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ABSTRACT. The RNA-binding and RNA-DNA helicase activities of th&scherichia colitranscription
termination factor rho have been investigated using natural RNA molecules that are 255 and 391 nucleotide
residues in length and that contain ttip t' rho-dependent termination sequenceEofcoli. Helicase
substrates were prepared from these RNA molecules by annealing one or more DNA oligomers to
complementary sequences located at or near Hem@s of the RNA molecules to form defined RNA

DNA hybrid sequences ranging in length from 20 to 100 bp. By comparing the fraction of the RNA
molecules bound to rho with the fraction of bound DNA oligomers removed from the RNA during one
round of the helicase reaction, we have shown that rho translocates processivelg @ ®uffer containing

50 mM KCI. Helicase reactions and ATPase measurements were performed in parallel in the presence
of RNA molecules containing RNADNA hybrids of various lengths, and we show that both the rate of
translocation of the rho hexamer along the RNA chain and the rate of ATP consumption are similar,
whether or not DNA is hybridized to the RNA transcript. By combining measurements of translocation
and ATPase rates, we estimate that rho consuries2 ATP molecules in translocating over 1 nucleotide
residue of the RNA chain at 37C in 50 mM KCI. The ATPase activity of rho remains the same after

one round of the helicase reaction, indicating that rho appears to hydrolyze ATP at the same rate, whether
it is translocating along the RNA, separating RNBNA hybrids, or bound at the'3nd of the RNA
substrate. We also show that rho binds cooperativeB~4 rho hexamers per RNA chain) to the RNA
substrates under our standard helicase reaction conditions. However, cooperative binding is not essential
for helicase activity, since this binding stoichiometry can be reducedli® rho hexamers per 255-
nucleotide residue RNA chain by blockingl00 nt of either end of the rho binding site of the helicase
substrate with complementary DNA oligonucleotides, with no change in helicase properties. The
implications of these results for models of rho helicase function and for the role of rho in termination are
discussed.

The participation of transcription termination protein rho restrict the reaction to a single round of helicase activity. In
is required to induce termination at about half of the addition, we showed that the rates of translocation of rho
termination sites of theEscherichia coligenome. The  along the RNA component of the helicase substrate can be
mechanism of this rho-dependent termination and ribonucleic estimated from the rates of single-round helicase reactions.
acid (RNAY release is not fully understo_od, but it has been To reach the RNA polymerase complex effectively, the
speculated that rho may act, at least in part, as an ATP-yang|ocation of rho along the nascent RNA must also be
driven (8 — 3) RNA-DNA helicase to separate the nascent q,ite processive. In this paper, we combine helicase activity
RNA from the DNA transcription template, since rho has o4qrements with rheRNA binding studies to determine

been shown_ o carry just such a hehcase_actl\m,ya).. In . the processivity of translocation of rho along RNA.
the companion papeB), we have characterized the kinetics

of this RNA—DNA helicase activity and described the use  All RNA and DNA helicases use the free energy released
of various rho- and DNA oligomer-trapping procedures to by ATP hydrolysis to fuel the protein conformational changes
that allow the protein to translocate and to separate nucleic
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single RNA-DNA hybrid from an~250 nt RNA helicase A.

substrate annealed to a complementary 28 nt DNA sequence Azos.5DNAZ

(2). We report here the results of ATPase assays performed ’ DNAggblock DNAg4 DNAgg

in parallel with helicase reactions that show that rho utilizes DNQZ"" \ DNQ:6 RS L PNAZ

ATP much more efficiently than this in the actual process
of releasing DNA from RNA-DNA hybrids.

RNA255

rho loading-site

. . . . DNA
It is known that rho binds cooperatively to polynucleotides, 2
with a cooperativity parametew] of ~400 (7, 8). As a RNAas1
consequence, it is important to determine the stoichiometry  B. DNAy, gggat cct ctagagt cgacact
with which rho binds to the loading site of the helicase DNAggy.s goatgoaagettgagtattc
substrate in this study. Since rho functions as a hexamer DNAy, caltaassttagteget ol gagasttag casattasgegaan
(9—11), this value ofw means that a second rho hexamer DNA sttty
- . . t
has an~400-fold greater probability (per unoccupied site) 28 galcelotagagiogacactitaa
of binding next to a previously bound hexamer than of DNAg ctggegaaagggggatalge
binding to an isolated site (see refered@ We show here DNA36 cgagaagat agagggaaaat alattttgaggaacat
that 2-4 rho hexamers bind to the RNA component of the DNAs anaaatgacgtaagtt gacotgeag
helicase substrates under our standard helicase reaction
DNAj;3 ttgattatattactgttgggegg

conditions, presumably as a consequence of the cooperativity
of rho binding and the large size of thp t' rho loading DNAz, block attgattttactggtgttat

site. This raises the question of whether more than one rhoFicure 1: RNA and DNA components of the helicase substrates
hexamer is required for helicase (and perhaps for termination)used in these experiments. (A) The diagram shows where the DNA

activity. We show here that one rho hexamer bound per oligomers anneal to the RNA substrates. The long lines designate
loading site can suffice for helicase function RNA, while the narrow sections designate the rho loading site. RNA

segments with the same sequence are shown with the same shading
pattern. The short lines, designating DNA, are shown next to the
MATERIALS AND METHODS part of the RNA to which they anneal. The lengths of the lines are
proportional to the lengths of the polynucleotides. The name of
Figure 1 shows the RNA and DNA polynucleotides that each molecule indicates its length and whether it is RNA or DNA.
were synthesized for these experiments. Rho protein, thegﬁ’éoeégp;pﬁ's?'i\‘n%dz a gzdgtsgz\p];ﬁvce)“%%nr:gightijosgés?:'r\il& o
polynucleotides poly(rC) and_ poly(dC), the Rh4 and distinguish them from one another. THeS3subscript on DNAg 3—5
RNA39; components of the helicase substrates, and the DNA genotes the direction of the helicase reaction required to remove
oligomers used in these experiments were prepared, purified,it. The term “block” in the subscript for DNA piockindicates that
and characterized as described in the companion p&per ( we used this oligomer to block rho binding. DRADNA,,, and
Additional DNA oligomers used in these experiments are PNAss anneal next to one another. Dicontains 20 nt on the
hown in Eigure 1. Helicase assavs. gel electrophoresis 5'-end that anneal to thé-8nd of RNAss while the remaining 8
S lgur yS, g P! 'nt on the 3end are completely noncomplementary to RMA
rho—RNA binding measurements, and data analysis Were pNA,, ;_s, DNAzs, and DNAy; anneal next to one another. DA

all performed as described in the companion pagr ( and DNAygpiock @anneal 18 nt apart, and DNéyiock and DNAgg

. . anneal 49 nt apart on the RNA. The RNA substrate is described in
ATPase ExperimentsATPase assays containing 10 nM detail in Walstrom et al.3). The corresponding trapping DNA
RNA molecules and 10 nM rho hexamers were performed gligomers were all 1620 nt in length and have sequences
in 20 uL reactions in helicase buffer 20 mM HEPES (pH complementary to each DNA oligomer that anneals to the RNA.
7.9), 50 mM KCI, 1 mM Mg(OAc), 0.1 mM EDTA, and For the longer DNA oligomers, two short trapping oligomers were
0.1 mM DTT]. The reactions also contained QTi of used instead of one long oligomer. (See referéice a description

. of the use of the trapping DNA oligomers.) In Figures 3 and 5,
[y-*P]ATP (3000 Ci/mmol, DuPont-NEN) and. 1 mM simpler versions ofptﬂisgfigure arge show% in sgrnall diagrams
unlabeled ATP. Rho was added to start the reactions. Afterindicating the helicase substrate used in each experiment. (B)
various incubation times at 37C, 1 uL aliquots were Sequences of the DNA oligomers used in these experiments, shown
removed from the reaction and spotted on a-Péglllulose ~ in 5 — 3 orientation.
F TLC plate (EM Science) and developed with 0.35 M
potassium phosphate (pH 7.5) buffai3). The inorganic RESULTS
phosphate (Pand ATP spots were quantified in one of three
ways: with an AMBIS radioanalytic scanner (Scanalytics),
with a Molecular Dynamics Storm 860 Phosphorimager, or
by cutting out the spots and quantitating them by liquid
scintillation counting. Rates of ATP hydrolysis were de-
termined by measuring the increase in the fraction; ¢Fg,
defined as [R/([Pi] + [ATP])) in each sample. The rates
were calculated using eq 1:

In the companion papeB), we have shown that single-
round rho helicase reactions can be isolated and measured.
Such single-round reactions correspond to a pre-steady-state
burst of activity, and the rate constant of this fast phase of
the helicase kinetics can be used to estimate the translocation
rate of rho along the RNA of the helicase substrate. In this
paper, we describe experiments that address the following
guestions: (i) How processively does rho translocate along

AE an RNA molecule that contains a rho loading site? (ii) Does
R= ( Pi) [ ] ( 1 ) 1) the concomitant ATPase reaction have a burst phase? (iii)
At [rho] Does rho translocate more rapidly (or more slowly) along

single-stranded RNA than it does through an RNANA
whereAFp/At is the slope of a plot of fvs time, [ATP] is hybrid? (iv) Does rho hydrolyze the same amount of ATP
the total initial ATP concentration, and [rho] is the concen- per nucleotide residue traversed while translocating along
tration of rho hexamers. single-stranded RNA as it does in unwinding an RNANA



Kinetics of Rho Helicase. 2. Biochemistry, Vol. 36, No. 26, 19977995

Table 1: Processivity of the Rho Helicase Reaction 1 LRGN R BRI ILRLELILE ILLILLE
rho amplitude 2 0.9 E
hexamers ~ RNA [rho}/  fraction of RNA  of helicase S o.s8F =
(nM) substrateé  [RNA] boundtorh®  burst phasé < F 3
5 RNAss 05 019+ 001  0.17+0.04 < 0.7F E
10 RNAgss 1 0.42+ 0.04 0.41+ 0.03 ‘z’: 0.6F 3
20 RNAgss 2 0.6+0.1 0.73+0.03 o« F E
10 RNAgy: 1 0.26+ 0.07 0.27+ 0.05 c 0.5 - E
20 RNAgg1 2 0.5+0.1 0.57+ 0.05 2 0.4F =
a Reactions were performed in helicase buffer containing 50 mM § 0.3 _ ® ) & L
KCl and the indicated rho and RNA concentratioh&ither RNAyss v " 3
or RNAgy; alone or RNAssDNA,; or RNAge/DNA, were used for [\ ]I FEEEE FRETE FEVEE FRTT FRNTNL
the filter-binding measurementsDetermined using nitrocellulose filter- 0 1 2 3 4 5
binding measurements at 22 in the presence of 1 mM ATP. The Time (min)
trapping DNA oligomers (see referen8pdo not affect the rheRNA 08
binding results (data not shown). There was no significant difference B UM L LN L L
in the measurements obtained with RNA alone or with the annealed 07F- B

substrates (data not shown). The listed errors correspond to the standard
deviation of the measurementeDetermined using helicase assays at
37°C as described in Walstrom et aB)( The listed errors correspond

to errors from fitting data to eq 1 in Walstrom et &8).(

hybrid? (v) How many rho hexamers are bound to each
RNA molecule in the helicase reaction under various
conditions?

ATP-Driven Rho Translocation Is Processifrom the Rho
Loading Site to the'3End of the RNA.The methods of the ol biadaaeadeaesld
previous paperd) can be used to determine the fraction of 0 1 _2 3 4 5
complementary DNA oligonucleotides removed from the Time (min)

RNA substrate in a single-round helicase reaction at different FIGURE 2. Helicase and ATPase reactions under the same reaction
rho to RNA concentration ratios and with different RNA conditions. (A) Helicase reactions were performed in helicase buffer

. : t 37 °C with 10 nM RNAwss/DNA 4, hybrids and 10 nM rho
substrates. These results are summarized in Table 1 and cal examers in the presence ofd poly(rC), as described under

be compared to the fraction of RNA molecules bound t0 Materials and Methods. The fraction of Rbannealed to DN,
rho as measured using the nitrocellulose filter-binding assaywas determined at each time point. The data were fit to the
under the same reaction conditions (see Table 1). The resultgollowing equation:y = Aie® + Ay, whereA; and A; are the
show that a similar fraction of the total RN&/DNA, amplitudes of the two components akgdis the rate constant of
L . decay of the exponential component. The results of the fitAare
substrate is initially bound to rho in the presence of ATP _ &5 (£0.02) anck, = 6 (+-1) min-%. Each data point represents
an(_j releases a D_NA oligomer during one round of the  the average of 34 measurements, and the error bars show the
helicase reaction in 50 mM KCI at 3T (Table 1). The standard deviation. (B) ATPase assays were performed with 10 nM

same result was demonstrated for the RB&WNAZO sub- RNA255DNA 44 hybrids and 10 nM rho hexamers in helicase buffer

strate. These findings show that rho translocates along thedt 37°C, as described under Materials and Methods. Note that these
) amples do not contain poly(rC) (see Results for a discussion). The

RNA processively under these assay conditions, because eacﬁaction of ATP hydrolyzed to radioactive; Was determined at

helicase substrate that was originally bound to rho releaseseach time point. The ATPase activity [23:2) ATP molecules
a DNA oligomer in a single-round reaction. hydrolyzed per rho hexamer per second] was determined from the

ATP was added to the binding reactions shown in Table :'0lf>aer g; ?itStlea;%EtS"nri S;Sr?eeiézre%lig%geaggtrz (%gueséggrz least-
1 to simulate the actual conditions of the hellgase reaction rr(\qents, and the errgr bars cgrrespond to one s%andard deviation.
more closely. ATP was added less than 1 min before the
solutions were filtered, so that very little was hydrolyzed mine the stoichiometry of rho binding to the RNA of the
prior to filtration. In the preceding papeB)( we showed helicase substrate (see below and Table 2).
that in contrast to the complementary DNA, rho is released The Rhe-ATPase Reaction Does Not Show a Burst Phase.
from RNAss very slowly, both in the presence and in the Inthe companion paper, we showed that the helicase reaction
absence of ATP. This means that a similar amount of rho in 50 mM KCI proceeds in two phases: (i) a rapid burst
was bound to RNA both before and after the addition of phase that reflects the first round of the helicase reaction;
ATP, since the rate of dissociation of rho from the RNA and (ii) a slow phase that reflects a complex combination of
was too slow to permit recycling to another helicase substratesecondary and rho rebinding reactions (refereBcand
molecule after ATP addition, but before filtration. We Figure 2A). In contrast, we show in Figure 2B that the
confirmed this directly with binding experiments in the ATPase activity of rho is linear over the entire time course
absence of ATP (data not shown). In addition, the fraction of the helicase reaction. In other experiments, we measured
of RNAzss molecules bound to rho in the presence of ATP the ATPase activity of rho at 15 s intervals during the first
was the same, whether the RNA was annealed to the DNA minute of the reaction and observed the same linear rate (data
oligomer or not (data not shown). This is consistent with not shown). This shows that the ATPase activity of rho is
the hypothesis that rho binds initially to the RNA at the rho the same while translocating along the RNA, while unwind-
loading site, which is located at the opposite end of the RNA ing the RNA-DNA hybrid (i.e., during the first phase of
molecule from the RNADNA hybrid (see Figure 1). We the helicase reaction), while bound to the RNA substrate after
have used such rheRNA binding measurements to deter- translocation has been completed (i.e., during the second

Fraction ATP Hydrolysed
Q O O O O O o o
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phase of the reaction), and after releasing the first RNA 1
substrate and binding a new one. The implications of this
result for the operation of the ATP-driven RNA binding and
release cycle within the rho hexamer are considered under
Discussion. The specific ATPase rates shown in Figures 2B
and 3B were calculated using the total rho concentration.
We show below that all of the rho hexamers are bound to
RNA under our reaction conditions.

The helicase reactions shown in Figures 2A and 3A were
performed in the presence of a poly(rC) trap to restrict the
reaction to a single round (see referer®e The parallel
ATPase reactions were performed in the absence of poly(rC).
We showed in the preceding pap8j that rho releases the
RNA substrate slowly after the first round for assays carried
out in 50 mM KCl-containing buffer. Therefore, in these
experiments, most of the rho remains bound to the helicase
substrate even in the presence of the poly(rC) trap. ATPase
assays performed in the presence or absence of poly(rC) or
poly(dC) give the same ATPase activity for the first8
min of the reaction (data not shown), indicating that the
transfer of rho from the helicase substrate to the rho trap is
slow. We performed some experiments in which we
removed samples for helicase and ATPase measurements
from the same solution and obtained similar results (data
not shown).

Rho Translocates along Single-Stranded RNA at Least as
Fast as It Maes through the RNADNA Hybrid. We
performed helicase measurements with RNAnnealed to
multiple DNA oligomers, as shown in Figure 1, to compare
the rate of translocation of rho along single-stranded RNA
to the rate of translocation through an RNANA hybrid.

The DNA oligomers used were bound to RMAto form
RNA—DNA hybrids (at the 3end of the RNA) that ranged

in length from 20 to 64 bp. The rates of the first phase of
the helicase reactions with the different hybrid lengths were
all similar to one another (Figure 3A) and to the rates
measured for the RNAsDNA; substrate at 10 and 20 nM
rho concentrations (see refererg;eand the open squares in
Figure 3A). This indicates that moving through the RNA
DNA hybrids does not slow the translocation of rho along

tf:e F\;Ng Co-mpare.:_jh-to the trantSI%Cattlon rate ]?V?L s:ngle .43 £0.04) and 7 £2) (open squares, solid line); 0.517.02)
S rar! e regl_ons. IS appea!'s 0 be true even lor the longest g g &1) (solid squares, long-dashed line); 0.550(02) and 6
hybrid examined (64 bp), which covers most of the length (1) (open circles, medium-dashed line); and 0.59.02) and 8
of the RNA that rho traverses during the helicase reaction (+1) (open triangles, short-dashed line). Note that the last two lines
(see below). overlap between 1 and 5 min. Each data point with error bars

As the RNA-DNA hybrid on the helicase substrate represents thehaverage of-8 measurements, alnd the :error bars
b longer. the'Bnd of the hvbrid moves closer to correspond to the standard deviation. Individual symbols represent
ecomes longer, y single measurements. The data points shown as open circles are
the loading site. We have shown that the rate constant ofalso present in Figure 2A. (B) ATPase assays were performed in

the first phase of the helicase reaction represents thehelicase buffer at 37C, as described under Materials and Methods,

translocation of rho along RNA and that the rate constant of Using 10 nM rho hexamers in the presence of the following
DNA release from the RNA decreases as the distance Substrates: RNAs (solid triangles), RNAs/DNA2, (open squares),
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Ficure 3: Helicase reactions with different lengths of RNENA
hybrid. (A) Helicase reactions were performed in helicase buffer
at 37°C, as described under Materials and Methods, with 10 nM
rho hexamers in the presence ofi8! poly(rC) and 10 nM of the
following substrates: RNAsDNA,, (open squares), RNAY
DNA 5 (solid squares), RNA5YDNA 4 (open circles), and RNAg
DNA4+DNA;; (open triangles). The figure inserts show schematic
views of the helicase substrates that are comparable to those shown
in Figure 1A. The long thin line designates RNA, and the short
thicker lines designate DNA. The fraction of RMAannealed to
DNA was determined at each time point. The data were fit to the
following equation: y = Aje~® + A, whereA; and A, are the
amplitudes of the two components akdis the rate constant of
decay of the exponential component. The results of the fitAfor
andk; (units in mirr?) for the different reactions are as follows:

. . . RNA2s5DNA lid , RNASDNA ircles), and
between the rho loading site and the RNBNA hybrid 25t 20 (Solid squares), RNAJ s (open circles), an

becomes longer3]. Therefore, we expected that a DNA
oligomer annealed closer to the rho loading site (QNA

RNA2ssDNA44,-DNA,, (open triangles). (The same symbols are
used as in Figure 3A.) Note that these samples do not contain
poly(rC) (see Results). The fraction of ATP hydrolyzed tsv@s

would be released faster than a downstream 0|igomerdetermined at each time point. The ATPase activity of each sample

(DNA3); however, similar helicase rates were observed for

was determined from the slope of a straight line passing through
the data (eq 1) using a least-squares fit. The slopes of each line (in

all the helicase substrates under these conditions (Figure 3A)ynits of ATP molecules hydrolyzed per rho hexamer per second)
Note that the earliest time points in the experiments shown are as follows: 34t 5 (solid triangles, dotted line); 22 2 (open

in Figure 3A were taken at 10 s, since we found that earlier
time points could not be reliably measured by hand. As a

result, the rates that we have determined here correspond t

squares, solid line); 2% 6 (solid squares, long-dashed line); 23
2 (open circles, medium-dashed line); and222 (open triangles,
short-dashed line). Each symbol with error bars represents the

%verage of 36 measurements. Individual symbols correspond to

a minimum rate of translocation, since the burst phase of the average value of two different measurements. The data points

the reaction is almost complete in 10 s. To slow the reaction,

represented by the open circles are also shown in Figure 2B.
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Table 2: Stoichiometry of Rho Binding to RN& and RNAg because the fraction of RNA molecules bound to rho was
approximately half (for the RNAs substrate) and one-fourth
rho hexamers [rho]:RNA RNA bound rho hexamers ;
(M) RNA ratio torho ("MP  per RNA (for the RNAgg; subs_trate) of the ratio of the RNA to rho
s RNAo oS Totol 26102 hexamer_ concentrations, respectively. If multiple rho hex-
10 RNAve 1 12104 54102 amers bind to each RNA substrate, there should be few
20 RNAoss 2 6+1 33+ 0.6 unbound rho hexamers present in the-fiRINA mixtures.
10 RNAgo; 1 2.6+0.7 441 This was confirmed using the two different methods de-
20 RNAgo1 2 5+1 4.0+ 0.8 scribed below.

aReactions were performed in helicase buffer containing 50 mM  The fraction of free rho hexamers present in the helicase
KCI, 10 nM RNA, and the indicated concentrations of rho hexamers. reactions could be estimated directly by taking advantage

b Calculated from the nitrocellulose filter-binding measurements shown : e
in Table 1 and the total RNA concentratidrCalculated from columns of the slow dissociation rate of RNA from rho (see reference

1 and 4. The Results describe experiments indicating that all of the 3); 'n_ esse!ﬁ'ce' the eXpe”mem involved adding a helicase
rho hexamers are bound to RNA in these experiments. The listed errorsf€action mixture to a solution of ATP plus poly(rC) and
correspond to the standard deviation for each set of measurements. measuring the ATPase activity of the final mixture. Any
unbound rho hexamers in the original solution would bind
some helicase reactions were performed at lower tempera+apidly to the poly(rC) trap under these conditions and
tures. Under these conditions, the first (burst) phase washydrolyze ATP at the higher specific rate that is characteristic
slower and showed, as expected, that the upstream oligomersf this cofactor. Rho hexamers bound to an RNA molecule
appeared to be removed more rapidly than those located(i.e., RNAgss or RNAgg,) in the first solution would remain
further downstream (Figure 5B). No intermediate RNA bound to that RNA molecule and would thus hydrolyze ATP
bands were observed in helicase reactions that monitoredat a lower rate. Using this procedure we have confirmed
the removal of the contiguous DN& DNA44, and DNAy» (data not shown) that essentially all of the rho hexamers are
oligomers from RNAss (data not shown), indicating that bound to the RNA substrate in the helicase reactions.
these contiguous oligomers were still released essentially We also looked for conditions where fewer rho hexamers
simultaneously on the time scale of our measurements (seébound to each RNA substrate. At 0.2 nM rho hexamers and
further discussion below). We note that as the RNZNA 0.2 nM RNAgss, 73 (+2)% of the RNAss was bound to rho,
hybrid on the RNAss becomes longer, the amplitude of the suggesting that most of the RNA substrate only bound to
first phase increases (Figure 3A). This reflects a redistribu- one rho hexamer. Under these conditions, the specific
tion of rho hexamers on the RNA substrates, as discussedATPase activity of rho was 2# 8 ATP per rho hexamer
in detail below. per second, which is the same ATPase activity observed with
Figure 3A also shows the results of helicase reactions 2 or 3 rho hexamers bound per RNA (Figure 3B). This
performed with RNAss/DNA,s, where DNAg forms the indicates that the specific ATPase activity of rho is the same
same 20 bp RNADNA hybrid with RNAzss as does DNAy, over a 50-fold concentration range, that all of the rho
but carries an additional 8 nt on thé-énhd of the DNA hexamers are bound to RNA under the helicase reaction
oligomer that do not hybridize to the RNA (see Figure 1). conditions, and that cooperative binding of rho hexamers
The binding of this DNA oligomer creates a “forked” does not change the ATPase activity (see below).
helicase substrate, which more closely resembles the forked One Rho Hexamer Can Separate an RNDNA Hybrid,
RNA—DNA hybrid that is expected to occur within an but May Not Show Full Processty in Translocating along
elongating transcription complex. Figure 3A shows that the Single-Stranded RNASince our results (above) show that
helicase reaction with this substrate proceeds at a similarmore than one rho hexamer binds to the rho loading sites of
rate to that seen with RNA#DNA 2, indicating that rho can  our helicase substrates, we asked whether more than one rho
remove a forked and a completely annealed DNA oligomer hexamer is required to catalyze the full RNBNA helicase
from RNA with equal facility. activity. We showed above that at 0.2 nM concentrations
Rho Hydrolyzes ATP at the Same Rate, Whether Trans-of rho hexamers and RN&s, 73 (:2)% of RNAss is bound
locating along Single-Stranded RNA or Displacing a DNA to rho, indicating that~1.4 rho hexamers are bound per
Oligomer from an RNADNA Hybrid. Similar specific RNA;s5 molecule in the absence of ATP. We have shown
ATPase activities were measured for rho in reactions with that the presence of ATP does not change the-RINA
“bare” RNAzss and with helicase substrates carrying RNA  binding (see above). When we performed helicase experi-
DNA hybrids ranging from 20 to 64 bp in length (Figure ments at low rho and RNA concentrations, but in the
3B). ATPase activity in the presence of the forked RNA presence of 1 mM ATP, only 30% of the RN/ADNA
DNA,s substrate was also similar (Figure 3B), and the hybrids were separated in a single round (Figure 4). This
presence of trapping DNA oligomers (see refereBcdid shows that only half of the bound RNA molecules contained
not affect the ATPase activity of rho (data not shown). We processive, active rho complexes and suggests that two rho
conclude that the specific ATPase activity of rho is the same, hexamers may be required to processively translocate along
whether the protein is translocating along (or bound to) bare single-stranded RNA to reach a downstream RNINA
RNA or working as an RNADNA helicase. This result  hybrid. We did controls to show that the rho hexamers did
will be used to calculate the rate of ATP consumption by not fall apart at these low concentrations before we performed

rho while it translocates along the RNA (see below). the experiments (data not shown).
Two to Four Rho Hexamers Are Bound to the RNA during  Another way to decrease the number of rho hexamers that
the Helicase ReactionThe helicase and rheRNA binding can be loaded onto the RNA might be to decrease the length

results presented in Table 2 indicate that there at& tho of the rho loading site on the helicase substrate. This was
hexamers bound to each RMA chain of the helicase achieved by binding DNA oligomers to either end of the
substrate, and-4 rho hexamers bound to each RNAchain, single-stranded rho loading site of the RNA of the helicase
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FiGure 4: Helicase reaction at low rho and RNA concentrations.
Helicase reactions were performed in helicase buffer §tG37as 1 e
described under Materials and Methods, with 0.2 nM rho hexamers I B .
and 0.2 nM RNAsgDNA,,. The fraction of RNAss annealed to g | ]
DNA was determined at each time point. The data were fit to the < 0.8 -
following equation: y = Aje~®d + (A, — ky), whereA, is the 2 [ ]
amplitude and kis the rate constant of decay of the exponential & o.6f .
component and\, andk, are the intercept and slope, respectively, i 7]
of the linear component. The results of the fit #& andk; are § L L
0.28 @=0.02) and 841) min™?, respectively. Each data point shows € o.4L ]
the average of three measurements, and the error bars correspond 5 - O~ e :
to the standard deviation. The fraction of RNA bound to rho under = [ — 1
the same conditions (but in the absence of ATP) is¥#3)%6. § 0.2
S A ]
substrate, thus effectively shortening the portion of the P TP T FT T PR R &
loading site to which rho can bind (see Figure 1), since rho 0 1 2 3 4 5
does not bind to RNADNA hybrids (14—16). When we Time (min)

performed helicase assays with these partially blocked g yre 5: Helicase experiments with blocked RNA substrates.
helicase substrates, we found that the amplitude of the burstHelicase reactions were performed as described under Materials
phase was increased, indicating that a greater fraction ofand Methods in helicase buffer with 10 nM RNA substrates and

DNA oligomers were removed in a single round by rho 10 nM rho hexamers at 37C in the presence of 8M poly(dC)
(A) or at 22°C in the absence of poly(dC) (B) with the following

(Figure 5A). . substrates: RNAsDNA3zsDNA4+-DNA,; (open circles); RNAsy
We found that only half of the DNA oligomers were DNA 20,3-5-DNA »5-DNA ,5-DNA 20 b1k DNA 2 (Open triangles): or

removed in the burst phase of the helicase reaction (TableRNA,ssDNAy (solid squares). The fraction of RN& annealed

1) in experiments with equal concentrations of R to all DNA oligomers was determined at each time point. Note

DNA,, and rho hexamers. In the previous section, we that only DNA, is removed by rho for the substrate shown in open

. triangles. The data were fit to the following equation= Aje~(d
showed that essentially all of the rho hexamers present are;, (As — kot), whereA, andk; are the amplitude and rate constant,
bound to RNA. Thus~2 rho hexamers are bounq to each respectively, of the exponential component axacandk, are the
RNAzss substrate (see Table 2). The burst amplitudes for y-intercept and slope, respectively, of the linear comporiert|
the reactions with the longer RNADNA hybrids are larger 0 in the presence of poly(dC)]. The results of the fit farandk
(Figure 5), and these experiments were performed under themin”) for the different reactions are as follows: (A) 0.48.04)

- ditions. This indicates that more of the and 7 (£2) (solid squares, solid line); 0.63:0.01) and 14 £1)
same reaction con ' (open triangles, medium-dashed line); 0.680(01) and 13 £1)
RNA substrates were bound to rho and thus that fewer rho (open circles, long-dashed line); (B) 0.35@.03) and 1.940.4)
hexamers were bound per RNA substrate in these reactions(solid squares, solid line); and 0.54¢.01) and 7.440.3) (open
This was confirmed by RNA binding measurements that circles, long-dashed line). Symbols with error bars represent the

show that a larger fraction of RNA helicase substrates average of 35 measurements, and the error bars correspond to
one standard deviation. Individual symbols represent single meas-

containing long RNA-DNA hybrids are bound to rho (data rements. The data points shown as solid squares in panel A are
not shown). In effect, these experiments comprise a continu-also shown in Figures 2 and 3 @)(

ation of those shown in Figure 3A, which demonstrated that

the amplitude of the helicase reaction increases with increas-properties of rho in the presence of a longer RNANA

ing RNA—DNA hybrid length. This indicates that the hybrid. We showed in the preceding paper that rho is over

binding of a 64 nt DNA oligomer to the loading zone starts 1000-fold more active as d 5> 3' helicase than as d 3>

to inhibit the binding of a second rho hexamer to the helicase 5' helicase 8). This means that only DNA is removed

substrate (Figure 3A). The effect is even greater for a 100 during the helicase reaction for an RhjAsubstrate blocked

bp hybrid (Figure 5A). Thus, only one rho hexamer per on the 5-end, while all three DNA oligomers are removed

RNA chain is needed to drive the helicase reaction when when RNAss is blocked on the '3end (Figure 5A). Note

rho loads on the RNA substrate near the RN2NA hybrid. that the rho loading site of the substrate that is blocked at
We blocked the RN#Ass component of the helicase the B-end is largely occluded. Rho does not bind to this

substrate at either end in these experiments to test whethesubstrate as tightly as it does to the “open” rho loading site

the change in the reaction was caused by blocking the single<(data not shown). We suspect that rho can still use this

stranded region of the RNA substrate or by a change in theblocked substrate because it does not have to translocate very



Kinetics of Rho Helicase. 2. Biochemistry, Vol. 36, No. 26, 19977999

far to remove the DN4 oligomer and because thée-énd DISCUSSION
of the RNAss molecule contains little RNA secondary

structure (see Figure 1, referen@e In this paper, we present results from tHRNA binding

i and ATPase measurements that were performed in parallel
The Rate Constant of the Burst Phasesi a Measure  yith the RNA-DNA helicase experiments described in the
of the Rate of Rho TranslocatiorSince the burst phase of  companion paper3j. We address additional questions
the helicase reaction is fast with the blocked substrates, Weregarding the translocation of rho along RNA, including its
did not observe much of an increase in the rate constant ofprocessivity and rate of ATP consumption per RNA nucleo-
the burst phase as the upstream end of the RRNA tide residue traversed. In addition, we show that rho binds
hybrid was moved closer to where rho binds to the RNA. In cooperatively to the rho loading site in the helicase reactions,
order to test again whether the rate constant of the burst phas@nd that single rho hexamers bound to RNA have the same
of the helicase reaction gives a measure of the rate of rhoATPase properties as rho hexamers bound cooperatively.

translocation along the RN/, we performed experiments Processiity. Inthe previous paper, we discussed the rate
at 22°C to slow down the helicase reaction (Figure 5B). of translocation of rho along the RNA substrate and showed
We found that the substrate with the longer RNBNA that the rate we estimated is slower than the rate of transcript

hybrid was separated more rapidly than the short hybrid, elongation by the RNA polymerase. In this paper, we have
suggesting that it takes longer for rho to reach a DNA measured rhoRNA binding under the same reaction condi-
oligomer that is annealed further away from the loading site. tions and found that rho translocates processively along both
The amplitude of the RNAJDNA2, helicase reaction is  RNA,ss and RNAg; (Table 1). This indicates that rho can
smaller at 22C than at 37C, perhaps because the presence translocate for at least 300 nt along the nascent RNA when
and stability of RNA secondary structure increase at lower the reaction is performed in 50 mM KCI. Since many known
temperatures and thus may affect the processivity of rho rho-dependent termination sites are located less than 100 nt
translocation along the RNA (K.M.W., unpublished results). downstream of the rho loading site on the nascent transcript,

The Specific ATPase Aty of Each Rho Hexamer Bound ~ OUr results suggest that rho is certainly processive enough
to the RNA Helicase Substrate Is the Sariide measured {0 reach an elongating transcription complex under these
the ATPase rate of rho in the presence of helicase substrate§onditions. Our studies of the processivity of translocation
carrying partially blocked rho loading sites to determine under different reaction conditions W|I_I be preser_1ted else-
unambiguously whether a rho hexamer hydrolyzes ATP at Where (KM.W., J.M.D., and P.H.v.H, in preparation).
the same rate when it is bound to RNA alone and when itis Since rho binds cooperatively to the RNA substrates under
bound to RNA next to a second rho hexamer. For RJA  Our reaction conditions, it is possible that single rho hexamers
containing an~106 bp hybrid located on thée Side of the are less processive thgn multiple rho hexamers. This is
rho loading site, the ATPase activity [1&{) ATP molecules ~ Suggested by the helicase experiments at 0.2 nM rho
hydrolyzed per rho hexamer per second] is low, presumably N€xamers, where only half of the RNANA hybrids that
because most of the rho loading site is blocked. The ATPase2'® Pound to rho are separated in a single round (Figure 4).

activity in the presence of RNAs blocked by a 100-base g,f,’ﬂehhs)-(gmer falls dogf the RNA Lljgstrea_lm of the RT}A
hybrid on the 3side of the loading site [2742) nM ATP ybrid, a second hexamer could confinue to translocate.

molecules hydrolyzed per rho hexamer per second] is similarA.Itemately’ multiple rho hexamers may move more proces-

to the ATPase activity in the presence of the other RNA sively than single rho hexamers. I_n contrast, a single rho
DNA hybrids (Figure 3B). Since the specific ATPase hexamer appears to move processively through the 100 bp

activity is essentially unchanged when eithet or ~2 rho RNA—DNA hybrid on the blocked helicase substrate (Figure

hexamers bind to each RNA helicase substrate at the rhos)' The difference between these tWO experiments is the
i . . . i distance that rho must travel along single-stranded RNA. It
loading site, this experiment confirms that each rho hexamer

. is unknown whether rho binds cooperativety vivo, but
does indeed hydrolyze ATP at about the same rate. estimates of the rho concentration in the cell are in the

One to two ATP molecules are hydrolyzed per rho micromolar range0). At such a high protein concentration,
hexamer in translocating over one RNA residue. In Figure it is likely that rho binds cooperatively to RNA and
3B, we presented the ATPase rates for rho in 50 mM KCI translocates processiveily vivo.
in the presence of various helicase substrates containing processivity of translocation is a measure of the ability of
RNAzss The average rate observed was 265 ATP a protein to traverse a nucleic acid substrate without falling
molecules hydrolyzed per rho hexamer per second. We alsooff. Some proteins have evolved special adaptor molecules
measured an ATPase rate of 4%2) ATP molecules  that allow them to remain bound to a DNA template while
hydrolyzed per rho hexamer per second in the presence oftranslocating along it. For example, the replication com-
RNAgo; (data not shown). In the previous paper, we showed plexes of most organisms include a ring-shaped processivity
that rho traverses over RNA a20 RNA residues per second  factor that may enclose the DNA substrate and assist the
at 37°C (3). By combining these results, we can estimate loading and translocation of the replication machinery onto
the rate of consumption of ATP by rho during the helicase the DNA template 17). The 8 and/’ subunits ofE. coli
reaction. If we assume that each rho hexamer translocatedRNA polymerase may carry a special clamplike structure
across each RNA residue of the helicase substrate, then thishat helps keep the protein on the DNA templat8)(
rate is~1 ATP molecule hydrolyzed per rho hexamer for  Rho uses a different mechanism to move processively. It
every nucleotide residue of RNA traversed on Rikn 50 carries six RNA binding sites per hexamer, and the RNA
mM KCI at 37 °C, and~2 ATP molecules hydrolyzed per substrate wraps around the outside of the hexad®@r (n
rho hexamer for every RNA nucleotide residue traversed on principle, rho needs only to remain bound to the RNA
RNAgsg; under the same conditions. substrate with at least one RNA binding site at all times in
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order to translocate processively. An interaction between in 50 mM KCI (Table 1). Since the rho binding site size is
multiple substrate binding sites may comprise the mechanism~60—80 nt of RNA (7), and since approximately two rho
whereby rho binds strongly to the nascent RNA transcript hexamers bind to each RNA, we estimate that rho covers
and yet moves rapidly along it. the entire rho loading site of RN This leaves only
Other DNA helicases are more and less processive than~40—80 nt between rho and the upstream end of QNA
rho under comparable solution conditions. RecBCD, an is possible that the presence of the Di8ligomers changes
enzyme complex involved in DNA repair, carries an ATP- the distribution of rho hexamers so there are fewer rho
dependent DNADNA helicase activity and can separate hexamers per RNAs molecule. This would result in a larger
up to 45 kb of double-stranded DNA before dissociating from burst amplitude. We confirmed this by showing that the
the substrate20). The Dda helicase of bacteriophage T4, burst amplitude was even larger in the presence of a 100 bp
which is associated with DNA replication and recombination hybrid (Figure 5A).
functions, acts less processively in that multiple protein  Our results with different lengths of RNADNA hybrid
binding and release steps are required to separat80® can be compared with the results of others. The rate of a
bp DNA hybrid 21). These results, in combination with rho helicase reaction with a 340-base RNA molecule
ours, suggest that the processivity of each helicase may becontaining a 119 bp RNADNA hybrid (formed with a
“tuned” to be appropriate for its function. We have found single DNA molecule) was-75% of the rate with the same
that the processivity of rho is regulated in part by RNA RNA molecule containing a 27 bp hybrid2?). These
secondary structure (K.M.W., J.M.D., and P.H.v.H., in reactions were performed in the absence of DNA trapping
preparation). The effect of secondary structure may be moremolecules, and since the binding site size of rhe-80 nt
pronounced for RNA helicases than for DNA helicases (8), it is possible that the'send of the RNA-DNA hybrid
because much of the RNA in a cell is single-stranded, while could rehybridize after rho had translocated part way through
DNA is present primarily as long, double-stranded sequencesit. The translocation rate of rho through a long, continuous
except for the short, transient single-stranded regions thatRNA—DNA hybrid in the absence of a DNA trap may be
occur at the replication fork. slower than the translocation rate along bare RNA or the
Processive translocation does not mean that every inter-rate through hybrids formed by multiple, shorter DNA
vening mucleotide residue must be contacted in turn by aoligomers. Our results clearly demonstrate that rho can
moving rho hexamer. Rho may pass over RNA hairpins in separate long RNADNA hybrids rapidly in the absence of
the single-stranded RNA region of the helicase substrate, thusDNA reannealing. The ATPase activity of rho in the
shortening the actual distance traversed along the RNA. Sincepresence of the long RNADNA hybrid substrate was not
increasing the secondary structure of the RNA substratereported in the earlier work2@), so the number of ATP
decreases the ATPase activityl and the translocation rate  molecules consumed per bp traversed in these experiments
(K.M.W., unpublished results) of rho, it is possible that cannot be calculated.
movement past these hairpin obstructions could limit the  Stoichiometry of RhoRNA Binding. We determined the

translocation rate of rho. stoichiometry of rho binding to RNA by showing that all of
Effects of the Length of the RNNA Hybrid on Helicase  the rho hexamers present are bound to RNA in the helicase
Rates. We performed helicase reactions with RNANA reactions, and also by measuring directly the fraction of RNA

hybrids of different lengths. Hybrids of 2QL00 bp were bound to rho (Table 2 and Results). We found that32
separated at equivalent rates (Figures 3A and 5A). Whenand ~4 rho hexamers bind to each RBA and RNAgg;
two DNA oligomers were annealed next to one another, no substrate, respectively. The stoichiometry of rho binding to
intermediate products were detected (data not shown),RNAssincreased slightly as the rho concentration increased
indicating that rho translocates rapidly through an RNA  from 5 to 20 nM rho hexamers (at 10 nM helicase substrate)
DNA hybrid that is up to 100 bp in length and that the release while the stoichiometry stayed approximately constant for
of the individual DNA oligomers cannot by resolved. Since RNAsg; with 10 or 20 nM rho hexamers at the same substrate
rho appears to reach the upstream edge of longer RNA concentration (Table 2). This is the first time that the
DNA hybrids more rapidly (Figure 5B), and since all adjacent stoichiometry of rho binding to RNA has been determined
DNA oligomers are effectively removed together, the DDA  for natural RNA substrates under helicase reaction conditions.
oligomer is removed faster when it is adjacent to a longer Since there are multiple rho hexamers bound to each RNA
RNA—DNA hybrid than when it is annealed to RN& substrate, we wanted to know if the stoichiometry would
alone. This suggests that rho may actually translocate fasterdecrease at different RNA or rho concentrations. At RNA
through an RNA-DNA hybrid than along bare RNA, and rho hexamer concentrations of 0.2 nM1.4 rho
perhaps because of the absence of RNA secondary structurbexamers bound to each RhAmMolecule (see Results). This
in these substrates. If DNA oligomers bind to some of the result suggests that rho binds to the helicase substrates
RNA binding sites on rho during the helicase reaction, rho cooperatively.
translocation through the RNADNA hybrid may be facili- Previous experiments had shown that rho binds coopera-
tated by rapid dissociation of the DNA oligomers from rho tively to poly(rC). Using both fluorescent binding measure-
since DNA binds less tightly to rho than does RNA. This ments and an analysis of electron micrographs of rho bound
postulated faster release of DNA (compared to RNA) may to poly(rC), a cooperativity parametep) of ~400 and a
free binding sites on rho that can then move to the next RNA binding site size 0f-80 nt were determined for rho hexamers
segment. (7, 8. This moderate cooperativity parameter predicts that
The amplitude of the helicase reaction increases with the the average cluster size of rho hexamers on RNA should be
length of the RNA-DNA hybrid (Figures 3A and 5). This 2 when the RNA is 30% saturated by rho. We estimated
is not due to a change in processivity, since rho appears tothe binding density of rho on the RNA in our experiments
be totally processive when removing the DM/A&ligomer by assuming that each rho hexamer cove®0 nt. An
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average stoichiometry of-23 rho hexamers was observed 290 and 450Z9—31). Using a minimal substrate that does
when 16-62% of the RNAss was bound to rho, and an  not contain the entirero coding region, Hart and Roberts
average stoichiometry of 4 hexamers was observed when(26) showed that rho could terminate transcripts in rC-rich
21-41% of the RNAg; was bound to rho (Table 2). Our regions after only 85 nt had been transcribed. This is
results indicate that the cooperativity of rho binding is slightly consistent with results with thep t' rho-dependent termina-
higher on RNAg; than on poly(rC), suggesting that the tion system, for which a rho loading sitel05 bp in length
apparent cooperativity may depend somewhat on the RNA s sufficient to cause terminatio27, 32. This conclusion
substrate, but this effect is not large. has also been confirmed by results from our laboratory,
We have used nitrocellulose filter-binding data to estimate which show that therp t' rho loading site is capable of
the fraction of RNA bound to rho (Table 2). Since rho causing termination after 80 nt have been transcribed
translocates processively under these reaction conditions, th€A. Q. Zhu and P. H. von Hippel, manuscript in preparation).
fraction of RNA bound to rho and the fraction of DNA Since the binding site size for the rho hexamer on poly(rC)
oligomers removed in the first round of the helicase reaction is ~70 nt (7, 8), these results confirm that one fully-bound
are similar (Table 1). In the experiments with either RBWA  rho hexamer can trigger termination, since the minimum size
or RNAge; at a 2:1 rho hexamer to RNA ratio, we found of the nascent RNA that can be terminated is comparable to
that the burst amplitude was slightly higher than the fraction the binding site size for one rho hexamer.
of RNA bound to rho under the same conditions (Table 1). = We have asked whether one rho hexamer is sufficient to
The difference in the two values is smaller than the error in separate the RNADNA hybrids in the helicase reaction.
the filter-binding measurements, and we did not observe aTo approach this question, we blocked the RAAubstrate
difference in binding at 37C compared to 22C (data not on either end by annealing DNA oligomers, leaving only
shown). If we use the burst amplitude to estimate the fraction ~150 nt of single-stranded RNA. When we performed
of RNA molecules bound to 20 nM rho in Table 2, we helicase reactions with these substrates, we found that the
calculate a slightly smaller number of rho hexamers per RNA burst amplitude was larger than the amplitude with the
molecule. We therefore consider the stoichiometry estimatesRNA,ssDNA,, substrate to which rho binds cooperatively,
of Table 2 to represent an upper limit. suggesting that fewer rho hexamers are bound to each
Model for the ATP-Dependent Translocation of the Rho partially blocked substrate (Figure 5). We also found that
Hexamer along RNA.The cooperative binding of rho to the ATPase activity of rho in the presence of the partially
RNA in our experiments has implications for models of the blocked substrate containing a free rho loading site was
rho translocation process. One model that has been considsimilar to that for the other RNAs substrates. All of these
ered is a “simple tracking” model, in which the rho hexamer results indicate that the properties of each rho hexamer on
binds to RNA at the rho loading site and translocates the RNA substrate are similar, and that one rho hexamer is
downstream by releasing and rebinding RNA sequencessufficient to separate RNADNA hybrids that are up to 100
sequentially 19, 23. A second model that has been bpinlength. However, a single rho hexamer does not appear
described is called “tethered tracking”. In this model, it is to be able to translocate totally processively along the single-
proposed that rho remains bound to the RNA of the rho stranded RNA because at 0.2 nM concentrations of rho
loading site through some of its RNA binding sites, and that hexamers and RNAs, only half of the bound RNA substrates

it utilizes the others to translocat@4, 25. This model have a DNA oligomer removed in the first round of the
predicts that rho would remain bound to the rho loading site helicase reaction (Figure 4).
even after translocating to thé-8nd of the RNA substrate. ATPase Actiity during the Helicase and Translocation

We have shown here that multiple equivalent rho hexamers Reactions. We observed that the ATPase activity of RNA-
are bound to each RNA molecule, and that neighboring bound rho is constant, even when the concomitant helicase
hexamers may translocate behind the first hexamer. Up-reactions show variable helicase activity (Figure 2). We
stream hexamers could remain bound to the RNA near themeasured the RNA-dependent ATPase activity of rho in the
rho loading site if the RNA substrate is too short to allow presence of RNAs annealed to five different DNA oligo-
multiple hexamers to bind downstream (on tHesigle) of mers to form RNA-DNA hybrids varying from 20 to 100
the rho loading site. This means that the previous experi- bp in length, or with “bare” RNA devoid of any RNA
ments 24, 25 supporting the tethered-tracking model must DNA hybrid (see Figure 3B and Results). The ATPase rate
be reevaluated, since the analyses assumed only one rhin the presence of all of these substrates is similar (Figure 3
hexamer to be bound per RNA molecule and the experi- and Results). Since the presence of RN2ANA hybrids
ments were performed under reaction conditions similar to does not significantly perturb the red\TPase activity, this
those used here (i.e., where rho binds cooperatively to theshows that rho hydrolyzes approximately as much ATP per
RNA). nucleotide residue traversed in simple translocation as it does

Previous studies of rho-dependent termination have sug-while separating RNADNA hybrids. This finding, in turn,
gested that one rho hexamer per nascent RNA is sufficientmeans that moving through RNADNA hybrids neither
to cause termination26, 27. Rho-dependent termination inhibits the ATPase activity of rho (perhaps by slowing down
sites usually occur withir-100 nt after the rho loading site  translocation) nor stimulates it (perhaps by causing rho to
on the RNA has been transcribed. The first rho-dependentexpend more free energy per unit time in separating the
termination sites studied in detail were those of thi; RNA—DNA hybrid than is expended in simple transloca-
terminator, which is located downstream of the P tion). In fact, since rho appears to translocate faster through
promoter. The rho loading site on theo RNA transcribed the RNA—DNA hybrid than along single-stranded RNA
from this gene lies between transcript positions 225 and 280 (Figure 5), rho may consume less ATP per RNA residue
(positions are numbered from thg promoter) (5, 29, and traversed during the hybrid separation step of the helicase
the rho-dependent termination sites occur between positionsreaction. We conclude that the RNA binding and release
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cycle of rho that is driven by ATP hydrolysis is essentially
“decoupled” from the actual helicase activity of this protein.

Walstrom et al.

consequence of reaching pause sites along the template (A.
Q. Zhu, unpublished results).

Our results demonstrate that the RNA component is indeed ATP ConsumptionWe estimate that rho hydrolyzes-2
the main ATPase cofactor in the helicase reaction, and thatATP molecules per nucleotide residue traversed while

the presence of DNA oligomers in the reaction has no

translocating along RNAs and RNAsg,; (Table 2). Previ-

significant effect, whether they are annealed to the RNA or ously, Brennan et al.2] determined that rho hydrolyzed

not. This is consistent with what is known about the
properties of rho. Previous experiments with the
transcript of phagé showed that the rho loading site of this
transcript is the main activator of rho ATPase activitp)
Since most of the DNA oligomers used for the helicase

~4000 molecules of ATP per 28 bp RNADNA hybrid
separated from &250 nt RNA substrate containing the same
trp t' rho loading site that we have used. Based on our
estimate that rho translocates ow€et00 nt on this substrate,
these results would indicate that rho hydrolyze40 ATP

reactions do not anneal to the rho loading site, it is reasonablemolecules per nucleotide residue traversed during the trans-

that they do not affect the initial rhreRNA interaction. This
is confirmed by the nitrocellulose filter-binding measure-
ments, which showed no effect of DNA oligomers on+ho
RNA binding (see Results). However, we know that rho
removes the DNA oligomers annealed to the RNA, so rho
must eventually reach thé 8nd of the RNA molecule. This
indicates that as long as rho can bind initially to the rho

location reaction. The differences in the ATP consumption
rates observed in these experiments arise because our helicase
rate is~14-fold higher than that estimated by the earlier
workers. This difference is a result of the different ways
the helicase analyses were conducted in the two studies.
Thus, our first time points were obtained 10 s after the
reaction was initiated, while in the previous work 30 s time

loading site, the presence of DNA oligomers annealed to points were used to calculate the initial rates. Since the first
the RNA that are reached by translocation along the RNA phase of the helicase reaction is essentially over in2(D

does not affect the observed ATPase activity.

It appears that the main function of rho is to translocate
along RNA, and that it removes hybridized DNA oligomers
from the RNA as a “by-product” of this reaction. This is
similar to a reaction carried out by the poliovirus RNA-

s, a 30 s measurement will significantly underestimate the
actual initial rate. This can account for the differences in
rho-dependent helicase rates and ATP consumption rates
reported in the two studies.

The ATP consumption rate of rho can be compared with

dependent RNA polymerase. This protein synthesizes RNA that determined for the RecBCD protein, which is the only

from the poliovirus RNA genome, but it can also synthesize
RNA from an RNA substrate that is hybridized to an
antisense RNA. Carrying out the RNA synthesis reaction

other helicase for which this calculation has been made. The
rate of ATP hydrolysis for this enzyme is—3 ATP
molecules consumed per bp unwour®. ( This is similar

in the presence of the antisense RNA does not require exces$o the ATP consumption rate that we have measured for rho.

ATP hydrolysis and does not slow down RNA synthe33).(

Therefore, although RecBCD translocates 50 times faster

As a consequence, these workers have called the poliovirusghan rho (see above), they both hydrolyze similar amounts
RNA polymerase an RNA unwindase instead of a helicase of ATP per residue traversed. The hydrolysis of one ATP
because it did not appear to consume additional ATP in molecule yields enough free energy to separatd Dp of

unwinding the RNA-RNA hybrid. This may be a more

double-stranded DNAG); thus, both enzymes utilize the free

appropriate name for the comparable activity carried out by energy of ATP hydrolysis with reasonable efficiency.

rho since, as we have shown, rho also does not hydrolyze

extra ATP in separating RNADNA hybrids.

It has been found with DNA helicases (especially toge
helicase, see referen8e) that the ATPase activity depends

There is considerable evidence that the elongation complexon the oligomeric state of the enzyme and on the type of

of E. coli RNA polymerase contains an RNANA hybrid
that is 8-12 bp in length, and this conclusion is consistent
with the results of most recent mechanistic transcription
studies 84). Itis possible that the transcription termination
function of rho consists primarily of separating this hybrid.
However, it is not known whether the hybrid within the
transcription complex is “covered” by RNA polymerase or
whether it lies on the surface of the complex. Thus, rho
could act by “pulling” the RNA out of the elongation
complex, or it may “activate” the RNA polymerase to release

substrate bound to it. This finding shows that determination
of the ATP consumption rate for a helicase can be compli-
cated. The situation is simpler for rho because it exhibits
very little ATPase activity unless all of its binding sites are
filled with RNA (Y. Wang and P. H. von Hippel, in
preparation). This indicates that in our experiments only rho
hexamers with all of their RNA binding sites bound to RNA
should hydrolyze ATP at a significant rate. For these
reasons, our calculations of the rate of ATP consumption
by rho should be accurate.

the transcript in some other way. It has been suggested that Model for the Translocation ReactionThe ATP con-
the RNA polymerase dissociates from the DNA template at sumption rate of rho has implications for the mechanism of
about the same time as the RNA transcript is released intranslocation along RNA. A physical model for rho trans-

rho-dependent terminatior8%). If rho can totally disrupt
the transcription complex, it must be a powerful “molecular
motor” in its own right, since RNA polymerase exerts more
force in moving along DNA than do cytoskeletal motors in
moving along tubulin or actin3g). Therefore, rho either

location has been proposetd). In this model, translocation

is dependent on two features of the RN/o complex.
These are the following: (i) the fact that each asymmetric
dimer of the rho hexamer contains a strong and a weak
binding site for both RNA and ATP; (ii) the fact that RNA

must exert a greater force in disrupting the RNA polymerase is released by ATP hydrolysis, which triggers a conforma-

complex or must induce a destabilizing conformational
change in the RNA polymerase complex. Alternatively, rho
may only be able to bring about termination if the elongation

tional change that “switches” the affinities of the RNA
binding sites within the rho dimer. The model of Geiselmann
et al. (19) predicts that when ATP is hydrolyzed, RNA bound

complex is already destabilized in some way, perhaps as ato the previously strong binding site of the rho dimer is
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Ficure 6: Model for the translocation of rho along RNA. This

figure shows a model of how RNA might move along the surface
of rho during the translocation reaction. The circles and squares
represent rho monomers in two different conformations. Each

asymmetric dimer carries one strong and one weak RNA and one

strong and one weak ATP binding site. Upon ATP hydrolysis, the
conformations of the subunits switch, and RNA is released. The
probability of the loop being “injected” from the 3ide is always
higher because of chain asymmetry with respect to “end” dimers.
The loops may contain RNA hairpins. Movement is a stochastic
process, corresponding to a biased random walk in'thi@é&ction.

On average, each hexamer traverses-Q.5t per ATP hydrolysis
(and RNA chain release) event.
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of RNA release at each individual RNA binding site of the
rho hexamer. It is interesting to note that rho may translocate
through an RNA-DNA hybrid somewhat more rapidly than

it moves along single-stranded RNA. This indicates that
RNA loop translocation (see Figure 6) may be more effective
when rho is moving through an RNADNA hybrid, since
here translocation is not perturbed by preexisting RNA
secondary structure.

In a different model describing rkeRNA binding, it has
been suggested that the RNA chain binds to one face of the
rho hexamer and then passes through the hole in the center
(39). We showed in the previous paper that rho acts as a
catalytic helicase in reaction buffer containing 150 mM KCl
(3). In experiments described elsewhere (K.M.W., J.M.D.,
and P.H.v.H., manuscript in preparation), we found that rho
does not move along the RNA with full processivity under
these conditions. This suggests that rho does not have to
reach the end of the RNA molecule in order to fall off, and
this result is not consistent with a model in which RNA must
pass through the center of the rho hexamer.

Direction of Translocation. We have shown that rho
translocates>3000-fold faster in the '5— 3 direction
compared to the'3— 5' direction @). Since the different
states of rho during the translocation reaction shown in Figure
6 are thermodynamically similar, the direction of transloca-
tion must be a result of kinetic factors. In our mod&9,(
and Figure 6), the RNA chain enters and exits the rho
hexamer between two asymmetric dimers and is only bound
to rho on one side of these dimers. This increases the
probablility that RNA will be released first from these dimers
when ATP is hydrolyzed. Previous experiments have also
shown that the ATPase activity of rho depends on the polarity
of rU and rC residues in the RNA segment bound to each
RNA binding site 88) and that this dependence is not a result

released, and that these sites can bind RNA anew afterof altered RNA binding affinity 40). These results suggest

another round of ATP hydrolysis. The site size for RNA
binding on a rho subunit isv11 nt, but the actual RNA
binding site interacts with-8 nt of RNA (38). This means
that there are-3 nt between each RNA binding site. If one
ATP hydrolysis event is sufficient to release the RNA from
a rho dimer (see referend®), then we might expect that
the rate of ATP consumption for rho might be as low as 1
ATP molecule consumed per 22 nt of RNA traversed. We
have measured here a rate that is-20-fold higher. This

suggests that even if one ATP hydrolysis event does release

22 nt of RNA from a rho dimer, on average the distance

translocated along the RNA as a consequence is less than 1

nt per rho dimer binding and release cycle. This modified
version of the Geiselmann et al. model is outlined in Figure
6.

This model of the rho translocation process is consistent
with our finding that the ATPase activity of rho is the same
whether rho is translocating along RNA in the burst phase
of the helicase reaction or is bound to tHeed of the RNA
component of the helicase substrate (Figure 3A). In the latter
position, according to our model (Figure 6), rho would simply
rebind the RNA that it has just released; i.e., it “marches in
place.” In addition, the ATPase rate is independent of the
length of the RNA-DNA hybrid on the helicase substrate.
These results indicate that the ATPase activity of rho is not
tightly coupled to translocation and that our estimates of the
ATP consumption rate of rho represent an upper limit. Itis
likely that the ATPase activity of rho is coupled to the rate

that the polarity of the RNA chain bound to each dimer may
bias the movement of rho along RNA in the5 3 direction.
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