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ABSTRACT: Typical hexameric helicases form ring-shaped structures involved in DNA replication. These
enzymes have been proposed to melt forked DNA substrates by binding to, and pulling, one strand within
their central channel, while the other strand is forced outside of the hexamer by steric exclusion and
specific contacts with the outer ring surface. Transcription termination factor Rho also assembles into
ring-shaped hexamers that are capable to use NTP-derived energy to unwind RNA anRNAelices.

To delineate the potential relationship between helicase structural organization and unwinding mechanism,
we have performed in vitro Rho helicase experiments with model substrates containing anDRMA

helix downstream from a Rho loading site. We show that a physical discontinuity (nick) inhibits-RNA
DNA unwinding when present in the RNA but not in the DNA strand. Moreover, the presence’of a 3
overhanging DNA tail (Y-shaped substrate) does not affect initial Rho binding but can impair helicase
activity. This inhibitory effect varies with the length of the tail, is independent of the identity (A or U)

of the tail residues, and is also obtained when a biegiineptavidin complex replaces the single-stranded
DNA arm. However, it is readily relaxed upon moving the reporter RNDNA helix farther from the

Rho loading site. The data indicate that the Rho helicase uses a steric exclusion mechanism whereby the
initial formation of a productive Rhetranscript complex is a crucial rate-limiting event, while no specific
interactions with the displaced strand are required. These results outline significant similarities as well as
some differences in the mechanism of unwinding between Rho and other hexameric helicases which are
discussed in relation with the biological function of the Rho helicase.

Transcription termination factor Rho mediates the release no more precise consensus could be clearly defined for the
of the nascent transcript from the ternary transcription Rutsites (4—18), synthetic polypyrimidine repeat sequences
elongation complex (TECGat specific sites along the DNA  (>40 nt) can make efficient artificial loading sitexRutsites)
template {, 2). The functional form of the Rho protein is a  for Rho-dependent termination of transcriptid®)and Rho
homo-hexamer which has a quaternary structure similar to helicase activity 7). The Rut (and, presumablyaRu)
the ones of ring-shaped hexameric helicases involved in DNA sequences contact and circle on the primary binding site that
replication @). Some functional analogies are also evident crowns the surface of the Rho hexam@O,(21). This
since the Rho factor possesses in vitro RNA-dependentintel’action, together with the marked helical twist of open
NTPase 4) and NTP-dependent RNA and RNADNA Rho conformers, is thought to drive the downstream tran-
helicase %, 6) activities. Notably, Rho can dissociate a Script section within the central hole of the hexamer ring
nucleic acid (NA) strand provided that it is hybridized (21 22). There, RNA contacts with the Rho secondary RNA
downstream from an appropriate ‘loading site’ along the binding site could induce closure of the hexamer ring and
RNA chain 6—9). The presence of such loading sites, termed activate ATP hydrolysis21, 23-26). This, in turn, likely
Rut (for Rho Utilization) sites, on the nascent transcript is fuels 3-3' enzyme tracking along the transcript until Rho
also necessary for Rho to induce termination of transcription catches up with and disrupts the TEC, presumably by using
(10-13). TheRutsites are usually 6880 nucleotides (nt)-  ItS helicase (translocase) activity, @).
long sequences enriched in C-residues, poor in G-residues, At present, the exact mechanisms used by Rho to dissoci-

and exhibiting little secondary structure content. Although @t NA and protein roadblocks have not been determined.
However, the extensive mechanistic information existing for
: : — DNA helicase counterparts3,(27—29) may be used as a
R Tﬁh'shresearfhc""as “é(”;de“t',\rl‘ p?étgg)y tﬂ‘eLAssoc'a“tonlpc(’:‘” la_guide to design and test models for the Rho helicase. To
echercne sur le Cancer ran 0. , the Ligue contre le Cancer. ... . . . . . .
i i tiate DNA unwinding in vitro, hexameric DNA helicases
(Réegion Centre), and Biotechnocentre. Int . ' )
* Corresponding author. Phong;33 238 25 55 85; fax;}33 238 usually require two noncomplementary single-stranded DNA
631517; e-mail, boudvill@cnrs-orleans.fr. (ssDNA) tails flanking a duplex DNA region (Y-shaped
. Sﬁir\‘}éfsﬂg d?grﬁ’ggs'sq“e Matelaire (UPR4301), CNRS. substrate;)). These helicases load onto one of the sSDNA
1 Abbreviations: NA, nucleic acid; TEC, transcription elongation tails and likely use the second tail as a mechanical device to

complex; PAGE, polyacrylamide gel electrophoresis. effect duplex unwinding30—34). Indeed, in the absence of
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this second ssDNA tail, prototypical DnaB and Mcm buffer (150 mM potassium acetaf&cK}, 20 mM HEPES,
helicases do not unwind the duplex region but rather engulf pH 7.5, and 0.1 mM EDTA) and heated for 2 min at %

the two DNA strands into their central channe®2{34). The mixtures were slowly cooled to room temperature over
Conversely, the bulk of a streptavidibiotin complex in 60 min before being mixed with &L of loading buffer (15%
place of the second ssDNA tail is sometimes sufficient to [w/v] Ficoll-400 and 0.1 M EDTA). The RNADNA
trigger duplex unwinding31, 33). From these data, it has constructs were then purified from the reaction mixture by
been proposed that ring-shaped DNA helicases operate6—8% nondenaturing PAGE and stored-&0 °C in helicase
through a DNA steric exclusion mechanism whereby one buffer (7). The NA concentrations were determined by UV
strand of the DNA substrate is pulled in the central channel measurements with a microliter-spectrophotometer (Nano-
of the hexamer, while the other strand is excluded from the drop) and/or from specific activities of the samples. The
center of the ring during unwindin@®,(30—36). ‘In-register’ Mfold software @0) and nearest-neighbor calculatiodd)
outer helicase contacts with the excluded DNA strand could were used to predict, respectively, the secondary structures
also facilitate duplex unwindingQ, 35, 36). Despite obvious  of the constructs and stabilities of the RNBNA helices.
differences between Rho and hexameric DNA helicases Helicase AssaysHelicase assays were performed as
(biological function, NA substrate, primary interaction sub- described previously7j. Briefly, the RNA—DNA constructs
site, nature of the roadblock target), common features (ring (0.15 pmol) were mixed with a 4-fold molar excess of Rho
shape, substrate path within a central channel of comparablenexamers in 2L of helicase buffer (hybridization buffer
dimensions) suggest that a steric exclusion model could alsosupplemented with 0.5 mM DTT) and incubated for 3 min
provide the mechanistic basis for Rho-dependent terminationat 30 °C. Then, the helicase reaction was initiated with 3
of transcription 87). Here, we have used in vitro helicase uL of a solution containing ATP, MgGl(1 mM, final
experiments with model NA substrates to explore this concentrations), and DNA traps (13.5 pmol of unlabeled
possibility. We show that Rho hexamers can remove various oligonucleotides identical to the ones annealed to the
kinds of NA and nucleoproteic roadblocks located along an transcript). For single-turnover experiments, an excess of poly
RNA molecule. Moreover, Rho disruption of intervening rC (3uM in rC residues) was also included in the initiation
obstacles appears to proceed through a mechanism thaiix. Reaction aliquots were taken at various times, mixed
exhibits many similarities with the steric-exclusion mecha- with 4 vol of quench buffer (180 mM AcK, 25 mM EDTA,
nism proposed for other hexameric helicases. Yet, Rho als00.625% SDS, and 3.75% Ficoll-400), and resolved by
presents specific responses to some molecular features ohondenaturing PAGE (gels contained 0.5% SDS). Reactions
its NA (or nucleoproteic) substrate that point to subtle performed with the forked RNADNA substrates were
mechanistic differences with its DNA helicase counterparts analyzed on 4%:12% (top/bottom) stacked gels, whereas
and that identify spatial remodeling of the Rhsubstrate other samples were run on continuous 8 or 10% gels.
complex early on the reaction pathway as a crucial rate- Helicase experiments were performed at least in triplicate

limiting step. unless otherwise specified. Detection and quantification of
gel bands were performed with a Storm-860 Phosphorimager
MATERIALS AND METHODS and related software (Molecular Dynamics). The fractions

of individual products present in the reaction at a given time

Materials. Chemicals and enzymes were obtained from | o determined with the following formula:

Sigma-Aldrich and New England Biolabs, respectively.

Oligonucleotides were purchased from Distribio (France) and - _

were systematically purified by polyacrylamide gel electro- Fe= (I = Fo x Zlivt)/[(l ~ Fo) x Fp x Zli»t]

phoresis (PAGE). The Rho protein (concentrations expressed with F, = IOIZIL0 andF, = IAIZILA

in units of hexamers throughout the manuscript) and poly-

(rC) fragments £ 300 nt) were prepared and characterized wherel,, I;, andl, are the intensities of the product bands

as described previously,(38). after incubation of the helicase reaction for Gt aminutes at
The pCWO05 and pAS02 plasmids were obtained by 30 °C or after 2 min at 95C, respectively X1 io, 3 lix, and

inserting double-stranded oligonucleotides containing the T7 Y lia are the sums of the intensities of the bands per gel lane

promoter an@Rutsequences between, respectively Hipal measured under the same respective conditions). Note that

and Smd or Hpal and Acc63 sites of plasmid pSP73 Fo < 0.02 in most experiments and that = 1 for reactions

(Promega). The DNA templates encoding the various tran- performed with RNA-DNA constructs containing only one

scripts (the RNA sequences are shown in the figures) were®P-labeled oligonucleotide.

prepared by linearization of pAS02 witBma (R;s; tran-

script) or by PCR amplification of specific regions of the RESULTS

PCWOS5 (Rostranscript) and pAS02 (Rand Rstranscripts) Rho Unwinding Actiity Is Differentially Affected by Nicks
plasmids. The in vitro transcriptions of these templates with in the DNA and RNA Strand3o facilitate the quantitative
T7 RNA polymerase were performed as described previously analysis of Rho helicase activity in vitro, we have designed
(39) using larger reaction volumes (5Q) and longer  recently synthetic RNADNA model substrates7}. These
incubation times (23 h). The transcripts were purified by  constructs were made of&-labeled oligodeoxyribonucle-
7% denaturing PAGE and stored-a20 °C in MioE, buffer otide annealed to @200 nt-long transcript containing a
(10 mM MOPS, pH 6.5, and 1 mM EDTA). syntheticaRut loading site (47 nt). Efficient Rho-directed
Preparation of the RNADNA ConstructsTypically, 10 unwinding of the RNA-DNA hybrids depended on a number
pmol of 32P-labeled oligonucleotides were mixed with 1.1 of factors such as the presence of a single-straradat
molar equivalents of transcripts in 20 of hybridization region within the transcript as well as the location of the
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Ficure 1: Rho-directed unwinding of an RNADNA hybrid containing a nick in the RNA strandA) A schematic of the RsDesRa3

substrate is shown together with the sequences of its RNA components. Two contiguousDRMAhelices (22 and 43 bp) are formed

downstream from theRutsite (gray box) upon pairing of thegPoligonucleotide with the Rs and R transcripts. Thé2P-label on the

D65 oligonucleotide is depicted by an asterisk. Control hybrid substrates containing an overhangibgs @ibstrate) or blunt-ended

(R118D2; substrate) DNA 5end were also prepare(B) Representative 10% nondenaturing polyacrylamide gel showing products of the

helicase reaction with the;RDesR43 Substrate. Starting material and potential reaction products are schematically depicted on the left side

of the gel. The RsDesR43 construct (5 nM) was incubated for 3 min at 3D with an excess of Rho hexamers (20 nM) in standard helicase

buffer (150 mM AcK, 20 mM HEPES, pH 7.5, 0.1 mM EDTA, and 0.5 mM DTT). The helicase reaction was initiated by the addition of

MgCl; (1 mM), ATP (1 mM), poly(rC) (3uM in rC residues), and an excess of unlabeled @igonucleotide (450 nM, to trap the RNA

strands released during the reaction). In control experiments, ATP was replaced by ADP. At various times (indicated in minutes above the

gel lanes), aliquots were removed from the helicase mixtures, mixed with quench buffer, and loaded on a gel containing 0.5% SDS to

denature RheNA complexes 7). Samples of the RsDgs and DysR43 hybrids as well as a reaction aliquot that was heated &C9%ere

also loaded on the gel. The graph shows the fractio¥¥fabeled @sR43 product released from the; R transcript as a function of time

(black continuous line and filled circles). A fit of the data to an equation describing pseudo-first-ggfies progress yielded the following

reaction amplitude and observed rate constant= (0.9 4 0.02) andky,s = (0.854 0.07) mimL. Progress curves corresponding to DNA

oligonucleotides displaced by Rho from the contr@hRss (long-dashed line) and 1RD», (dotted line) constructs are also shown for

comparison.

RNA—DNA helix sufficiently far (= 18 nt) downstream from  assembled from separate DNA and RNA components (Figure
theaRutsequence?). Moreover, the fraction of oligonucle-  1A) and purified by native PAGE. This composite substrate
otides released during one helicase round decreased whegontains a 65 base pair-(bp)-long RNARNA region located
the length of the RNA-DNA helix increased. In agreement 29 nt downstream from the'-&nd of theaRutsite (Figure
with previous work §, 8, 9, 42, 43), the data suggested that 1A). Moreover, the hybrid region is interrupted by a nick in
the Rho helicase uses a single-stranded region encompassinthe RNA strand and is therefore made of two contiguous
the aRut site to load productively onto the transcript and RNA—DNA helices, and the shorter one (22 Gy, =
then move directionally along the RNA chain using NTP —27.8 kcal/mol) is in front of the longer helixAGhy, =
hydrolysis as the energy source. The fact that Rho directional —63.8 kcal/mol; note that potential energetic contributions
translocation could trigger unwinding of the RNANA arising from mutual helix stacking are not accounted for by
hybrid in a succession of identical and moderately processiveAGyy, values; see refid). In this way, disruption of the
discrete steps has also been propoggdHowever, important ~ downstream helix is likely to require direct helicase action
features of Rho translocation and helicase activities, suchrather than to result from indirect destabilization (due, for
as the nature of the rate-limiting step, the size of the instance, to the propagation of steric constraints arising
translocation step, or the transient molecular contacts madeduring unwinding of the upstream helix). The1BssR43
with the substrate during unwinding, could not be unveiled hybrid substrate (5 nM) was incubated in standard helicase
in these studies. buffer for 3 min at 30°C with an excess of Rho hexamers
To comprehend the molecular specifics of Rho-directed before addition of a mix containing equimolar amounts of
NA unwinding in greater detail, we have prepared and probed MgCl, and ATP as well as NA traps (single-run conditions;
synthetic RNA-DNA variants bearing various molecular see methods and refsand 8). At various times, aliquots
modifications. First, we assessed the effect of strand nickswere removed from the reaction mixture and analyzed by
introduced within the hybrid region on the activity of the PAGE. As shown in Figure 1B, the Rho helicase effectively
Rho helicase. To this end, the;JHesR43 Substrate was  disrupted the upstream helix of the;BDesR43 Substrate
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Ficure 2: Unwinding of RNA-DNA constructs containing a nick in the DNA strar(@) The sequence of the;R transcript is shown

together with schematics of the RNADNA constructs. In the R/D2Da24 Substrate, a short RNADNA helix (22 bp, AGyy, = —27.8

kcal/mol) precedes a contiguous 42 bp-long hybrid regiv@{, = —62.5 kcal/mol), whereas in{gD421D221 the 42 bp-long helix4AGhyp

= —57.1 kcal/mol) is located in front of the shorter hybrid (22 WG, = —32.3 kcal/mol). The?P-labels are depicted by asterisks.
Representative 10% polyacrylamide gels show the evolution of NA species during helicase reactions wigDthk, (B) or Ris/D421D22

(C) substrate. Experiments were performed as described in the legend to Figure 1. The fraciBraludled oligonucleotides released as

a function of time were determined as described in Materials and Methods and were averaged from three independent experiments. Nonlinear
least-squares fits of the data yielded:= (0.62+ 0.02) andk.ps = (0.36 & 0.05) mirr? for the release of the 3, strand;A = (0.45+

0.02) andkeps = (0.38+ 0.05) mirr?® for the Dyp, strand;A = (0.37 4 0.02) andkops = (0.67 & 0.11) mirr! for the Dyyp Strand; andA =

(0.34 4 0.02) andkops = (0.58 & 0.07) mimr?® for the D,y strand.

(DesRa3 product). Moreover, this reaction was more efficient the upstream helix is unwound. (3) The Rho hexamer could
(kobs = 0.85 mim® and A = 0.91; i.e., 91% of product is  be unable to form extensive contacts with the RNA strand
formed in one helicase run) than previously observed for ahead from the location where strand separation actually
unwinding of RNA-DNA helices of comparable lengthig,gs occurs (i.e., the BRys3 helix is released before stabilizing

= 0.3-0.5 min'%; A= 0.6-0.7; see ref’). This difference interactions between Rho andisRcould develop). In any
was not due to unsought effects of the Rho trap (poly(rC); case, the lack of disruption of the downstreagMs helix

see ref7) since similar reaction parameters were found for indicates that protein contacts to the RNA strand are critical
the first helicase run of multiple-cycle experiments performed to RNA—DNA unwinding by the Rho helicase. This feature,
with Ri;8DesR43 (data not shown). On the other hand, Rho however, prevents further probing of the elementary Rho
disrupted the control bipartite;RDgs (containing a 43 nt-  translocation step through the introduction of larger physical
long 5-overhanging ssDNA tail) andD2, (same hybrid gaps within the RNA strand (see ré5).

region but without ssDNA tail) substrates with more ‘clas-  To determine whether similar constraints exist for the
sical’ efficiencies A ~ 0.7; kops~0.35 min't; graph in Figure DNA strand, we prepared two RNADNA constructs

1B and data not shown). These data indicate that the presenceearing a nick in the DNA strand at different positions. The
of the downstream RNADNA helix within the R 15DssR43 composite RsD22D42a and RsDaaDoon Substrates were
substrate facilitates Rho-directed unwinding of the upstream assembled from the separatg;:Rranscript and two "send-
hybrid region. Another important feature of the helicase labeled oligonucleotides (Figure 2A) and purified by PAGE
reaction performed with the jRDesR43 construct is the before use in unwinding reactions. Helicase experiments were
absence of unwinding of the downstreag®; helix (there performed under standard single-cycle conditions and ana-
is no single-stranded dg product formed; Figure 1B). This  lyzed as described above (see also Materials and Methods).
result could be explained in several ways that are not In contrast to a nick in the RNA strand, a DNA gap did not
necessarily mutually exclusive: (1) The nick in the RNA preclude Rho from dissociating the two successive RNA
strand could neutralize the Rho helicase simply by insulating DNA helices (Figure 2B,C and data not shown). Similar
the downstream RNA segment from the propagation of results were obtained with the D22, substrate in which
critical physical constraints imposed upon the RNA chain the two helices are separated by a 20 nt-long segment of
by the enzyme. (2) Rho interactions with the DNA strand, single-stranded RNA (data not shown). These data may
if any, could be insufficient to hold the dsR43 helix once indicate that a productive complex is secured along the
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substrate by Rho interactions with the DNA strand at o Asnt
distances exceeding 20 nt from the actual location of hybrid Rygr=Dae = & T
»

unwinding (for a complete rationale, see #8). Alterna-
tively, the Rho helicase may bypass DNA gaps simply

o 11— T T T 1
because the physical continuity of the DNA strand is not E 8 o =
critical to the maintenance of a productive enzyrsabstrate s w i & G £
: § o5} ° E os}°

complex. We favor the latter explanation because long ¢ ™°[ 4 ¢ ! e 8
stretches of single-stranded RNA&0 nt) between th&ut % - < s &
loading site and the double-stranded RNBNA target do ol . . 0 -
not seem to affect Rho helicase activity significanly §). pilandonihan 0 =10 2 S

An important feature of the reactions performed with the sthagthining o sltiengthang

R15D22dD42a RisiDa20D22 @and Rs7D224D20n Substrates is that
the removals of the two successive DNA strands occur with
pseudo-first-order kinetics, without lag phases in the reaction
time-courses, and at the same rate (Figure 2B and data not
shown). This observation indicates that the helicase reaction
is controlled by a single kinetic step and, therefore, confirms
that RNA—DNA unwinding is not rate-limiting the helicase
reaction withaRutcontaining substrate§. Importantly, it
also demonstrates that the slow step controlling overall . . N e s s
reaction kinetics precedes actual unwinding of the two 0 10 20 30 0 10 20 30
RNA—DNA helices. This is because kinetic control at a later . . t;f'e"fthf";"t_’ o stranded DNAtta'!I'E"chR"h("t:j_ e
H : 7 H IGURE . eCl o1 o-SIngle-stranae alls on O-directe

stage .(I'e'.’ (_jurlng or after RN—ADNA unwmdln.g).\{vould unwinding of the Rs7D24 r?ybrid substrate. Th&™D,, oligonucle-
result in distinct numbers and/or kln_ds of rate-limiting steps jiiges pair with nucleotides 1+437 of the R transcript AGnys
for the releases of the two successive DNA strands (see ref= —33 kcal/mol) whose sequence is shown in Figure 2. The
46). amplitudes and rates of individual single (black circles)- and

A Single-Stranded Tail at thé-Bnd of the DNA Strand ~ Multiple (open circles)-cycle experiments are shown on the graphs

; - as a function of the length of thé-8sDNA tail. Note that parameters
Does Not Strongly Impee the RNA-DNA Helicase Actity considered for multi-run reactions are the ones of the pre-steady

of Rho. With the exception of a few archeal and viral giate (exponential) phases. LOWESS regression fits (bottom panels)
specimens, hexameric DNA helicases require Y-shaped DNAwere determined for various smoothing factors using Kaleidagraph

substrates to effect duplex unwinding in viti®).(Although 3.5 (Synergy software).

the Rho helicase has distinct substrate requireménts) (

we wondered whether it would nevertheless exhibit some amplitude (lower left panel) exhibit similar profiles for the
preference for forked NA structures. We thus prepai@dt complete smoothing range with a small increase in reaction
containing RNA-DNA constructs bearing a single-stranded amplitude when the length of the ssDNA tail is increased
d(T), (with 0 < n < 30 nt) extension at the'&nd of the from 0 to 10 nt and much less variations for longer tails.
DNA strand. The constructs were derived from the RNA For the reaction rates, however, the patterns of the fits are
substrate used in the above experimentg{FFigure 2A) more erratic and change for smoothing factors over 50%,
but contained a single 24 bp-long RNANA helix located ~ suggesting that the experimental variationkgf with the

45 nt downstream from thaRutloading site (Rs? ™Dy length of ssDNA tail are essentially random (lower right
substrates). Helicase reactions were carried out with thepanel). Altogether, these data indicate that-asDNA tail
Ris7™Dy4 constructs under both single- and multiple- may slightly increase the efficiency of unwinding of the
turnover conditions to rule out any unsought effect of the Ris”"D24 substrates by the Rho helicase. This action is much
poly(rC) trap B2). Multiple experiments performed under less evident than for replicative DNA helicases, yet it appears
these conditions indicate that the reaction parameters (am10 operate in the same direction.

plitude and rate of the first helicase run) are not significantly A Bulky Appendage to thé-Bnd of the DNA Strand Can
affected by the kinetic regimen or the presence of the poly- Impair Rho HelicaseDue to the uncertainty introduced by
(rC) trap (Figure 3, top graphs). On the other hand, neither the experimental noise observed with thgs/R"D,4 sub-

the amplitudes nor the rates of the helicase reactionsstrates (Figure 3), we wanted to corroborate the effect of
displayed clear-cut dependencies on the length of the ssSDNAssDNA tails on the Rho helicase with another series of
tails. However, the extent of experimental variability was RNA—DNA constructs. This series was derived from the
somewhat higher than usual with these substrates (typically,minimal RyoaD24 Substrate, which contains the same reporter
standard deviations on helicase parameters do not exceeRNA—DNA hybrid than for Rs/D,4 but downstream from
15%; ref7) which could mask more subtle variation trends. a 80 nt-long C-rich sequence encompassingatRat motif

To circumvent this problem, we used LOWESS regression (Figure 4A). Active disruption of R4D24 by the Rho helicase
analysis 47) which outlines the deterministic trends in data was highly reproducible and about as efficieAt= [0.63
variation independently of model assumption. LOWESS fits =4 0.02],kops= [0.184 0.02] min'; Figure 4B, open circles)
were generated with smoothing factors ranging from 10% as for othemRutderived substrates containing RNANA
(small data span during polynomial regression; high potential regions of comparable lengthg)( Moreover, the presence
for local random noise in the estimate) to 90% (large data of a d(T) extension at the 'send of the DNA strand
span and less ‘local’ regression; high potential for bias of (R103°™2°D24 substrate) did not affect the helicase reaction
the estimate). As shown in Figure 3, the fits for the reaction (Figure 4B, black circles). On the other hand, the reaction
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ttttt
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Ficure 4: Effect of single-stranded sDNA tails on Rho helicase activity with the®, substrate derivativegA) Schematic of the
parental RoaD24 substrate which contains a 24 bp-long RNBNA helix (AGny, = —33 kcal/mol) at its 3end. Minimal single-stranded

RNA segments surround tlaRutsite to allow active loading of a unique Rho hexamer onto the substrate and restrict RNA conformational
sampling 7). (B) Effect of a single-stranded extension of the DNA strand on the Rho helicase. [§5é?,, and R0 72°D,, substrates
contain a d(T), tail at the 3 or 3-end of the hybridized DNA strand, respective(€) Influence of the length of the single-stranded
3'-d(T), tail on Rho helicase parameters measured under single (squares)- or multiple (circles)-run cofdjtionsiinding efficiency as

a function of the time of preincubation of the Rhsubstrate complex before initiation of the helicase reaction with the ATF/Mg
containing mix. In each case, the reaction was stopped after 20 min of further incubatiofGat Be respective unwinding efficiencies
correspond to the fractions of product formed relative to the one obtained under standard conditions (3 min of preinqii)Biog)e-
stranded 3d(T);0 and 3-d(A);o extensions of the hybridized pstrand inhibit the Rho helicase to the same extent.

was significantly impaired with the Y-shapeddg "*°D24 Table 1: Interaction between Rho Hexamers aRiitContaining
substrate, wherein the dghextension is situated on the other  Substrates

(upstream) side of the RNADNA hybrid (Figure 4B, open Kq AG
squares). This inhibition contradicts the facilitating effect of  supbstrate Frnax n (nM) (kcal/mol)
a 3-ssDNA tail that was inferred from the results with the 7 5~ 058+ 0.06 105009 061+005 —-128

Ris7°"D24 substrates (see above). To comprehend this Ry, #T5D,, 0.57+0.08 1.23+0.05 0.55-0.09 —12.8
discrepancy, helicase experiments were repeated under bottRi0*T20D;4 0.59+0.11 1.26+0.04 0.314+0.03 —13.2
single- and multiple-turnover conditions with the complete 2 samples were equilibrated for 10 min at3Din standard helicase
set of RoT"Dy4 substrates (< n < 30 nt). As shown in buffer before analysis with a filter-binding assay as described previously
Figure 4C, the fraction of hybrid unwound diminished when (7). Fmaxis the maximal fraction of?P-labeled substrate retained on
the length of the 3ssDNA tail was increased up to 10 nt the nitrocellulose membran&, is the dissociation constant, ands

. . the number of hexamers bound per substrate molecule.
and then remained constant for longer d(&xtensions. In
contrast, the rate of the helicase reaction was hardly affected
by the presence of 4-3sDNA tail (Figure 4C). These results Rho before addition of the ATP/Mg/poly(rC) initiation mix
were, in first approximation, independent of the reaction (Figure 4D). Thus, the effect of’3sDNA tails on the
regimen (Figure 4C) which rules out unwanted trap effects helicase reaction is not related to the kinetics of formation
(note that extracting reaction parameters from multi-run Or strength of the initial Rhesubstrate complex but rather
progress curves is inherently less precise than for single-runstems from interference with a later step along the reaction
experiments). Furthermore, they indicate that a fork-like Pathway (most likely, the maturation into a functional
structure in front of the RNADNA hybrid can partially complex; see Discussion). Note that the data also confirm
protect the substrate from effective unwinding, a feature that that productive Rho association with RNDNA substrates
seemingly demarcates the Rho enzyme from hexameric DNAIS not adequately predicted by equilibrium binding measure-
helicases (see above). Equilibrium binding measurementsments ).
show that this protection does not stem from interference of To determine which features of thed® "D, substrates
the ssDNA tail with the formation of the Rho-substrate are responsible for the decrease in reaction amplitude (Figure
complex (Table 1). This was confirmed by preincubation 4C), we changed the nature of the molecular appendage to
experiments in which unwinding of the; i 72°D,4 substrate  the DNA strand. As shown in Figure 4E, reaction profiles
was not affected by the duration of the preincubation with were almost identical with substrates bearing a g(®y
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the position and length (2280 bp) of the RNA-DNA helix varied
o o ] significantly. The curve on the left graph results from data fitting
Ficure 5: Influence of a biotir-streptavidin complex linked to  to the equation:A = Ay x PA6wb) where A is the reaction

the DNA strand of the RiD,4 substrate on the Rho helicase. amplitude,A, is the initial fraction of productive Rhesubstrate
Reactions were performed under standard single-cycle conditionscomp|exesp is the enzyme processivity, antiG, is the energy
with the following modifications: théP-labeled strand is the; R of RNA—DNA hybrid formation (in kcal/mol). Open circles
transcript shown in Figure 4A; in appropriate samples, streptavidin correspond to the fractions of oligonucleotides that are displaced
(300 nM, final concentration) was incubated with the RNBNA from the RsDaodDaza and RisDaxD2on Substrates in a single
construct containing a biotin moiety linked covalently to one end helicase turnover (see Figure 2B,C). For the trailing.Rnd Dy,

of the DNA strand (Roz”®'D24 Or Ryos*®'D24 substrate) for 10 min - strands, reaction amplitudes were plotted againGhy, values

at 37 °C before addition of the Rho hexamers; the ATP#Mg  corresponding to the full 64 bp-long RNADNA hybrid regions.
initiation mixture also contained an excess of biotirg{ad, final
concentration) to trap free streptavidin. Representative gels (10%. : :
polyacylamide; 0.3% SDS) showing unwinding of the biotinylated IS t‘?o large (-54 A in diameter) to traverse _the 285
R1087B1D,4 Substrate boundi{Strep) or not ¢ Strep) to streptavidin. A-wide Rho central channeR(). Importantly, this conclu-
Incubation times, in minutes, are indicated above gel lanes. The sion holds true whether the biotirstreptavidin complex
biotin and streptavidin moieties are depicted schematically by a remains unaffected by RNADNA unwinding or whether
black diamond and circle, respectively. The graphs show how the g first dissociates streptavidin from the biotinylategh D

position of biotin coupling to the DNA strand affects the amount trand (in thi the steri USi hani i
of substrate unwound during a single cycle of Rho helicase reaction. Strand (in this case, the steric exclusion mechanism applies

Data fits to an equation describing pseudo-first-order kinetics yield t0 Rho-induced disruption of the biotirstreptavidin com-
reaction amplitudes and rates of, respectivel§,5 and~0.3 mim?! plex).
except for the Rs*®'D,4—Strep complex (left graph) for which Multiple Substrate Features Affect the Rho Helicase
= 0.16 0.01 andkops = (0.36 & 0.05) mirr™. ReactionWe have now identified several structural param-
d(A)10 extension, thereby suggesting that the identity of the eters that can modulate the efficiency of unwinding@Biut
residues composing thé-8sDNA tail is unimportant (d(G) containing substrates by the Rho helicase: the length of the
and d(G) tails were not probed because of their likelihood RNA—DNA helix and the distance between ta®utand
to perturb Rho binding to the substrate either directly or hybrid regions 7) as well as the presence of a bulky
through interactions with th@Rut sequence). A biotir appendage to the-gnd of the DNA strand (see above). To
streptavidin complex in place of the-8DNA tail also determine whether other substrate feature(s) may influence
significantly reduced the reaction amplitude (Figure 5, left Rho action, we have collected helicase reaction parameters
graph). Notably, the same biotirstreptavidin complex had  for multiple aRutcontaining RNA-DNA constructs. To
no effect on the helicase reaction when linked to therid facilitate the comparison, constructs wherein the RNDNA
rather than to the'3nd of the DNA strand (Figure 5, right and aRut regions were too close<(l8 nt) or those that
graph). The fact that the position but not the nature of the contained DNA appendages or multiple RNANA helices
molecular appendage modulates the efficiency of RNA  (such as RisDgsRa3 0r Rios® 72%D24 Substrates) were excluded
DNA unwinding (Figures 4B,E and 5) pinpoints to steric from the analysis. The reaction amplitudes and rates were
hindrance as the source of the inhibition. obtained under standard single-run conditions (see Materials
When combined together, the results presented in Figuresand Methods) for 22 distinct substrates. Scatterplots were
3—5 indicate that the effect induced by &s3DNA tail (or then generated to detect potential covariances between
biotin—streptavidin extension) on the Rho helicase is not reaction parameters and quantifiable substrate features
ubiquitous but context-dependent. The data also demonstrat€length, stability of the RNA-DNA helix, and so on). Only
the potential for functional interdependence between mo- two such covariances could be inferred from this analysis:
lecular appendages (such as tHes$SRNA and 3ssDNA a ‘processivity-like’ dependence of reaction amplitude on
tails) or adjuncts (such as streptavidin) to the NA substrate, hybrid stability (> = 0.49,p < 104 Figure 6, left graph)
a feature that may have important implications for biological or length R = 0.47,p < 107 data not shown) and, more
regulation of the Rho enzyme. On the other hand and surprisingly, a positive linear correlation betwelegs and
regardless of the reaction efficiency, the fact that a DNA the distance between theRut and RNA-DNA hybrid
strand bearing a biotinstreptavidin complex at its'&nd regions R = 0.67,p < 104 Figure 6, right graph). Despite
can be removed by Rho (Figure 5) supports a steric exclusiongood statistical significancep < 10~4), these relationships
mechanism for helicase action. This is because streptavidinfailed to explain substantial amounts of the variances in the



5892 Biochemistry, Vol. 45, No. 18, 2006 Walmacq et al.

dependent variables (30 and 50% for reaction rates anda protruding appendage to the DNA&hd may also favor
amplitudes, respectively). This is illustrated by the residual Rho helicase activity in some cases (see Results and Figure
dispersion of the data points around the curve fits (Figure 3B), the enzyme can efficiently dissociate DNA strands fully
6) and suggests that other, as yet unrecognized, features opaired to the transcript substratg {7, 8, 42). At present,
the substrates also control in part the efficiency of the Rho the structural origins for this difference in unwinding
helicase. efficiency remain obscure, especially if one assumes a
commonality of mechanism between Rho and hexameric
DISCUSSION DNA helicases (see above) and considers the similar sizes
A Steric Exclusion Mechanism for the Rho Helicase. (20—30 A) of their ring interior holes 3, 21). Among
Previous biochemical work has established that the Rhopossible explanations is the fact that the functional Rho
hexamer encircles its transcript substra?, (24, 26), a hexamer may have an interior hole significantly smaller than
topological feature that is compatible with the various strand- was reported for its ‘notched’ crystallographic isoforgi).
exclusion models proposed for ring-shaped helica3esr( Alternatively, NA helices with strong A-like characters such
addition, we now show that RReRNA contacts are impor- ~ as the RNA and RNADNA targets of the Rho helicase
tant for the transduction of Rho helicase action and/or may exhibit sufficiently large hydrodynamic diameters (up
stability of the transient Rhesubstrate complexes. Indeed, to 30% more than for B-DNA) for direct steric exclusion
the presence of a nick in the RNA strand precludes from the hexamer center hole.
unwinding of a reporter RNADNA helix located down- In some instances, the presence of a sSsSDNA tail can also
stream from the nick (Figure 1). This effect is comparable have a strong deleterious effect on the efficiency of substrate
to the inhibition of prototypical hexameric DNA helicases unwinding by the Rho helicase {§£ "D, substrates; Figure
by a nick in the ‘translocating’ (loading) DNA stran@2— 4). This inhibitory effect, which has never been observed
34). Thus, for the two types of enzymes, one of the NA with another ring-shaped helicase (activation of DnaB
strands is involved in critical interactions during both the unwinding by a 3'-ssDNA arm is downgraded for arm’s
loading and translocation steps. On the other hand, Rho-lengths over 25 nt, however; see B, is likely to have a
directed unwinding of RNADNA substrates was not steric origin. Indeed, in the 3# "D, substrates, the putative
affected by nicks in the ‘nontranslocating’ (displaced) DNA C-rich loading site (encompassing the mininaRut se-
strand (Figure 2 and data not shown). Although comparable quence) and the RNADNA helix are juxtaposed (Figure
results were obtained with the replicative Mcm helicase from 4A) instead of being far apart from one another (as in the
Methanobacterium thermoautotrophicmstMcm), a nick in R157°T"D,4 substrates; Figure 3). Although this juxtaposition
the displaced DNA strand inhibited unwinding of down- does not affect Rho loading onto the substrate (Figure 4D
stream DNA by the DnaB (fronThermus aquaticysand and Table 1) nor unwinding of the baredgD,4 helix (Figure
eukaryotic Mcm counterparts32, 34). Thus, Rho also  4B), the presence of a molecular appendage to thsttand
exhibits reactivity features distinct from those of model may hinder the formation of a fully productive (or adequately
hexameric DNA helicases (note that we now know that the processive) Rhosubstrate complex (Figures 4C,E and 5).
mtMcm helicase assembles into a double-ring structure andWe note that shortening (to 10 nt) the single-stranded spacer
probably utilizes a distinct mechanism; #8). At the same between theaRut sequence and the RNADNA helix
time, the path of the RNA strand within the Rho hexamer induces a similar reduction of the reaction amplitude without
(22, 24, 26), Rho asymmetric interaction with the two strands affecting the affinity of Rho for the substrat&)( This
of an RNA—DNA hybrid (this work), as well as the enzyme previous result could also be explained by interference of a
capability to displace heterologous roadblocks such as NA sterically inappropriate element (i.e., the RNEBNA helix
oligonucleotides, a DNA strand protected by a bulky bietin ~ being too close to the Rho loading site) with a productive
streptavidin ‘bumper’ (see results and Figure 5), or large isomerization of the Rhesubstrate complex early on the
nucleoprotein complexes (the biological TEC target;2ef  reaction pathway (i.e., first step shown in Figure 7; see also
M. Boudvillain and A. R. Rahmouni, unpublished results), below). Moreover, the nature of the interfering factors (short
all are characteristics congruous with a strand-exclusion single-stranded spacer, ssSDNA tail, or bietstreptavidin
mechanism J). Thus, both Rho and hexameric DNA complex) implies that such an activation step would require
helicases appear to rely on the same general mechanism ofubstantial spatial freedom and, hence, trigger significant
steric exclusion. This might have been imposed simply by a conformational changes within the Rhsubstrate complex.
similar quaternary organization and/or may be due to cryptic Consistent with this proposal, biochemical and structural data
elements of selective pressure common to the transcriptionsuggest a sequence of conformational rearrangements for
termination and replication processes. formation of a productive Rhetranscript complexZ1, 51,
Mechanistic Differences between Rho and Hexameric DNA52). In this mechanism, inactive open Rho conformers
HelicasesAll ring-shaped helicases may progress along their interact initially with the transcripRutsequence through their
loading NA strand by pulling it actively into their central primary binding sites. This interaction drives the transcript
channel g, 3, 49). At the same time, specimens such as DnaB downstream section toward the hexamer center where RNA
or the eukaryotic Mcm use the ssDNA tail fronting the contacts to the Rho secondary binding site subsequently
complementary strand (or another physical protuberance sucttrigger ring closure and activate ATP hydrolysis. We note
as a biotin-streptavidin complex) as a molecular fulcrum that, in the case of replicative helicases, similar multistep
to effect strand separation. In the absence of such a moleculapathways have been proposed for formation of productive
appendage, both strands remain associated and are engulfeghzyme-substrate complexes (reviewed in red§, 53).
together within the helicase ring (translocation without Although the organization of the primary binding si&0(
associated unwinding activity; re82—34 and50). Although 21) makes Rho unique in its initial recognition of specific
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Ficure 7: Schematic of the postulated Rho unwinding mechanism. The-Biiostrate complex (ES) is slowly activated (wWithr Kop9

and then transformed into successive intermediate isoformis,(l.., I—1) wherein the RNA-DNA hybrid is increasingly unwound (with

ks > kj) until it collapses irreversibly (EP state). A fraction of Rhgubstrate complexes dissociates at every step so that not alFHRNA

DNA hybrids can be unwound under single-turnover conditions. Although Rho translocation along the single-stranded spacer between the
aRutand RNA-DNA regions is not formerly represented, it may also occur through discrete steps. In this respect, it should be stressed that
none of the steps depicted in the figure represent actual elementary reactions &8peSwfilarly, the molecular details of Rho activation
(initiation step) may differ from the ones shown, and one or several reaction steps may be reversible.

single-stranded RNA targets (thRut sites), replication controlled by a slow initiation step (which may, however,
auxiliary factors such as primase domains, either provided include helicase positioning in front of the RNANA helix)
in trans (e.g., T4 gp61) or fused to the helicase domain (asis supported by experiments performed with thelBRD 424
for T7 gp4), may also help loading of replicative helicases RisDa21D22n, and RsD22dD20n substrates wherein both the
in a comparable way2{, 53). In summary, our results leading and trailing DNA strands are released without delays
suggest that Rho, as other hexameric helicases, effects actualnd at the same rate (Figure 2 and data not shown).
NA unwinding by a steric exclusion mechanism. However, Interestingly, the rate of this kinetic-limiting step (as
even in the absence of a protruding appendage, the respectiveepresented b¥k.,9 appears to depend, at least in part, on
shapes and dimensions of the Rho channel and NA targetthe position of the reporter RNADNA helix with respect
(RNA or RNA—DNA helix) permit efficient exclusion of  to theaRutloading site (Figure 6). This positive correlation
the displaced strand in most cases. Rho also slightly differsis consistent with the proposal formulated above whereby
from its ring-shaped homologues by its specific mode of formation of a productive Rhesubstrate complex involves
substrate recognition which, however, likely includes a large conformational rearrangements and therefore requires
similar multistep pathway towards the formation of a fully substantial spatial freedom. It follows from these observations
productive enzymesubstrate complex. that productive isomerization of the Rheubstrate complex,
Formation of a Productie Rho-RNA Complex Is a  as schematically depicted in Figure 7 (initiation step), likely
Crucial Rate-Limiting Eent. Single-turnover unwinding  represents the rate-limiting step of our helicase reactions.
experiments can provide useful insights on the translocationWe note that for all Rho helicase experiments reported to
mechanism and processivity of an helicasd)( Because date (with substrates derived from thecherichia colirpt,
every helicase molecule dissociating from the NA substrate Acro gene products or fromRutcontaining transcripts; refs
is captured and inactivated by ‘trap’ molecules, the amplitude 5—8, 42, 43, 55, 56) kosvalues are of comparable magnitude
of a single-run reaction is directly related to the fraction of (when corrected for temperature differences), and reaction
productive helicasesubstrate complexes formed initially as progress curves do not exhibit lag phases that would be
well as to all the helicase release events that occur beforeindicative of kinetic control by events made of multiple
irreversible separation of the NA strands (i.e., when too many repeated steps (such as helicase translocation and NA
bp have been open to leave a stable helix). We observedunwinding). Thus, a Rho helicase activity that is rate-limited
previously that the amplitudes of Rho helicase reactions tendby a slow initiation step may hold true for a broad range of
to diminish when the length of the RNADNA hybrid is experimental conditions. Formation of a RHRNA complex
increased withiraRutcontaining substrated). Using clas- competent in ATPase activity appears to occur on a much
sical analysis, we deduced that Rho unwinds RNDWA faster time-scalekfcivaion > 180 mirm! at 18 °C; ref 52).
regions in a succession of moderately processive discreteThis difference may be due to the utilization of an ‘over-
steps, so that, on average,~680 hybrid bp are unwound potent’ RNA cofactor (poly(rC)) in the ATPase experiments
before dissociation of the enzymeubstrate complex7}. (52). Alternatively, the Rhe-RNA complex may need to
Because the reaction kinetics were hardly sensitive to theundergo further rearrangement(s) before acquiring full me-
hybrid length, the size of the elementary translocation stepschanochemical competence (this latter initiation step(s) would
could not be resolved kinetically. For the same reason, we then control kinetically the helicase reaction). Whether and
also concluded that hybrid unwinding is rate-limited by a how these observations may translate in vivo in the context
slow reaction event distinct from the unwinding stes ( of transcription termination remain a matter of speculation.
A simple mechanism that is compatible with these observa- However, it is noteworthy that kinetic control early on the
tions is depicted schematically in Figure 7. In this mecha- reaction pathway would facilitate oversight by transcription
nism, the conversion of the Rhsubstrate complex into an  auxiliary factors and/or shutoff of unwanted termination
active isoform [(ES) precedes a succession of fast unwind- events before any harm is done to the working TEC.
ing steps until the RNADNA hybrid is completely dis- Idiosyncratic Rho Helicase Responses to Substrate Com-
rupted. The fact that the overall process is kinetically position.Before each elementary unwinding step, some Rho
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hexamers dissociate from the substrate rather than reiteratéechnical assistance, as well as M. Kashlev, F. Boccard, and

unwinding (Figure 7), so that the longer the RNENA
helix, the smaller the fraction of hybrids that end up unwound
under single-run conditions’). In accord with this mech-
anism, Rho displaced the trailing;f2 oligonucleotide from

the Ris/D22D424 SUbStrate in lower amounts than the leading
D,2a strand (Figure 2B). Yet, with the other composite
substrate (RD420D221), the two contiguous oligonucleotides
were removed in comparable proportions (Figure 2B). To
understand this discrepancy, one can use the wealth of
experimental data that has now been collected with various
aRutcontaining substrates (this work; réf C. Walmacq,

A. R. Rahmouni, and M. Boudvillain, unpublished results).
As shown in Figure 6, there is a significant variability of
the amplitude of the helicase reaction for a given hybrid
stability (or size; data not shown). This variability alone could
account for the differential results obtained with the com-
posite Rs/D22dDa2a and RsD42pDoop Substrates. In effect,
each oligonucleotide is released from these substrates in
amounts (Figure 6, open circles) that lie well within the limits
of the experimental data set.

Aside from standard error deviations, the variability of the
reaction amplitude observed for a given hybrid size (or
stability; Figure 6) could stem from idiosyncratic helicase
responses to specific experimental features. For instance,
poly(rC), which is used as a Rho trap in single-run helicase
experiments, can boost the efficiency of the Rho helicase
under particular conditiong). Features more specific to the
substrate are also known to affect Rho helicase action. This
is notably the case of structural determinants such as the
composition (RNA or RNA-DNA) of the reporter helix§),
its distance from the Rho loading sit&)( or the global
secondary and/or tertiary structure of the constrd8}.(The
data obtained with the forked RNADNA constructs (Fig-
ures 3 and 4), which have not been included in the analysis
of the reaction amplitude (Figure 6), now provide another
compelling example of Rho idiosyncratic reactivity to the
structure of the substrate. We note, however, that this
property could significantly complicate the evaluation of Rho
processivity as variations of the amplitude of the helicase
reaction may not be linked merely to changes of the length
of the reporter hybrid. Thus, even though our initial estima-
tion of Rho processivityR = 0.985/bp, which was obtained
with an homogeneous set of substrates; se@)rebes not
seem much affected by the greater heterogeneity of the
expanded data seP (= 0.987/bp or 0.992 mol/kcal; Figure
6 and data not shown), Rho may in fact, depending on
context, significantly deviate from such average behavior.
Structural features of the Rho substrate may also affect the
fraction of productive complex formed initially, as suggested
by results with the R:°™"D,4 substrates (see above and
Figure 4). Either way (modulation of the complex’s produc-
tivity or processivity) offers an attractive mechanistic solution
for regulation of Rho function through ‘sensing’ of the
structure of the substrate. However, whether and which of

these solutions is involved in vivo in the various modes of 20

structural and factor-dependent modulation of Rho-dependent
termination of transcription2 57) await further analysis.
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