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ABSTRACT

The synthesis of ribosomal RNA (rRNA) is a tightly
regulated central process in all cells. In bacteria ef-
ficient expression of all seven rRNA operons relies
on the suppression of termination signals (antitermi-
nation) and the proper maturation of the synthesized
rRNA. These processes depend on N-utilization sub-
stance (Nus) factors A, B, E and G, as well as ri-
bosomal protein S4 and inositol monophosphatase
SuhB, but their structural basis is only poorly under-
stood. Combining nuclear magnetic resonance spec-
troscopy and biochemical approaches we show that
Escherichia coli SuhB can be integrated into a Nus
factor-, and optionally S4-, containing antitermina-
tion complex halted at a ribosomal antitermination
signal. We further demonstrate that SuhB specifically
binds to the acidic repeat 2 (AR2) domain of the multi-
domain protein NusA, an interaction that may be in-
volved in antitermination or posttranscriptional pro-
cesses. Moreover, we show that SuhB interacts with
RNA and weakly associates with RNA polymerase
(RNAP). We finally present evidence that SuhB, the
C-terminal domain of the RNAP «-subunit, and the
N-terminal domain of NusG share binding sites on
NusA-AR2 and that all three can release autoinhi-
bition of NusA, indicating that NusA-AR2 serves as
versatile recruitment platform for various factors in
transcription regulation.

INTRODUCTION

Transcription, the first step in gene expression, is tightly
controlled by a multitude of transcriptional regulators at
all steps of the transcription cycle, i.e. initiation, elongation,
and termination, with RNA polymerase (RNAP) being re-
sponsible for RNA synthesis. Under certain circumstances
termination signals are suppressed by a process called an-
titermination (AT), a ubiquitous mechanism to regulate the
expression of viral genes in bacteria, bacterial genes, and
possibly, genes of archaea and eukaryotes. AT mechanisms

were first discovered in context with bacteriophage \, where
they are essential for the phage’s life cycle as they control
the expression of early and late genes (1). Phage protein
AN combines with Escherichia coli host proteins, the N-
utilization substance (Nus) factors A, B, E, and G, as well
as specific RNA sequences, nutL and nut R, that contain two
protein binding elements, hoxA4 and boxB, and the elonga-
tion complex (EC) (2). In the resulting AN- and Nus factor
containing antitermination complex (TAC) RNAP is mod-
ulated to suppress termination signals (3—7). Nus factors
are not only involved in the life cycle of bacteriophages, but
are required for the correct expression of genes in bacteria.
NusG is member of the only universally conserved family
of transcription factors (8) and, in E. coli, consists of an
N- and a C-terminal domain (NTD, CTD) connected by a
flexible linker (9). NusG-NTD binds to RNAP to increase
its processivity, NusG-CTD serves as interaction platform
for various binding partners, e.g. it interacts with ribosomal
protein S10 to couple transcription and translation or with
termination factor Rho to stimulate Rho-dependent ter-
mination (10,11). During AT NusG-CTD binds to NusE,
which is identical to S10, and anchors the NusB:NusE:boxA4
complex to the RNAP (12,13). Highly conserved NusA is
composed of six domains in E. coli and involved in AT
processes (14,15), RNA folding (16), pausing and intrin-
sic as well as Rho-dependent termination (17). NusA-NTD
binds to the B flap tip helix, which forms the mouth of
the RNA exit channel, and modulates pausing and termi-
nation (5,7,18). The following three domains, S1 and K
homology (KH) 1 and KH2, form a compact RNA bind-
ing region called NusA-SKK (19). In E. coli and other -
proteobacteria, NusA-SKK is followed by two acidic re-
peat (AR) domains, AR1 and AR2 (20). NusA-AR1 binds
AN during AN-dependent AT (21-23). In free NusA NusA-
AR?2 interacts with NusA-KH1, autoinhibiting NusA by
preventing RNA binding. This autoinhibition can be re-
leased by interaction of NusA-AR2 with the CTD of the a
subunit of RNAP (a«CTD) (24-26). Moreover, NusA-AR2
can bind to NusG-NTD, an interaction that might be in-
volved in NusG recruitment (27).

In many bacteria, Nus factors are also required for the
correct expression of ribosomal RNA (rRNA) genes (6,28).
rRNA and transfer RNA (tRNA) make up more than 95%
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of the total RNA in a bacterial cell and ribosome biosynthe-
sis consumes a major fraction of the energy of the cell (29).
Thus, synthesis, cleavage, and maturation of rRNAs as well
as their assembly with ribosomal proteins need to be tightly
controlled. E. coli harbors seven rRNA operons, each com-
prising the genes coding for 16S, 23S and 5S rRNA. All
operons have a leader sequence upstream of the 16S gene
and a spacer element between the 16S and the 23S genes.
Similar to AN-dependent AT sequences, E. coli rRNA oper-
ons contain boxA4 and box B elements, both in the leader and
in the spacer regions, but in reversed order (30-34). The ri-
bosomal (rrn) boxA element is essential for rrn AT, highly
conserved in all seven rrn operons in E. coli (consensus se-
quence: UGCUCUUUA), and differs only slightly from A
boxA (33). The boxA element is specifically recognized by
the NusB:NusE heterodimer (35), with NusE being the ac-
tive AT component while NusB acts as loading factor for
NusE (13,36). boxB is neither a consensus sequence nor re-
quired for rrn AT, but has the potential to form an RNA
hairpin loop structure (33,34). Additionally, a linear, less
well characterized boxC element consisting of an alternat-
ing GU sequence can be found 3’ of boxA in the rrn leader
region or following hox B in lambdoid nut sites (33,34). Sim-
ilar to boxB, boxC is not necessary for rrn AT (33), but a
boxC element can also be found in other species such as
Mycobacterium tuberculosis, where it is part of a binding
site that is recognized by NusA (37).

In bacteria, long non-coding RNAs are target for Rho-
dependent termination. Thus, RNAP is modified at hoxA
elements of the leader and the spacer region of rRNA oper-
ons to suppress Rho-dependent termination via assembly
of an rrn TAC that comprises at least NusA, NusB, NusE
and NusG (6,38,39). Complete rrn AT cannot be achieved
by using purified Nus factors in vitro (6), but cell extract
is able to stimulate rrn AT, and ribosomal protein S4 has
been identified as key player in rrn AT (40). Moreover, inosi-
tol monophosphatase SuhB (41) and translation-associated
heat shock protein YbeY (42) are suggested to contribute
to correct rRNA biosynthesis. Although AT has long been
the accepted role for Nus factors in rRNA synthesis, re-
cent studies suggest that the major role of the Nus factor-
and SuhB-modified EC in rRNA operons is to act as RNA
chaperone and to co-ordinate transcription with folding of
the 16S rRNA and processing by RNase 111, ensuring the
proper production of 30S subunits (43). Thus, it is unclear
if the predominant role of SuhB and Nus factors is to stim-
ulate rrn AT or to function post-transcriptionally or if they
are essential for both activities as these are not mutually
exclusive. It is proposed that SuhB associates directly with
RNAP (44), maybe in a NusB-dependent manner (41), and
promotes RNA loop formation between elongating RNAP
and the boxA-bound NusB:NusE complex (41). To date, the
structural basis for proper rRNA synthesis ensured by Nus
and other factors remains elusive.

Here, we combined biochemical approaches with
solution-state nuclear magnetic resonance (NMR) spec-
troscopy to demonstrate that SuhB can indeed be part of a
Nus factor-, and optionally S4-, containing EC halted at
an rrn AT site. Although it is not yet clear if the resulting
complex is involved in AT or acts posttranscriptionally, we
will refer to it as rrn-TAC. We show that SuhB specifically
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interacts with NusA-AR2, but that it also binds to RNA
as well as to RNAP. Moreover, our analyses reveal that
SuhB, RNAP oCTD and NusG-NTD share binding sites
on NusA-AR2, and that all three interactions release
autoinhibition of NusA, confirming NusA as central
regulator in transcription.

MATERIALS AND METHODS
Cloning and mutagenesis

The genes encoding SuhB and S4 were amplified from chro-
mosomal E. coli DNA by polymerase chain reaction using
the primers listed in Supplementary Table S1. Each gene
was cloned into a pETGB1a expression vector (provided by
Gunter Stier, EMBL Heidelberg, Germany) via BamHI and
Ncol restriction sites resulting in the recombinant plasmids
pETGBIla_suhb and pETGBI1a_s4, respectively. The recom-
binant target proteins carry a hexa-histidine tag followed by
the B1 domain of streptococcal protein G (GB1) and a To-
bacco Etch Virus (TEV) cleavage site at their N-termini.

The gene coding for NusA lacking the AR2 do-
main (amino acids 1-426, NusA2AR?) was amplified from
pTKK19_NusA(1-495) (27) with primers listed in Sup-
plementary Table S1. The gene was cloned into a mod-
ified vector pET19b via Ndel and Xhol restriction sites
(pET19bmod_nusAAAR?2) so that the resulting fusion pro-
tein harbors a hexa-histidine tag followed by a TEV pro-
tease cleavage site at its N-terminus.

The exchange of D443 in NusA-AR?2 by a cysteine was
done according to the QuickChange Site-directed Mutage-
nesis protocol from Stratagene (Stratagene, La Jolla, USA)
using pET19b_nusA-AR2 (24) as template and primers
AR2-D443C-FW and AR2-D443C-RV (Supplementary
Table S1), resulting in pET19b_nusA-AR2(D443C).

Gene expression and protein purification

Full length NusA was produced as described (27), as
was NusA-NTD (45), NusA-SKK (46), NusA-AR1-AR2
(20), NusA-AR2 (27), NusB (12), NusE#/B (12), NusG
(47), NusG-NTD (47), RNAP (48), a-, B-, B’-, w-subunit
(45) and RNAP o-CTD (20). The production and purifica-
tion of NusA-AR2P*3C were the same as for NusA-AR2.
s4 was expressed in E. coli BL21 (A DE3) (Novagen,
Madison, USA) harboring the plasmid pETGBla_s4.
Lysogeny broth (LB) medium supplemented with 30 pwg/ml
kanamycin was inoculated with a preculture to an optical
density at 600 nm (ODygyy) of 0.2 and grown at 37°C. At
an ODggo of 0.7 expression was induced by addition of 1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells
were harvested 4 h after induction by centrifugation (6 000
x g, 10 min, 4°C), resuspended in buffer S4-A (50 mM
tris(hydroxymethyl)aminomethane (Tris)/HCI, pH 7.5, 500
mM NaCl, 10 mM imidazole, 10% (v/v) glycerol, 2 mM
Dithiothreitol (DTT)), and lysed by a microfluidizer (Mi-
crofluidics, Newton, USA). Upon centrifugation (25 000
x g, 30 min, 4°C) the supernatant was applied to a 5 ml
HisTrap HP chelating column (GE Healthcare, Chalfont St
Giles, UK), which was subsequently washed with buffer S4-
A. Elution was carried out via a step gradient with increas-
ing imidazole concentrations (10 mM-1 M in buffer S4-
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A). Fractions containing Hisg-Gb1-S4 were combined and
cleaved during overnight dialysis against buffer S4-B (50
mM Tris/HCI, pH 7.5, 400 mM NaCl, 10 mM imidazole,
10% (v/v) glycerol, 2 mM DTT; molecular weight cut-off
(MWCO) 3 500 Da) at 4°C by TEV protease. The dialysate
was applied to a 5 ml HisTrap HP chelating column con-
nected to a 5 ml Heparin HP column (GE Healthcare,
Munich, Germany). After washing with buffer S4-A, the
HisTrap HP chelating column was removed and the Hep-
arin HP column was eluted with a constant gradient from
400 mM to 1 M Nacl in buffer S4-A. Fractions contain-
ing pure S4 were combined, dialysed against 50 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer, pH 7.0,
300 mM NaCl, 150 mM D-glucose, 2 mM DTT (MWCO
3 500 Da) at 4°C, concentrated by ultrafiltration (MWCO
3000 Da), shock frozen in liquid nitrogen, and subsequently
stored at —80°C.

Expression of suhb was carried out in E. coli Rosetta
(A DE3) plysS (Novagen, Madison, USA) containing
pETGBIla_suhb. The procedure was the same as for s4, ex-
cept that LB medium was supplemented with 34 pg/ml
chloramphenicol in addition to 30 wg/ml kanamycin. Fur-
thermore, 0.5 mM IPTG was used for induction and cells
were resuspended in buffer SuhB-A (50 mM Tris/HCI, pH
7.5, 150 mM NacCl, 0.5 mM phenylmethane sulfonyl fluo-
ride (PMSF)). Cell lysis and protein purification were anal-
ogous to the procedures described for S4, with buffers as
follows. Elution of the first Ni affinity chromatography was
performed with a step gradient from 0 to 500 mM imida-
zole in buffer SuhB-A. Subsequent dialysis and cleavage by
TEV protease was carried out in buffer SuhB-B (50 mM
Tris/HCI, pH 7.5, 150 mM NacCl). The target protein was
eluted from the Heparin HP column via a constant gradient
with increasing NaCl concentration (150 mM-1 M NaCl
in buffer SuhB-B). Pure SuhB was finally dialysed against
50 mM Tris/HCIL, pH 7.5, 500 mM NaCl, 10% (v/v) glyc-
erol, 2 mM DTT (MWCO 10 000 Da). Analytical gel fil-
tration on a Superdex 75 10/300 GL column (GE Health-
care, Munich, Germany) showed that the protein existed as
monomer in solution.

NusA24R2 was produced in E. coli BL21 (A DE3) har-
boring the plasmid pET19bmod_nusAAAR2. The expres-
sion procedure resembled the expression of the s4 gene,
with exception that the LB medium was supplemented with
100 pg/ml ampicillin. For purification, cells were resus-
pended in buffer NusA*AR2_A (20 mM Tris/HCI, pH 7.9,
500 mM NacCl, S mM imidazole, | mM B-mercaptoethanol
(B-ME)). Cell lysis and the first step of protein purification
(N1 affinity chromatography) were analogous to the proce-
dures described for S4, with a step gradient of S mM-1 M
imidazole in buffer NusA*AR2.A_ After cleavage by TEV
protease during overnight dialysis at 4°C against buffer
NusA2AR2.B (20 mM Tris/HCI, pH 8.0, 1 mM B-ME)
(MWCO 10 000 Da) the protein solution was applied to a
HisTrap HP chelating column coupled to a QXL column
(GE Healthcare, Chalfont St Giles, UK). The target protein
was eluted from the QXL column via a constant gradient
with increasing NaCl concentration (150 mM-1 M NaCl in
buffer NusA2AR2_B). Pure NusA2AR? was dialysed against
50 mM MOPS, pH 7.0, 300 mM NacCl, 150 mM D-glucose, 2
mM DTT (MWCO 3 500 Da) at 4°C, concentrated by ultra-

filtration (MWCO 10 000 Da), shock frozen in with liquid
nitrogen and stored at —80°C.

Quality control of recombinant proteins

The purity was checked by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), the absence of
nucleic acids by recording UV /visible spectra on a Nan-
odrop ND-100 spectrometer (PEQLAB, Erlangen, Ger-
many) from 220 to 600 nm and calculating the ratio of
the absorbance at 260 and 280 nm. Concentrations were
determined by measuring the absorbance at 280 nm in a
10 mm quartz cuvette (Hellma, Miillheim, Germany) on a
Biospectrometer basic (Eppendorf, Hamburg, Germany).
The identitiy of SuhB and S4, respectively, was checked
by peptide mass finger printing (Department of Biochem-
istry, University of Bayreuth, Germany). Homogeneity was
ensured by analytical gel filtration on a Superdex 75 or
a Superdex 200 10/300 GL column (GE Healthcare, Mu-
nich, Germany). The folding state was assessed by circular
dichroism (CD) spectroscopy (1 mm quartz cuvette; J-1100,
JASCO, Pfungstadt, Germany) as well as one dimensional
(1D) "H-NMR spectra in the case of S4 and SuhB.

RNA synthesis and purification

rrnG RNA was produced via T7 RNAP-based in vitro tran-
scription using T7 RNAP variant P226K (T7 RNAPP?20K)
to enhance transcription efficiency. The rrnG DNA tem-
plate was chemically synthesized (metabion, Planegg, Ger-
many) and contained a T7 promoter, a GGG sequence
at the transcription start site to enhance transcription ef-
ficiency, and the gene coding for 7nG RNA comprising
boxA, boxB, and boxC (Supplementary Table S1). Tran-
scription reactions were performed in 40 mM Tris/HCI,
pH 8.1, S mM DTT, 1 mM spermidine, 28 mM MgCl,,
8% (w/v) polyethylene glycol (PEG) 8 000, 0,01% (v/v)
Triton X-100 containing 100 wM rrnG DNA template, 4
mM NTPs (ATP, GTP, UTP, CTP) and 100 pg/ml T7
RNAPP22K at 37°C for 4 h. Afterward, the reaction was
stopped via addition of ethylenediaminetetraacetic acid
(EDTA) to a final concentration of 66.8 mM and an ethanol
precipitation was performed. The rrnG RNA was purified
via a preparative 20% acrylamide/8 M urea PAGE and sub-
sequent electro elution. The RNA was dialyzed against wa-
ter, concentrated, lyophilized and stored at —80°C.

Isotopic labeling of proteins

I5N-labeled proteins were produced by growing E. coli cells
in M9 medium (49,50) containing ('"NH4),SO, (Cortec-
Net, Voisins-Le-Bretonneux, France). For the production
of perdeuterated proteins, E. coli cells were grown in M9
medium (49,50) prepared with increasing amounts of D,O
(25% (v/v), 50% (v/v), 99.9% (v/v) D,O; Eurisotop, Saint-
Aubin, France) with d;-glucose as carbon source. Site-
specific ['H,'*C]-labeling of Ile, Leu and Val methyl groups
([I,L,V]-labeling) in perdeuterated proteins was performed
according to published protocols (51), i.e. expression was
carried out as described for the production of perdeuterated
proteins, but 60 mg/l 2-keto-3-d;—4-'3C-butyrate and 100
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mg/l 2-keto-3-methyl-d;—3-d;—4-'*C-butyrate (both from
Eurisotop, St. Aubin Cedex, France) were added 1 h prior
to induction. Expression and purification were as described
for the production of unlabeled proteins.

NMR experiments

NMR experiments were carried out on Bruker Avance 700
MHz, Bruker Ascend Aeon 900 MHz and Bruker Ascend
Aeon 1 000 MHz spectrometers, equipped with cryogeni-
cally cooled inverse triple resonance probes. Data was pro-
cessed using in-house routines. Two dimensional (2D)/three
dimensional (3D) spectra were visualized and analysed
by NMRViewJ (One Moon Scientific, Inc., Westfield, NJ,
USA), 1D spectra by MatLab (The MathWorks, Inc., Ver-
sion 7.1.0.183). Assignments for the backbone amide res-
onances of NusA-AR2 (20), NusA-AR1-AR2(20), NusA-
SKK (24) and aCTD (24) were taken from previous studies,
the assignment of methyl group signals in full length NusA
were adapted from the assignments of individual domains
(20,24,52).

All spectra were recorded at 298 K with an initial sample
volume of 250 pl, if not stated otherwise. Proteins were in
50 mM MOPS, pH 7.0, 300 mM NacCl, 150 mM D-glucose,
10 mM MgCl,, 2 mM DTT, which was prepared with either
H,O for "'N- and >H,®N-labeled samples or 99.9% D,O for
[I,L,V]-labeled proteins. 1D spectra and signal intensities of
2D spectra were normalized by protein concentration, num-
ber of scans, and length of the 90° proton pulse; the receiver
gain was kept constant.

The SuhB binding surface of NusA-AR2 was determined
by analyzing the signal intensity in all titration steps of
2D spectra quantitatively. For each titration step the ratios
of remaining signal intensities and signal intensities in the
spectrum of the free, labeled protein were calculated, yield-
ing relative signal intensities. The mean value of all relative
signal intensities in each titration step was determined and
thresholds were defined at 1 and 1.5¢ of the mean value.
Residues with relative signal intensities below these thresh-
olds were classified as moderately or strongly affected, re-
spectively.

Chemical shift changes in methyl-transverse relaxation-
optimized spectroscopy (TROSY)-based interaction stud-
ies were in the fast regime on the chemical shift timescale
and thus analysed by calculating the normalized chemical
shift perturbation (Ad,,m) according to equation (1) for
['H,3C] correlation spectra.

Mo =  (A9'H) 025 (a5 (1)

where AJ is the resonance frequency difference in ppm.
Leu and Val residues were considered as affected if at
least one of the two signals showed a A8,orm >0.04 ppm
and only unambiguously assigned signals were used in the
analysis. Affected residues were mapped on the 3D structure
of NusA with the complete amino acids being highlighted
instead of only the methyl group to improve visualization.

Analytical size exclusion chromatography

Analytical size exclusion chromatography on a Superdex
200 Increase 10/300 GL column (GE Helathcare, Munich,
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Germany) was used to study interactions. Stock solutions of
proteins and/or nucleic acids were combined to yield mix-
tures of equimolar concentration (50 pM of each compo-
nent; in mixtures containing TACs each component was
present at 21 wM). The sequence of the random RNA is
given in Supplementary Table S1. 100 wl of the mixtures
were incubated for 15 min at room temperature, loaded on
the column and chromatographed at 0.3 ml/min at room
temperature. 0.5 ml fractions were collected and analyzed
by SDS-PAGE (17% PA gels) after trichloracetic acid pre-
cipitation or urea PAGE (20% PA gels, 8 M urea) to reveal
protein and nucleic acid contents, respectively. The iden-
tities of S4 and SuhB were checked by peptide mass fin-
ger printing (Department of Biochemistry, University of
Bayreuth, Germany). Proteins were in 50 mM Na phos-
phate buffer, pH 7.0, 75 mM NaCl, 150 mM D-glucose, 2
mM DTT. Quantitative analysis of the PA gels was carried
out using the Image Lab Software (Bio-Rad Laboratories,
Version 5.2.1).

rrnG-TAC assembly

Assembly of the rrmnG-TAC and design of the nucleic
acids were based on published methods (53). First, an
RNA:DNA-hybrid was formed from the template (T) DNA
and the RNA (Supplementary Table S1). The stock so-
lution of T DNA (1 mM and in H,0) was diluted with
TAC buffer (50 mM Na phosphate buffer, pH 7.0, 75 mM
NaCl, 150 mM D-glucose, 2 mM DTT) by 1:1 and mixed
with RNA at an equimolar ratio. The mixture was incu-
bated for 1 min at 95°C, then for 10 min at 70°C, and fi-
nally cooled to room temperature within 15 min. RNAP
(typically at 50-100 wM) was added at 1.2 molar excess
over the hybrid, followed by 10 min incubation at room
temperature. Finally, the non-template (NT) DNA strand
(Supplementary Table S1; 1 mM stock solution in H,O; di-
luted 1:2 with TAC buffer) was added at a molar ratio of
1:1.2:3 (T-DNA/RNA-hybrid:RNAP:NT-DNA) and incu-
bated for 10 min at 37°C.

Fluorescence anisotropy

For fluorescence anisotropy measurements, NusA-
AR2PH3C was site-specifically labeled with fluorescein-
S5-maleimide (ThermoFisher Scientific, Waltham, USA)
according to the manufacturer’s protocol. In brief, 25 pM
NusA-AR2P*3€ were incubated with 750 uM fluorescein-
S-maleimide at 4°C overnight (labeling buffer: 20 mM Na
phosphate, pH 7.0, 150 mM NaCl). The solution was then
applied to a PD MiniTrap Sephadex G-25 gravity column
(GE Healthcare, Munich, Germany) equilibrated with
fluorescence buffer (50 mM MOPS, pH 7.0, 300 mM NacCl,
150 mM glucose, 5 mM DTT) and eluted with fluorescence
buffer to remove non-reacted fluorescein-5-maleimide and
to exchange labeling buffer by fluorescence buffer. Finally,
the degree of labeling and the protein concentration were
determined by UV/vis spectroscopy on a Nanodrop
ND-1000 spectrometer (PEQLAB, Erlangen, Germany).
For the titration of NusA-AR2P*3€ with SuhB individ-
ual 100 pl samples were prepared for each titration step,
each containing 25 nM labeled NusA-AR2P*3C and in-
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creasing concentrations of SuhB up to 600 wM. Measure-
ments were done in black, sterile 96-well microtiter plates
(Brand, Wertheim, Germany) at 25°C on a Synergy 2 mi-
croplate reader (BioTek, Winooski, USA). Both proteins
were in fluorescence buffer. Four independent measure-
ments were carried out per titration step and the anisotropy
values were averaged. The mean values were plotted against
the SuhB concentration. The data was fitted to a two-
component binding equation describing the binding equi-
librium of a 1:1 binding system to determine the Kp value
(54).

Docking

The complex of NusA-AR2 and SuhB was modeled with
the HDOCK server (55) using data from the ['H,"’N]-
heteronuclear single quantum coherence (HSQC) titration
of N-NusA-AR1-AR2 with SuhB as restraints. Thus,
residues 461, 464, 465, 483, 486, 490 and 491 were defined
as binding site residues. Model 1 of the NMR ensemble of
NusA-AR2 (PDB ID: 1WCN) and chain A of the crystal
structure of SuhB (PDB ID: 2QFL) were used as input.

Programs

The PyMOL Molecular Graphics System (Version 1.7,
Schrodinger, LLC.) was used for the graphical representa-
tion of protein structures.

RESULTS
SuhB integrates into a Nus factor-containing rrn-TAC

SuhB is suggested to be part of the rRNA biosynthesis ma-
chinery, and thus we probed SuhB interactions in a TAC
that is halted at an rrn AT site and that harbors all Nus
factors by analytical gel filtration using a Superdex 200 col-
umn. We produced RNAP, NusA, NusE:NusB, NusG and
SuhB recombinantly in E. coli and generated an rrnG RNA
(68 nucleotides) containing linear boxA4 and boxC elements
as well as a hoxB hairpin (Supplementary Figure S1A) by
in vitro transcription. We used a NusE variant lacking the
ribosome binding loop (NusE#) in complex with NusB to
increase its stability (13) in all interaction studies. SuhB ex-
isted as monomer in solution. To check the integrity of the
rrmG RNA we tested its ability to bind to a NusE*:NusB
heterodimer. The NusE®:NusB complex and rnG RNA
were mixed in equimolar concentration and NusE*:NusB
coeluted with the RNA (Supplementary Figure SIB), in
agreement with previous findings (12,13,35). Next we as-
sembled a Nus factor- and SuhB-containing TAC resting
at the rrnG AT site (rrnG-TAC). In brief, an EC was as-
sembled using a nucleic acid scaffold (Supplementary Fig-
ure S1A, for details see Materials and Methods) that was
subsequently incubated with all Nus factors and SuhB. All
transcription factors coeluted with RNAP and the rrnG
RNA (Figure 1A), demonstrating that all components form
a complex. However, quantitative analysis revealed that,
in contrast to NusA, NusE*:B, and NusG, only ~20% of
SuhB coeluted with the rrnG-TAC, indicating that the affin-
ity of SuhB for the rrnG-TAC is lower than that of the
Nus factors. To identify relevant interactions of SuhB in

this complex we tested binary systems by mixing SuhB with
NusA, NusE2:NusB, NusG, RNAP, or RNA in a 1:1 mo-
lar ratio (Figure 1B and Supplementary Figure S1C-F).
Among the Nus factors SuhB coeluted only with NusA, in-
dicating a direct interaction between them (Figure 1B). Us-
ing a NusA variant lacking the AR2 domain (NusA2AR?)
shows that the SuhB:NusA interaction depends on the pres-
ence of AR2 as NusA®AR?2 and SuhB eluted separately
(Figure 1C). However, a SuhB- and Nus factor-containing
rrmG-TAC could still form when NusA*AR? was used in-
stead of full length NusA (Figure 1D), suggesting that the
SuhB:NusA-AR2 interaction is dispensable for SuhB inte-
gration if all components are present simultaneously. SuhB
also coeluted with rrnG RNA (Figure 1E) indicating a di-
rect SuhB:rnG interaction, in agreement with the sugges-
tion that SuhB functions as RNA chaperone and supports
RNA loop formation during RNA maturation (41). To test
if SuhB exhibits specificity toward rrnG RNA a random
RNA was analysed. The elution profiles of SuhB and the
random RNA overlapped when run separately, but they
were not altered at all when the 1:1 mixture was applied
to the column (Supplementary Figure S1E), indicating that
SuhB might specifically recognize rrnG RNA. This finding
should, however, be corroborated by an orthogonal tech-
nique. Finally, no stable SuhB:RNAP complex could be de-
tected (Supplementary Figure S1F).

Ribosomal protein S4 also contributes to rrn AT (40)
and, indeed, it coeluted with RNAP, rrnG RNA, all Nus
factors, and SuhB when all components were present in
equimolar concentration (Figure 1F), indicating integra-
tion of S4 into a Nus factor- and SuhB-modified rrnG-
TAC. As observed for SuhB, only a fraction of S4 (~25%)
coeluted with the rrnG-TAC, suggesting that its affinity for
the rrnG-TAC is also lower than that of the Nus factors. A
direct interaction between SuhB and S4 could not be de-
tected (Supplementary Figure S1G).

SuhB binds directly to NusA-AR2

We next aimed to corroborate the finding that SuhB di-
rectly interacts with NusA-AR2 by solution-state NMR
spectroscopy. The addition of full length NusA to "N-
labeled SuhB led to a significant decrease of SuhB signal
intensity in the 1D ['H,'>N]-heteronuclear single quantum
coherence (HSQC) spectrum (Supplementary Figure S2A).
The high transversal relaxation rate of the spins of NusA
(54.9 kDa) strongly affects magnetization transfer efficiency
upon binding, which results in line broadening and thus
ultimately in a decrease of signal intensity. Consequently,
the loss of '’N-SuhB signal intensity suggests a direct
SuhB:NusA interaction. Titrations of "N-NusE?:NusB,
N-NusB and N-NusG with SuhB demonstrated no
interaction (Supplementary Figure S2B-D), all in agree-
ment with our gel filtration data. To identify the NusA
domain that binds to SuhB, "N-NusA-NTD, "N-NusA-
SKK and "N-NusA-AR1-AR2 were titrated with SuhB
and 2D ['H,">N]-HSQC spectra were recorded after each
step (Figure 2A, B and Supplementary Figure S2E.F). In
the presence of SuhB significant changes were only observ-
able in the spectrum of ’N-NusA-AR1-AR2. The chemi-
cal shift perturbations were small, but the intensity of sev-
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Figure 1. Interaction studies. Analyses of analytical size exclusion chromatography runs by Coomassie-stained SDS-PAGE (proteins, in color) and Tolui-
dine blue-stained urea-PAGE (RNA, in grayscale), monitoring interactions between SuhB, NusA, NusE? /B, NusG and the rrnG-TAC (A), SuhB and NusA
(B), SuhB and NusA2AR2 (C), SuhB, NusA2AR2 NusE* /B, NusG and the rrnG-TAC (D), SuhB and rrnG RNA (E), and SuhB, S4, NusA, NusE2 /B,
NusG and the rrnG-TAC (F). Mixtures loaded for each run are indicated in the boxes above the gels. The left lane shows the marker (SDS-PAGE standard
low range, BioRad). Molecular weights (M) are indicated on the left, bands are identified on the right or between two gels, and complexes formed are
given below the gels. Gels are representative examples of at least two repetitions.

eral signals decreased dramatically, indicating intermediate
chemical exchange on the NMR time scale. Plotting the rel-
ative signal intensity of '’N-NusA-AR1-AR2 in the pres-
ence of 0.5 equivalents of SuhB against the NusA-ARI1-
AR2 amino acid position clearly shows that only the in-
tensity of signals corresponding to the NusA-AR2 domain
were affected (Figure 2C), suggesting that SuhB specifically
recognizes and interacts with NusA-AR2, consistent with
the results of the analytical gel filtration.

Mapping of the affected residues on the structure of
NusA-AR2 reveals that they form a continuous patch at

the C-terminal part of NusA-AR2, involving helices a3, a4,
o5 and the loops connecting these helices (Figure 2D). The
electrostatic surface potential of NusA-AR?2 is mostly nega-
tive, whereas SuhB exhibits an extensive positively charged
area, a large negatively charged region, and a mostly hy-
drophobic patch, the latter constituting the dimerization in-
terface (Supplementary Figure S3A, B). Based on the af-
fected residues in NusA-AR2 a docking model was gener-
ated without conformational rearrangements. In the lowest
energy model NusA-AR?2 binds to the positively charged
area of SuhB via helices a3 and a5, positioning NusA-AR?2
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relative signal intensity) affected signals, respectively. Disappearing signals are indicated by red dots, crosses mark not assigned residues. (D) Model of the
SuhB:NusA-AR2 complex. The model was generated with HDOCK using the chemical shift perturbations of the ['H,!>N]-HSQC titration as restraints
for NusA-AR2. The model with the lowest HDOCK score is depicted. SuhB (PDB ID: 2QFL), blue, and NusA-AR2 (PDB ID: IWCN), gray, are in ribbon
representation. Affected residues from (C) are mapped on NusA-AR2 (moderately affected residues, orange; strongly affected residues, red). Termini and
secondary structure elements are labeled. Panels show the surface representations of SuhB colored according to its electrostatic surface potential (left) and

NusA-AR2 colored as in the complex (right).

opposite the dimerization interface of SuhB (Figure 2D).
NusA-AR2 residues W490 and F491 located in helix a5
pack against the hydrophobic, C-terminal part of SuhB he-
lix 6.

The Kp of the SuhB:NusA-AR?2 interaction was deter-
mined by fluorescence anisotropy measurements. For this,
D443 in the isolated NusA-AR2 domain, which is located

in helix o2 and thus opposite the SuhB binding site, was
exchanged by a Cys residue, resulting in NusA-AR2P#3¢,
This NusA-AR2 variant was site-specifically labeled with
fluorescein-5-maleimide and titrated with SuhB (Supple-
mentary Figure S3C), yielding a Kp of 83 + 4 wM. This
rather low affinity may be a result of the high salt concen-
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tration that had to be present in the buffer to avoid precipi-
tation of SuhB in the stock solution.

SuhB, NusG-NTD and a CTD share binding sites on NusA-
AR2

In free NusA the AR2 domain binds to the KH1 domain
of the SKK motif, preventing RNA binding by NusA-
SKK and rendering NusA autoinhibited (24-26). This au-
toinhibition can be relieved by the aCTD of RNAP as
NusA-SKK and a«CTD share binding sites on NusA-AR2
(24). NusA-AR2, however, can also bind to NusG-NTD,
an interaction that might be involved in the regulation of
Rho-dependent termination or in the recruitment of NusG
(27). The binding sites for both NusG-NTD and «CTD
on NusA-AR?2 involve the C-terminal helix a5 (Supple-
mentary Figure S4). Interestingly, the SuhB binding site of
NusA-AR?2 also overlaps with the binding sites for «CTD
and NusG-NTD (Supplementary Figure S4). All interac-
tions are specific for NusA-AR2 and involve helix a5 of
NusA-AR2 with residues W490 and F491 being key deter-
minants (Figure 2C, (24,27)).

To test if interactions of NusA-AR2 with SuhB and
aCTD are competitive, we carried out 2D ['H,"NJ-
HSQC-based displacement experiments with spectra be-
ing recorded after each titration step. First, NusA-AR2
was added in equimolar concentration to "N-aCTD, re-
sulting in chemical shift changes corresponding to '"N-
aCTD:NusA-AR2 complex formation (Figure 3A,B), in
agreement with previous findings (24). Subsequent titra-
tion with SuhB reversed the chemical shift changes (Fig-
ure 3A, B), confirming that SuhB displaces the aCTD from
NusA-AR2. A reverse displacement experiment was per-
formed (Figure 3C, D) where NusA-AR2 was added to
2H,"N-SuhB in a 1:1 molar ratio, leading to chemical shift
perturbations indicating complex formation. Addition of
the aCTD reversed those changes, demonstrating the dis-
placement of SuhB from NusA-AR2. The mutual displace-
ment of SuhB and «CTD from NusA-AR2 indicates similar
affinities for the SuhB:NusA-AR2 and the «CTD:NusA-
AR2 interactions, suggesting that both are physiologically
relevant.

SuhB, NusG-NTD and « CTD can release autoinhibition of
NusA

The aCTD is able to release autoinhibition of NusA by
removing NusA-AR2 from NusA-SKK (24-26). Thus, we
probed if NusG-NTD and SuhB have the same capability
by NMR-based displacement experiments. We first titrated
2H,'">N-labeled NusA-SKK with NusA-AR2 and recorded
['H,'SN]-band-selective excitation short-transient trans-
verse relaxation-optimized spectroscopy (BEST-TROSY)
spectra after each titration step to determine the chemi-
cal shift perturbations caused by binding of NusA-AR2 to
the NusA-SKK domain (Figure 4A), which were in agree-
ment with previous data (24). Addition of NusG-NTD
to the preformed 2H,>N-NusA-SKK:NusA-AR2 complex
led to partial reversal of all shifts, indicating displacement of
NusA-AR2 from NusA-SKK (Figure 4B). Similarly, SuhB
was able to displace NusA-AR2 from NusA-SKK (Figure
4C).
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The interaction probability of NusA-AR2 with NusA-
SKK may, however, be higher in full length NusA as the
domains are covalently connected resulting in a higher lo-
cal concentration. Thus, we repeated the displacement ex-
periments in the context of the full length protein. Due to
the high molecular mass of the system we used 'H,!3C-
labeled methyl groups of Ile, Leu, and Val residues in a
perdeuterated background as NMR-active probes ([I,L,V]-
NusA). SuhB was titrated to [I,L,V]-NusA and methyl-
TROSY spectra were recorded after each titration step (Fig-
ure 5A,B). Normalized changes of the chemical shifts were
calculated to identify affected residues (Supplementary Ta-
ble S2), which were then mapped on the three dimensional
structure of NusA (Figure 5C). Affected residues can only
be found in the C-terminal region of NusA-AR?2 and the B-
sheet of the NusA-KHI1 subdomain, indicating that SuhB
is able to release NusA autoinhibition as KH1 is the bind-
ing site for the AR2 domain in autoinhibted NusA (24) and
the C-terminal region of NusA-AR?2 is the binding site for
SuhB (see Figure 2D). This finding corroborates our gel
filtration data as SuhB is able to interact with NusA even
in the absence of any other factors (Figure 1B). Similarly,
NusG-NTD (Supplementary Table S3 and Supplementary
Figure S5) and the «CTD (Supplementary Table S4 and
Supplementary Figure S6) can release the autoinhibition
of NusA. However, in the presence of the «CTD, several
residues in NusA-NTD are also strongly affected and form
a patch opposite the B flap tip helix binding site (Supple-
mentary Figure S6C), indicating that the «CTD can also
bind to NusA-NTD, in agreement with a cryo electron mi-
croscopy structure of NusA bound to a paused EC where
one aCTD is bound to NusA-AR2 and the other «CTD
interacts with NusA-NTD (18).

SuhB interacts weakly with RNAP

SuhB has been reported to associate with RNAP (44) and
the EC (41,56), but SuhB did not coelute with RNAP
alone in our gel filtration experiments (Supplementary Fig-
ure S1F). Nevertheless, we tested if SuhB can bind to
RNAP by solution-state NMR spectroscopy. We recorded
1D ['H,"N]J-HSQC spectra of '"'N-SuhB in the absence
and presence of RNAP (Supplementary Figure S7A). Ad-
dition of RNAP led to a significant decrease of "’N-SuhB
signal intensity due to enhanced magnetization relaxation
upon PN-SuhB:RNAP complex formation. As binding of
SuhB to RNAP was not observable in the gel filtration ex-
periments we conclude that this interaction is only weak
and transient and may be not detectable in non-equilibrium
methods. To identify the interacting RNAP subunit we
added individual RNAP subunits to "N-labeled SuhB and
recorded 1D or 2D ['H,"’N]-HSQC spectra (Supplemen-
tary Figure S7B-E). The spectrum of ’N-SuhB was only
significantly affected in the presence of the B or the B’ sub-
unit, suggesting that SuhB might interact with either or
both simultaneously.

DISCUSSION

Nus factors and their role in the proper expression of rRNA
have been studied for a long time. rrn AT is a documented
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Figure 3. The «CTD and SuhB share binding sites on NusA-AR2. (A and B) ['H,!N]-HSQC displacement of NusA-AR?2 from >N-«CTD by SuhB.
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aCTD: 200 wM; stock concentrations of NusA-AR2 and SuhB were 941 uM and 597 wM, respectively. The dashed box in (A) indicates the section as in
(B). In (B), selected signals are labeled and arrows show the changes in their chemical shifts upon addition of NusA-AR2 (orange) and SuhB (red). (C and
D) ['H,5N]-BEST-TROSY displacement of NusA-AR2 from 2H,>N-SuhB by «CTD. 2H,'>N-SuhB:NusA-AR2:aCTD = 1:0:0, black; = 1:1:0, orange;
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addition of NusA-AR2 (orange) and aCTD (red).

activity of an rrn-TAC that comprises minimally RNAP,
Nus factors and nucleic acids (6). Highly efficient rrn AT,
however, cannot be achieved by this ‘minimal’ rrn-TAC, but
rrn AT is strongly stimulated in the presence of cell extract
(6), indicating that additional factors are involved. There is,
for example, solid evidence that ribosomal protein S4 plays
a central role in rrn AT (40). Despite some functional simi-
larities of AN-dependent and rrn AT (38,57), no central un-
structured component such as AN has yet been identified in
rrn AT. Inositol monophosphatase SuhB and translation-
associated heat shock protein YbeY are also involved in
rRNA biosynthesis (41,42).

Here, we show that SuhB can form a complex with a
Nus factor-containing TAC halted at an rrnG AT site with
the RNA harboring boxA, boxB and boxC motifs (Fig-
ure 1A). This finding is in agreement with in vivo exper-

iments showing that a boxA4 element and Nus factors re-
cruit SuhB, which then remains associated with RNAP
throughout transcription of rRNA (41). S4 is involved in
rrn AT (40), and we demonstrate that SuhB can also be in-
tegrated into a Nus factor- and S4-containing rrnG-TAC,
but S4 interactions within this complex remain elusive (Fig-
ure 1F). We studied the interactions of SuhB with all com-
ponents in this complex and found that SuhB directly in-
teracts with the AR2 domain of NusA, but highly likely
with no other Nus factor or S4 (Figures 1 and 2 and Sup-
plementary Figures SI and S2). E. coli SuhB has an inosi-
tol monophosphatase activity, which it exerts—unlike other
inositol monophosphatases—as monomer, although it can
occur in a monomer-oligomer equilibrium in solution (58).
In our experiments SuhB exists as monomer, indicating that
SuhB performs its function as transcription factor in its

0202 UoIB\ €0 UO Jasn yinaikeg seyjolaigsielsioniun Aq 91.986¥5/v0S9/Z L/Lyoeasqe-ajdile ieu/woo dno-oiwapese//:sdny Wwolj papeojumoq



Nucleic Acids Research, 2019, Vol. 47, No. 12 6513

A 110.0 - e, B 1100 e, C 110.0 F K .
. T,
@ it
1150 |- 115.0 |- 150} , .
- - - K T
£ El El o o
£ 1200 £ 1200 £ 1200 v A
% ) o Y S
LT . * [
1250 1250 | 1250 oA
o et
’ .". ‘
1300 1300} ¢ 1300F ¢
105 100 95 9.0 85 80 75 7.0 105 10.0 95 90 85 80 7.5 7.0 105 100 95 90 85 80 75 70
3'H (ppm) 8'H (ppm) 3'H (ppm)
1275} o 127.5 1275 @ >
] 253 g : G253
1280 1280 128.0 /
= 1285} £ 1285 £ 1285
z 1200f ® ¢ Z 1290 Z 1290} @ °
& G312 % & G312
1205} 129.5 | 129.5
G319
1300} 130.0 | 130.0 f g @
130.5| 130.5 | 130.5 | @@ R270
80 78 78 77 8.0 78 77 80 78 78 = 77
5'H (ppm) 8'H (ppm) &'H (ppm)
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their chemical shifts are indicated by arrows. (B) ['H,'>N]-BEST-TROSY displacement experiment of NusA-AR2 from 2H,!N-NusA-SKK by NusG-
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in the top panel indicates the section as in the bottom panel. Selected signals are labeled and arrows show the changes in their chemical shifts upon addition
of NusA-AR2 (orange) and NusG-NTD (red). (C) ['H,!*NJ-BEST-TROSY displacement experiment of NusA-AR2 from 2H,!N-NusA-SKK by SuhB.
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(orange) and SuhB (red).

monomeric state. As there is no requirement for an inositol
monophosphatase activity in E. coli (59), our findings sup-
port the proposal that widely conserved SuhB has two unre-
lated functions with gene regulation being the primary one
(41). The SuhB:NusA-AR?2 interaction is dispensable for
SuhB integration into a Nus factor containing rrnG-TAC
if all components are present simultaneously (Figure 1D).
However, SuhB not only interacts with NusA-AR2, but it
also binds to rrnG RNA, in agreement with the finding that
it may act as RNA chaperone to support the formation of
RNA loops formation during RNA maturation (41). Fur-
thermore, NMR experiments indicated that SuhB can also
bind to RNAP (Supplementary Figure S7), although this
interaction is weak and transient as it was not observable
via gel filtration (Supplementary Figure S1F). It has been
reported previously that E. coli SuhB associates with elon-
gating RNAP (41) and binds to o factor-containing RNAP
(44) and that SuhB from Pseudomonas aeroguinosa asso-
ciates with RNAP in vivo (56), but nevertheless it remains
to be determined if the SuhB:RNAP interaction detected
via NMR spectroscopy is specific and of physiological rele-
vance.

Taking together all findings we suggest several functions
for the SuhB:NusA-AR?2 interaction during rrn AT (Fig-
ure 6). First, it may be involved in the assembly of the
rrn-TAC (Figure 6A). Although SuhB can be integrated
into a Nus factor-modified rrn-TAC in the absence of the
AR2 domain (Figure 1D), the SuhB:NusA-AR?2 interac-
tion might, nevertheless, contribute to SuhB recruitment
if not all components are present at the same time, but if
the rrn-TAC is assembled in a stepwise manner, as known
from other TACs. The A\N-dependent TAC, for example,
is assembled cooperatively and involves binary interactions
that are occasionally not stable when studied in isolation
(5,7). However, as SuhB binds to rrnG RNA we hypoth-
esize that the RNA:SuhB interaction is the key player in
SuhB recruitment, in agreement with reports that SuhB is
incorporated in a NusB/boxA-dependent manner (41). No
direct interaction between SuhB and NusB could be de-
tected in vitro (Supplementary Figures S1C and S2B), im-
plying that this dependence is most likely indirect. Alter-
natively, the SuhB:NusA-AR?2 interaction could promote
the recruitment of other components of the r7n-TAC during
the stepwise assembly of the complex, e.g. the NusB:NusE
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Figure 5. SuhB releases autoinhibition of NusA. (A and B) ['H,!3C]-methyl-TROSY spectra of the titration of 25 wM [I,L,V]-NusA with SuhB. SuhB was
added in a molar ratio of 1:0, black; 1:0.5, orange; 1:1, cyan; 1:2, purple; 1:3, yellow; 1:5, red (concentration of SuhB stock: 343 wM). The boxed region
in (A) indicates the section as in (B). Selected signals are labeled. (C) Structure of NusA in ribbon representation. Linker regions are indicated by dashed
lines. Ile, Leu, and Val residues with assigned methyl groups are shown as sticks with carbon atoms of the methyl groups as black spheres. If a methyl group
was affected upon addition of SuhB (A8yorm > 0.04 ppm) the whole residue was colored in red (see also Supplementary Table S2). PDB IDs: NusA-NTD:
2KWP, SKK-AR1: SLM9, NusA-AR2: IWCN.
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Figure 6. Scheme of the possible functions of the SuhB:NusA-AR2 interaction during rrn AT. The SuhB:NusA-AR?2 interaction may be involved in the
assembly of the SuhB- and Nus factor-containing rrn-TAC (A) or in suppressing Rho-dependent termination by repositioning of NusA (B). SuhB (blue)
is depicted in surface, NusA-AR2 (green) in ribbon representation. Important binding sites on RNAP are highlighted in ribbon representation. The solid
arrow in (A) illustrates the «CTD:NusA-AR2 interaction and thus the competition of the «CTD and SuhB for NusA-AR2, the dashed arrow in (B)
indicates the putative SuhB:RNAP interaction. 3-FTH: B flap tip helix, B’-CH: B’ clamp helices. PDB IDs: SuhB: 2QFL, NusA-AR2: IWCN.
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heterodimer. The NusB:NusE complex binds specifically
to boxA (12,35), whereas the regions upstream and down-
stream of boxA constitute a binding site for NusA-SKK
(46). In a AN-dependent TAC NusA-SKK and NusB:NusE
can bind simultaneously to RNA (5,7) as the order of hoxA
and boxB is reversed as compared to rRNA operons (33).
NusA is recruited early during transcription (60) and could
thus hinder the access of NusB:NusE to box4 via two ways:
(1) NusA could bind in its autoinhbited state to RNAP
via NusA-NTD, sterically blocking access to boxA, or
(ii) upon release of autoinhibition by the a«CTD, NusA-
SKK could bind to the regions flanking hoxA, masking the
NusB:NusE binding site. SuhB binds to »rnG RNA (Fig-
ure 1E), interacts with NusA-AR?2 (Figure 2) and can even
release autoinhibition of NusA (Figure 5), and may conse-
quently alter the RNA binding properties of NusA. Thus,
the SuhB:NusA-AR?2 interaction might affect the overall
conformation of NusA or directly the NusA-SKK:RNA in-
teraction in a way that removes NusA from box A, allowing
recruitment of NusB:NusE. Finally, the SuhB:NusA-AR?2
interaction may additionally stabilize the rrn-TAC during
processive AT. If the SuhB:NusA-AR2 interaction remains
stable throughout complete transcription of rRNA and if
SuhB establishes specific contacts with RNAP remains to
be determined.

Second, the SuhB:NusA-AR?2 interaction could modify
RNAP into a termination-resistant state (Figure 6B) via dif-
ferent ways: (i) SuhB could affect the positioning of NusA
on RNAP. During elongation NusA-NTD interacts with
the B flap tip helix at the RNA exit channel while it is
concomitantly bound by one of the «CTDs (18). The sec-
ond «aCTD interacts with NusA-AR2, tethering NusA to
the RNAP in a defined conformation with limited flexibil-
ity (18,46). As indicated by the displacement experiments
the affinity of the SuhB:NusA-AR2 and the NusA-AR2:
oCTD interaction is similar (Figure 3), and the concen-
tration of SuhB is approximately half the concentration
of RNAP molecules (61). Thus, SuhB might displace the
oCTD from NusA-AR2 and consequently change the con-
formation and consequently influence the positioning of
NusA, a principle reminiscent of AN-dependent AT (5,7).
How this rearrangement could contribute to suppressing
Rho-dependent termination remains elusive, although one
may speculate that NusA blocks accession of Rho to its re-
cruitment site on the RNA. (ii) SuhB itself could prevent
recruitment of Rho by interacting with RNA and thus ster-
ically blocking the Rho binding site of the RNA.

A recent study showed that Nus factors and SuhB can act
as RNA chaperones and suggested that this function may
be their major role at rRNA operons, ensuring the proper
folding of 16S RNA and thus being critical for the biogen-
esis of the 30S subunit (43). Our results demonstrate that
SuhB can be integrated into a Nus factor-containing rrn-
TAC, a complex that may be involved in rrn AT as well as
in post-transcriptional processes in rRNA biosynthesis. If
the SuhB:NusA-AR2 interaction is required for both RNA
chaperone and AT activity or just one of them needs to be
determined as does the question if further factors are in-
volved in rrn AT. More general, as boxA elements, which
recruit NusB:NusE, are widespread, the regulation by Nus
factors and SuhB may not be limited to rRNA operons, but
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may play a role in the expression of many genes in diverse
bacterial species, including autoregulation of Nus factors
(62).

NusA-AR1 and NusA-AR2 share a high sequence iden-
tity of 31.5% and exhibit nearly identical structures (root
mean square deviation of main chain atoms: 1.2 A) with
a very similar electrostatic potential surface (20). Never-
theless, SuhB exclusively recognizes NusA-AR?2 (Figure 2).
This binding specificity can probably be attributed to the
presence of two residues in the C-terminal helix a5 of
NusA-AR2, W490 and F491. In NusA-AR1, a Leu (L414)
and an Ala (A415) residue can be found at corresponding
positions. NusG-NTD and the « CTD also specifically bind
to NusA-AR2 (24,27), while AN only interacts with NusA-
ARI1 (20,22). The interaction surfaces on NusA-AR2 with
aCTD, NusG-NTD, and SuhB overlap and all involve he-
lix a5 (Supplementary Figure S4), in particular residues
W490 and F491. The NusA-AR2 domain constitutes the
very C-terminus of NusA and all domains are connected
via linkers conferring NusA high intramolecular flexibil-
ity. When attached to RNAP via NusA-NTD and to RNA
via NusA-SKK, the AR domains can still move virtually in-
dependently. This together with the high specificity suggests
that NusA-AR2 may serve as versatile and efficient recruit-
ment platform for various transcription factors in E. coli
and other y-proteobacteria. Upon recruitment, these fac-
tors may then be made available to interactions with other
factors or RNAP to be integrated into regulatory transcrip-
tion complexes. Moreover, NusA-AR2 shares some features
with the acidic activation domains (ADs) found in eukary-
otic transcription activators. Similar to NusA, these tran-
scription factors usually exhibit a modular structure, com-
prising at least one DNA binding domain and one AD, the
latter being essential for the interaction with other tran-
scription factors, RNAP or coactivators (63). Generally,
ADs show no apparent sequence conservation and are usu-
ally intrinsically disordered regions (IDRs) in the absence of
binding partners, but, like NusA-AR2, they interact with
structurally diverse binding partners (64). ADs are classi-
fied according to the preponderance of certain amino acids
with the so called acidic ADs containing clusters of nega-
tively charged amino acids (‘acidic blobs’) and consequently
a negative net charge (65,66). Although acidic ADs are en-
riched in acidic amino acids their interaction with binding
partners does usually not rely on these residues (67). In-
stead, specific recognition is mediated via short motifs of
bulky hydrophobic residues in the IDRs that are occasion-
ally presented on one side of one or two a-helices which
form in the presence of a binding partner (68-71). This
recognition mode is reminiscent of NusA-AR2 where W490
and F491, which are located on one side of helix o5 in
the mainly negatively charged domain, are the key deter-
minants for the interaction with SuhB, «CTD and NusG-
NTD.

Autoinhibition is an important regulatory mechanism
that is widespread in nature (72). Intramolecular interac-
tions between different regions of a polypeptide that may
even be coupled to conformational changes inhibit the func-
tion of at least one of these regions. This negative regula-
tion limits activation of the protein/enzyme to certain phys-
iological conditions and alters the activity of proteins in-
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volved in diverse cellular processes, ranging from transcrip-
tion factors (73) to E3 ubiquitin ligases (74) and protein
kinases (75). In NusA the AR2 domain binds to the KH1
domain of the RNA binding SKK motif, preventing RNA
binding and thus autoinhibiting NusA to allow context-
dependent RNA binding (24,25). NusA autoinhibition can
be released by the « CTD (24), NusG-NTD (27) and SuhB
that all bind to NusA-AR2 (Figure 5, Supplementary Fig-
ures S5 and S6). The ability of NusA-AR2 to specifically
recognize various other transcription factors and the fact
that these interactions can activate NusA underline the cen-
tral role of NusA in transcription regulation.
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