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ABSTRACT. Continuing our quantitative analysis of rho-dependent termination dttté terminator, we

here present evidence that the position of rho-dependent terminators along the template is strongly regulated
by the secondary structure of the nascent RNA transcript, and that the prerequisite for establishing an
effective kinetic competition between elongation and rho-dependent RNA release at a particular termination
position is an upstream rho hexamer properly bound to a rho loading site on the nascent transcript. As
a consequence kinetic competition regulates termination efficiency at individual positions downstream of
the rho loading site, but does not control hasitionof the termination zone. Conditions that favor the
formation of stable secondary structure on the RNA shift the initial rho-dependent termination position
downstream. These results are consistent with a model that states that the rho protein retfu@8
nucleotide residues of unstructured RNA to load onto the transcript and cause termination, and that stable
RNA secondary structures are effectively “looped out” to avoid interaction with rho, meaning that more
RNA must be synthesized before rho-dependent termination can begin. Thus, although the rate of transcript
elongation is important in determining termination efficiency at specific template positions, the process
of loading of the rho hexamer onto the nascent transcript plays an overriding role in determining the
template positions of rho-dependent terminators. We also show that at high salt concentrations, which
have virtually no effect on the rate of transcript elongation, rho-dependent transcript termination is more
directly dependent on the efficiency of rho loading, since the processivity of translocation of rho along
the nascent transcript to “catch up with” the polymerase is much more limited under these conditions. A
guantitative model for rho-dependent transcript termination is developed to account for all these interacting
effects of rho on the efficiency of RNA release from actively transcribing elongation complexes.

In the preceding paperl) we showed that transcript Here we extend these observations by testing in detail the
termination under conditions of high overall rho-dependent effects of the RNA secondary structure within the actual rho
termination efficiency can begin within the previously loading zone on: (i) the position of the upstream edge of
defined rho “loading site” of thep t' terminator even before  the termination zone along the template; and (ii) the
the putatively essentiautB sequence has been transcribed. efficiency of rho-dependent termination at individual tem-
We also showed that the presence of RNA secondary struc-pjate positions within the termination zone. We show that
ture within the actual site of rho loading shifts the beginning  yecreasing the rate of transcript elongation does not change
of the rho-dependent termination zone downstream along they, e osition of the termination zone along the template, but
template that containstep t’ terminator, and that this effect does increase termination efficiency at individual termination
Cﬁn be regeved Iby.destablllznjg the ;gconc_lar);]structure.of positions. We further show that high concentrations of K
the RNA by replacing guanosine residues in the transcript or Mg?" ions, which serve both to destabilize the binding of

with inosine residues. This replacement resulted in no h h RNA and to ind dditional d
changes in the rate of synthesis by the transcription complex™© t0 the nascent and to induce additional secondary

at the new termination sites, demonstrating that the presencestructure in the transcript, do not increase the rate of transcript
of elements of RNA secondary structure within the actual €longation. However, these increased cation concentrations
rho loading site is primarily responsible for establishing the do shift the termination zone downstream and decrease
upstream limit of the zone within which rho-dependent termination efficiency, and these salt concentration effects
termination can occur, and that the template position of this are only partially compensated by major decreases in the
limit is independent of the rate of transcript elongation. elongation rate of the transcription complex. Finally the
results presented in this paper and the companion paper (
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MATERIALS AND METHODS

All the Materials and Methods used in this study are
described in the preceding papé),(except as follows.

Measurement of Elongation RateBlongation complexes
paused at positiont25' were prepared as described in
Materials and Methods of the preceding pafdgr (Samples
were then adjusted to the desired KCI and Mg&incentra-
tions, divided into individual transcription reactions, and held
at 0°C. Individual reaction tubes were preincubated at room
temperature for 20 s prior to use, and transcription was started
at 0 time by adding the desired concentrations of NTP
substrates, together with 1@/mL of rifampicin. Reactions
were quenched at various times and subjected to gel
electrophoresis and ImageQuant analysis (see Materials and
Methods, and Figure 3A of the preceding paper), and the
amount of runoff transcript in each reaction lane of the gel
was determined. From these results the titge) @t which L
one-half of the population of complexes had reached the end

of the template was calculated for each reaction. The average
elongation rateR, in nts/s? was then calculated as FiGURE 1. The template zone in which rho-dependent termination
occurs is not defined by kinetic competition. Rho-dependent

termination reactions were performed at different NTP substrate
concentrations. Radioactive bands that correspond to runoff tran-
scripts for different templates are marked in the margins. Transcrip-
tion reactions were carried out under standard reaction conditions
(20 mM Tris-HCI (pH 7.9), 50 mM KCI, 5 mM MgG| 1 mM
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whereN is the length of the runoff transcript in nucleotide
residu_gs (nts) and 25 nts ig the length of the transcript within B-ME) in the presence of 5 nM DNA template, 5 nM RNA
the initially stalled elongation complex. polymerase, and 20 nM rho hexamer (as described in Materials
We have also fit the data representing the accumulationand Methods of refl), except NTP concentrations were as
of runoff transcripts as a function of the elongation time with fc%”r?cv:;itr ;tti%(t)nls. ifga'tghcﬁlq_cs_nstreétﬁéons Cg‘oﬁiglp“'r\g& ss%ta%hﬁl\?'l[')P'
a math_ematlcal description of the Chemlc?al inetics - of set 4,1 mM ATP and 1op|vi concﬂrations of each of the other
elongation presented by Capellos and Biel&ki (We found NTPs; set 5, 1 mM ATP and 1M concentrations of each of the
that the elongation reaction that converts the initié25 other NTPs.
complexes to runoff transcript is dominated by a few
relatively slow steps that can be visualized as transient bandsrp t' terminator, we have mapped the rho-dependent
on the radioactive gels of the elongation reactions. Averagetermination zone on all three templates used in this study
elongation rates deduced from such a mathematical descrip(see Figure 1 of the preceding paper for the designations
tion of the entire elongation process were indistinguishable and construction of these templates) at five different sets of
from those determined using eq 1 above (data not shown).NTP concentrations. NTP concentrations well below the
apparentK, values for the elongation reaction were used
RESULTS for the experiments at low substrate levels, thus making the
The Position of the Termination Zone Within Rho- binding of the next required NTP the rate-limiting step for
Dependent Terminators is Not Controlled by Kinetic Com- €longation 4, 5).
petition. Kinetic competition between the rates of rho These experiments were setup as follows. Substrate set
function (as manifested by ATPase activity) and transcript 1 contained a final concentration of 1 mM of each NTP; set
elongation has been shown to modulate rho-dependent2 contained 10QuM concentrations of each NTP; s8t
termination efficiency at théR1terminator of phagé (3). contained 1Q«M concentrations of each NTP; setontained
However, these results did not reveal whether or how this 1 mM ATP and 10Q:M concentrations of each of the other
kinetic competition might affect the position of the rho- NTPs; and set5 contained 1 mM ATP and 1M
dependent termination zone. In the preceding pabewé concentrations of each of the other NTPs. It should be noted
showed that the proximal shift of the termination zone on that the ATP concentration in setsand5 was maintained
the Nint template that resulted from the incorporation of rl at 1 mM to ensure that the rho function, which is dependent
residues into the transcript in the place of rG residues did on its RNA-dependent ATPase activity, was not perturbed
not result in any significant change in the kinetics of by any NTP concentration dependent slowing of the tran-
transcript elongation at the new termination positions. To script elongation rate.
further test for possible effects of kinetic competition onthe  We found that the overall efficiency of rho-dependent
position of the zone of rho-dependent termination within the termination increases with decreasing concentrations of NTPs
on all templates, as shown in Figure 1, lanes5] for
1 Template positions are designated by the length of the correspond-template Pt lanes 6-10 for template Irit and lanes 1114

ing transcript. Thus-1 is the position of chain initiation at the promoter
and+25 is the template position at which thet@&minus of the nascent
transcript is located for an RNA transcript that is 25 nts in length.

2 Abbreviations: nt(s), nucleotide residue(s); bp(s), base pair(s); NTP-

(s), nucleoside-&triphosphate(s).

for template NInt We have measured the average elonga-
tion rate (see Materials and Methods) on template Ndnt

the different substrate concentrations used, and the results
are listed in Table 1. We show that a 10-fold decrease in
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Table 1. Average RNA Polymerase Elongation Rates under standard reaction conditions in 50 mM KCI (dark solid line)

Different Reaction Conditiords

reaction conditions

and 150 mM KCI (faint solid line). Clearly rho-dependent
termination is decreased at most termination positions at the
higher salt concentration, but this effect is most severe at

[(}:nc,\;; [?:IT%\;;] [('?'nTNT)] elonz\gfiroar??ate?s early termination sites, resulting in an apparent downstream
1 13.03% 2.38 sh!ft of the major termination zone. Thls'effect is more
50 5 0.1 3902 evident when termination efficiencies at higher KCI con-
0.01 1.3+0.3 centrations are expressed as fractions of those measured in
Zgg 28 i 13-% i? 50 mM KCI for the same template positions. Such relative
50 5 1 (with ITP) 57102 values of Tg are plotted as a function of template position

; - , in Figure 2D.
aElongation rates are in units of nt’s All measurements are . . .
performed at room temperature with the Nirgmplate, as described Two sets of patterns are shown in Figure 2D, with the
in Materials and Methods. Each measurement was repeated at leassolid lines corresponding to templaté &bd the dotted lines

three times. to template NIrit The pattern obtained with the' Bémplate
shows more fine structure than that measured with template
substrate concentration (from 1 mM to 1001 NTPs) slows NInt', since the termination zone alond ®ias divided into
the average rate of transcript elongation about 3-fold, while more grid boxes and thus the rho-dependent termination
a further 10-fold decrease (from 1(®/1 to 10 uM NTPs) pattern along template 'Pis more clearly resolved. The
slows elongation by another factor of 3. patterns numbered-3 in each group represent the relative
These results are consistent with the kinetic competition (to 50 mM KCI conditions) values of Tefor reactions
model in that, as expected, the termination function of rho containing 100, 150, and 200 mM KClI, respectively, for the
appears to compete with the rate of transcript elongation in two templates. Clearly the two groups of curves run roughly
modulating termination efficiency. However, we also found parallel to one another at most positions and display roughly
that no rho-dependent termination is seen at any positionhyperbolic shapes. This means that rho-dependent transcript
upstream of position+97 on templates Pand Int, or of termination for both templates is most severely inhibited at
position+123 on template NIfteven when the concentra-  the most proximal positions at higher salt concentrations, as
tion of substrate NTPs is decreased 100-fold to produce anexpected from our qualitative observation that the apparent
~10-fold decrease in the rate of transcript elongation. Thesetermination zone is shifted downstream at higher KCI
observations demonstrate that while the termination ef- concentrations (see Figure 2A).
ficiency of rho is modulated by kinetic competition between  Table 1 shows that the average transcript elongation rate
rho and RNA polymerase at positionsithin the rho- is essentially the same in solutions containing either 50 or
dependent terminator, the actual templptesition of the 200 mM KCI, although the value of TEover this KCI
termination zone along the template appears to be entirelyconcentration range decreases frofh.0 to ~0.1 (Figure
dependent on a rho loading event that is not affected by 2B). The former finding is consistent with the comparable
changes in the rate of transcript elongation. measurements of other8)(on the effects of salt concentra-
Effects of Salt Concentrations on Elongation and Rho- tions on the rates of transcription elongation. We reasoned
Dependent TerminationHigh concentrations of monovalent that if rho-dependent termination at the proximal template
and divalent cations have been shown to decrease thepositions had been selectively decreased by a decreased rate
efficiency of rho-dependent terminatiod)( Since increased  of rho function at higher salt concentrations, then slowing
salt concentrations also decrease the stability of-IRNA elongation by decreasing the concentration of NTP substrates
interactions and promote secondary structure formation in below Ky, might compensate and restore rho-dependent
RNA (7, 8), we have investigated the effects of increasing termination at proximal positions within the terminator. To
concentrations of Kand Mg+ on rho-dependent termination ~ test this hypothesis, values of JTevere measured at
in more detalil. individual template positions on the Nirtemplate at 150
(i) Effects of Increased KCI ConcentrationFhe effects mM KCI concentrations under the five sets of substrate
of increasing concentrations of KOlere examined with ~ concentrations defined above.
all three templates, and the results show that the overall The dotted line in Figure 2C represents the pattern of rho-
efficiency of rho-dependent termination decreases with an dependent RNA release on the Nitemplate in 150 mM
increase in monovalent cation concentration, with RNA KCI under NTP concentration condition set 3 (above). Itis
release being reduced to less than 10% of its low salt apparent that even though a slower rate of transcript
concentration level at 200 mM KCI. This effect is demon- elongation does increase ,Tat corresponding template
strated in the form of gel patterns for template NintFigure positions (compare the dotted line with the faint solid line),
2A, while the dependence of the overall termination ef- the proximal termination sites are largely not reactivated
ficiency, TE, (as defined in refl), on the concentration of  (compare the dotted line with the dark solid line). Results
KCl is shown in Figure 2B. at other substrate concentration conditions are qualitatively
More can be learned about these effects by careful the same (data not shown). Thus shifting the balance of the
examination of the rho-dependent RNA release patterns atkinetic competition between rho-dependent RNA release and
the different salt concentrations. Figure 2C shows a typical elongation toward rho function (by an additional factor of
release pattern measured on template 'Numider our ~3 as estimated from Table 1) does not restore the proximal
peaks of the 50 mM KCI rho-dependent RNA release pattern,
3 Essentially identical results were obtained if KOAc was used instead €VeN though such compensating effects are seen at the more
of KCI. distal template positions.
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Ficure 2: High monovalent salt concentrations shift the rho-dependent termination zone downstream while decreasing the termination
efficiency at most positions, and these effects are only partially compensated by a slower rate of elongation. (A) Rho-dependent termination
at different KCI concentrations. Transcription reactions were performed as described in Materials and Methotisiofthefpresence of

5 nM Nint' template, 5 nM RNA polymerase, 20 nM rho hexamer, and 1 mM concentrations of each NTP. Reactions contained 20 mM
Tris-HCI (pH 7.9), 5 mM MgC}, 1 mM -ME, and increasing concentrations of KCI. The KCI concentrations in lan@swiere 50, 100,

150, 200, 250, 300, 400, and 500 mM, respectively. Transcript sizes were determined using RNA ladders run in parallel (not shown), and
representative transcript lengths are marked. (B) Plot of 8€a function of KCI concentration in the reaction. Data from Figure 2A.
Calculations of the TfEparameter were made as described in Materials and Methods and Figure 3Alo{@fPlots of rho-dependent
termination efficiency for individual positions (J)eat different KCl and NTP concentrations as a function of transcript length. Some data

are from Figure 2A. The dark solid line corresponds to the rho-dependent termination reaction under our standard reaction conditions (50
mM KCI, 5 mM MgCl,, and 1 mM concentrations of each NTP). The faint solid line corresponds to the reaction in 150 mM KCl and 1 mM
concentrations of each NTP, while the dotted line corresponds to the reaction in 150 mM KCI, 1 mM ATP, ard &60centrations of

each of the other NTPs. Calculations of the, parameter were performed as described in Materials and Methods and Figure 3A.of ref

The broken horizontal line corresponds to 0 rho-dependent termination efficiency. (D) Plotsaiftiigher KCI concentrations relative to

Te, at 50 mM KCI as a function of the template position. Some data are from Figure 2A. The dotted lines correspond to transcription on
template NInt while the solid lines represent transcription on template Relative (to standard reaction conditions; i.e., 50 mM KCI)
values of Te were calculated for each template position. The curves numbered 1, 2, and 3 in each group are for 100, 150, and 200 mM
KCI, respectively.

The fact that a decrease in transcript elongation rate does150 mM KCI? As shown in particular in the rho helicase
increase Tgat corresponding sites in the downstream region studies of Walstrom et all1(Q, 11, rho action is sequential
suggests that kinetic competition does function at these sitesand can be divided into three distinct phases. These are (i)
in 150 mM KCI. Why then is a comparable competition the loading of rho onto the transcript, accompanied by the
not seen at the proximal sites of the RNA release pattern in RNA-dependent activation of the rho ATPase; (ii) translo-
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cation of the rho hexamer 5> 3' along the nascent RNA;  due to the insertion of the 106 bps of naturglt ' terminator
and (iii) rho-dependent separation of the RNBNA hybrid. sequence. We suggest that rho-dependent termination at
Since kinetic competition at distal sites argues that neither positions beyond-~80 nts downstream of the rho loading
impairment of rho translocation nor impairment of rho- site requires translocation of rho along the nascent RNA.
dependent separation of the RNANA hybrid can be Thus the further downstream the transcription complexes are
responsible for the reduction of the efficiency of rho- positioned, the more sensitive they are likely to be to high
dependent termination at the proximal sites as a consequencsalt concentrations because the translocation of rho along
of increased salt concentration, the only possibility remaining the RNA transcript at higher salt concentrations is less
is the salt concentration dependent inhibition of the rho processive, decreasing the probability of the arrival of the
loading and/or of the ATPase activation events. In light of rho hexamer at downstream transcription complexes. Posi-
the demonstration (refl) of a downstream shift of the tions downstream 0f210 on Ptand of+350 on Nint were
termination zone due to the insertion of a defined hairpin not analyzed because their RNA products are located too
structure into the RNA, these results suggest that the for- close to the runoff transcript band on the gels to permit
mation of increased secondary structure in the RNA at higher accurate analysis.
KCI concentrations (as demonstrated directly for this RNA  Thus plotting the relative termination efficiency as a
transcript in ref8) may comparably increase the contour function of template position on both the'Rtnd Nint
length of RNA that is required to form a functional rho templates in Figure 2D shows that (i) the decrease in effective
loading site. This interpretation is consistent with the results rho-dependent termination at proximal template positions at
presented in Figure 2D, in that rho-dependent termination the higher KCI concentrations reflects primarily decreased
at most downstream positions is more resistant to increasedrho loading, rather than a salt concentration dependent
KCI concentrations, perhaps reflecting the increased tran-decrease in the processivity of rho translocation along the
script length available to form a functional rho loading site transcript; (ii) the relief from the inhibitory effect of high
at these positions. These observations are not consistent witlsalt with an increase in the transcript length is largely
a dominant salt-dependent decrease in the processivity ofindependent of local sequence; and (iii) that the opposite
translocation of rho along the transcript, since in this case “polarity™-like effect beyond about positiofr260 on Nint
one would expect to see a major decrease in relativeis due neither to an unexplained transcript “end effect” nor
termination efficiency with increased transcript length. to a local sequence effect, but rather is likely to reflect a
Figure 2D also shows that transcription complexes located long-range processivity effect related to rho function. We
between positions-110 and+210 on template Pshare a also conclude that increasing salt concentration has two major
similar trend in the recovery of rho-dependent termination effects. These are (i) to effectively “shorten” the RNA
with positions+140 to+260 on the Nirttemplate, even  transcript by increasing secondary structure within the rho
though, as a consequence of the insertion of a 42-bp elementoading site (perhaps because rho can effectively “step
containingnutL into NInt', and the replacement of the natural across” elements of looped-out secondary structure in trans-
trp t' termination zone with plasmid DNA (114 nt) in'Pt  locating along the transcript), leading to a downstream shift
the local sequences in these regions on the two templatesf the position of the termination zone and thus to a relative
are completely different (Figure 1 of rd). We showed increase in the effectiveness of rho-dependent termination
previously that the termination patterns for these templatesat more distal template positions; and (ii) to a decrease in
also share no similarity in these regions (see Figure 5A of the processivity of rho translocation along the nascent RNA,
the preceding paper). With the rho loading site representing leading eventually to a decrease in rho-dependent termination
the only common sequence located upstream of these regionst still more distal template positions. These results are fully
on the two templates, we propose that the similar recovery consistent with the results of Walstrom et &, 0, 1) on
trend at these regions on both templates must reflect athe effects of increasing salt concentrations on the RNA
common rho loading event, and that the effects of increasing DNA helicase activity of rho in experiments using the same
KCI concentration on the rho-dependent RNA release pat- transcripts.
terns are focused on the rho loading process (see also below). (ii) Effects of Increased MggIConcentration. We have
However, the relative termination efficiency takes on an also examined the effects of increasing the concentration of
opposite trend starting at positior260 on template NInt the Mg cation on rho-dependent RNA release patterns for
which happens to be located about 80 nts away from theall the templates. Figure 3A shows the behavior of typical
downstream limit of the rho loading site [positietil74 as positions on the Nlinttemplate under different Mg and
defined by Galloway and Platl®, 13; see also Figure 1 of  substrate concentrations by plotting the rho-dependent ter-
ref1]. The Ptand Nint templates share the same sequence mination efficiency at individual positions as a function of
over template regions-133 to +238 of Pt and +283 to the transcript length under standard (5 mM; dark solid lines)
+388 of NInt, which are located at the downstream ends of and high (20 mM; faint solid lines) Mgglconcentrations.
both templates (see Figure 1, rBf Yet we note that the  In Figure 3B we plot the relative rho-dependent termination

upstream trend is continued over template positi$iiS3 efficiency at individual template positions in 10 mM Rig
to +210 on Pt but not over template positions283 to normalized to Tgin 5 mM Mg?" at the same template
+320 on Nint. positions. The dotted line represents the relative release

This result shows that the decrease in the relative termina-pattern for template Rtthe dark solid line the relative release
tion efficiency with transcript length seen in thie260 to pattern for the Inttemplate, and the faint solid line the
+320 region of the Nlrittemplate is not a general effect of relative release pattern for template NInfThe results in
the local sequence or of its location at the end of the template.both figures are quite comparable to those seen with
Rather it may reflect some long-range effect on rho action increasing KCl concentrations. Again, both figures show
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FicurE 3: High Mg?" concentrations shift the rho-dependent termination zone downstream while decreasing the termination efficiency at
most positions, and these effects cannot be completely compensated by a slower elongation rate. Results shown are for transcription and
rho-dependent termination on the Nitémplate. (A) Plots of rho-dependent termination efficiency for individual positiong @leng the

Nint' template at different MgGland NTP concentrations as a function of transcript length. The dark solid line corresponds to the rho-
dependent termination process under our standard reaction conditions (50 mM KCI, 5 mMaindQl mM concentrations of each NTP).

The faint solid line corresponds to rho-dependent termination in 20 mM M@@t 1 mM NTPs, while the dotted line corresponds to
rho-dependent termination in 20 mM MgCIL mM ATP, and 10Q:M concentrations of each of the other NTPs. Transcription reactions
were performed as described in Materials and Methods of.refsing 5 nM DNA template, 5 nM RNA polymerase, and 20 nM rho
hexamer. Each reaction contained 20 mM Tris-HCI (pH 7.9), 50 mM KClI, 1 faME, and 5 or 20 mM MgGl Calculations of Tgvalues

were performed as described in Materials and Methods and Figure 3ADf(&¥ Plots of relative Tgvalues at 10 mM Mg" concentrations
(relative to 5 mM M@+ concentrations) as a function of template position on all three templates. Each reaction contains 20 mM Tris (pH
7.9), 50 mM KClI, 1 mMp-ME, and 5 or 10 mM MgGl The relative (to 5 mM Mg" conditions) values of Tewere calculated for each
template position. The dotted line plots the relative T@ues measured with the'émplate, the dark solid line plots the values measured

with the Int template, and the faint solid line plots those measured with the' Mimiplate.

that increasing the concentration of Mglecreases termina-  interactions on rho-dependent termination at the t'
tion efficiency at all template positions, and that this decreaseterminator. Our findings may be summarized as follows.
is most significant in the proximal portions of thep t' (i) Decreasing the rate of elongation of the transcript by
terminator, resulting in an apparent downstream shift of the limiting the concentration of the next required nucleotide
termination zone. For the same reasons described incan increase the heights of the individual peaks of the RNA
connection with Figure 2C, we decreased the elongation raterelease patterns without changing the overall shapes of the
of RNA polymerase by decreasing NTP concentrations. The RNA release patterns. This shows that kinetic competition
dotted line of Figure 3A corresponds to the transcription between the rates of rho and polymerase action can indeed
reaction performed at 20 mM Mgglunder substrate  control the efficiency of rho-dependent RNA release at a
concentration conditioB (see above). Clearly a decreased given template position, but only in a termination zone within
elongation rate can increase the rho-dependent terminationyhich rho can act. In contrast, the template position of the
efficiency at only distal positions along the template, but upstream limit of rho-dependent termination cannot be shifted
cannot restore the proximal termination positions that were py kinetic competition.
active in 5 mM MgCj. (i) The position of this upstream limit, and thus the

To further confirm that the effects of higher Mgy  position of the zone of opportunity for rho-dependent
concentrations on rho-dependent termination do not reflect termination, depends on the synthesis of a length of RNA
an increase in the RNA polymerase elongation rate, we alsotranscript sufficient to form an effective loading site for the
measured the rate of elongation on the Ntemplate under  rho hexamer. The total length of RNA that is required to
different MgChb concentrations. Results included in Table form a functional rho loading site can be increased by
1 show that an increase in MgQtoncentration from 5t0  introducing additional elements of RNA structure into the
20 mM decreaseshe rate of transcript elongation. nascent transcript, either specifically by inserting a sequence

Thus it appears that both high*Kand high Mg* that can form an RNA hairpin that can be looped di)f 6r
concentrations shift the rho-dependent termination zone nonspecifica”y by increasing the concentrations of mono-
downstream and decrease rho-dependent termination efyr divalent cations as shown here. The result is a distal shift
ficiency, independent of any increase in the transcript of the zone of opportunity for rho-dependent termination.
elongation rate, and that kinetic competition exists at distal The model we present in Figure 4 illustrates our interpretation
sites but not at proximal sites under these conditions. Thusgf how RNA secondary structure within the rho loading site
the effects on proximal rho-dependent RNA release cannotcan shift the termination zone downstream.
be compensated by a slower elongation rate. These results jj) at sufficiently high salt concentration conditions (e.g.,
again demonstrate the necessity for proper rho loading onto-. 500 mMm KClI), rho action is abolished altogether without
the transcript before kinetic competition with the transcription affecting transcript elongation, presumably reflecting both
complex can be established. increased formation of RNA secondary structure and de-
DISCUSSION creased stability of the.rthNA complex. The efficiehcy

of rho-dependent termination decreases at intermediate salt

Characterization of the Rho-Dependent Termination Pro- concentrations, probably both because rho is unable to bind
cess. In this study we have carried out a detailed functional stably to the RNA to form a properly “articulated” loading
study of the effect of kinetic competition and rhBRNA complex and because the decreased binding affinity of rho
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A promoter RNA polymerase rho-dependent termination downstream along the template,

and why abolishing such secondary structure might shift the
boundary backX). Such a model is presented in Figure 4,
and shows how the presence of a well-defined element of
RNA secondary structure (such as the boxB RNA hairpin)
could be “looped out” of the rhoRNA complex, resulting

in a requirement for the synthesis of a longer transcript
segment before the six RNA binding sites of the subunits of
rho are all filled. Less defined elements of RNA secondary
B  promoter RNA polymerase structure, including base stacking along the single-stranded
RNA, which might be induced by elevated"kKor Mg?*
concentrations, could also make regions of the nascent
transcript less appropriate for rho binding7) and thus
support the requirement for an effectively longer rho loading
site. Alternatively, a less effective rhdRNA complex could
lead to diminished rho ATPase activati@¥) and could also
result in a diminished overall rho-dependent termination

F 4 Model for the rho-loadi ¢ during thood dent activity (see also re6).
IGURE 4: Model for the rho-loading event during rho-dependen o L
franscription termination. (A) A rho hexamer loads onto the nascent _ ~ Quantitatve Model for Rho-Dependent Termination

RNA transcript and starts termination as soon as a stretch of Efficiency. In this study we have identified several mecha-
unstructured RNA~70-80 nt in length (see text) has been nistic components of rho function that work together to
synthesized a_nd e)_(truded from the transcription complex to serve control the apparent overall efficiency of rho-dependent
as a rho loading site. (B) Secondary structure elements (here @%armination at a given template position (T@sere)-

RNA hairpin containing~15 nts) on the nascent transcript cannot
bind to rho and therefore are effectively looped out. As a |, obseneaCan be read from rho-dependent RNA release

consequence a longer RNA transcript is required for rho loading pattern plots such as Figures 2C and 3A of this paper, and
and the zone of rho-dependent termination is shifted downstream.Figure 5 of refl. In the very “broadtrp t' terminator this

parameter ranges from apparent (per template position) rho-

for the nascent transcript decreases the processivity ofdependent termination efficiencies of 0.03 down to efficien-
translocation of rho along the RNA transcript (see also cies of 0.001 or less. In more homogeneous terminators,
discussion of this point in red). such asltR1, this parameter can range up to 0.2 or higher at

Rho Structure and the Interactions of Rho with RNA. a given template position (see gels and figures ir2Bpf At
Functional rho protein exists as a hexamer of subunits of saturating concentrations of NTPs and under fully processive
identical amino acid residue sequenckt,(15. These rho activity conditions (i.e., at lower salt concentrations and
subunits are noncovalently joined in a hexag@6—{19). perhaps physiologically as a consequence of macromolecular
Each subunit carries binding sites for RNA and for ATP, crowding) there is clearly a functional component reflecting
and the six RNA binding sites are located around the the sequence of the template and the RNA at or near the
periphery of the rho hexago2@). The overall size of the  putative 3end of the transcript. This parameter is measured
RNA binding site of the rho hexamer (determined by and interpreted quantitatively elsewhere (A. Q. Zhu, M.
footprinting with RNaseA) is~70 nts for unstructured  O'Neill, and P. H. von Hippel, manuscript in preparation).
polynucleotidesZ1). Binding to RNA activates the RNA- Under nonprocessive conditions (i.e., at higher salt or
dependent ATPase activity of rh@22-25), and all six  reduced NTP concentrations), T&seneaiS reduced by a
subunit binding sites must be occupied by RNA to activate processivity factorP, which represents the fraction of the
the rho ATPase beyone10% of its full specific activity  rho hexamers that bind initially to the rho loading site and
(26). actually reach the transcription complex. (As defined,

These structural and enzymatic features of rho are compat-must be< 1.0). In addition, Tg obseveaCONtains a kinetic
ible with the results presented in this study. Thus we have competition term &kierm)/(KKeiong + Ekierm), Wherekerm and
shown that a minimum of 97 nts of RNA must be synthesized Kelong COrrespond to the maximum rates of termination and
to permit loading of the rho hexamer onto the nascent elongation, respectively, angtland K represent condition-
transcript in the presence of an actively synthesizing dependent factors that modulate the respective rates ¢both
transcription elongation complext) A minimal RNA andK must also be< 1.0). These: andK parameters can
binding site size o~70 nts for the rho hexamer alone is pe regulated either by changes in the concentrations of the
certainly compatible with this finding, suggesting that20  NTP substrates (see Figures 1, 2C, and 3A of this paper) or
30 nts at the 3end of the transcript are involved within the by mutations in the polymerase or rho proteins themselves
elongation complex and thus are not initially accessible to (see ref3). Thus the final value of the observed rho-
rho. dependent termination efficiency at a given template position

The fact that all six RNA binding sites of the rho hexamer can be written:
must be occupied in order to turn on the RNA-dependent
ATPase activity of r_ho to a S|gn|f|p§1nt .Ievem), c_oupled Tep, observed™ (Tep’ sequen UP)[(EKye, m)/(Kkemng"' Ekeerrr)]
with the fact that this ATPase activity is essential for rho- )
dependent terminatio28), also offers an explanation of how
RNA secondary structure within the rho loading site could where only the last term (in square brackets) is regulated by
shift the proximal boundary of the zone of opportunity for kinetic competition. In a subsequent paper (A. Q. Zhu, M.
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O’Neill, and P. H. von Hippel, manuscript in preparation)

we

processive conditions. Our results suggest that this parameterll'

attempt to evaluate this kinetic competition term under

does indeed contribute only part of the total value of
Te,, ovserved Which is also heavily dependent on,T&quence

However, the separation of rho-dependent termination ef-
ficiency (per position) into the various parameters that are

summarized in eq 2 helps us to focus on what elements must 13-
be considered in attempting to interpret observed termination

efficiency values (Tg observed at defined template positions
and under a variety of experimental conditions.
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