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ABSTRACT

Ribosomal RNA synthesis in Escherichia coli in-
volves a transcription complex, in which RNA poly-
merase is modified by a signal element on the tran-
script, Nus factors A, B, E and G, ribosomal protein
S4 and inositol mono-phosphatase SuhB. This com-
plexisresistantto -dependenttermination and facil-
itates ribosomal RNA folding, maturation and subunit
assembly. The functional contributions of SuhB and
their structural bases are presently unclear. We show
that SuhB directly binds the RNA signal element and
the C-terminal AR2 domain of NusA, and we delineate
the atomic basis of the latter interaction by macro-
molecular crystallography. SuhB recruitment to a ri-
bosomal RNA transcription complex depends on the
RNA signal element but not on the NusA AR2 do-
main. SuhB in turn is required for stable integration
of the NusB/E dimer into the complex. In vitro tran-
scription assays revealed that SuhB is crucial for de-
laying or suppressing -dependent termination, that
SuhB also can reduce intrinsic termination, and that
SuhB-AR2 contacts contribute to these effects. To-
gether, our results reveal functions of SuhB during
ribosomal RNA synthesis and delineate some of the
underlying molecular interactions.

INTRODUCTION

Transcription in bacteria is terminated predominantly via
two mechanisms (1). Intrinsic termination depends on a sta-
ble RNA hairpin followed by a sequence rich in uridines; the
hairpin invades the RNA exit tunnel of RNA polymerase
(RNAP), while the U-rich stretch forms a weak DNA:RNA
hybrid, facilitating termination. In -dependent termina-
tion, the hexameric RNA-dependent NTPase, , engages
the nascent transcript at C-rich sequences, so-called -
utilization (rut) sites, uses its NTP-dependent RNA translo-
case activity to track down RNAP and, upon encounter,

leads to termination. Both modes of termination can be
supported or suppressed by transcription factors (2). For
example, intrinsic termination can be enhanced by tran-
scription factor N-utilization substance (Nus) A that binds
RNAP and stabilizes RNA hairpins in the exit tunnel (3—
6). -dependent termination can be increased by NusG that
also binds RNAP via its N-terminal domain (NTD) and
contacts via its C-terminal domain (CTD), thereby facil-
itating clamp-down of on RNA at sub-optimal rut sites
(7). Conversely, NusG can also counteract both modes of
termination by enhancing RNAP processivity (8,9), while
NusA can inhibit -dependent termination by competing
for rut sites (10).

As transcription and translation in bacteria are not seg-
regated into different cellular compartments, translation
can initiate on mRNAs that are still being transcribed. In-
deed, a ribosome trailing RNAP is important for the ef-

cient expression of protein-coding genes, as it hinders
from approaching RNAP and thus insulates RNAP from

-dependent termination (11). Lack of this effect underlies
the principle of translational polarity (12), in which inhibi-
tion of translation of an upstream gene in a multi-cistronic
MRNA leads to down-regulation of the downstream genes
due to premature -dependent transcription termination.

In bacteria, -dependent termination thus presents a po-
tential obstacle for the ef cient synthesis of long, non-
coding RNAs, such as ribosomal (r) RNAs, which are not
translated. Thus, bacteria might require mechanisms that
can prevent such premature termination of rRNA synthe-
sis. Indeed, Escherichia coli uses a specialized transcrip-
tion complex to achieve ef cient transcription of rRNA.
Initially, Nus factors A, B, E and G (NusE is equiva-
lent to r-protein S10) were recognized as factors partici-
pating in this process (13). In vitro reconstitution experi-
ments suggested the presence of additional essential compo-
nents (14), and other r-proteins, in particular S4, were sub-
sequently identi ed as some of the missing subunits (15).
More recently, the inositol mono-phosphatase, SuhB, has
been shown to constitute another key player (16). Together,
these molecules are thought to assemble a multi-factorial
RNA-protein (RNP) complex on the surface of RNAP in
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response to RNA signal sequences encoded in the riboso-
mal DNA leader and spacer regions (13,15) (Figure 1A, C).
This complex accompanies RNAP during further tran-
scription elongation, forming an rRNA transcription anti-
termination complex (rrnTAC) that prevents -dependent
termination (15) by mechanisms that are presently unclear.
The process is thus referred to as processive rRNA (rrn)
anti-termination.

Processive rrn anti-termination is reminiscent of proces-
sive anti-termination installed via N proteins of lambdoid
phages, which is required for the switch from immediate-
early to delayed-early gene expression during the lytic life
cycle of the phages (17). N-dependent processive anti-
termination is also invoked in response to an RNA signal
element, the N-utilization (nut) site, encoded in leader re-
gions of the phage genomes, which bears a linear element,
boxA, followed by a hairpin structure, boxB (Figure 1B, D).
Recent structural analyses by our group have unraveled the
structural basis of N-dependent processive anti-termination
(18,19). The N protein together with NusA binds the boxB
element of or a consensus nut RNA, while the NusB/E
dimer recognizes boxA. N strings the Nus factors together,
repositioning them on RNAP and presenting a compos-
ite NusA-NusE surface that sequesters the CTD of NusG.
It thereby prevents NusA-mediated stabilization of RNA
hairpins in the exit tunnel and overrides -supporting func-
tions of NusG. Moreover, a C-terminal region of N tra-
verses the RNAP catalytic cavity, stabilizing the enzyme in
a processive conformation and counteracting RNA hair-
pin invasion of the exit tunnel. N-mediated remodeling
of RNAP elements that form part of the RNA exit tunnel
and extended guidance of the exiting RNA by repositioned
NusA further contribute to hairpin exclusion. N also co-
operates with NusG to stabilize upstream DNA and prevent
RNAP backtracking.

The leader and spacer regions in E. coli rRNA genes
encode RNA signal elements that resemble /consensus
nut sites, bearing boxB-like and boxA-like elements in the
opposite order, followed by an additional linear boxC se-
quence (Figure 1C). Asin N-based anti-termination (20),
the boxA element serves as a binding site for a hetero-dimer
formed by the NusB and NusE subunits (21), and both
boxA and NusB are required for counteracting in an in
vitro system (14). Similar signal elements are conserved in
the rRNA operons of other bacteria, such as Mycobac-
terium tuberculosis, where boxA and boxC have been shown
to be sequestered in stem-loop structures, and binding of
NusA to the boxC element is associated with opening of
these structures (22). The boxC element is also part of a du-
plex formed with a complementary region in the spacer be-
tween the 16S and 23S rRNA portions, which constitutes a
processing site for RNase I11-mediated excision of pre-16S
rRNA (22-24). It has therefore been suggested that NusA
may support rRNA maturation by presenting the upstream
portion of an RNase Il cleavage site to the downstream
portion (22).

Presently, SuhB is the least understood subunit of the
rrnTAC. Based on chromatin immunoprecipitation (ChIP)
analyses, it was suggested that SuhB is recruited to the
rrnTAC in a boxA- and NusB-dependent manner (16).
E. coli SuhB has also been shown to bind RNAP in the
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form of the holoenzyme (i.e. the core enzyme
in association with a initiation factor) (25) and Pseu-
domonas aeroguinosa SuhB has been found associated with
RNAP in vivo (26). While E. coli SuhB possesses inositol-
monophosphatase activity, this activity is not required to
alleviate effects associated with a suhB mutant strain (27).
On the other hand, SuhB variants that failed to bind RNAP
holoenzyme failed to complement a suhB deletion (25), sug-
gesting that SuhB’s transcription-related roles could consti-
tute its main functions in the cell. As SuhB is phylogenet-
ically widely conserved, it is likely that these functions are
also widespread in bacteria (16).

Here, we delineated molecular interactions, based on
which SuhB participates in rRNA synthesis. We show that
SuhB directly binds a C-terminal acidic repeat domain of
NusA and contacts at least one other region in NusA as
well as the nut-like RNA signal element. It thereby facil-
itates entry of the NusB/E dimer into an rrnTAC. More-
over, we determined crystal structures of SuhB alone and
in complex with the main SuhB-binding domain of NusA.
Transcription assays revealed that SuhB is the critical sub-
unit that elicits delay or suppression of -dependent termi-
nation, that an rrnTAC comprising SuhB can also suppress
intrinsic termination and that these activities depend in part
on SuhB interacting with the NusA C-terminal acidic re-
peat. Based on our results, we suggest molecular mecha-
nisms by which SuhB may support anti-termination. Our
results also have implications for SuhB and Nus factors pro-
moting rRNA maturation.

MATERIALS AND METHODS
Plasmids, DNAs and RNAs

DNA fragments encoding SuhB and S4 were PCR-
ampli ed from E. coli (DH5 ) genomic DNA and cloned
into the pETM-11 vector (European Molecular Biology
Laboratory) via Ncol and Hindl11 restriction sites. A DNA
fragment encoding NusA~R? (residues 427-495) was PCR-
ampli ed from a pETM-NusA plasmid and cloned into
pPETM-11 via Ncol and Hindlll restriction sites. A DNA
template for in vitro transcription assays was generated by
assembly PCR and cloned into pUC18 vector via Xbal
and Hindlll restriction sites. All constructs were veri ed
by sequencing (Seqglab). DNAs used for the assembly of
transcription complexes were purchased as single-stranded
oligonucleotides (Euro nes). RNA constructs were synthe-
sized by in vitro transcription by T7 P266L RNA poly-
merase (28), using PCR products as templates, and puri ed
as described (19).

Protein production and puri cation

Full-length SuhB was produced in E. coli BL21(DE3)pLysS
overnight at 37°C in auto-induction medium (29). Cells
were harvested by centrifugation and lysed in lysis buffer
(50 mM Tris—HCI, pH 7.5, 500 mM NaCl, 1 mM 2-
mercaptoethanol). All subsequent steps were performed at
4°C or on ice. Cleared lysate was incubated with Ni**-NTA
agarose beads (Macherey-Nagel), beads were washed with
lysis buffer supplemented with 20 mM imidazole. Captured
protein was eluted with elution buffer (50 mM Tris-HCI,
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Figure 1. Schemes of processive anti-termination complexes. (A) Composition of an rrnTAC. (B) Composition ofa N-TAC. (C) rrnGnut RNA used in the
present study with boxB, boxA and boxC highlighted. NtDNA - non-template DNA; tDNA — template DNA. (D) Consensus nut RNA used in the present
study with boxA and boxB elements highlighted. (E) Domain architecture of E. coli NusA. Interaction partners in the rrnTAC and regions in NusA they
bind to are indicated. The newly discovered SuhB-NusA”R? interaction is described in this work.

pH 7.5, 200 mM NacCl, 1 mM 2-mercaptoethanol, 400 mM
imidazole), digested with TEV protease overnight to cleave
the Hisg-tag and puri ed to homogeneity by size exclu-
sion chromatography on a Superdex 75 26/60 column (GE
Healthcare) in storage buffer (20 mM Tris—=HCI, 200 mM
NaCl, 1mM DTT). NusA”R2 was puri ed via the same pro-
tocol as full-length NusA (19).

Plasmids encoding SuhB, NusA and NusA”R? variants
were generated by site-directed mutagenesis, and the pro-
teins were produced and puri ed by the same protocols as
used for the wild type (wt) proteins. Other proteins (RNAP,
NusA, NusA AR? ‘NusB/E, NusG, and 70) were pro-
duced and puri ed as described previously (18,19).

Analytical size exclusion chromatography

Interactions were tested by analytical size exclusion
chromatography (SEC). Before loading on a Superdex
200 Increase 3.2/300 column (GE Healthcare), near-

stoichiometric amounts of proteins and/or nucleic acids (20
M nal concentration for the largest component and 25
M nal concentrations for all smaller components) were

mixed in running buffer (20 MM HEPES-NaOH, pH 7.5,

50 mM NaCl, 1 mM DTT) and incubated at room tem-

perature for 15 min. SEC was conducted with a ow rate

of 40 I/minand 50 | (40 | for runs with RNAP) frac-
tions were collected. Fractions were analyzed on 15% SDS-

PAGE gels (11-16.5% gradient SDS-PAGE gels for runs

with RNAP) and 15% 8 M urea—PAGE gels for proteins and

nucleic acids, respectively.

Surface plasmon resonance assays

Surface plasmon resonance (SPR) experiments were car-
ried out on Biacore T20 (GE Healthcare) using Sensor Chip
NTA (GE Healthcare) at 20°C. The Sensor Chip NTA was
loaded with Ni?* by incubating in 0.5 mM NiCl,. Sub-
sequently, 3 mM EDTA, pH 8.3, was owed across the
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chip to remove unbound Ni?*. After equilibrating with SPR
buffer (20 mM HEPES-NaOH, pH 7.5, 50 mM NaCl, 1
mM DTT), N-terminally Hiss-tagged NusA”R? was immo-
bilized on the chip, excess protein was washed away with 45

| of SPR buffer (30 I/min, 90 s). SPR experiments were
carried out according to the single cycle-kinetic method, us-
ing SuhB variants in SPR buffer at 25, 50, 100, 150 and 200
nM. The same experiments were carried out in parallel in
the control channel without prior Ni%* loading. Responses
of the control channel were subtracted from the responsesin
the experimental channel and corrected data were analyzed
with Biacore T20 software (GE Healthcare).

Size exclusion chromatography/multi-angle light scattering

Size exclusion chromatography/multi-angle light scattering
analyses were performed on an HPLC system (Agilent) cou-
pled to a mini DAWN TREOS multi-angle light scatter-
ing and RefractoMax 520 refractive index detectors (Wyatt
Technology). 60 | (15 nmol) of SuhB were passed over a
Superdex 200 increase 10/300 column (GE Healthcare) in
20 mM HEPES, pH 7.5, 50 mM NacCl, 0.02% (w/v) NaN3
at a owrate of 0.6 ml/min. Data were analyzed with the
ASTRA 6.1 software (Wyatt Technology) using monomeric
bovine serum albumin (Sigma-Aldrich) as a reference.

Double Iter-binding assays

rrnGnut or boxBA RNA oligos (residues 1-66 and 1-40, re-
spectively; Figure 1C) were 5 -end-labeled using [ -3?P]ATP
and T4 polynucleotide kinase (moloX) and puri ed us-
ing Microspin G25 columns (GE Healthcare). Increasing
concentrations of SuhB were mixed with 50 nM labeled
RNAs in 20 mM HEPES-NaOH, pH 7.5, 50 mM Nacl,
ImM DTT (20 | nal volume) and incubated at room
temperature for 20 min. Incubated samples were pipetted
on sandwiched nitrocellulose (Protran 0.2 NC, Amersham;
upper membrane) and nylon (Hybond-N+, GE Health-
care; lower membrane) Iters using a multi-well Itration
manifold (BIO-RAD) as described (20). Membranes were
immediately washed with 200 | 20 mM HEPES-NaOH,
pH 7.5, 50 mM NaCl, 1 mM DTT and air-dried. Results
were visualized by autoradiography using a Storm Phos-
phorlmager (GE Healthcare) and quanti ed with Image-
Quant software (GE Healthcare). Data were t according
to a one-site speci ¢ binding model with Hill slope: (B =
Bmax*X"/[Kq" + X"]; B — fraction bound; Byax — maximum
fraction bound; X - concentration of SuhB; h — Hill slope;
Kg — dissociation constant).

Transcription assays

For in vitro transcription assays, a DNA template contain-
ing a T7Alcon promotor (T7Al bearing a consensus —10
element) followed by the anti-termination region from the
E. coli rrnG operon, rutA/rutB  entry and trpt’  termina-
tion regions from the trp operon (10) and the tR’ intrinsic
terminator (without the endogenous zone of opportunity)
from the phage genome was designed. Assays were per-
formed in single-round transcription format (30). 100 nM
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of E. coli RNAP core enzyme and 70 factor, 20 nM tem-
plate DNA, 10 M ApU,2 M ATP, GTP and CTP and 2

Ci -[*?P]CTP were mixedin10 |transcription buffer (20
mM Tris-OAc, pH 7.9, 100 mM KOAc, 5 mM Mg(OAc),,
5% (v/v) glycerol, 1 mM DTT) and incubated at 32°C for
10 min to generate initial transcription complexes with an
11-nucleotide labeled RNA. 200 nM NusA, 1 M NusG,
1 M NusB/E, 500 nM S4 and/or 500 nM SuhB, as well
as 500 nM hexameric  where indicated, were then added
to the reaction and incubated for 5 min at 32°C. Subse-
quently, a mixture of all four rNTPs was added to the re-
action ( nal concentrations of 2 mM ATP and CTP, 100

M GTP and UTP). Samples were taken at de ned time
points, PCl-extracted, isopropanol-precipitated and ana-
lyzed via 6% 8 M urea—PAGE. Bands were visualized on a
Storm Phosphorlmager and quanti ed with Image-Quant
software. Relative read-through of the trpt’ region was de-
termined as the percentage of trpt’ read-through products
relative to all products in a lane, with the value for acting
on RNAP alone set to 0 and the values for acting on all
other complexes scaled accordingly. Relative read-through
of the tR’ intrinsic terminator was determined as the per-
centage of tR’ read-through products relative to all prod-
ucts in a lane with the value for RNAP alone set to 0 and
the values for all other complexes scaled accordingly.

Crystallographic procedures

SuhB protein was mixed with NusA”R? in a 1:1.2 molar ra-
tio in 10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM DTT.
The mixture was injected on a Superdex 75 16/60 size exclu-
sion column (GE Healthcare) to obtain homogenous com-
plex. The puri ed complex was concentrated to 8 mg/ml.
Crystallization was conducted by sitting-drop vapor diffu-
sion in 48-well plates. The best crystals grew upon mixing
1.5 | of complex solution with 1 | of reservoir solution
containing 100 mM Tris—HCI, pH 8.5, 5% (w/v) PEG 8000,
16% (v/v) PEG 300 and 10% (v/v) glycerol. Crystals were
soaked in 100 mM Tris—HCI, pH 8.5, 12.5% (w/v) PEG
8000, 40% (v/v) PEG 300, 10% (v/v) glycerol overnight be-
fore being shed and ash-cooled in liquid nitrogen. For
isolated SuhB protein, 2 | of a 10 mg/ml protein solution
was mixed with 1 | reservoir solution (100 mM Tris—HCI,
pH 8.3, 12% (w/v) PEG 8000). SuhB crystals were ash-
cooled in liquid nitrogen after soaking in arti cial mother
liguor containing 30% (v/v) PEG 300.

Diffraction data were collected on beamline 14.2 at the
BESSY Il storage ring (Berlin, Germany) at 100 K. All data
were processed with XDS (31,32). Structures were solved
by molecular replacement, using the structure coordinates
of NusAAR?2 (PDB ID 1WCN) and/or the SUhBR#A vari-
ant (PDB ID 2QFL). Structures were re ned by alternat-
ing rounds of model building in COOT (33) and automated
maximume-likelihood restrained re nement in PHENIX
(34). Model quality was evaluated with MolProbity (35) and
the JCSG validation server (JCSG Quality Control Check
v3.1). Structure gures were prepared using PyMOL (36).
Data collection and re nement statistics are provided in Ta-
ble 1.
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Table 1. X-ray diffraction data collection and structure re nement statistics®

Dataset SuhB-NusAAR?2 SuhB
Data collection

PDB ID 3 61B8 61B7
Wavelength [A] 0.9184 0.9184
Temperature [K] 100 100
Space group P2,2:21 Cc2

Unit cell parameters
Axes [A]

64.27,95.54, 104.54

90.72, 46.03, 72.91

Angles [], 90.0, 90.0, 90.0 90.0, 125.4, 90.0
Resolution [A] 50.00-1.65 (1.74-1.65) 50.00-2.25 (2.38-2.25)
Re ections

Unique 78 162 (12 069) 11 994 (1919)

Completeness [%] 99.1 (95.7) 97.2 (96.8)

Redundancy 5.5(5.1) 3.3(3.4)

17 (1) 15.2 (0.9) 10.7 (1.1)

Rmeas (1) [%]° 7.8 (186.4) 9.2 (145.0)

CCuyo [%]° 99.9 (36.3) 99.9 (58.3)

Re nement

Resolution [A] 30.00-1.65 (1.68-1.65) 36.98-2.25 (2.47-2.25)
Re ections

Number 77 933 (4649) 11 611 (2886)

Completeness [%] 99.1 (89.9) 97.3(97.2)

Test set [%] 2.69 5.00
Rwork® 18.2 (37.6) 21.5(33.1)
Réree® 21.9 (41.9) 26.1 (40.0)
Contents of A.U.f

Non-H atoms 5111 2044

Protein molecules/residues 3/594 1/257

Mg?* ions 2 1

Glycerol molecules 9 2

PEG units 2 0

Water oxygens 267 30
Mean B factors [A?]

Wilson 26.3 54.2

Protein 34.6 65.9

Ligands 44.3 64.6

Water oxygens 37.0 60.1
Ramachandran plot?

Favored [%] 98.1 97.7

Outliers [%] 0.0 0.0
Rmsd" R

Bond lengths [A] 0.015 0.005

Bond angles [°] 1.009 0.736
aValues in parentheses refer to the highest resolution shells.

PRmeas() = n [N/(N=DJ¥2 i lin—=<In>/ 1 ilin, in which <lp> is the mean intensity of symmetry-equivalent re ections h, l;, is the intensity of

a particular observation of h and N is the number of redundant observations of re ection h.
CCCyp = (<I?>-<I>?) / (<I?> - <I>?) + 2, inwhich ? is the mean error within a half-dataset (45).

YRwork = nFo—Fc/  Fo (working set, no cut-off applied).

€Riree IS the same as Ryork, but calculated on the test set of re ections excluded from re nement.

fA.U. — asymmetric unit.
9Calculated with MolProbity (35).
hRmsd - root-mean-square deviation from target geometry.

Structure comparisons

Structures were compared by global superposition of com-
plex structures or by superposition of selected subunits in
complexes using the Secondary Structure Matching (SSM)
algorithm implemented in COOT (33).

RESULTS
SuhB binds directly to NusA and the RNA signal element

Presently it is unknown which other components of the
rrnTAC SuhB directly interacts with. To address this ques-
tion, we conducted analytical size exclusion chromatogra-

phy (SEC) analyses using recombinantly produced, puri ed
components. R-protein S4 could not be included in these
initial experiments, as in the absence of RNAP, DNA and
RNA, it tended to aggregate and precipitate with the other
factors. Under the chosen conditions, SuhB did not stably
interact with RNAP alone (Figure 2A). Likewise, SuhB did
not bind the NusB/E dimer or NusG (Figure 2B). However,
SuhB co-eluted both with NusA and with rrnGnut RNA
(residues 1-66; Figure 1C) from the gel Itration column,
and these components together eluted earlier than the indi-
vidual molecules (Figure 2B, C), indicating the formation of
stable SuhB-NusA and SuhB-rrnGnut RNA complexes un-
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Figure 2. SEC analyses monitoring the interaction of SuhB with other components of the rrnTAC. In this and the following gures, protein fractions were
analyzed by SDS PAGE, nucleic acid fractions were analyzed by 8 M urea-PAGE; analyzed components or mixtures are identi ed in the gray box above
the gels; fractions corresponding to the elution of speci ¢ complexes or isolated components are identi ed below the gels; bands are identi ed on the right.
(A) Lack of binding of SuhB to RNAP core enzyme. (B) First and second panel — SEC runs of isolated NusA and SuhB, respectively. Third panel — binding
of SuhB to NusA but not to the other Nus factors. In this and the following gures, the same fractions were analyzed in gels showing SEC runs of isolated
components and gels showing SEC runs of mixtures. An asterisks in this and several of the following gels denotes a minor contaminant that originated
from our NusG preparations and that runs at almost the same position as r-protein S4 in SDS PAGE. (C) First panel — SEC run of rrnGnut RNA alone.
Second panel — binding of SuhB to rrnGnut RNA. (D) Ternary SuhB-NusA-rrnGnut RNA complex formation. The same fractions as in (C) are shown. (E)
Formation of a SuhB-NusA-NusB/E-rrnGnut RNA complex. (F) Formation of separate SuhB-NusA-nut RNA and NusB/E-nut RNA complexes with

consensus nut RNA (labeled ‘nut RNA for simplicity).

der the chosen conditions. SuhB, NusA and rrnGnut RNA
also formed a ternary complex (Figure 2D).

Upon mixing SuhB with all Nus factors and rrnGnut
RNA, a complex comprising SuhB, NusA, NusB, NusE
and rrnGnut RNA eluted from the gel Itration column
(Figure 2E). A similar complex could not be assembled
when phage or consensus nut RNAs (residues 1-36; Fig-
ure 1D) were used instead (Figure 2F). In the latter case,
separate ternary SuhB-NusA-nut RNA and NusB-NusE-
nut RNA complexes formed (Figure 2F).

NusA is a multi-domain protein that encompasses an
RNAP-binding NTD, an array of RNA-binding S1 and

two hnRNP K homology domains (KH1 and KH2) and
two C-terminal acidic repeat domains (AR1 and AR2; Fig-
ure 1E). The latter two domains are not universally con-
served in NusA orthologs. To test which region of NusA
is bound by SuhB, we recombinantly produced various
fragments of NusA and repeated the SEC analyses. SuhB
bound to a construct comprising the NusA AR2 domain
(residues 427-495; NusAAR?: Figure 3A), but failed to in-
teract with a NusA variant lacking this domain (residues
1-426; NusA AR2: Figure 3B). These results indicate that
the AR2 domain of NusA represents the main contact site
of the protein to SuhB.
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Figure 3. SEC analyses monitoring the interaction of SuhB with NusA variants and RNAP CTD. (A) Binding of NusAAR? to SuhB. First panel - SEC
run of isolated NusAAR?, Second panel — interaction of SuhB and NusA”R?, (B) Lack of binding of SuhB to NusA AR2_ (C) SEC analyses demonstrating
mutually exclusive binding of SuhB and CTD to NusA”R2, First panel — isolated CTD. Second panel — binding of CTD to NusA”R2, Third panel -
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to join a SuhB-NusAFL complex formed in the presence of excess SuhB.

RrnGnut RNA is required for stable integration of SuhB into
transcription complexes

Upon mixing RNAP, DNA with an arti cial transcription
bubble, rrnGnut RNA that could pair in the transcription
bubble, all Nus factors, S4 and SuhB, a stable rrnTAC could
be reconstituted (Figure 4A). S4 was not required for for-
mation of an RNAP-DNA-rrmGnut RNA-NusA/B/E/G-
SuhB complex (Figure 4B). A complex containing all com-
ponents also still formed when full-length NusA (NusAFL-)
was replaced by a variant lacking the NusA AR2 domain
(NusA AR?: Figure 4C), indicating that the AR2 domain
of NusA is dispensable for integration of SuhB into the
rrnTAC. In contrast to NusA”AR?, rrnGnut RNA was re-
quired for stable integration of SuhB into transcription
complexes: SuhB did not join an RNAP-NusA complex
(Figure 4D) or a complex containing RNAP, NusA and
DNA but lacking rrnGnut RNA (Figure 4E); however, it
did associate with RNAP-NusA when DNA and rrnGnut
RNA were also present (Figure 4F).

These observations were unexpected, given that SuhB
forms a stable complex with NusA and NusA”R? in iso-

lation (see above). However, the NusA AR2 domain can
also interact with the C-terminal domain of the RNAP
subunit ( CTD), as recently visualized in a NusA-
modi ed his-operon hairpin-paused elongation complex
(6). The NusAAR2. CTD interaction is thought to allow
RNA binding by NusA, as RNA binding in isolated NusA
is auto-inhibited by AR1-AR2 folding back onto the S1-
KH1-KH2 RNA-binding region in a manner mutually ex-
clusive with the NusAAR?2- CTD interaction (37,38). We
therefore tested whether binding of SuhB and CTD to
NusA”R? js also mutually exclusive. Indeed, while stable
SuhB-NusA”R? (Figure 3A) and CTD-NusA”R? (Fig-
ure 3C, middle) complexes formed in analytical SEC upon
mixing the respective proteins, a mixture of SuhB, CTD
and NusA”R? gave rise to separate SuhB-NusA”R? and
CTD-NusA”R? complexes eluting from the column (Fig-
ure 3C, bottom). In addition, excess SuhB prevented CTD
from associating with NusA (Figure 3D). We therefore sug-
gest that in transcription complexes lacking rrnGnut RNA,
NusA tends to bind via its AR2 domain to the CTD of
RNAP, preventing SuhB-AR?2 interactions.

6102 AINF gz uo Jasn uluag JeeysIanun a1l4 AQ v/46/¥5/8879/2 1/ 7AdBISqE-9[dIE/IBU/WOD dNO DIWEPEo.//:SA]Y WOl) PAPEOjUMOQ



Nucleic Acids Research, 2019, Vol. 47, No. 12 6495

A RNAP/NusA/NusB/NusE/NusG/S4/SuhB/ F RNAP/NusA/SuhB/DNA/rrnGnut RNA
DNA/rrnGnut RNA R ———— -Bp
[~ - ———— - B.B =i e — NusA
EE! _ -a
NusA S - ZSuhB
—q R e e
— SuhB
—S4,%
— NusG
= NusB -w
w, Nus = rrnGnut RNA
= rmGnut RNA
—DNA
L wilw - DNA RNAP-NusA-SuhB-
DNA-rrnGnut RNA
rmTAC Excess subunits —
NusA-SuhB-
rrnGnut RNA
B RNAP/NusA/NusB/NusE/NusG/SuhB/
DNA/rrnGnut RNA
Bh=r . & o—tete —BF G RNAP/NusA/NusB/NusE/NusG/S4/
SBERE. ———= — NusA DNA/rrGnut RNA
a ] 1-B
— SuhB - L i == — NusA
— NusG R —— —a
— NusB
~ w, NusE dps e Z ﬁﬁ;{;
= rrGnut RNA _ ——|=NusB
== w, Nust
: ol - —DNA CHew e — rmGnut RNA
yi o e bt d L |1 Ftetl
rmTAC™* Excess subunits o i A o A e . I B DN A
RNAP-NusA-NusG- NusA- Excess NusG +
c RNAP/NusA“E:zwlsB(/;Nu?lgmst/SMSuhB/ DNA-rrnGnut RNA £ S4  rmGnut RNA NusB/E
rrGnui
T aame e ——— —B.B
o _ — NUSAAAR2
B —a H RNAP/NusA/NusB/NusE/NusG/
RS . —| = SuhB DNA/rmGnut RNA
B e e —S4,% |-pp
—— — ama®] = NusG ——— — Nush
i 4 — NusB = — Nus,
- - === |~ w, Nus
; - — - a——— —a
- - = rmGnut RNA
wE S )
g |~ NusG
g - — NusB
RS pRTE—————— L ] TN s+ _w?NusE
rmTAC™ Excess subunits g S e —_— — rrnGnut RNA
D RNAP/NusA/SuhB o —emememes — | — DNA
e =f=t ~ B8 RNAP-NusA-NusG- NusA-  Excess NusG +
== = NusA DNA-rmGnut RNA rnGnut RNA  NusB/E
———————— —-a
wswnes| = SuhB
I rrnGnut RNA
-w il n o — rmGnut RNA
RNAP-NusA Excess SuhB NusA/rrnGnut RNA
NusA-SuhB — ——.-—— — NusA
- |—=rmGnut RNA
E
RNAP/NusA/SuhB/DNA ( NusA- Excess
P, ot —Bp rrmGnut RNA rrmGnut RNA
Rl = — NusA
-a
e 1 1 Ao - === SuhB

RNAP-NusA-DNA Excess SuhB, DNA

Figure 4. SEC analyses monitoring the formation of transcription complexes. (A) Formation of a complete rrnTAC. (B) SuhB integration does not depend
on the presence of r-protein S4. (C) SuhB is still ef ciently integrated into an rrnTAC formed with NusA AR2_ (D-F) SuhB fails to join a RNAP-NusA
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absence of SuhB. In addition, S4 associates with the complex only partially when SuhB is missing (G). Moreover, excess NusA competes with NusB/E for
binding to excess rrnGnut RNA (G, H). (1) Interaction of NusAFL with rrnGnut RNA in the absence of other factors. First panel — isolated rrnGnut RNA
(same run shown as in the top panel of Figure 2C). Second panel — mixture of NusA and rrnGnut RNA.
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Figure 5. Double nitrocellulose/nylon Iter-binding assay, monitoring in-
teraction of SuhB with rrnGnut RNA or boxBA RNA. Top panel — au-
toradiograms of the bound (nitrocellulose) and unbound (nylon) frac-
tions of the RNAs at increasing concentrations of SuhB. RNAs are identi-
ed on the right. Bottom panel — quanti cation of the data. Data were
t according to a one-site speci ¢ binding model with Hill slope; (B =
Bmax*X"/[K¢"+X"]; B - fraction bound; Bimax — maximum fraction bound,;
X —concentration of SuhB; h — Hill slope; Kq — dissociation constant). The
Kq for the SuhB-rrnGnut RNA interaction is indicated on the right; the K4
for the SuhB-boxBA RNA interaction could not be determined (n.d.).

SuhB facilitates recruitment of NusB/E and S4 to transcrip-
tion complexes

Interestingly, the NusB/E dimer failed to associate with
transcription complexes bearing rrnGnut RNA when SuhB
was omitted, irrespective of the presence of S4 (Figure
4G, H). In addition, while a NusA-rrnGnut RNA complex
formed with excess material in these SEC runs, NusB/E did
not associate with this NusA-rrnGnut RNA complex (Fig-
ure 4G,H), suggesting that in the absence of SuhB, NusA
competes with NusB/E on rrnGnut RNA. Moreover, in the
absence of SuhB, S4 only partially associated with rrnGnut
RNA-containing transcription complexes (Figure 4G).
The apparent competitive binding of NusA and NusB/E
to rrnGnut RNA in the absence of SuhB was surpris-
ing, due to the above-mentioned auto-inhibition of iso-
lated NusA with respect to /consensus nut RNA bind-
ing (37,38). However, isolated NusA clearly did bind to
rrnGnut RNA even in the absence of other factors (Fig-
ure 41), indicating that this RNA might have a high enough
af nity to overcome NusA auto-inhibition. In double Iter-
binding assays, SuhB bound rrnGnut RNA with a K4 of 3.2
M, while binding to a boxBA RNA, which lacked boxC
and the boxA-boxC linker (residues 1-40; Figure 1C), was
much weaker (Ky could not be determined; Figure 5). This
observation suggests that binding of SuhB to the boxA-
boxC linker region and/or boxC is important for coor-
dinating the concomitant binding of NusA and NusB/E
to rrnGnut RNA. This notion is further supported by the
observation that SuhB does not facilitate concomitant as-
sembly of NusA and NusB/E on /consensus nut RNA

lacking these regions (Figure 2F). Based on these results,
we suggest that SuhB remodels the NusA-rrnGnut RNA
complex or repositions NusA on rrnGnut RNA, by con-
comitantly interacting with NusA (via the AR2 domain)
and the RNA (via the boxA-boxC linker or boxC). Such
remodeling/repositioning might facilitate subsequent bind-
ing of NusB/E.

Structural basis of the SuhB-NusA”R? interaction

To begin elucidating the structural basis underlying the
transcriptional functions of SuhB, we determined a_crys-
tal structure of a SuhB-NusA”R? complex at 1.65 A res-
olution (Table 1; Figure 6A). An asymmetric unit of the
crystals contained two SuhB molecules and a single copy
of NusA”R2_ The structures of the two SuhB monomers are
almost identical (root-mean-square deviation [rmsd] 0.49 A
for 248 pairs of common C atoms; Figure 6B). The SuhB
monomers are folded as an alternating stack of three pairs
of helices (helix pairs I-111) and two  sheets (sheets |
and I1I; Figure 6A). The six-stranded, antiparallel sheet I is
sandwiched between helix pairs I and 11, the ve-stranded,
mixed sheet I is sandwiched between helix pairs 11 and I11.
The AR2 domain formed a dual helix-hairpin-helix motif
with four helices and one 3¢ helix (order 1- 2- 3-319-

4; Figure 6A), as observed before in other molecular con-
texts (38,39).

The SuhB monomers formed a near-C2-symmetrical
dimer (Figure 6A) that closely resembled the previously ob-
served dimer of an isolated SuhBR'® variant (25) (rmgsd
0.66 A for 491 pairs of common C atoms). About 1600 A?
of combined surface area are buried at the dimer interface.
It has been suggested that wild type (wt) SuhB might form
monomers, and that the R184A mutation stabilized the
dimer state observed in the crystal structure of SuUhBR8A
(25). We therefore also crystallized wt SuhB alone and de-
termined its structure at 2.25 A resolution (Table 1). Iso-
lated wt SuhB crystallized with one monomer in an asym-
metric unit, but a dimer essentially identical to the dimer
seen with SUhBR*A (rmsd 0.56 A for 482 pairs of common
C atoms) and in the SUNB-NusA”R? complex (rmsd 0.49
A for 497 pairs of common C atoms) was formed by crys-
tal symmetry (Figure 6C). Moreover, SEC coupled to multi-
angle light scattering con rmed that SuhB forms dimers un-
der the chosen conditions in solution (experimental molec-
ular mass: 60.7 kDa; calculated molecular mass for a SuhB
dimer: 58.3 kDa).

In the SuhB-NusA”R? crystal, two symmetry-related
copies of NusA”R? were bound laterally at equivalent sur-
faces of the two SuhB subunits of the dimer, i.e. below one
exposed edge of sheet | and along the exposed lateral face
of helix pair 11, sheet Il and helix pair 111 of SuhB (Figure
6A). However, one of the NusAAR? copies associated with
one SuhB subunitviaa at surface formed by its C-terminal

3-310- 4 portion (interaction mode 1; Figures 6A,B and
7A), while the other AR2 domain bound the second SuhB
subunit via an edge formed by its 1, 3 and 4 elements
(interaction mode 2; Figures 6A, B and 7B).

Interaction modes 1 and 2 bury about 650 A? and about
500 A? of combined surface area, respectively, showing that
interaction mode 1 encompasses a more extended interface
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Figure 6. Crystal structures of a SuhB-NusA”R?2 complex and of isolated wt SuhB. (A) SuhB-NusA”R2 complex. SuhB — brown and beige; NusAAR?2

—colored from blue to red (N-terminus to C-terminus). Stacked pairs of helices and sheets as well as bound Mg?* ions are indicated in SuhB,

helices

are labeled in NusAARZ_ An asymmetric unit contains two SuhB molecules (SuhB'! and SuhB!'!) and one NusA”R2 molecule. However, two symmetry-
related NusA”R2 molecules are shown to illustrate the different interactions modes with the two SuhB monomers. Interaction modes are identi ed. (B)
Superposition of SuhB'" (beige) in complex with a molecule of NusA”R2 hound via interaction mode 2 (cyan) onto SuhB' (brown) in complex with
a molecule of NusA”R? pound via interaction mode 1 (blue), further illustrating the different binding modes. (C) Wt SuhB dimer, shown in the same
orientation as the SuhB dimer in (A). (D, E) CTD-NusA”R? complex (red and cyan) superimposed via the NusA”R? subunit on SuhB-NusAAR2 complexes
(brown and blue or beige and blue) formed via interaction mode 1 (D) or interaction mode 2 (E). Rotation symbol in (E) indicates the view relative to (A).
Only interaction mode 1 explains the observed mutually exclusive binding of SuhB and CTD to NusA”ARZ,

between SuhB and NusA”R?, Moreover, superimposing the
AR2 domain of a CTD-NusA”R? complex (38) on the
AR2 domains in the SuhB-NusA”R? crystal structure re-
vealed that SuhB bound in interaction mode 1 would pre-
clude CTD-AR?2 interactions (Figure 6D), while interac-
tion mode 2 would allow formation of a ternary SuhB-
NusAAR2_ CTD complex (Figure 6E). Thus, only interac-

tion mode 1 can explain the mutually exclusive binding of
SuhB and CTD to NusA”R? we observed (Figure 3C,D).
We also exchanged interacting residues in the two observed
SuhB-AR?2 interfaces by site-directed mutagenesis and as-
sessed the effects of these mutations on complex formation
between SuhB and NusA”R? by analytical SEC and sur-
face plasmon resonance (SPR) analyses. While all protein
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Figure 7. Details of the SuhB-NusA”R? interfaces and mutational analysis. (A, B) Details of the interfaces in interaction mode 1 (A) and interaction mode
2 (B). Interacting residues are shown as sticks and labeled. Atom coloring: carbon — as the respective protein subunit; nitrogen — blue; oxygen — red. Black
dashed lines — hydrogen bonds or salt bridges. Rotation symbols indicate the view relative to Figure 6A. (C) SPR analyses of SuhB-NusA”R? interactions,
employing the indicated SuhB variants. Quanti cation of the data is provided in the table at the bottom. IM 1/2 — interaction mode 1/2; k, — association
rate constant; kg — dissociation rate constant; Kq — dissociation constant. (D) SEC analyses of mixtures of SuhBKL251/254AA (affecting interaction mode 1)
with NusAAR2 (top) or with NusAFL (bottom). While the interaction with NusA”R?2 is completely abrogated, it is partially maintained with NusAFL,

variants behaved very similarly to the wt proteins during
production and puri cation, equilibrium circular dichro-
ism (CD) spectra and CD-based thermal melting analy-
ses indicated that at least some of the NusA AR2 domain
variants may have suffered changes in 3D structure and/or
fold stability. Possibly due to these alterations, SEC anal-
yses did not yield conclusive results. In addition, only wt
SuhB, SUhBKLZL/25AA (interaction mode 1 affected) and
SuhBX1%A (interaction mode 2 affected) in combination
with wt AR2 gave quanti able results in SPR runs (Fig-
ure 7C). The SPR results con rmed formation of a stable
complex between wt SuhB and AR2 with an estimated dis-
sociation constant of Ky = 94 nM. The analyses were again
consistent with interaction mode 1 representing the relevant
complex, as SuhB mutations affecting interaction mode 1
led to a reduction of more than three orders of magnitude
in the af nity to AR2 (Kg = 141 M for SUuhBKLZ1/254AA_
AR2), while a SuhB mutation affecting interaction mode 2
only had a mild effect ( 4.5-fold reduction in af nity; Ky =
435 nM for SUhBK!®A-AR2; Figure 7C). Taken together,
the above data suggest that interaction mode 1 represents

the SuhB-AR?2 interaction mode in solution while interac-
tion mode 2 most likely is a result of crystal packing.
Interestingly, while SUNBKL25/254AA consistently failed to
stably bind NusA”R? in SEC as well (Figure 7D, top), a
complex with NusAF- remained partially intact during gel
Itration (Figure 7D, bottom). Therefore, regions beyond
the AR2 domain in NusAF- most likely also contribute to
stable complex formation with SuhB.

SuhB and NusA”R? are required for rrn anti-termination

To test the effect of SuhB on transcription, we designed a
linear DNA template bearing the T7Alcon promoter, fol-
lowed by a region encoding an rrnGnut site, rutA/rutB

entry signals, the trpt*  termination region and the tR’ in-
trinsic terminator (Figure 8A), and employed this template
in in vitro transcription assays. Production of an initial, ra-
dioactively labeled transcript was initiated at the promoter
via RNAP holoenzyme by withholding UTP. Subsequently,
Nus factors, S4, SuhB and/or were added and transcrip-
tion was continued by supplying a large excess of all four un-
labeled nucleotide tri-phosphates. Samples were taken at 15-
minute time points and products were visualized by dena-
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