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ABSTRACT

The ribosomal S1 protein (rS1) is indispensable for
translation initiation in Gram-negative bacteria. rS1
is a multidomain protein that acts as an RNA chap-
erone and ensures that mRNAs can bind the ribo-
some in a single-stranded conformation, which could
be related to fast recognition. Although many ribo-
some structures were solved in recent years, a high-
resolution structure of a two-domain mRNA-binding
competent rS1 construct is not yet available. Here,
we present the NMR solution structure of the mini-
mal mRNA-binding fragment of Vibrio Vulnificus rS1
containing the domains D3 and D4. Both domains are
homologues and adapt an oligonucleotide-binding
fold (OB fold) motif. NMR titration experiments re-
veal that recognition of miscellaneous mRNAs oc-
curs via a continuous interaction surface to one
side of these structurally linked domains. Using a
novel paramagnetic relaxation enhancement (PRE)
approach and exploring different spin-labeling po-
sitions within RNA, we were able to track the lo-
cation and determine the orientation of the RNA in
the rS1-D34 bound form. Our investigations show
that paramagnetically labeled RNAs, spiked into un-
modified RNA, can be used as a molecular ruler to
provide structural information on protein-RNA com-
plexes. The dynamic interaction occurs on a defined
binding groove spanning both domains with identi-
cal B2-33-p5 interfaces. Evidently, the 3’-ends of the
cis-acting RNAs are positioned in the direction of the
N-terminus of the rS1 protein, thus towards the 30S
binding site and adopt a conformation required for
translation initiation.

INTRODUCTION

The elucidation of bacterial ribosome structures by X-ray
crystallography and cryo-electron microscopy (cryo-EM)
has been key to understand the molecular basis of pro-
tein synthesis (1,2). The ribosome structures capture nu-
merous translational intermediates and thus provide pro-
found insight into the translation process (3—10). However,
the largest ribosomal protein S1 (rS1, 61 kDa) is gener-
ally absent from ribosome structures, although it is func-
tionally important during translation initiation. rS1 is a
multi-domain protein that is divided into two functionally
specialized parts that execute different tasks in the con-
text of translation (11). In Gram-negative bacteria, rS1
typically consists of six imperfect oligonucleotide-binding
fold (OB fold) repeats of approximately ~ 75 amino acids.
As often encountered in nucleic acid-binding proteins, the
OB fold domains are separated by linkers of 10-15 amino
acids (12,13). The two N-terminal domains (D1-D2) have
lost their nucleic acids-binding ability, however. These do-
mains are responsible for ribosome binding, where rS1 is
anchored to the ribosomal protein S2 via its N-terminal un-
structured region (14). The four C-terminal domains (D3-
DO6) of rS1 are decoupled from the N-terminus via a flexi-
ble linker and interact with the 5'-untranslated regions (5'-
UTR) of mRNAs. rS1 binds various mRNAs without se-
quence specificity, which is in line with its anticipated role
to promote translation initiation of many different RNAs,
although a preference for AU-rich sequences is often ob-
served (15,16). As an RNA chaperone rS1 stabilizes single-
stranded mRNA conformations by undergoing transient
RNA-protein interactions. Thus, rS1 melts secondary struc-
ture at the ribosome binding site, opening the mRNA avail-
able for further interactions essential for the start of transla-
tion (17,18). In fact, this region harbors the so-called Shine—
Dalgarno (SD) sequence, which binds to the complemen-
tary anti-SD sequence within the 16S rRNA (19). There-
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fore, rS1 brings the mRNA transcript in the proximity of the
ribosomal decoding channel, enabling fast mRNA recogni-
tion by the 30S subunit (20). Recent studies also imply an in-
volvement of rS1 in the translational-regulation mechanism
of RNA-based cis-regulatory elements termed riboswitches
(21). Deletion of the rS1 coding gene rpsa is lethal to E. coli
(22), emphasizing the importance of this ribosomal protein
for translation in Gram-negative bacteria.

Despite its important role, structures of full-length rS1
are not available at atomic resolution, neither in the free nor
in an bound state. This is mainly due to the highly dynamic
behavior of rS1 that hampers structural characterization by
X-ray and cryo-EM. However, as the D1-D2 domains dis-
play sufficient rigidity in the bound state, their structures
are increasingly being co-elucidated either when bound to
the small ribosomal subunit (14,23,24) or to the phage QR
replicase that is known to hijack rS1 during phage infection
(25,26). Although NMR solution structures of the single-
domains D4 and D6 from Escherichia colirS1 were reported
(27), these structures lack the interplay between the adjacent
domains. These interactions are exceedingly being captured
in recent cryo-EM studies of ribosomal particles, in which
C-terminal rS1 domains could be observed, however, at low
structural resolution (23,24,28).

Recently, we showed that the rS1 from the human
pathogenic bacterium Vibrio vulnificus displays a unique do-
main architecture, in which domains D3 and D4 constitute
a well-folded, minimal mRNA-binding platform, whereas
domain D5 is additionally needed to restore full RNA chap-
eroning activity of rS1 (18). Here, we present the solution
NMR structure for the D3-D4 fragment (rS1-D34) of the
Vibrio vulnificus ribosomal S1 protein. Both domains ex-
hibit an OB-fold structure, and their RNA-binding sites
are co-aligned, offering a continuous interaction platform
for mRNA recognition. Our studies further show that rS1—
D34 interacts with the ribosome-binding sites of various ri-
boswitches with comparable affinities. Moreover, with sub-
stoiciometric amounts of RNAs position-specific labeled
position-specifically with paramagnetic nitroxide groups,
we were able to employ these RNAs as a molecular ruler to
study the binding mode of the RNA, using paramagnetic
relaxation enhancement (PRE) (29,30). We thus developed
a novel PRE method that can be utilized for studying inter-
actions in intermediate to fast exchanging systems, without
severe signal bleaching at saturating RNA concentration.

MATERIALS AND METHODS
Sample preparation

The rS1-D34 protein sequence is as follows:
GAMETLQEGSEVKGIVKNLTDYGAFVDLGGV
DGLLHITDMAWKRVKHPSEIVNVGDEILVKVLKF

DRDRTRVSLGLKQLGEDPWVAIAKRYPEGHKL
SGRVTNLTDYGCFVEIEEGVEGLVHVSEMDWTNK
NIHPSKVVNVGDEVEVMVLEIDEERRRISLGLKQ
CKANPWQS

The rS1-D3 protein sequence is as follows:

GAMETLQEGSEVKGIVKNLTDYGAFVDLGGVD
GLLHITDMAWKRVKHPSEIVNVGDEILVKVLKFD
RDRTRVSLGLKQLGED

The rS1-D4 protein sequence is as follows:

GAMAIAKRYPEGHKLSGRVTNLTDYGCFVEIE
EGVEGLVHVSEMDWTNKNIHPSKVVNVGDEVE
VMVLEIDEERRRISLGLKQCKANPWQS

The underlined amino acids are artificial and were intro-
duced by the vector backbone (pKMTX).

Expression and purification of "N and 3C!°N labeled
rS1-D3, rS1-D4 and rS1-D34 proteins was performed as
described previously (18). In case of fractional deuteration
of rS1-D34 the expression protocol was modified in order
to adapt the cells to the desired D, O content of 60% (v/v), in
steps of 10% (v/v), 30% (v/v) and finally 60% (v/v) D,O M9
culture. The preparative expression was carried out in 60%
(v/v) D,O M9 culture supplemented with 1 g/1 'H, PN-
NH,Cl and 2 g/1 'H, *C-glucose.

Unmodified 14mer RNAs were purchased from Dharma-
con Inc., deprotected and desalted according to the proto-
col of the manufacturer. Freeze-dried RNAs were reconsti-
tuted in NMR buffer (25 mM potassium phosphate (pH
7.2), 150 mM KCl and 5 mM DTT).

The 2-amino-modified 14mer RNAs were purchased
from Dharmacon Inc., deprotected according to the manu-
facturer’s protocol and purified by HPLC, using 0.1 M Tri-
ethylammonium acetate (pH 6.1) buffer. The HPLC buffer
was removed with four freeze-dry cycles using water as sol-
vent, because the Triethylamine hampers the subsequent
spin-labeling reaction. The synthesis of the spin-label and
the spin-labeling reaction were carried out according to the
protocol by Edwards et al. (31). Integrity of the spin labeled
RNA was evaluated by using MALDI-mass spectrometry.

NMR spectroscopy

NMR experiments were acquired on protein samples (up to
1.5 mM concentration) in a buffer containing 25 mM potas-
sium phosphate (pH 7.2), 150 mM KCland 5 mM DTT. The
samples contained 5 to 10% (v/v) D,O and usually 100 puM
Trimethylsilylpropanoic acid (TSP) as internal chemical
shift standard. Nitrogen and carbon chemical shifts were in-
directly referenced, using the chemical shift referencing ra-
tios 3C =0.25144953 and "N = 0.101329118 (32). Spectra
were acquired on Bruker spectrometer (600, 700, 800, 900
and 950 MHz) equipped with 'H, {!3C; >N} triple reso-
nance cryogenic probes. Standard Bruker pulse sequences
(Topspin 3.5) were used. All spectra were processed with
Topspin 3.5 and analyzed with Sparky 3.114 (33). All as-
signment experiments were acquired at 303 K, typically us-
ing BEST sequences and non-uniform sampling technique
to improve spectral quality and to reduces the experimental
time (34-36).

Sequential backbone assignment was achieved with
BEST-TROSY-based 3D NMR experiments including HN-
CACB, HN(CO)CACB, HNCO, HN(CA)CO, HNCA
and HN(CO)CA. Aliphatic sidechains were assigned with
H(CC)(CO)NH, (H)CC(CO)NH and HCCH-TOCSY ex-
periments. The chemical shift assignment was further com-
plemented using 3D HNHA, 3D 'H, 'H, 'N-NOESY-
HSQC (mixing time 100 ms) and aliphatic and aromatic 3D
'H, 'H, BC-NOESY-HSQCs (mixing time 120 ms).

Residual dipolar couplings (RDCs) were measured on
~300 uM N-rS1-D34 samples at 600 MHz and 303
K. 'H, PN-(IPAP)-HSQC experiments were used to mea-
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sure 'J(N, H) coupling constants under isotropic and
anisotropic conditions. Partial alignment of the protein
molecules was achieved by using either filamentous Pfl-
phages (3.6 mg/ml, Pseudomonas aeruginosa, strain LP11-
92, ASLA Biotech, Latvia) or stretched polyacrylamide gels
(PAA, 4.5%, v/v). In case of Pfl-alignment, phages were ex-
tensively exchanged against NMR buffer using centrifugal
concentrators (VivaSpin2, Sartorius, Germany; MWCO 10
kDa) and were subsequently titrated into the NMR sam-
ple (300 uM "N-rS1-D34 in 25 mM potassium phosphate
(pH 7.2), 150 mM KCI, 5 mM DTT, 3.6 mg/ml Pfl) until
an HDO splitting of 7 Hz was observed. Gel-alignment was
obtained by mechanically stretching protein-soaked (300
wM) PAA gels, using the Gel Kit from New Era Enter-
prises Inc. (USA). The gel was pressed into a Gel sample
tube (open at both ends) and sealed with the provided plugs.
The pushing through the Gel Press led to a change in gel-
diameter from 6 to 4.2 mm, inducing an HDO splitting of
2 Hz.

The SN-relaxation data (R;, R, and {'H}, ’N-
heteronuclear NOE (HetNOE)) were acquired on a N-
labeled rS1-D34 sample (250 wM) at 600 MHz and 308 K.
T, and T) relaxation times were acquired as pseudo 3D ex-
periments using temperature compensated pulse sequences
as distributed in Topspin 3.5. Longitudinal relaxation times
were determined from a series of spectra with the delays
100, 200, 400, 600, 800, 1200 and 3000 ms. In case of trans-
verse relaxation times the delays 16.96, 33.92, 67.84, 101.76,
135.68 and 271.36 ms were used. The relaxation times were
transformed into relaxation rates using the following equa-
tions:

HetNOE data were acquired as interleaved 2D experi-
ments. Rotational correlation times (t.) were determined
on the basis of relaxation data with the TENSOR 2.0 pro-
gram (37). Theoretical values were estimated by hydrody-
namic calculations using HydroNMR (38).

Temperature series were acquired as 'H, YN-HSQC ex-
periments at 600 MHz, using temperatures ranging from
289 to 313 K with 2 K increments.

NMR titration experiments were performed at 308 K on
100 uM N-rS1-D34 samples, to which the RNAs were
stepwise added in molar ratios (([RNA]:[protein]) of 0, 0.1,
0.2,0.3,0.6, 1, 2, 4 and 5.5. Chemical shift perturbations
(CSPs) were calculated as Euclidian distances using:

CSP (Adin) = /(0.1A60)" + (Ady)?

Dissociation constants were extracted by plotting CSPs
as function of RNA concentration and fitting according to
(39):

A — Ao { (LPh + [Rlo +[Ko]) — [Pl + [Rly + [Ko) — 4PLlRs }

2[P]o

Paramagnetic relaxation enhancement (PRE) experi-
ments were carried out with "N-rS1-D34 (100 uM) in
3 mm diameter NMR tubes at 308 K and 313 K at 600 MHz.
The 'H,'>N-HSQC-based pulse sequence published by Iwa-
hara et al. was used (40). For interaction studies the param-
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agnetic relaxation delay was optimized to 8 ms testing a set
of delays (4.8, 6, 10, 12, 14, 18 and 22 ms; Supplementary
Figure S1).

Structure calculation

The structure calculations were based on 3D 'H,'H,"3C-
NOESY-HSQC (aromatic and aliphatic, both in 100% (v/v)
D,0) and 'H,">"N-NOESY-HSQC spectra using mixing
times of 120 ms and 100 ms, respectively. The peaks in the
3D spectra were picked based on the respective 2D HSQC
spectra using the restricted peak picking command (kr) in
Sparky version 3.114 (33). They were manually inspected
for peak picking artefacts and subsequently used for struc-
ture calculation employing the software package CYANA
(41,42). In CYANA version 3.97, the automated NOE cross
peak assignment routine was used for assignment of the
NOESY signals. The chemical shift tolerances were set to
0.015 ppm for the directly bound protons, to 0.025 ppm
for all other protons and to 0.2 ppm for hetero atoms.
In addition, hydrogen bonds (validated by NOE assign-
ments, hydrogen/deuterium exchange experiments (Supple-
mentary Figure S2). and initial structure calculations), di-
hedral angle restraints (as predicted by TALOS-N (43) and
validated by initial structure calculations), *J(HN, H*) cou-
pling constants (calculated from 3D HNHA) as well as
'D (HN) residual dipolar couplings (gel-aligned and Pfl-
aligned) were included for structure determination. A to-
tal of 100 structures per iteration cycle were calculated us-
ing 15000 refinement steps. The 20 lowest-energy structures
were analyzed and refined in explicit water using ARIA pro-
tocols (44). The two sets of residual dipolar couplings were
examined in PALES (45), yielding correlation coefficients of
the magnitude 0.953 (Pf1-aligned) and 0.971 (gel-aligned).

RESULTS
NMR resonance assignment and dynamics of rS1-D34

The resonance assignment of the 173 amino acid long
rS1-D34 fragment (19.4 kDa) was achieved using stan-
dard 3D experiments (HNCACB, HN(CO)CACSB,
HNCO, HN(CA)CO, HNCA, HN(CO)CA HNHA,
H(CC)(CO)NH, (H)CC(CO)NH, HCCH-TOCSY). The
experiments were performed on a fractionally deuterated
and uniformly '*C- and 'SN-labeled sample to assure
assignment completeness. In addition, 3D NOESY-HSQCs
were acquired, for which either a uniformly 'N-labeled
or a uniformly *C- and '"N-labeled sample was used. All
observed resonances in the 'H,’>’N-HSQC were assigned
(Figure 1A), corresponding to 95% of the expected back-
bone amide resonances. Backbone amide signals from
amino acids D249, T253, A269, K314, 1L.346 and C349
were not observed in the 'H,'’>N-HSQC. However, their
side chain chemicals shifts were assigned in the aliphatic
'H,BC-HSQC.

The backbone dynamics (Figure 1B) as probed by R;, R,
and {'H}, '>N-heteronuclear NOE (HetNOE) experiments
display rigidity for the folded core and increased flexibility
for terminal residues as well as for residues residing in the
middle of both L34 loops and at the beginning of the inter-
domain linker. The backbone dynamics are similar for both
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Figure 1. Resonance assignment and backbone dynamics of rS1-D34. (A) The 'H,’>N-HSQC spectrum of ’N-rS1-D34 (1.3 mM) was acquired at 950
MHz and 303 K in 25 mM potassium phosphate (pH 7.2), 150 mM KCl, 5 mM DTT, 5% D;O. The resonance assignment is annotated. Side chain NH
resonances are assigned in blue. The backbone amide resonance of T221 is not visible at the given contour level. A schematic of the rS1 is shown on top.
The rS1-D34 region is indicated with a box. (B) Ry, Ry and {'H}, N heteronuclear NOE experiments were acquired at 308 K and 600 MHz on a 250
wM B N-labeled rS1-D34 sample. Relaxation rates and HetNOE values are given as function of protein sequence. Ambiguous resonances were excluded.
Secondary structure elements are shown on the top and were predicted with TALOS-N (43). Flexible regions (HetNOE < 0.6, below black dashed line)

are highlighted with blue boxes.

domains, demonstrating that they tumble together as one
unit on a sub-t. time scale. In line, the rotational correla-
tion time determined for the whole rS1-D34 protein (1. =
8.8 ns) agrees with the values calculated for separate do-
mains (rS1-D34NTP: 7. = 8.6 ns and rS1-D34¢TP: 7, =
7.5 ns) and further agrees with the predicted value from Hy-
droNMR (1. = 10.3 ns) (38). The predicted values for the
isolated domains are about two-folds lower (D3: 7. =4.0 ns,
D4: 7. = 5.2 ns; model structure of single domains used for
HydroNMR calculation (38,46)), again demonstrating that
both domains are structurally linked and do not tumble in-
dependently from each other in the two domain construct
rS1-D34. The inter-domain linker that spans from Q261 to
E276 overall displays HetNOE values above 0.6, with a local
minimum (~0.4) around E264, suggesting a predominantly
rigid inter-domain linker with a local dynamic joint to do-
main D3.

Structural analysis of rS1-D34

For structure calculation, 8319 peaks were extracted from
the '"H,">’N-NOESY-HSQC and the two 'H,'3*C-NOESY-
HSQCs (aliphatic and aromatic), using restricted peak
picking in Sparky 3.114 (33). 6029 cross peaks were as-
signed with the automated NOESY assignment routine in
CYANA 3.97 and a total of 4217 NOE-based distance re-
straints were extracted (42). Further, 42 main chain hydro-
gen bond restraints were inferred from observed NOESY

cross peak patterns and altogether 321 dihedral angles were
extracted from TALOS-N (43). In addition, 224 residual
dipolar couplings (measured in phages and gel) and 71
3J(HN H®) scalar couplings were included in the structure
calculation (Table 1).

The solution NMR structure (Figure 2) shows similar
topologies for both domains. Each S1 domain contains five
B-strands (B1-BS5 in D3 and B1'-B5 in D4) that are typ-
ically separated by short loops (~four amino acids). Be-
tween strands B3 and B4 a long loop (L3s ~ 18 amino
acids) is found that displays short a-helical regions at its
termini. Both S1 domains are separated by two consecutive
a-helices stretching from K260 to L262 and P266 to R273.
Between these two helices, a dynamic joint is found that re-
sides around E264.

In early structure calculations the folded core of both do-
mains exhibited tight structure bundles with RMSDs rang-
ing between 1 and 2 A but The relative domain orientation
could not be established. Presumably, the flexibility of the
dynamic joint within the inter-domain linker led to scarce
NOE data. This flexibility might stem from dynamics slower
than the overall rotational tumbling, as it is not evident from
analysis of "N relaxation data. Only a few contacts between
the two domains could be derived from NOESY experi-
ments, in which common cross peaks were observed to the
inter-domain linker. For instance, we observed NOEs be-
tween the Liy linker of domain D3 (residues including and
flanking W225) to the inter-domain linker (residues includ-
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Table 1. Structural statistics for the ensemble of the 20 top ranked struc-
tures of 1S1-D34

Experimental restraints

NOE distances
Total 4217
Intra residual (i-j = 0) 849
Sequential (i-j = 1) 1040
Medium range (1<i-j<5) 642
Long range (i-j>5) 1686
Hydrogen bonds 42
Dihedral angles (®/W) 321
Scalar couplings CJ(HN,H®)) 71
Residual dipolar couplings
I'D(N,H); gel-aligned 101
ID(N,H); Pfl 123
Ramachandran plot®
Most favored 82.4%
Additionally allowed 17.5%
Generously allowed 0.1%
Disallowed 0.0%

Average RMSD to mean (A)®

All heavy atoms 1.03 £0.23
All backbone 0.70 £ 0.25
Selected heavy atoms (G'92:-K347) 0.78 £+ 0.08
Selected backbone (G'92:-K347) 0.3540.06

2Calculated with PROCHECK, excluding glycines and prolines.
bCalculated with MOLMOL2k2.

ing and flanking W267). However, the overall interaction in-
terface between D3 and D4 was poorly described and thus
their relative orientation could not be fixed by NOE-derived
restraints. Therefore, RDC-based restraints were crucial for
convergence during structure calculation. In the solution
structure both domains were co-aligned, where the RNA
binding sites of the two domains faced the same direction,
inducing a continuous interaction surface for RNA bind-
ing.

Previously, we postulated that the sidechain-sidechain in-
teraction between the domain tryptophan W225 and the
linker tryptophan W267 stabilized individual domains (18).
Although the rS1-D34 solution structure does not reveal
direct interaction between the two sidechains, we find that
the two tryptophan sidechains are placed spatially close
to each other and probably contribute to structure and
rigidity of the inter-domain linker. For instance, we ob-
serve hydrogen-bonding of the indole NH of W225 to ei-
ther the backbone carbonyl of K260 or the carboxyl moi-
ety of D265 in a subset of structures within the bundle.
Both amino acids reside within the inter-domain linker. Al-
though this interaction probably rigidifies the inter-domain
linker, we do observe dynamics within this region. In fact,
temperature-dependent 'H,">N-HSQC spectra indicate a
conformational transition, where for A224 and Q261 non-
linear movements of temperature-dependent chemical shifts
are observed (Supplementary Figure S3).

rS1-D34 binding to SD regions of translational riboswitches

We previously reported the RNA-binding behavior of rS1-
D34 to the 5-UTR of the V. vulnificus adenosine deami-
nase (add) gene that comprises the translation-regulating
adenine-sensing riboswitch (Asw). This riboswitch contains
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a rather weak SD sequence (AG = -1.4 kcal/mol, see
Table 2 and Supplementary Figure S4) and likely requires
the rS1 protein for productive translation. We wondered
whether the rS1 protein also binds to the SD region of
other riboswitches with similar affinities and whether the
RNA binding is modulated by the strength of the SD se-
quence. Therefore, we chose four additional translational
riboswitches (see Table 2) as rS1 targets: the hydroxocobal-
amin (HyCbl)-sensing riboswitch, two classes (I and III)
of the 7-aminomethyl-7-deazaguanine (preQ1)-sensing ri-
boswitches and the thiamine pyrophosphate (TPP)-sensing
riboswitch (47-50). The RNAs were selected in order to
probe a broad range of SD-strengths, ranging from AG =
—1.4 kcal/mol to AG = —-12.2 kcal/mol (see Table 2 and
Supplementary Figure S4) and covered a length of 14
nucleotides. As a negative control, we included a 14 nt
long model hairpin containing an artificial SD sequence
(GAAGQG) residing in its tetraloop.

The RNA binding affinities were measured by NMR
titration experiments, with stepwise addition of unlabeled
RNA to ’N-labeled rS1-D34 protein and acquisition of
'H,’>N-BEST-TROSY experiments for each titration step
(Table 2). The SD-regions of the preQI(IIl) and the Hy-
Cbl riboswitch display comparable apparent dissociation
constants (Kp (preQ1(II)-14) = 7 £ 4 pM; Kp (HyCbl-
14) = 13 + 4 pM) as were found for the adenine-sensing
riboswitch, whereas the TPP-14 RNA exhibits a ~3-fold
lower affinity (Kp (TPP-14) = 33 + 6 wM). By contrast,
low affinities were observed for RNAs that exhibit stable
secondary structures. Although preQI1(I)-14 contains the
strongest SD-sequence it is bound with low affinity as it
oligomerizes into a G-quadruplex structure (Supplemen-
tary Figure S5). Similarly, no binding was detected for
the model hairpin, as it forms a stable secondary struc-
ture which does not exhibit any rS1-binding site. The
NMR titration experiments further revealed that the RNA-
binding site on rS1-D34 is conserved for the different RNA
constructs (Figure 3). In particular, Y205, R252, R254 in
domain D3 as well as Y290, F293 and R341 in domain
D4 are involved in RNA binding. Additionally, amino acids
(e.g. 1220 and E301) that reside in the primary contact sur-
face exhibit large CSPs. These changes are indicative of con-
formational changes upon complex formation. Intriguingly,
the binding interface displays a predominantly positively
charged surface that is confined to one side of the rS1-D34
structure spanning both domains (Supplementary Figure
S6). In fact, comparative RNA binding studies with the sin-
gle domain constructs rS1-D3 and rS1-D4 hinted at coop-
erative binding of RNA, further underlining the necessity
of both domains for productive RNA binding (Supplemen-
tary Figure S7). Especially domain D3 seemed to be essen-
tial for stable RNA binding, partially also because this do-
main stabilizes the whole mRNA binding region of rS1, as
we reported previously (18).

Further, the aromatic and basic patches are segregated
on the top (e.g. Y205) and on the bottom (e.g. R254) of the
domains within each barrel structure (Figure 2C, see also
Supplementary Figure S6). As a direct consequence, do-
mains D3 and D4 form an extended groove that accommo-
dates the RNA strand, where the negatively charged sugar-
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Figure 2. NMR solution structure of rS1-D34. (A) Ensemble of 20 lowest-energy structures is shown with view on the RNA-binding interface (B2-33-
BS). The protein is represented as cartoon and color coded from N- (green) to C-terminus (blue). In the right panel the protein is rotated by 180°. (B)
The topology of each domain is depicted and color coded. (C) Enhanced view of each domain is shown with focus on the RNA binding interface. The

interacting residues are displayed.

phosphate backbone is placed spatially close to arginine
residues, and the nucleobases to the tyrosines. Within this
groove, the RNA strand can bind if a minimal length of
14nt is provided. These findings are in line with earlier stud-
ies that experimentally determined an rS1:RNA ratio of
1:2-3 for oligonucleotides as small as 5 nt that increased to
equimolar binding at length between 9 and 30 nt. For larger
RNAs with 30 - 80nt, the binding stoichiometry rS1:RNA
is greater (51).

Taken together, the rS1-D34 showed dissociation con-
stants in the lower wM range for binding to SD regions
of different translational riboswitches. To further dissect
the influence of SD-strength on rS1-binding, we system-
atically mutated the rather strong, G-rich SD sequence of
HyCbl-14 (AAGGAGA, AG = -8.5 kcal/mol,) to weaker
SD sequences (AG ~ —2-3 kcal/mol), yielding altogether
six HyCbl-14 variants (see Table 2 and Supplementary Fig-
ure S4). In these mutants, we stepwise mutated the initial
guanine nucleotides G10, G11 and G13 to either purine (A)
or pyrimidine (C) containing nucleotides. Modulations in
binding affinities were assessed by NMR titration experi-
ments (Table 2).

We find that G to A mutations do not notably affect
rS1-D34 binding, as the dissociation constants are in the
same range (Kp = 13-15 M) as for the wildtype HyCbl-
14 RNA (Kp = 13 wM). By contrast, exchanging G to C

leads to a three-fold decrease in dissociation constants (Kp
= 5-8 wM) when compared to the wildtype sequence. From
these findings we conclude that nucleotide type (purine
vs. pyrimidine) is important for productive interactions
with rS1.

A novel PRE approach to study RNA orientation in
intermediate-exchanging systems

To probe the binding mode of single-stranded RNAs to-
wards the minimal binding platform of rS1, we utilized PRE
experiments.(40). In these experiments, four different spin-
labeled RNAs were added to '’N-labeled rS1-D34 protein
samples. In case of weak binding, the free and the bound
states undergo fast exchange, leading to short residence
times of the paramagnetic species within the complex and
resulting in multiple binding events during the timeframe of
the NMR experiment. As direct consequence, the global in-
teraction surface is mapped via several short-lived encoun-
ters. By contrast, higher affinities (Kp < 10 pM) generally
lead to longer lifetimes of the complex, allowing exact local-
ization of the paramagnetic species and further shed light
on the orientation of the paramagnetic species in the com-
plex (52). In these cases, the exchange rates between the free
and bound form are slowed down to slow exchange condi-
tions, in which the complex does not dissociate during the
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Table 2. Investigated RNA constructs. The SD sequence regions are shown in bold letters. The regions were optimized to minimize dimerization. Free
energies were calculated on the RNAstructure web server provided by the Matthews lab from the University of Rochester Medical center, New York
(https://rna.urmc.rochester.edu/RNAstructureWeb/; 05.03.2021). Dissociation constants were determined by NMR titration experiments with rS1-D34
and were performed at 308 K. Mutations of HyCbl-14 are underlined in the HyCbl-14 variants

A Gl 6S rRNA
RNA Organism Sequence (5'-3') UC (%) (kcal/mol)* KpS1-D34 (M)
preQIl(111)-14 Faecalibacterium prausnitzii GGAGUAUUGUUAUG 43 -59 T7+4
Asw-14° V. vulnificus GAAGACUCAUGAAU 36 —14 12+1
HyCbl-14 Marine metagenome AACGAGCAAGGAGA 14 —8.5¢ 13+4
HyCbl-14-CGAG Marine. metagenome AACGAGCAACGAGA 21 —3.0¢ 8+1
HyCbl-14-CCAG Marine. metagenome AACGAGCAACCAGA 29 —2.2¢ S5+1
HyCbl-14-CCAC Marine. metagenome AACGAGCAACCACA 36 —2.2¢ 5+1
HyCbl-14-AGAG Marine. metagenome AACGAGCAAAGAGA 14 —2.9¢ 13£1
HyCbl-14-AAAG Marine. metagenome AACGAGCAAAAAGA 14 —-22 14+ 1
HyCbl-14-AAAA Marine. metagenome AACGAGCAAAAAAA 14 —2.2¢ 15+2
TPP-14 E. coli GGAAUGAGCUAUGU 36 -39 33+6
(preQ1(I)-14) Thermoanareobacter AAAACAAGGGAGGU 14 —12.7 >10004
tengcongensis
14mer Model hairpin GGCACGAAGGUGCC 36 n.a.® >1000

4Calculated for 37°C using host-specific 16S rRNA sequences.
bReported in (16).

CCalculated against V. vulnificus 16S rRNA sequence.
dG-quadruplex formation.

0.0 Ee—
preQ1(lll)-14

0. 0Cmn () 4
TPP-14

0.0 — ) .4
14mer

preQ1 (14

Figure 3. CSP mapping on rS1-D34 structure of all 5-UTRs. The CSPs are color coded from blue (no CSP) to red (maximal CSP). Resonances under
intermediate exchange conditions are shown in yellow. Enlarged structure in presence of 5.5 eq preQ1-(I1I)-14 is shown on the left-hand side in cartoon
representation and transparent surface. Interacting amino acids are annotated. Maximal CSPs cluster around the same region for different RNAs. In case
of preQ1(I)-14, response to increased concentration of RNA could not be observed after addition of the first RNA equivalent. With 5.5 eq RNA at a
protein concentration [100 uM], no saturation could be achieved. This RNA oligomerizes to form G-quadruplex structures. At this stoichiometry, the key
interacting residues (e.g. Y205/Y290) were not detected, as they were under intermediate exchange conditions.

NMR timeframe. The affinity of rS1-D34 towards the in-
vestigated RNAs, however, is around 10 wM, rendering the
interaction under intermediate exchange conditions, when
using (sub-)stoichiometric ratios. Such affinity regimes are
difficult to tackle with paramagnetic NMR since here the
PRE is not the sole source for intensity variations of the ob-
served NMR signal. In fact, the rS1-D34 backbone amide
signals display exchange-induced line-broadening upon in-
teraction with RNA (Supplementary Figure S8). This line-

broadening is particularly severe in the early course of the
titration, but signals can be recovered at excess of diamag-
netic RNA. At excess of paramagnetic RNA, however, the
bleaching effects of the paramagnetic center are severe, pre-
venting any meaningful data analysis (Supplementary Fig-
ure S9).

Thus, the dynamics of the rS1-D34/RNA interaction
prompted us to develop an experimental approach different
to existing protocols for PRE measurements. We first coun-
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teracted the effect of exchange-induced line-broadening by
exploiting fast-exchange signal narrowing using (i) higher
temperatures (313 K instead of 308 K) and (ii) an excess of
RNA (4 eq). As for (i) the higher temperature significantly
improved spectral quality (Supplementary Figure S10). In
order to reduce the bleaching effect caused by excess of the
paramagnetic species, we conducted the PRE experiments
with spiked RNA samples. We decided to add four equiv-
alents of RNA in total while only 10% of the RNA was
paramagnetic. As a diamagnetic reference, four equivalents
of the corresponding unmodified RNA were added to the
protein. The validity of using unmodified RNA as a dia-
magnetic reference was shown by ITC experiments, in which
similar dissociation constants of 28 + 2 wM for the unmod-
ified RNA and 34 4+ 3 wM for the spin-labeled RNA were
determined (see Supplementary Figure S11). Incorporation
of the spin label was validated by mass spectrometry (see
Supplementary Figure S12).

With having a PRE method at hand that allows study-
ing intermediate-exchanging systems, we wondered whether
the affinity regime allows to determine the RNA orienta-
tion within the complex. In order to assemble complemen-
tary structural information, we employed four spin labeled
RNAs. Firstly, to probe the effect of Kp on the PRE ex-
periments we chose RNAs that displayed either the highest
(preQ1(I11)-14 and HyCbl-14) or the lowest (14mer model
hairpin) affinities towards the rS1-D34 protein. Secondly,
we employed different spin-labeling positions within the
RNAs. The variation of spin-labeling position allowed us to
use the RNA as a molecular ruler, providing insights on the
RNA-orientation within the protein—-RNA complex. In or-
der to prevent a reduced PRE effect, we did not label the 5’
and 3’ terminal ends of the RNA, as in these cases the intro-
duction of a spin label could decrease the residence times of
the spin-labeled nucleotide in the RNA-protein complexes
due to end fraying effects leading to locally increased inter-
nal dynamics.

All PRE experiments were performed with '"N-labeled
rS1-D34 protein and four equivalents of a 9:1 mixture of
unmodified/paramagnetic RNA. The experiment with the
RNA that exhibits its label closest to the 5'-end (HyCbl-3-
(4-isocyanato TEMPO)) (Figure 4A) shows a complete re-
duction of signal intensities for residues R227 and V228 and
a significant reduction of over 70% for E301. Highlighted
in the structure, it becomes clear that those three amino
acids are located between the two domains, indicating that
the spin-label is placed in this region. To confirm these re-
sults, we chose to take another RNA sequence (preQ1-111-5-
(4-isocyanato TEMPO)) and labeled the RNA close to the
5’-end at position 5(Figure 4B). Again, the residues R227,
V228, and E301 were strongly affected by the PRE and
show complete signal reductions in the 'H,’>’N-HSQC ex-
periment confirming the results of HyCbl-3(4-isocyanato
TEMPO).

When moving the spin-label position within the RNA to
the 3’-end, the picture looks different. In the case of preQ1-
II1-10-(4-isocyanato TEMPO) (Figure 4, C), the strongest
changes can be observed for the amino acids D204, Y205,
D215 and V228 which are exclusively located within do-
main D3, close to the N-terminus. In contrast to the previ-

ous experiments with preQ1-III-5-(4-isocyanato TEMPO)
and HyCbl-3-(4-isocyanato TEMPO), no significant ef-
fects were observed for amino acids stemming from do-
main D4. Overall, the intensities are less influenced by the
PRE when compared to the experiment with preQ1-111-5-
(4-isocyanato TEMPO).

As a negative control (Figure 4D) we used a spin-labeled
RNA which forms a stable hairpin structure (14mer-11-(4-
isocyanato TEMPO)) and is therefore unable to bind to the
protein. As expected, no significant changes in the signal
intensities were observed for this construct.

In conclusion, Figure 4 illustrates that shifting positions
of the spin-label from the 5'-end to the 3’-end within the
RNA induces PRE on the protein, where the intensity vari-
ations move from the C- to the N-terminus. Therefore, the
OB folds of rS1 bind RNAs with standard polarity as de-
fined in (53).

DISCUSSION

Protein synthesis is fundamental to all organisms and pep-
tide bond formation is catalyzed by a macromolecular ma-
chinery: the ribosome. In the last fifty, years ribosomes
were and continue to be in the focus of many biological
and structural studies. Each new ribosome structure pro-
vides new insights into the mode of action of the ribosome.
However, the rS1 protein can usually not be captured in
those structures since its mRNA-binding domains display
increased dynamics and the lack of structural information
for this very important ribosomal protein is rather sober-
ing. Although NMR solution structures for the isolated do-
mains D4 (PDB entry: 2KHI) and D6 (PDB entry: 2KHJ)
from E. coli rS1 were reported (27) and subsequently used
by Beckert et al. to model the mRNA-binding domains in
their published cryo-EM study of hibernating ribosomes
(28), a high resolution structure of two OB folds in tan-
dem forming the mRNA-binding domain is missing. This
prompted us to solve the structure of the two well-folded
mRNA-binding domains D3 and D4 from Vibrio vulnificus
rS1 that together represent a minimal RNA-binding con-
struct in this human-pathogenic bacterium. To our knowl-
edge there is no high-resolution structure available for these
mRNA-binding domains so far. We determined the NMR
solution structure of rS1-D34 at an average RMSD to mean
of 0.78 £ 0.08 A for the folded core (G192-K347). In this
structure the RNA-binding B-sheets (32—B3—35) of both
domains face the same direction, comprising a continuous
interaction surface for RNAs, as was also observed by Beck-
ert et al. (28). Our data further imply that both domains
are structurally linked to each other and tumble together as
one unit. Only the terminal residues and loop regions dis-
play increased motion. The inter-domain linker is rather en-
riched with hydrophobic residues that fold into an a-helix
structure, inducing linker rigidity. The preceding residues
G263, E264 and D265 are, however, more flexible. Also, the
temperature-dependence of rS1-D34 amide resonances hint
towards structural transitions within this linker region, sug-
gesting that it might serve as a hinge for correctly position-
ing both domains for their cellular tasks.
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Itis being recognized that rS1 might also play a role in the
translation-regulation mechanism of riboswitches. By use
of its chaperoning function rS1 probably modulates fold-
ing and dynamics of the riboswitch at the ribosome (21).
Thus, we investigated the RNA-recognition capabilities of
rS1-D34 with different SD regions mainly stemming from
translational riboswitches. We find that rS1 binds the dif-
ferent RNAs with similar affinities (5-30 wM Kp), which is
in line with its function to recognize miscellaneous mRNAs
for translation initiation. Also, consistent with this is the
finding that rS1-D34 preferentially binds to single-stranded
RNAs, whereas binding to highly structured regions (G-
quadruplex and model hairpin) is not observed under our
experimental conditions that exceed the cellular concentra-
tions of RNA significantly. Given the fact that riboswitches
are intricately structured 5-UTR’s that exploit structural
transitions to signal concentration variations of recognized
metabolites, it is pivotal that the translation machinery does
not fully destroy this regulation function but rather fine-
tunes the execution of it. In our study, we do not observe di-
rect correlation of SD-strength on the binding affinity. Gua-
nines that are enriched in strong SD sequences can be ex-
changed by adenines without modulating dissociation con-
stants. However, the presence of pyrimidines probably in-
creases RNA binding affinities of rS1 because this smaller
nucleobase can be easier accommodated in the RNA bind-
ing pocket of rS1. Consequently, binding is driven by the
size of the nucleobase and the low propensity of secondary
structures.

The affinity regime of the rS1-RNA interaction ren-
ders the complex a difficult target for in-depth structural
studies by NMR since the complex associate and disso-
ciate in NOE-based experiments. Moreover, the interme-
diate to fast exchange dynamics observed herein lead to
signal-broadening of interacting amino acids, even more
obstructing evaluation of protein-RNA contacts at atomic
resolution. In fact, in its single-stranded conformation the
RNA presumably samples different states, contributing to
overall fuzziness of the protein-RNA complex. Therefore,
only a rather low-resolution interaction surface can be de-
rived by chemical shift mapping and information for the
RNA binding mode remains elusive. Our PRE approach
offers a new avenue to enhance structural information on
an intermediate-exchanging system. This method enables
interpretation of PRE experiments, as it avoids exchange-
induced line-broadening. The spiking of RNA with sub-
stoichiometric amounts of spin-labeled RNA yields PRE
data that can be faithfully analyzed, while at the same time
bleaching effects induced by the spin-label are not observed.
Moreover, using position-specific spin-labeling in a stepwise
manner, the RNA can be utilized as a molecular ruler that
provides qualitative information about the relative position
and the orientation of the RNA in the protein-RNA com-
plex.

By combining chemical shift mapping and PRE data
the following picture for the rS1-RNA interaction emerges:
The minimal mRNA binding rS1 construct binds RNAs
using positively charged and aromatic amino acids. Posi-
tively charged amino acids such as arginines interact with
the negatively charged sugar-phosphate backbone of the
RNA. The aromatic residues interact with nucleobases,

which leads to a melting of base pairs within the RNA. Sim-
ilar findings were also observed for the E. coli cold shock
protein CspA, a close relative of OB fold proteins (54). In
fact, Renella ef al. observed that mutations of phenylalanine
to isoleucine residues were detrimental for the CspA RNA
chaperone activity. The involvement of positively charged
and aromatic residues leads to non-specific and transient in-
teractions, resulting in a rather dynamic protein-RNA com-
plex. In fact, for CspA similar RNA-binding affinities were
found (Kp = 12 &2 wM) as observed herein, indicating that
transient interactions are a common feature of OB fold pro-
teins. Such a dynamic interaction is of course important for
an RNA chaperone like rS1, as it has to bind and subse-
quently release different RNA targets in order to execute
its chaperoning function. The herein observed interaction
regime, however, does not allow a high-resolution NMR
structure for the complex of the RNA with rS1. Neverthe-
less, low-resolution insights can be obtained by chemical
shift mapping pinpointing towards the interacting residues.
The RNA binding site is confined to one side of the protein,
involving the B2-B3-B5 interface within both domains. The
PRE approach on the other hand further narrows down the
binding site, as the PRE of the spin-label leads to highly
local intensity variations. Careful selection of spin-labeling
position allows localization of the RNA on to the protein
surface with higher resolution and provides further insights
on the binding mode. As for rS1-D34 the RNAs are bound
with standard polarity by the two OB fold domains, where
the 3’-end of the RNA is placed close to the N-terminus of
the protein. We can deduce that each S1 domain is capa-
ble of binding ~ 7nt, out of which probably 5-6 nt make
direct contact to the RNA binding surface and the inter-
domain linker can likely accommodate 1-2 nt. As for the
location of the SD region on the rS1 domains, the dynamic
nature of the rS1-mRNA interaction likely enables sliding
of the RNA on the protein surface, by which the location
of the SD region might be diffuse when other 30S-mRNA
interactions are absent. The work described here highlights
the need to map transient and dynamic parts associated to
the ribosome. As demonstrated, this is particular important
to understand cis-acting regulatory elements located in the
5’-UTR. The novel NMR tools to map transient interac-
tion surfaces developed in this contribution will be of im-
portance for other RNA-protein complexes.
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