the transcribed region. Complexes of N with nonspecific RNA possess
antitermination activity, and increase the fraction of RNAP bound by N; complexes of N with
DNA are inactive for antitermination (see text), and act as a “sink” for free N protein B.
Fraction of RNAP bound by “cis-looped’ N in the presence and absence of nonspecific
interactions. Thick line: predicted fraction of RNAP bound to “cis-looped’ N-boxB complexes
in the absence of nonspecific binding to RNA and DNA. Medium line: fraction of RNAP bound
to cis-looped N protein tethered at boxB or at a nonspecific binding site. Thin line: fraction of
RNAP bound to cis-looped N protein tethered at boxB or at a nonspecific site when the
transcription template contains an additional 800 bp of dsDNA adjacent to the transcribed
region. The simulations were performed using the ‘exact’ model described in the Appendix
with a total N protein concentration of 100 nM and the same Ky values for N binding to RNAP
and nucleic acid as in Figure 8. Unless otherwise noted, the templates used in the simulations
had the same number of DNA base pairs outside the transcribed region as the experimental
templates depicted in Figure 1 and described in the Materials and Methods.
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A. N alone: tethered equilibrium. Rapid association and dissociation of N from
elongation complex allows N-boxB to sample changing local concentration
and permits competition from nonspecifically bound N-RNA complexes.
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B. N + Nus factors: persistent N-RNAP interaction. Rapid association and slow
dissociation renders N protein insensitive to both changes in local
concentration and competition from nonspecifically bound N.
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Figure 10. Model for control of antitermination by the tethered interaction of N protein with
elongation complexes. A. The minimal in vitro antitermination complex

N protein binds to the transcript-encoded boxB sequence and loops to contact RNAP; N also
binds to nonspecific sites on the transcript. Binding of tethered N-boxB complexes to RNAP
equilibrates during transcription, with fast on- and off-rates (arrows) that permit N to sample
the changing local concentration provided by the lengthening RNA. The binding of N to RNAP
and antitermination activity are controlled by the transcript length-dependent change in local
N concentration. B. The "physiological’ antitermination complex consists of N, RNAP, boxB,
and the NusA, B, E and G proteins. N binds to boxB and the high local concentration of N
provided by the short RNA transcript facilitates initial binding of the N-boxB to the
transcription complex. The interaction of the N-boxB complex with RNAP and Nus factors is
persistent relative to the time required for transcription between boxB and the terminator. The
binding of N to RNAP and the antitermination activity are therefore not sensitive to transcript
length, but depend on the slow (relative to transcription) rate of dissociation of Nus-factor-
stabilized N from the elongation complex.

J Mol Biol. Author manuscript; available in PMC 2009 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Conant et al.

A. Average N proteins bound per
elongation complex at nucleic

N molecules bound/elongation complex

acid sites,184 nt transcript

6 L 7 S R 2 T * & & F & & & T
5L ]
41 Al
al == N protein/transcript _

— Nonspecific RNA

= Nonspecific DNA
2f — boxB RNA 1
1 ]

TR [ TR [ (R [ TR LR (S T () (S (S N [ |

0 200 400 600 800 1000

[N], nM

C. Probability of N antitermination

Fraction Terminator Readthrough
&
T

from N-boxB and N-nonspecific

complexes, 984 nt transcript

LT TR T I R A (R S A DL S
1 L ] 1
0.8 L -0.8
i I - 0.6
0.4 L = Total ] 0.4

I -=- Nonspecific RNA
— — boxB 1
0.2 -10.2
-/\’.f. L e e 0
0 200 400 600 800 1000
[N], nM

N Aq punoq dvNH uopoe.y

Page 37

B. Probability of N antitermination
from N-boxB and N-nonspecific

Fraction Terminator Readthrough

Fraction Terminator Readthrough

complexes, 184 nt transcript

I RN S SR R D L AL T A
. ]
1+ — 1
- : = -~ -
0.8 =™ ~08
I 7 ]
/
osf Jlo) 406
i ]
| == Total ]
o4/ -=- Nonspecific RNA 104
— boxB ]
0.2fi 402
o T IS LR (S [ TINY (R (S [N (IS NS (I S PR PIY R | S (R (R TR | 0
0 200 400 600 800 1000
[N], nm

complexes, 48 nt transcript

0.2

LT TR | B S T T P A (R
. ==Total
%21 /' -- Nonspecific RNA ]
’ — boxB
0 VT TR N ST ST TR S S T S (S TR R M ST TR TR R |
0 200 400 600 800 1000
[N], nM

Figure 11. Nonspecific binding of N protein in trans to RNA and DNA controls the fraction of N
molecules specifically bound at the boxB RNA site available for RNA looping-facilitated binding
of N to RNAP. Effect of nonspecific binding and transcript length on the antitermination activity
of N protein bound at the boxB RNA site. A. Number of N molecules bound to the nucleic acid
framework of the elongation complex as a function of N concentration

Predicted average number of N molecules bound to the RNA and DNA binding sites of
elongation complexes produced by in vitro transcription of the 184 nt template pRB2 with
RNAP at the terminator at a total input N concentration of 100 nM. Thick line: total N molecules
bound to transcript RNA. Thin line: N molecules bound to boxB RNA. Grey line: N molecules
bound to nonspecific DNA. Medium line: N molecules bound to nonspecific RNA sites. B.
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Probability of N-RNA and N-boxB complexes binding to RNAP and inducing
antitermination. Probability that individual N-RNA and N-boxB complexes from Figure 11A
will bind RNAP and induce antitermination. DNA actsas a ‘sink’ for N protein and N molecules
bound nonspecifically to DNA do not compete for RNAP binding. Thick line: total fraction of
RNAP molecules bound by N-boxB and N-RNA complexes. Dashed line: fraction of RNAP
bound by N-RNA complexes. Thin line: fraction of RNAP bound by N-boxB complexes.
Circles: experimental fraction of elongation complexes reading through the terminator. C.
Probability of N-RNA and N-boxB complexes binding to RNAP on a long transcript
containing a single boxB binding site. Predicted N-RNAP binding on the 984 nt pRB800
transcript. Thick line: total fraction RNAP bound by N. Dashed line: fraction RNAP bound by
N-RNA complexes. Thin line: fraction RNAP bound by N-boxB complexes. D. Probability of
N-RNA and N-boxB complexes binding to RNAP on a short transcript containing a single
boxB binding site. Predicted N-RNAP binding on a hypothetical transcript containing 48 nt
between boxB and terminator. The template used in this simulation has the same number of
DNA bp outside the transcribed region as the experimental templates. Thick line: total fraction
RNAP bound by N. Dashed line: fraction RNAP bound by N-RNA complexes. Thin line:
fraction RNAP bound by N-boxB complexes. We used the ‘exact’ predictive model (see
Appendix) to calculate the partitioning of N protein onto boxB, RNA, and DNA and the fraction
of elongation complexes that read through the terminator due to a looping-facilitated interaction
between RNAP and N protein bound to boxB and/or nonspecific sites on the transcript. The
model assumes that the N-RNAP interaction equilibrates on the time scale of elongation, that
the affinity of boxB-and RNA-bound N proteinsto RNAP is equal, and that interaction between
RNAP and a molecule of N protein bound to boxB or a nonspecific site on the transcript results
in antitermination. The same Ky values for N binding to RNAP, boxB, nonspecific sSSRNA
sites and nonspecific dsSDNA sites were used as in Figure 8.
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Figure Al. Comparison of the ‘exact’ and the ‘independent’ models for N protein binding to nucleic

acid components of transcription elongation complexes

Calculations of the average number of N protein molecules bound to nucleic acid components
of a transcription elongation complex as a function of increasing N concentration were made
using the ‘exact’ method described in the Appendix (black lines), and the ‘independent’ model,
which treats every potential binding site on the bare transcript and template as an independent
species (grey Iines)37. Thin lines: N protein binding at the boxB RNA site. Medium lines: N

protein binding at nonspecific sSSRNA sites present in the transcript. Dashed lines: N protein

binding at nonspecific dsSDNA sites present in the transcription template. Thick lines: N protein

binding to the RNA transcript (boxB + nonspecific sites).
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