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ABSTRACT. To terminate transcription i&. coli, Rho protein binds an RNA loading site on the nascent
transcript, translocates5 3' along the RNA in an ATP-driven process, and, upon reaching the transcription
elongation complex, brings about RNA release. Thus, the Rho-dependent termination process can be viewed,
in part, as a kinetic competition between the rate of transcript elongation by RNA polymerase (RNAP)
and the rate of Rho translocation along the nascent transcript. In the context of this model, NusG, which
is an essentiak. coli protein, regulates Rho-dependent termination in an apparently paradoxical way,
increasing the rate of transcription elongatiorEofcoli RNAP in the absence of Rho while also shifting

the sites of Rho-dependent termination upstream on the template. Here we investigate the regulation of
Rho-dependent termination by NusG. Analytical ultracentrifugation was used to establish the existence
of a stable complex of NusG and Rho and to demonstrate a stoichiometry of one NusG monomer per Rho
hexamer. Surface plasmon resonance was used to examine the kinetics of the formation and dissociation
of the NusG-Rho complex, yielding an association rate constégy) ©f 2.8 (0.8) x 1 M~1s™1 a
dissociation rate constarkf) of 3.9 ¢-0.7) x 1073s71, and a calculated equilibrium (dissociation) constant

(Kg) of 1.5 (0.3) x 10°8 M. The apparent stability of the Nus&@kho complex is insensitive to changes

in salt (potassium acetate) concentration between 0.05 and 0.15 M. The translocation and transcription
termination activities of Rho at saturating NusG concentrations were, however, both sensitive to salt
concentration over this range, suggesting that these activities do not directly reflect the stability of the
NusG—Rho complex. Rho-dependent termination could be demonstrated for transcription complexes in
which E. coli RNAP had been substituted by either bacteriophage SP6 or T7 RNAP. NusG, however,
was not active in transcription termination assays with either of these phage RNAPs. Thus, we conclude
that NusG modulates Rho-dependent termination by interacting specifically with the RNAPEf¢hk
elongation complex to render the complex more susceptible to the termination activity of Rho.

Transcription termination occurs B coliby two separate  along the DNA template, and that termination occurs when
pathways. In intrinsic termination, the elongation complex Rho “catches up with” the elongation complex. In its simplest
responds directly to transcribed signals on the DNA template. aspects, this view of Rho action is sometimes called “kinetic
The efficiency of the intrinsic termination process can be coupling” (e.g., se€).
modulated by protein regulators, but no additional factors The actual mechanism must have additional elements,
are required to manifest the basic termination response (forsince it is clear that at some template positions, at which the
a recent review, seb). In contrast, Rho-dependent termina- elongating RNA polymerase (RNAPpauses for significant
tion requires the function of Rho protei®)( Current models  lengths of time, Rho does catch up with the elongation
typically divide the basic mechanism for Rho function into complex without bringing about significant termination. This
the following three stages: (i) a Rho hexamer binds to an argues that a simple kinetic competition model is not
“unstructured” loading site on the nascent RNA, (ii) Rho sufficient to explain the termination activity of Rh8,(9).
translocates, '5> 3, along the RNA transcript in an ATP-  Furthermore, of the three stages of Rho-dependent termina-
driven reaction; and (iii) Rho reaches the transcription tion listed above, the details of the last stage (i) are least
elongation complex and triggers release of the RNA tran- well understood, although it is clear that a major component
script (for reviews, see—6). These basic models thus of Rho-dependent transcription termination activity involves
suggest that Rho travels along the nascent RNA, “chasing” the function of Rho as an RNADNA helicase to release
the elongation complex that is moving in the same direction the nascent RNA from the transcription compléx<13).
NusG is an essentidE. coli protein (4) which was
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enhancing activity15). NusG alone can accelerate somewhat
the rate of elongation dE. coli RNA polymerase along the
DNA template in vitro and in vivo16, 17. This factor also

appears to be required for the function of some Rho-

dependent terminators in vivdl§) and in vitro (9). In
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sequence and the associated translation stop codon. This
DNA fragment was cloned into pET11a (Novagen) between
theNdel andBanH | sites, creating pET11a/NusG. Inserts

in isolated plasmids were sequenced to confirm their ac-
curacy. BL21(DE3) cells were transformed with pET11a/

addition, NusG can promote Rho-dependent termination atNusG and grown, with shaking, to an @pgof 0.5 in a final

upstream template position2(Q, 21) as well as at Rho-

volume d 4 L of LB medium with 100 mg/mL ampicilin at

dependent termination positions observed in the absence of37 °C. IPTG was added to a final concentration of 1 mM,

NusG (9. It has, however, remained unclear at which stage-

and the cells were grown for an additional 3 h, harvested by

(s) of the Rho-dependent termination process, and how, NusGcentrifugation for 10 min at 50@f) and stored at-70 °C.

acts to stimulate upstream termination.

The transformed cells were resuspended at 10 mL/g in

To investigate these mechanistic issues, we have herdysis buffer (20 mM Tris-HCI, pH 7.8, 3 mM EDTA, 1 mM
examined the interactions of NusG with the other proteins DTT, 100 mM NaCl, 20 mg/mL PMSF), lysozyme was

involved in Rho-dependent termination. Utilizing analytical

added to 0.2 mg/mL, and the cells were incubated for 10

ultracentrifugation, we have demonstrated that Rho and NusGmin at 22°C, and then for 20 min on ice. All of the following

form a stable and specific binary complex with a stoichi-

steps were performed at 4C, unless otherwise noted.

ometry of one NusG monomer per Rho hexamer. By means Sodium deoxycholate was added to a final concentration of
of the more sensitive surface plasmon resonance technique0-06% (w/v), and the resulting solution was incubated for

we also have measured the rate constaitsand ko) for

20 min. NaCl was added to 0.3 M, and the lysate was

the binding of NusG to the Rho hexamer, and from these sonicated 4 times for 15 s at 2Z, with 3 min on ice

parameters have determine&avalue of 1.5x 1078 M for
the binary complex. We also have shown tkatand Ky

between sonication treatments. Polymin P was added drop-
wise, with stirring, to a final concentration of 0.6%, after

are not sensitive to changes in salt concentration (KOAc) Which the lysate was incubated for 20 min and centrifuged

between 0.05 and 0.15 M.

To relate these physical findings to the biological activity
of NusG, we have analyzed the products of in vitro
transcription termination reactions with purified components
over the same range of KOAc concentrations, taking

at 1200@. Ammonium sulfate at 50% of saturation was
added to the supernatant dropwise, with stirring, and
incubated for 30 min. The lysate was centrifuged for 20 min
at 1200@ and the pellet resuspended in 30 mL of buffer Q
(10 mM Tris-HCI, pH 7.8, 1 mM EDTA, 1 mM DTT, 5%

advantage of the fact that increasing the concentration of9lycerol). The lysate was then dialyzed againsi4l L
salt over this range results both in slowing the translocation changes of buffer Q for a total of 16 h and spun at 12000

rate of Rho along the transcript and in lowering the apparent @hd the supernatant was pumped onto a Q-Sepharose

processivity of this proces®2). Quantitative analysis of

(Pharmacia) column (2.6 cm diameter, 9 cm height) at 13

termination reaction products shows that NusG promotes theML/h. NusG was eluted with a linear-200 mM NaCl
upstream shift of Rho-dependent termination over the entire 9radient in buffer Q at 22 mL/h, and 20 of each 3 mL
0.05-0.15 M salt concentration range, but does not overcome fraction were loaded on 15% Laemmli polyacrylamide gels

the effect of salt on the rate and processivity of the

translocation of Rho along the nascent transcript. In addition,

we have confirmed20) that NusG does not perturb Rho

(23) and stained with Coomassie Brilliant Blue R-250
(Sigma) after electrophoresis.
Fractions containing NusG were pooled, NaCl was added

helicase assays that are performed in the absence of RNAPY 0.5 M, and the solution was chromatographed on a Bio
Finally, we present experiments with elongation complexes G€l A 5m (BioRad) column (3 cm diameter, 90 cm height)

containing either T7 or SP6 RNAP and show that Rho

exhibits termination activity with these phage polymerases.

Unlike Rho-dependent termination i coli, however, Rho-

at 25 mL/h. Five milliliter fractions were collected in the
same buffer and analyzed as above. Fractions containing pure
NusG were pooled, precipitated with ammonium sulfate,

dependent termination with the phage polymerases is not'@suspended in 10 mL of 20 mM Tris-HCI, pH 7.8, 200 mM

perturbed by NusG.

Taken together, these findings show that a specific and
stable complex forms between NusG monomers and Rho
hexamers during the transcription termination process, but
that the functional activity of NusG in this process depends

on a direct and specific interaction of NusG with the RNAP.

Based on these results and others in the literature, we propose

a model describing the effect of NusG on the elongation
complex by coupling through a ternary Nus@ho—RNAP
complex.

MATERIALS AND METHODS

Cloning, Expression, and Purification of NusBrimers
for the polymerase chain reaction (PCR) with Pfu DNA
polymerase (Stratagene) were designed u&ngoli K12
nusGsequence informatioriLg), forming a genomic DNA
template that contains the entineusG protein-coding

NacCl, 0.2 mM EDTA, 0.2 mM DTT, and 5% glycerol, and
dialyzed against this buffer as described above. Glycerol was
added to 55% to complete the NusG storage buffer, and the
protein was stored in 1 mL aliquots at70 °C or after
thawing at—20 °C. The yield of purified NusG protein from

10 g of wet cell pellet was 108 mg.

Analytical Ultracentrifugation.Storage buffers were ex-
changed, using Biospin P-6 columns (BioRad), for a buffer
containing 20 mM Tris-HCI (pH 7.8), 0.1 mM EDTA, 5 mM
Mg(OAc),, 1 mM DTT, and 100 mM KOAc. All the
ultracentrifuge runs were conducted at°ZDin a Beckman
model XL-1 Analytical Ultracentrifuge with an An-60 Ti
rotor, and the progress of the sedimentation process was
monitored by light absorption at 229 or 280 nm. Velocity
sedimentation experiments were run at 45-060 000 rpm

for 4—6 h in cells equipped with double-sector centerpieces,
using 0.3 mL volumes of protein solution and 0.31 mL of
buffer as the reference solution. Sedimentation data were
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analyzed after the proteins had cleared the meniscus. VanRNA samples were subjected to electrophoresis at 50 W for
Holde—Weischet data analysi24) was performed usingan 2 h. Gel slices containing treated poly(rC) fractions that ran
Ultrascan 2.0 (gift of B. Demeler, University of Texas, San between the markers were cut, crushed, and soaked in 10
Antonio) in a Microcal Origin 3.78 program (Beckman). The mM HEPES (pH 7.9) for 20 h at 4C. The resulting solution
time-derivative data analysi®®) was performed using a was then chromatographed on a C-18 SEPPAK column
Dcdt 60 program (gift of W. Stafford, Boston Biomedical (Waters) and eluted with 100% methanol. The RNA oligo-
Research Institute). Simulations of velocity sedimentation mers obtained were dried in a speed-vac, resuspended in
experiments were carried out using Ultrascan 4.0 (gift of B. water, precipitated from ethanol containing 0.3 M NaOAc
Demeler, University of Texas, San Antonio). The Sednterp (pH 7.0), collected by centrifugation at 14@pfor 20 min,
program (gift of D. Hayes, Magdalen College, T. Laue, washed with 80% ethanol, dried, resuspended in water, and
University of New Hempshire, and J. Philo, Amgen) was stored at—80 °C. A 0.62 mg sample of oligo(rC) in this
used to calculate the partial specific volume of the proteins, size range (designated g4C110) was obtained from 50 mg
and the viscosity and density of the solutions. of mixed-length input poly(rC).

Equilibrium sedimentation experiments were run af€0 RNA Molecular Weight Standard&.plasmid carrying the
and 25 000 or 30 000 rpm for &4 h in cells equipped trp t' terminator downstream of an SP6 or T7 RNA
with six-channel centerpieces, using 0.10 mL volumes of polymerase promoterlp) was subjected to restriction
protein solution and 0.11 mL of buffer in the reference cell. enzyme cleavage at several different positions and transcribed
The Match 7.0 program (gift of D. Yphantis, University of in vitro. The resulting promoter-dependent RNA sequences
Connecticut) was used to establish that equilibrium had beenof 85, 118, 133, 151, 166, 196, 243, 255, and 276 nt should
reached in each run. Data were analyzed using the WinNon-be identical to those obtained in the termination reactions.
Lin 1.06 program (gift of D. Yphantis, M. Johnson, and J. These “calibration RNAs” were resolved using denaturing
Lary, University of Connecticut). Global analysis of seven gels, and the resulting mobilities were plotted against the
or eight different sample concentrations was performed. known molecular weights as a semilog plot (data not shown).

Surface Plasmon Resonan&speriments were performed  The results fit well to a straight line using the KaleidaGraph
at 20°C using a Biacore model X surface plasmon resonance version 3.0.4 program (correlation coefficieRt = 0.994),
apparatus. The running buffer was identical to that used in permitting us to use the resulting empirical linear equation
the analytical ultracentrifugation experiments, except that the (y = 5.357— 0.069%) to determine the molecular weights
concentration of KOAc was varied between 50 and 150 mM of the RNA transcripts produced in the termination reactions.
(as described in the text), and 20 mM HEPES (pH 7.9) was Transcription Reactionslhe E. coli RNAP transcription
used instead of 20 mM Tris-HCI (pH 7.9) because Tris template contained the T7A1 promoter, thecoli trp t Rho
buffers sometimes give erratic signals in the Biacore (D. loading site, and th&p t' terminator region [same as thée Pt
McMillen, University of Oregon Biotechnology Laboratory, template used by Zhu and von Hipp&)j¢ SP6 and T7
unpublished). All reagents, except for proteins and running RNAP templates were constructed using PCR amplification
buffers, were obtained from Biacore. A total of 56800 with Pfu DNA polymerase (Stratagene), the appropriate
RU of NusG were immobilized on the surfaces of CM5 promoter sequences, and downstream sequences identical to
chips, using NHS N-hydroxysuccinimide)/EDCN-ethyl- theE. colitemplates. Taq DNA polymerase and dATP were
N'-(3-diethylaminopropyl)carbodiimide] amine coupling chem- used to add an A residue to each DNA fragment at the 3
istry according to the manufacturer’s guidelines. Solutions end, and the resulting products were cloned into a pGEM
containing Rho hexamers with §£110 (See below) were  T-easy vector (Promega). Transcription initiation (stalled
introduced into the flow cells at 10, 50, or @Q/min, and elongation complex formation) reactions contained 20 mM
binding was monitored by changes in the refractive index Tris-HCI (pH 7.8), 0.1 mM EDTA, 5 mM Mg(OAg) 1 mM
of the solution near the surface of the chip on which NusG DTT, 5% glycerol, 50 mM KOAc, 2&M each of ATP, CTP,
had been immobilized. Regeneration buffers containing 10 and GTP (Sigma), 100M ApU [adenylyl(3 — 5')uridine]

mM acetate (pH 5.5) and 0.5 M KOAc were applied to the (Sigma), 0.15uM [a-2?P]ATP or [0-3?P]CTP (NEN, 3000
flow cells for 1 min. Experimental results were fit to a simple Ci/mmol), 40 nM DNA template, and 80 nM RNA poly-
1:1 binding model for the interaction of NusG monomers merase. Reactions were incubated for 5 min at@G0The
and Rho hexamers using a nonlinear least-squares algorithn8P6 and T7 RNAPs were from Promeda; coli RNAP
provided by the manufacturer. In each experiment4 8lata holoenzyme was purified by S. Weitzel of our laboratory as
curves were fit globally. Experiments were repeatec43  described in Burgess and Jendris@6)( except that the
times. Biorex 70 chromatography step was omitted.

Size Fractionation of Poly(rC)Solutions (3-4.5 mg/mL) Transcription elongationtermination reactions witlk.
of mixed-length poly(rC) (Pharmacia) were treated with 0.1 coli RNAP contained final concentrations of 20 mM Tris-
M NaHCO; (pH 10.0) at 90°C for 10 min, followed by 5 HCI (pH 7.8), 0.1 mM EDTA, 5 mM Mg(OAg, 1 mM
min on ice at the same pH, to produce an appropriate DTT, 5% glycerol, 56-150 mM KOACc (as described in the
distribution of oligo(rC) fragments of shorter length. Solu- text), 1 mM NTP, 50ug/mL rifampicin (Sigma), 100 nM
tions were then brought to neutral pH with concentrated HCI Rho hexamers (a generous gift of K. Walstrom of our
and loaded onto 30x 20 x 0.1 cm denaturing 15% laboratory, purified as described ¥?) or an equal volume
polyacrylamide/bisacrylamide (1:29 M urea, 1x Tris— of Rho storage bufferlQ), and NusG (as described in the
borate-EDTA gels. RNA markers 85 and 110 nt in length text) or an equal volume of NusG storage buffer (described
containing sequences from the coli trp t gene were under Cloning, Expression, and Purification of NusG).
prepared by runoff transcription reactions with T7 or SP6 Elongation-termination reactions with SP6 or T7 RNAP
RNA polymerase and loaded beside the poly(rC) RNAs. The contained final concentrations of 20 mM Tris-HCI (pH 7.8),
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Ficure 1: Analysis of NusG by analytical ultracentrifugation. (a) Van Heltléeischet analysis of a velocity sedimentation experiment.
A 5 uM solution of NusG was subjected to velocity sedimentation at 52 500 rpm for 6 h, and the sedimentation process was monitored by
UV absorbance at 229 nm (see Materials and Methods). The boundary was divided into 20 segments, and the sedimentation coefficient in
each segment was calculated. Data were fit using a linear least-squares routine and extrapolating to infinite time. The intercept of each line
with the y-axis indicates the diffusion-corrected sedimentation coefficient in that part of the boundary. (b) Distribution of the diffusion-
corrected sedimentation coefficient along the sedimentation boundary in the velocity sedimentation experiment sho®adausg the
sedimentation coefficient did not vary along the boundary, this plot is interpreted to indicate that NusG exists as a homogeneous protein
with an s, 20 of 1.9 S under these conditions. (c) Equilibrium distribution of NusG concentration as a function of distance along the axis
of sedimentationA 10 M solution of NusG was subjected to equilibrium sedimentation at 30 000 rpm for 20 h, and sedimentation was
monitored by light absorption at 280 nm (see Materials and Methods). The circles represent the experimental data, and the solid curve is
fitted to a simple monomer model with no higher association states. The residuals representing the deviation of the experimental data from
the model curve are shown above the graph along the seamés; but with a 50-fold expanded y-axis.

Sedimentation coefficient {SW

0.1 mM EDTA, 5 mM Mg(OAc), 1 mM DTT, 5% glyceroal, constant of 10.240.2) S measured previously by Geisel-
40 uM each of CTP, GTP, and UTP, 1 mM ATP, 8 mM mann et al. 28) under similar buffer and temperature
DNA template trap (see text), 100 nM Rho hexamers or Rho conditions. This good agreement with previous measurements
storage buffer, and NusG (as described in the text) or NusGis significant, because many of the earlier physical chemical
storage buffer. Equal volumes (typically/8.) of stalled Rho studies from this laboratory had been performed with a
elongation complexes (described above) and termination mix Rho overexpression protein that was subsequently found to
were combined; reactions were incubated for 5 min at 30 carry an E155K mutation30), whereas the present studies
°C and quenched by the addition of an equal volume (10 were performed with protein expressed from the wild-type
uL) of loading buffer (85% deionized formamide, 20 mM sequence. Thus, this finding can be added to previous
EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol). measurements that have shown that most (though not all) of
Reactions were boiled for 4 min and loaded on denaturing the physical properties and enzymic activities of Rho are
15% polyacrylamide (1:29 acrylamide/bisacrylamide), 8 M identical for the wild-type and mutant protein30(and K.
urea, 1x Tris—borate-EDTA gels. Walstrom, J. Dozono, and P. H. von Hippel, manuscript in
preparation).

RESULTS To investigate the solution properties of NusG, sedimenta-
Analytical Ultracentrifugation of Nus6Rho Complexes.  tion velocity experiments were performed on a pure protein
Binding interactions between Rho and NusG were initially preparation under the same buffer and temperature conditions
detected by an affinity chromatography approach in which used in the experiments with Rho alone. A representative

a crudeE. coli extract was applied to a column of tethered Van Holde-Weischet analysis2d) of these NusG data is
NusG. Rho was the only protein bound in detectable presented in Figure 1a. This method of analysis is useful
quantities 7). Since this interaction might be crucial to the because it eliminates the effect of diffusion on the boundary
role of NusG in Rho-dependent termination, we have by extrapolating the apparent sedimentation data measured
characterized it further. We first used analytical ultracen- on each section of the boundary to infinite time (this works
trifugation to confirm the physical parameters of Rho that because diffusion-driven transport rates vary in proportion

had been previously described by Geiselmann ef8l.29. to t2, while sedimentation transport rates are directly
Velocity sedimentation experiments were analyzed by the proportional tot).
Van Holde-Weischet 24) and time derivative method2%). In the Van Holde-Weischet method, the sedimenting

At 20 °C and in Rho concentrations (in Rho monomer units) boundary is typically divided into 2670 segments, and the

of 10—20 uM, in buffer containing 20 mM Tris-HCI (pH  y-axis intercept of a least-squares linear fit to the apparent
7.8), 0.1 mM EDTA, 5 mM Mg(OAc), 1 mM DTT, and sedimentation coefficient of each boundary segment yields
100 mM KOAc, Rho forms a homogeneous solution the diffusion-corrected sedimentation coefficient for that
characterized by a sedimentation coefficient of 10.3 S (databoundary segment. Convergence of the extrapolated lines
not shown). This value is consistent with the sedimentation for the various segments to a single value nearythgis is
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diagnostic of a homogeneous solution, because such a sample 0.7
should yield the same sedimentation coefficient as a function

of time in all parts of the boundanB{(). Figure 1b shows 0.6
the distribution of the diffusion-corrected values ®f2o
across the sedimenting boundary. Figures 1a and 1b strongly
argue that NusG forms a homogeneous solution, as judged
by the distribution plot. Analysis of 12 samples of NusG,
ranging in (monomer) concentration from 4 to 2Bl and

run at rotor speeds of 45 06@0 000 rpm, showed that under
these conditions NusG sediments withsgno of 1.9 (1-0.1)

S. The absence of a dependence of the apparent sediment
tion coefficient on the concentration of NusG shows that
nonideality contributions are negligible for NusG in this
protein concentration range.

Equilibrium sedimentation experiments were performed
(see Materials and Methods) to further analyze the solution
properties of NusG. The data obtained were analyzed using
the WinNonLin 1.06 program, and representative results are
shown in Figure 1c. The residuals calculated as a function Radius (cm)
of position in the ultracentrifuge cell are shown above the r; oc 5. velocity sedimentation of Rho and NusG. A solution
data and demonstrate that the deviations between theof 9.4 M NusG and 17.M Rho (concentrations in monomers)
experimental data and the monomer model were small andwas subjected to velocity sedimentation at 52 500 rpnéfo (see
random’ arguing that a Simp|e monomer model fits the data Materials and Methods). Sedimentation was monitored by absor-

well. Six to seven different NusG samples at (monomer) bance at 280 nm. Nineteen scans taken in the first hour of the run
are shown. The faster-sedimenting component contain8éd}

concentrations ranging from 4 to 1/ were fit globally to absorbance unit of Rho and RhblusG complexes. The slower-
yield a weight-average molecular weigh¥l) of 20 700. sedimenting component contained.1 absorbance unit of free
The molecular weight calculated from the amino acid NusG.

sequence is 20 532. We conclude that NusG behaves as a
monomer and shows no evidence of higher association stategable 1: Monomeric NusG and Hexameric Rho Form a Complex

e)

Concen&%nion (absorbanc

6.4 6.5 6.6 6.7 6.8 6.9 7.0 7.1

under the conditions examined. Rho NUSGpound) NUSGpound)
As indicated above, the existence of a complex between (uM hexamers) («uM monomers) (uM monomers)

NusG and Rho had been inferred earlier by affinity column 2.4 2.0 26

chromatography27). Sedimentation velocity experiments éi g.g gg

were performed using mixtures of the two proteins to
characterize this binary complex. Because the sedimentation 2Measured as Nusfa) — NUSGgree), Where NUusGea is the total
coefficients of the Rho hexamer and the NusG monomer are @mnount of NusG present in the analytical ultracentrifuge cell (measured
: in a different cell containing no Rho in the same experiment), and

very different (10.2 S VerSl.JS 1.9 S), we expected that ‘f.jmy NusGgree) is the slower sedirglenting component in the Fc)ell cont;}ning
unbound NusG could _eaS|Iy be resolved from a putative rno and NusG® Measured as RReNUSGeompiey — RhQuoy, and
NusG-Rho complex. Figure 2 shows that two clear bound- expressed in terms of NusG monomers, where -R¥0SGeomplex) IS
aries form relatively early in sedimentation velocity experi- the amount of protein in the faster sedimenting component in the
ments with Rhe-NusG mixtures, as predicted by the analytical ultracentrifuge cell centaining both proteins, and&has
differ.ence in the sedimentati_on cqefficients of the two aemgmgnéookﬁgg %r?ﬁgnst;;;hgxsglrlirggﬁg_surEd in a different cell
species, with the faster sedimenting component almost
reaching the bottom of the cell before the slower component We show that the binding of NusG to the Rho hexamers
had completely cleared the meniscus. By comparing the inputis saturated under the solution conditions used in these
concentrations of NusG and Rho to the amounts of protein sedimentation experiments. As a consequence, these results
present in the fast and slow sedimenting components, wecan only be used to establish an upper limit &L®) for
showed that the fast component contained more protein thanthe equilibrium dissociation constari(y) for the NusG-
could be accounted for by the input Rho, while the slow Rho hexamer complex (the Rho hexamers themselves do not
component contained less protein than the input NusG. Thesedissociate under these concentration conditi@®, The
observations are summarized quantitatively in Table 1. absorbance and interference optical systems of the Beckman

These results are best fit by a model involving the binding XL-1 analytical ultracentrifuge cannot be used reliably to
of a single NusG monomer to a Rho hexamer. We note thatmeasure the distributions of proteins of the sizes of NusG
when Rho forms higher order association states, for example,and Rho at concentrations beloewl00 nM. Therefore, this
at concentrations higher than/M hexamer 28), we no method could not be used to determine an adtydbr the
longer observe the binding of NusG to that Rho fraction, Rho—NusG complex. In addition, because the sedimentation
suggesting that NusG binding is specific and the formation coefficients of Rho hexamer and the NusBho hexamer
of Rho association states higher than hexamers obscures theomplex are very similar, the boundaries representing these
NusG binding site on the hexamer. We conclude that the two components cannot be resolved. Sedimentation velocity
binding stoichiometry data extracted from these velocity simulation procedures (see Materials and Methods) were used
sedimentation experiments are best fit by a 1:6 complex of to model sedimentation distributions of NusG, Rho hexamers,
NusG-Rho monomers. and NusG-Rho hexamer complexes (data not shown). These
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5 121 e A .- - Table 2: Kinetics of RheNusG Complex Formatién

& e : 3 [KOAC]

g o (M) kon(M~*s™%) kot (s7%) Kq (M)
E

200 a Measurements (as described in the text) were repeated 3 times,
S 150 the average value is reported, and the error is the standard deviation.
% 1w
§ 0 to 60 s), Rho hexamers were flowed over the chip and
§ 50 binding was monitored as an increase in the refractive index
0 A of the solution near the surface. After 60 s, the flow of Rho
hexamers was stopped, and buffer was flowed over the chip
0 20 40 60 80 100 120 140 160 surface. The dissociation of the Nus®ho complexes was
Time (sec) monitored as a decrease in the refractive index of the solution

Ficure 3: Kinetics of Rhe-NusG complex formation and dis- near t_he sulrfgces in the 6480 s time window. The binding

sociation. SPR was used to analyze the interaction between Rhodnd dissociation curves for several Rho hexamer concentra-
hexamers and NusG. NusG was immobilized to the surface of the tions were aligned with respect to the time and response axes.
chip in the flow chamber (see Materials and Methods). Solutions Control reactions showed less than 3% of the response

containing 62, 32, 16, and 8 nM Rho hexamers stahilized by 6 obtained with NusG-containing reactions. We attribute these
were introduced into the binding chamber at GOQ/min, as

described in the text. The data were fit to a 1:1 binding isotherm SMall background signals to nonspecific binding of Rho
between Rho hexamers and NusG, and the residuals for the fit areheéxamers to the surface of the chip, and these values were

shown above the data. The residuals fall within the error of the subtracted from the signals obtained with NusG-containing
detector (+2 RU) and are randomly distributed in the association sp|utions before analysis.

and dissociation phases of the experiment. . . S
P P The results were fit to a simple 1:1 binding isotherm for

simulations showed that NusG and Rho hexamers can bethe interaction of NusG monomers and Rho hexamers. A
resolved easily into two distinct boundaries, regardless of honlinear least-squares fitting algorithm provided by the
assumptions regarding the gross molecular shapes of thenanufacturer was used to fit the data globally within each
components (sphere, prolate elipsoid, oblate elipsoid, and€Xperiment. The residual plot of one such fit is shown in
long rod). These simulations also confirmed that Rho Figure 3. Because the noise in the data wag RU, these
hexamers and Nus€Rho hexamer complexes of any residuals fall weII_ within the range of a re_asonable f_|t.
molecular shape cannot be resolved into two species usingMoreover, the residuals were randomly distributed rglatlve
sedimentation velocity experiments. to the time course of the experiment, and thgalues (which
SPR Measurements of the Rate Constants for NUR(® in these experiments simplify to the sum of the residuals
Complex Formation and DissociatiorSurface plasmon  Squared per data point) were consistently lower than 0.3. We

resonance (SPR) methods can be utilized to detect fastconclude thata simple 1:1 binding interaction between NusG

relatively low protein concentrations3?). Because the Measurements were repeatedtimes in solutions with a
refractive index of a solution changes dramatically upon the KOAc concentrations of 0.05, 0.10, and 0.15 M. The rate
addition of macromolecules (proteins or nucleic acids), SPR (kon @nd ko) and equilibrium Kq) constants obtained are
can be a useful tool for the determination of binding kinetics listed in Table 2. For all three salt concentration regimes
between defined macromolecular components (reviewed intested, we obtainekl, values of~10° M~ s™* andko values
33). Here we use these methods to further examine complex0f ~107°s™%, yielding calculatedq values of~1.5 x 1078
formation between NusG and Rho. M.

NusG was immobilized to the surface of a chip as SPR detectors, which have been developed relatively
described under Materials and Methods, and control chipsrecently, are becoming increasingly popular tools for the
received the same treatment except that NusG was omittedanalysis of macromolecular interactions in solution. Conse-
Solutions containing Rho were then introduced into the flow quently, attention has been given to the issue of how well
cell, and binding was monitored by detecting changes in the the data-fitting models describe the real binding situation
solution refractive index near the surface of the chip to which (35). In our system, Rho hexamers are flowed continuously
NusG had been immobilized. Since Rho hexamers canover the immobilized NusG. Therefore, for each Rho
dissociate partially at low protein concentratio@8)( poly- hexamer concentration, the amount of Rho in the flow cell
(rC) was added to the Rho solutions at@fold molar excess  at any time is assumed to be constant. One potential problem
over the Rho hexamer concentrations to maintain Rho in awith this assumption is that if the concentration of Rho
hexameric state under the conditions us&4).(To ensure hexamers in the solution layers located closest to NusG is
that only one Rho hexamer was bound per RNA chain, we depleted faster than it can be replenished by the flow of new
prepared oligomers of poly(rC) that were-8610 nucleotide Rho, the concentration of free Rho hexamers that is available
residues in length (ré&s-110, see Materials and Methods). for binding within the NusG layer is effectively lowered.

A typical SPR experiment is shown in Figure 3, where To address this issue (which has been termed the mass
the amount of Rho bound to the immobilized NusG is plotted transport problem), the flow rate of Rho was varied from
against time. In the association part of the experiment (from 10 to 80 uL/min. The results obtained showed that the
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Ficure 4: NusG promotes upstream Rho-dependent transcription termination. (a) Transcription termination assays. Stalled elongation
complexes (lane 1) were prepared as described in the text. Single-turnover elongation reactions were performed with Rho (lane 2) and with
Rho in the presence of increasing concentrations of NusG (lan#2)3NusG concentrations (in nM) are shown above the lanes. Reactions
were quenched, and RNAs were resolved on denaturing 15% acrylamide/bisacrylamide gels. Positions of runoff, terminated, and stalled
RNAs are indicated at the left of the gel. (b) Quantification of NusG activity. Using RNA standards (see Materials and Methods), weighted
average RNA lengths (ARLs) were calculated as described in the text. The concentration of KOAc in the elongation reactions was varied
from 0.05 to 0.15 M, and results for each salt condition, as indicated in the graph, are shown as a plot of the ARL against NusG concentration.
Experiments at each salt concentration were repeatdégtBnes, and the averages are shown. The standard deviation for each data point
was between 1% and 3% of the value plotted.

observed binding kinetics were not sensitive to the flow rate NusG Shifts Rho-Dependent Termination to Upstream
of the Rho solution (data not shown), arguing that the results Template PositionsTo determine the effects of NusG on
are not perturbed by mass transport effects and that theRho-dependent termination, we performed in vitro single-
concentrations of free Rho hexamers in solution can indeedturnover Rho-dependent termination reactions as a function
be treated as constant in each experinient. of NusG concentration, using the well-characterigedaoli
The Ky values obtained from apparent rate constants trp t' termplate as our assay syster, (20, 21, 39.
measured by SPR are consistent with limit values of this Elongation complexes stalled at template positict9 were
parameter estimated from sedimentation velocity experimentsprepared by omitting UTP from the initiation reactio#0),
performed under similar conditions, but at higher protein and were then “chased” with all four required NTPs in the
concentrations and without €110, which placed an upper ~ presence of Rho and increasing amounts of NusG (see
limit of ~10°® M on the K4 for the NusG-Rho complex. Materials and Methods). In agreement with previous findings
Moreover, even if the SPR technique suffers from systematic (9, 20, 21, 39, Rho-dependent termination on this template
errors that we have yet to uncover, the comparison of binding occurs over a range of about 100 nts (Figure 4a, lane 2). In
rates under different salt conditions is certainly valid, and addition, NusG caused an upstream shift in the template
these data argue strongly that the interaction of NusG with positions at which Rho-induced termination occurred (Figure
Rho hexamers is constant for salt concentrations betweer4a, lanes 312). In the absence of NusG, Rho-dependent
0.05 and 0.15 M KOAC. termination at these upstream positions was not detected.
To permit a quantitative determination of the effect of
5 . i . . NusG on the Rho-dependent termination reaction, we
SPR detection is particularly well-suited for measuring macro- . . .
molecular kinetic binding parameters, but is less ideal for the direct measured the Igngths of the RNA Cha'nls' formed during this
determination of equilibrium constants, which are typically derived from reaction. For this purpose, the gel mobilities of the product
the ratios of the observed, andksr values. To check this procedure, RNAs were calibrated against RNA molecular weight
Myszka and colleagues compared equilibrium binding constants derived . .
from the kinetic constants of three systems analyzed by SPR technolog tandards_ (,See Mate”al,s and Methods). Th.e_reg|o.n of the
to the equilibrium binding constants obtained directly by isothermal g€l containing the terminated RNAs was divided into 10
titration microcalorimetry (ITC). Yoo et al36) studied the interaction fractions, and the average length of the RNA chains included
of the 16 kDa monomeric HIV capsid protein (CA) fragment with the ; ; ;
18 kDa human cyclophilin A (CypA). Aq value of 16 &4) 1M was in each frgctlon was calculated. A Phosphorlm_ager was used
obtained for the monomemonomer binding interaction using ITc, {0 determine the amount of RNA in each fraction. Finally, a
in good agreement with Ky of 18 (+2) uM calculated fromk,, and weighted average RNA length (ARL) was calculated for each

kot data using SPR. In a second set of experiments, Myszka &7&\l. ( termination reaction using the formula:

analyzed the interaction of an45 kDa soluble truncated human CD4

receptor with an anti-CD4 monoclonal antibody.K4 of 0.2 (#0.1)

nM was obtained using ITC, in good accord with #gof 0.24 (0.01) ARL = ZRNAamoumx zRNAIengﬂ(Z RNA ount (1)
nM calculated using SPR data. Finally, Joss et 28) @nalyzed the T T T

binding interaction of an-52 kDa Fab fragment of anti-CD4 antibody

with a mutated and soluble truncated CD4 receptakeAf 2.6 (0.5) with each sum taken over ali)(fractions of the gel. For

nM was obtained by ITC, in good agreement with khevalue obtained ; PR ;
by SPR of 2.2040.01) nM. These data suggest thatdata obtained each experiment, the ARL value was set to unity in reactions

by SPR can, despite some experimental limitations, be compared conta?n?ng Rho but no NusG, and the ARL for each reaCtiPn
directly to those obtained by standard “thermodynamic” methods.  containing both NusG and Rho was expressed as a fraction.
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This analysis was applied to experiments such as that shown a Rho | -] - | + i

in Figure 4a, yielding results such as those shown in Figure

4b. Increasing the amounts of NusG in the reaction decreased NusG 120 {240 {480]960 {1920 3840[7680
the apparent ARL over the 8800 nM NusG concentration runoff __g, (18

range. Further increases in NusG concentration (to-1.25 RNA

5.00 uM) reversed this trend and resulted in a slight, but —

reproducible, increase in average transcript length. terminatedEE :

Effects of Changes in Salt Concentratids the concen-
tration of KOAc was increased from 0.05 to 0.15 M, the
overall Rho-dependent termination efficiency was decreased
(data not shown), in agreement with previous resul. (
The range of NusG concentrations at which NusG-dependent o fir 370
effects on termination positions were most pronounced iy o R e v

RNA ::!‘

(Figure 4b, 86-800 nM) did not vary markedly as the salt [ = 7 R .
concentration was increased. These results are consistent with 1 2 3 4 5 6 7 8 9 10
our finding that formation of the RreNusG complex is not

sensitive to changes in KOAc concentration between 0.05 b Rho |- | - | + +

and 0.15 M (Table 2), and argue that similar levels of this
complex were formed during the termination reaction across
this entire salt concentration range. In addition, at NusG
concentrations over kM, the ARL values obtained at
different salt concentrations did not converge, but instead
remained at distinct levels.

At these NusG concentrations, based ¢ty &alue of~1.5
x 1078 M for the NusG-Rho complex (Table 2), all the
Rho hexamers present should be bound by NusG. Therefore,
these data suggest that at saturating levels of NusG the effect
of increasing salt concentrations on Rho-dependent termina-
tion cannot be overcome by increasing the NusG concentra-
tion further. Increasing salt concentration results in lowered B e
affinities of Rho for the RNA, as well as lowered translo- 1 2 3 4 5 6 7 & 9 10
Catlo.n rates a nd pI‘OCQSSIVItle'BZ(.].?), 23. A model that is FiIGUrRe 5: Rho-dependent termination with transcription complexes
consistent with these results posits that NusG does not affeCloontaining SP6 or T7 RNAP is not affected by NusG. (a)
those stages of the termination reaction that involve the Transcription termination reactions with SP6 RNA polymerase.
binding of Rho to, and its translocation along, the RNA Stalled transcription complexes were formed as in Figure 4.
lattice. Instead NusG activity can be reconciled with the Reactions were quenched (lane 1), or chased with no additional

L . protein factors (lane 2), or in the presence of Rho (lane 3), or in
effects of salt concentration if NusG acts at a different stage . presence of Rho and NusG (lanesl8). NusG concentrations

in the termination reaction, i.e., at the step(s) involved in (nM) are indicated above each lane. The positions of the runoff
the interaction of Rho with the RNA polymerase of the RNA and of the Rho-terminated RNAs are indicated to the left of

transcription elongation complex (see Discussion). the gel. (b) Transpription term!nation reactions with T7 RNA

Rho and NusG Adities with Elongation Complexes polymerase. Experimental conditions and lanes were the same as
Formed with Bacteriophage SP6 and T7 RNA Polymerases.m Figure Sa.
We have shown that Rho hexamers [stabilized by poly(rC)] found to be active in Rho-dependent termination with SP6
form stable and specific complexes with NusG over the or T7 RNAP, this would argue that the NusG interaction is
0.05-0.15 M salt concentration range (Figures 2 and 3, not RNAP-specific. If NusG was found not to be active in
Tables 1 and 2), and that NusG is active at all three salt Rho-dependent termination with the phage RNAPS, this result
concentrations tested in this range (Figure 4b). We have alsowould argue that NusG activity depends on the interaction
shown that the observed efficiency of Rho-dependent of NusG (and Rho) wittE. coli RNAP. A change in NusG
transcription termination decreases with increasing salt activity of this sort would also argue that a ternary interaction
concentration over this range and that the addition of NusG of NusG with Rho ancE. coli RNAP is essential for the
cannot overcome this salt concentration-dependent effect.upstream-shift of Rho-dependent transcription termination.
Since Rho and NusG are apparently bound as stable To conduct this test, we performed transcription termina-
complexes at termination reactions in all three salt concentra-tion experiments similar to those shown in Figure 4, except
tion regimes examined, we asked whether the effect of NusGthat SP6 or T7 RNAP was substituted fiér coli RNAP.
on Rho-dependent transcription termination is manifested at The templates for the experiments with the phage RNAPs
the point of the interaction of Rho with the elongating RNAP. were identical to those used in the experiments Eitlcoli

To this end we substitutdel. coli RNAP with either phage =~ RNAP, except that appropriate phage promoter sequences
T7 or SP6 RNAP in the Rho-dependent transcription were substituted upstream of the transcription start site.
termination reaction. The rationale for these experiments wasMultiple turnover termination reactions with SP6 and T7
that if Rho were active in transcription termination with these RNAPs are shown in Figure 5a and 5b, respectively. These
RNAPs, we could ask whether NusG enhances this Rhoexperiments demonstrated that Rho can bring about tran-
activity with the phage polymerases. Thus, if NusG was scription termination with both phage polymerases (compare
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Table 3: Efficiency of Rho-Dependent Termination with coli,
SP6, and T7 RNA Polymerases

0.9 - B
RNA polymerase termination efficienty
E. coli 1.67+0.08 0.8
SP6 1.31+0.08
T7 1.03+0.01 0.7

aTermination efficiency was determined in single-turnover reactions
and is given by: (RNAmarno X RNAaic)rnd/(RNAwtait)rho X
RNAermc)rno), Where RNAem is the amount of terminated RNA,
RNAtal is the sum of runoff and terminated RNA, apgkno Of (+)rno
denotes reactions in the absence or presence of Rho, respectively (also
see Materials and Methods). A termination efficiency value of 1.00

e
2N

e
=

free RNA (fraction)
(=3

represents n_o_termination activity, whereas infinit_y would indicate 03 ——Rho
complete activity. Measurements were repeated 3imes, and the "
error given is the standard deviation. 02 —©—Rho+NusG
lanes 2 and 3), although with different efficiencies. We note 0.1
that the effect of Rho on termination with T7 RNAP is small
(also see Table 3), but clearly and reproducibly detectable. 0 : ' *
To compare th&. coliand the phage RNAPs under similar 0 1 2 3 4
reaction conditions, single-turnover reaction conditions had Time (min)

to be devised for the reactions conducted with the SP6 andFiGure 6: Rho helicase activity is not enhanced by NusG. Single-
T7 RNAPs (see also Materials and Methods). A double- tumoverf';rhrg'e%?(g)en;n%ntthge#;%ﬁgnasfsz)éz %f ’\?R ﬁ’xtdi:plﬁ))éted
stranded DNA trap containing the appropriate promotgr wer: Fuenrction of time. Experiments containing Igho alonepor Rho
sequence and a short template sequence to be transcrlbeﬁd NusG were repeated 3 times, and the average values are
was included in the chase phase of the experiment at 400-reported. The standard deviation of each data point weB%4 of
fold excess over the concentration of the long template. As the plotted value.
a consequence, all the RNAPs should be trapped on the short
template after one round of transcription on the long template.  The Helicase Actity of Rho Is Unaffected by Nus®@/hile
An additional consideration is that the average elongation the above results certainly suggest that the NusG effect is
rate of T7 and SP6 RNAPs is40 times larger than that  specific to theE. coliRNAP, it remained possible that NusG
of E. coli RNAP (41, 42. To obtain comparable average acts to increase the efficiency with which Rho works as an
elongation rates, we lowered the rates of the phage RNAPSRNA—DNA helicase. To test this possibility directly, we
by decreasing the concentration of CTP, GTP, and UTP in performed Rho-dependent helicase assays in the presence
the elongation phase from 1 mM to 48 (the concentration ~ and absence of NusG. In these assays, an isolated RNA
of ATP was held at 1 mM to maintain the same rate of Rho transcript containing a Rho loading site and the relevant
translocation along the transcript with all the RNAPs tested). downstream sequences was annealed to a DNA oligonucle-
We note that even at NTP concentrations of 1 mM, the Rho otide at the 3end of the RNA 10, 12, 13, 2 Rho was
dependence of the termination activity with SP6 and T7 then bound at the RNA loading site and, in the presence of
RNAPs was maintained, arguing that even at higher elonga-ATP, translocated ‘5> 3' and unwound the RNADNA
tion rates Rho was able to “catch-up-with” these RNAPs. duplex at the 3end of the RNA. The samigp t' RNA that
As predicted, inclusion of the trap template in the initiation was used for these assays also was transcribed in the Rho-
phase of the experiment abolished transcription from the dependent termination reactions detailed above. Our experi-
experimental (long) template, and inclusion of the trap ments were done under single-turnover conditions and with
template in the elongation phase of the experiment resultedequivalent molar ratios of Rho hexamers and helicase
in transcription of the trap sequence (data not shown). In substrate 12, 13.
addition, the amount of RNA transcribed from the experi-  The rationale for these experiments was that, in principle,
mental template was decreased dramatically in the presencdf NusG affected Rho RNA binding, Rho translocation, Rho
of the trap template (data not shown). Table 3 provides the ATPase, Rho-dependent RN/DNA hybrid unwinding, or
quantification for single-turnover termination reactions con- any other activity that is independent of RNAP, this effect
taining Rho and different RNA polymerases. Rho termination would be observed as a NusG-dependent effect in the
activity was most robust witt. coli RNAP, intermediate  helicase assay. In contrast, if NusG activity in the termination
with SP6 RNAP, and weakest with T7 RNAP. assays depended on specific interactions &itboli RNAP,
Figures 5a and 5b show the result of adding NusG to Rho- there should be no NusG effect in Rho helicase assays
dependent termination reactions with the phage RNAPs because here no RNAP is present.
(lanes 4-10). These results show that NusG does not Results of such single-turnover helicase assays with Rho
enhance the activity of Rho with these RNAPs. The same or with Rho and NusG are shown in Figure 6. We found
NusG preparation, however, was active withcoli RNAP that the rate and amplitude of the reaction were not changed
(Figure 4). Because the only component of the reaction thatby the presence of NusG. In addition, varying the temperature
was changed in these experiments was RNAP, these findingof the helicase reactions between 20 and@yand the ATP
strongly support a model in which NusG acts to modify the concentration from 0.1 to 1.0 M, showed no effect of NusG
interaction of Rho withE. coliRNAP, but not the interaction  on the helicase activity of Rho. These results are similar to
of Rho with either SP6 or T7 RNAP. those of Nehrke et al2(), although their helicase experi-
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ments were performed under multiple-turnover conditions does not significantly change the stability of the complex
with a molar excess of Rho over substrate. In addition, formed between Rho and RNA, the RNA-dependent ATPase
Nehrke et al. used different substrates and salt conditionsactivity of Rho, or the Rho helicase activity. These results
from the ones used here. Their findings and ours are led these groups, and well as Washburn etd), o suggest
consistent with the conclusion that the binding of NusG to that NusG must act at a different stage of the termination
Rho hexamers does not affect the binding of Rho to RNA, reaction. Burns et al.4@) indeed have argued that NusG
nor does NusG binding perturb the ATPase activity, trans- activity in Rho-dependent termination reflects a direct
location rate, translocation processivity, or RNENA interaction between NusG arkfl coli RNAP.

unwinding activities of Rho. Rather, these results strengthen Models for the Action of NusG on Rho-Dependent
our conclusion that NusG activity is specific to the ternary Transcript Termination.We have performed transcript
interaction with theE. coliRNAP. A model that can account  elongation and termination reactions with SP6 and T7 RNA
for all these results posits that NusG expresses its effects orpolymerases, and have shown that Rho is active in transcript
Rho-dependent transcription termination within the step or termination with these RNAPs (Figure 5a,b). Importantly,
steps at which Rho interacts with tle coli RNAP in the and in contrast to its activity witli. coli RNAP, we have
elongation complex. also shown that the addition of NusG does not perturb Rho-
dependent termination for the phage elongation complexes.
Since the RNAP is the only component that was changed in
these reactions, the simplest interpretation of these results
is that NusG activity is specific to elongation complexes

Physical Characterization of the Nus@&ho Complex.  containingE. coli RNAP. Our results can be fully explained
Here we have examined the physical properties of NusG andby a model in which the NusGRho hexamer complex

the complex that it forms with transcription termination factor 5 4siocates along the RNA as a stable complex, with NusG
Rho. We have shown that NusG alone exists as amoNoMelaying no effect on these stages of the Rho'—dependent

over a wide range of protein concentrations and that it forms yo - mination reaction. When the REdIUsG complex reaches

a stable and specific 1:1 complex with the Rho hexamer. o colj elongation complex, NusG acts to help Rho release
The affinity of Nus(; for the Rho hexamer is relatively high, - e nascent RNA from elongation complexes on which Rho
with Kg ~1.5x 107 M for the interaction. Furthermore, as  4j5ne cannot act effectively. This interpretation is supported

summarized in Table 2, changing the salt concentration p he fact that NusG (in the absence of Rho) accelerates
(KOACc) from 0.05 to 0.15 M affects neithdg, nor ks (nor, the rate ofE. coli RNAP elongation by around 20946,

by definition,Kg), arguing also that the Nus&@Rho interac- 17), a finding that is most easily explained by a direct
tion is largely nonelectrostatic and specific. Extrapolating jnteraction between NusG and tke coli RNAP.
from. our current findings and earlier physical biochemical | ot 41. (27) have previously suggested, on the basis of
studies of Rho structure and assem!#§,(29, 33, we also ¢finity chromatography experiments, that NusG forms a
conclude that the Nus€Rho complex remains stable and \yeay complex withE. coli RNAP. Thus, we can postulate
specific when the Rho hexamer interacts withegGio, that this putative weak affinity of NusG fd. coli RNAP is
natural RNA, and ATP. strengthened by the much higher affinity of NusG for Rho,
Functional Characterization of the Action of NusG in Rho- and the stable Nus6Rho—RNA complex serves to carry
Dependent TerminatioWe have quantitated the activity of  NusG to (and tether it at) its functional target, the elongation
NusG in Rho-dependent transcription termination reactions complex. This may help to stabilize the Nus&NAP
by determining the weighted average length of the transcriptsinteraction, perhaps in part by increasing the local concentra-
produced in the presence and absence of NusG. Thesejon of NusG at the elongation complex, and may constrain
average lengths were determined over the same salt conthe geometry of the interaction of NusG with RNAP within
centration range used in the binding measurements. Quali-the ternary complex when Rho is present.
tatively, we observed that as the salt concentration was Other data Support a s||ght|y different mode|, in which
increased, the efficiency of Rho-dependent termination was NusG forms a stable interaction with the elongation complex
decreased, in agreement with previous findirif§.(Thisis  in the absence of Rhd (). In this view, the activity of NusG
expected because the processivity and rate of Rho trackingin Rho-dependent termination remains specific toEheoli
5 — 3 along the RNA decrease with increasing concentra- elongation complex, but NusG need not be “carried” by Rho
tions of monovalent salt2@). Quantitative analysis of the o the elongation complex. This model is supported by the
terminated RNAs formed during transcription showed that finding that the half-maximal saturation of the elongation
NusG does not change this effect of increased salt on Rhostimulation activity of NusG (in the absence of Rho) is
termination activity (Figure 4b). These results suggest that achieved at NusG concentrations-ef2 nM (17). Thus, the
NusG, although bound to Rho throughout the termination presumed NusGelongation complex interaction, which
reaction, does not perturb the movement of the Rho hexamerpreviously ¢7) had been considered to be weak, may in fact
along the nascent transcript. Results of Rho helicase assayge comparable in binding affinity to the interaction between
(Figure 6) are consistent with this conclusion and further NusG and Rho.
argue that all the other aspects of Rho helicase activity, The simplest version of this model is less attractive in light
including RNA binding, ATPase rates, processivity, trans- of the present study, since it includes no role for the specific
location rate, and the process of RNANA hybrid separa-  NusG-Rho complex that we have described here. Perhaps
tion, are unaffected by NusG. a compromise position is that NusG may interact with Rho
These findings are consistent with those of oth265 21, and RNAP separately with comparable affinities, but the
27, 43), who have pointed out that the addition of NusG formation of the ternary complex further stabilizes and

DISCUSSION
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constrains interactions within the resulting-Rho-dependent or hydrolysis also argues that the RNABNA—nascent
termination complex, making Rho-dependent termination RNA ternary complex can exist in more than one state.
more efficient and shifting it toward upstream sites along Because NusG induces Rho-dependent termination at
the template. A final resolution of these issues will require upstream template positions and does not seem to affect the
a full thermodynamic and structural description of the binding processivity and translocation rate of Rho, it is reasonable
of NusG within the ternary (Nus6GRho—RNAP) complex, to argue that, in either the presence or the absence of NusG,
but we note that the interaction of NusA with tie coli Rho is poised to terminate at these positions. Stated differ-
transcription elongation complex in the presence and absenceently, although Rho is thought to be present at the elongation
of the antitermination protein N of phademay representa  complexes at the appropriate upstream termination locations,
comparable system. Here also the functional consequence# cannot, in the absence of NusG, lower the energetic barrier
of NusA binding are quite different in the binary NusA  to RNAP termination (or increase the barrier to elongation)
RNAP complex and the ternary NusAN—RNAP complex and therefore cannot bring about termination at these
(reviewed in45), since in the absence of N protein NusA upstream positions. This notion is supported by experiments
serves to slow the average elongation rate of RNAP and performed by Zhu %0), who observed that a significantly
enhance intrinsic termination, while in the presence of the reduced fraction of RNA could be released by Rho from
N protein NusA serves to increase the rate of elongation andstalled elongation complexes at maing t' template posi-
promote N-dependent antitermination. tions, compared to the fraction of RNA released by Rho from
It is tempting to build on the above results and earlier actively transcribing complexes at the same template posi-
studies to speculate more explicitly on how NusG binding tions. Prolonged incubation of stalled elongation complexes
might perturb the function of thE. coli RNAP within the resulted in a further decrease in the fraction of Rho-sensitive
transcription complex. Erie et al4§) presented evidence, complexes, arguing that as more complexes became elonga-
based on experiments in which nucleotide misincorporation tion-incompetent they also became Rho-insensitive. In
rates were measured, that the elongatiofcotoli RNAP contrast, the fraction of stalled complexes that remained
can be described by a branched kinetic scheme. In this modelelongation-competent (as defined by activity in the “chase”
the RNAP in the elongation complex can assume two or more reactions) also remained Rho-sensitive.
states at each template position, depending on the relative Based on the above considerations, it is tempting to
rates of formation of alternative transcription complex hypothesize that at NusG-sensitive template sites the elonga-
conformations. More recent interpretations of these resultstion complex exists mostly in a Rho-resistant, elongation-
(seel) suggest that these competing conformations may incompetent (slid-back?) state, which can become elongation-
represent either a fully functional elongation complex in competent in the presence of NusG. Because NusG increases
which the 3-terminus of the nascent RNA remains bound the elongation rate dt. coli RNAP, it seems reasonable to
to the active site of the RNAP, or a “slid-back” complex in  suggest that NusG shifts the conformational equilibrium of
which the 3-terminus of the RNA has been released from the complexes toward the elongation-competent state. In the
the active site. Elongation factors GreA and GreB drive the Rho-dependent termination reaction, NusG would exert its
transition from the slid-back complex to the elongation- effect by facilitating transition of the elongation complex
competent complex by facilitating the cleaving of one or from the Rho-resistant, elongation-incompetent state to the
more nts from the extruded-8nd of the nascent RNA. This  Rho-sensitive, elongation-competent state. This mechanism
cleavage reaction facilitates the rebinding of the (newly is shown schematically in Figure 7.
formed) 3-end of the nascent RNA chain to the active site  Incorporation of NusA Effects into thev@rall Model for
of the enzyme, and thereby accelerates the re-formation ofRho-Dependent Terminatiohe activity of anothemus
elongation-competent complexes. Thus, it appears that thefactor, NusA, also can be described in the context of the
elongation complex has an inherent propensity to fluctuate model presented in Figure 7. NusA forms a complex with
between (at least) two conformational states, which can beelongatinge. coliRNAP, withKy ~ 10~ M (51). In contrast
designated “elongation-competent” and “slid-back” (and to NusG, which accelerates the average rate of RNA
elongation-incompetent), respectively. elongation by 2530% (16, 17, NusA slows the average
Komissarova and Kashlev() and Nudler et al. 48) rate of elongation by 2635% (17, 52. A related NusA
showed tha€k. coli RNAP can slide upstream on the DNA  activity is the enhancement of natural pause sites and
template with no concomitant release or cleavage of either formation of new ones8; 53, 54. In addition to throttling
NTPs or the nascent RNA. This seems a common feature ofdown the rate of transcription k. coli RNAP, NusA also
RNA polymerases because human RNA polymerase |l alsodecreases the efficiency of Rho-dependent termination at the
has been shown to undergo arrest and backsliding into anphage4 tR1 (53) and theE. coli lacZ genes 17). As
inactive state49). For RNAP I, the inactive state can be discussed by Zhu and von Hippdll) and Burns et al.1(7),
converted into an active (or elongation-competent) state by these activities cannot be explained by the original simple
the action of elongation factor SlI, which helps to bring about kinetic coupling model of Rho-dependent terminatia, (
the cleavage of the nascent RNA chain and probably but they can be explained by the model for the regulation of
facilitates placement of the new-8nd in the appropriate  Rho-dependent termination by NusG, presented in Figure
enzymic site for elongation. In the slid-back state, the 3 7.
end of the RNA is thought to be released from the active In contrast to NusG, NusA can be thought to work by
site of the enzyme, and sliding upstream on the DNA shifting the conformational equilibrium of the elongation
template does not involve a reversal of the polymerization complex at each template position from the elongation-
reaction. Thus, the fact thaE. coli and transcription competent state toward the elongation-incompetent, slid-back
complexes can slide on the DNA without RNA dissociation state. Because elongation does not proceed in the slid-back
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Rho-sensitive, elongation-competent RNAP

template DNA

nascent RNA

NusA J/T NusG

Rho-resistant, elongation-incompetent RNAP

¢
“~Rho hexamer
Ficure 7: Model for the competing functions of NusG and NusA
in Rho-dependent terminatiok. coli elongation complexes can

fluctuate between two or more functional (and conformational)

states. We suggest that NusG may produce its effects on Rho-

dependent termination by favoring the elongation-competent state,
while NusA may operate by stabilizing the elongation-incompetent
(slid-back) state (see text). A portion of the nascent RNA is
represented by thicker lines to illustrate the sliding-back of the
transcription complex relative to the RNA (and DNA) components
of the complex.

state, this model can explain both the pausing enhancemen
and elongation-rate-decreasing activities of NusA. In addi-
tion, the inhibition of Rho-dependent termination by NusA
can be explained if Rho acts on elongation-competent, but
not on slid-back RNAP. Given our increased understanding
of the different elongation states Bf coli RNAP, this model
can now can be tested more directly.

Other Roles of NusG in Transcription ElongatidwusG
is involved in transcription elongation activities that are not
related to Rho-dependent termination. These activities also
are likely to reflect direct interactions between NusG and
the RNAP of theE. coli transcription complex. We sum-

marize these activities here for completeness, since these

interactions may be similar to those responsible for the
regulation of Rho-dependent termination by NusG. First,
NusG and Rho participate in the process of N protein-
dependent antitermination that is involved in triggering the
lytic state of phagé. in E. coli. In this system, both NusG
and Rho form a part of the host-protein-containing antiter-
mination subassembly that stabilizes the interaction of N
protein with the RNAP ofE. coli and projects the antiter-
mination effect of N further downstream of the regulatory
nut sequence along the templats( and references cited
within). Based on the results of our present study, it is
possible that NusG participates in this antitermination
assembly in the form of a 1:6 NusG-Rho complex.

In addition, NusG and the phage HK022 Nun protein are
involved in transcription termination near the phagaut
site 66, 57. This activity results in transcription of HK022
but notA DNA, and eventually the exclusion afoy HK022.
Isolation of NusG mutants defective in Nun-dependent
termination, but not in Rho-dependent termination, suggests

Pasman and von Hippel

that these activities are distinct and that Rho may not be
required for Nun-dependent termination near theut site
(57). Finally, as pointed out above, NusG alone can increase
the elongation rate of the transcription complextfcoli

(16, 19. Since the Nus&GRNAP interaction may be weak

in the absence of Rho, this elongation-enhancement activity
of NusG could be significantly greater under conditions of
NusG saturation. This notion is supported by the experiments
of Burova and Gottesmarb®), who showed that over-
expression of NusG inhibits Rho-dependent termination at
the phagel tR1andtL1 termination regions. When Rho also
was overexpressed, however, wild-type termination at these
sites was restored, arguing that maintenance of the appropri-
ate ratio of these two proteins is essential for the correct
regulation of transcription.
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