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RNA, at the forefront of biochemical research due to its central role in biology, is recognized by proteins through various
mechanisms. Analysis of the RNA-protein interface provides insight into the recognition determinants and function.
As such, there is a demand for developing new methods to characterize RNA-protein interactions. Saturation transfer
difference (STD) NMR can identify binding ligands for proteins in a rather short period of time, with data acquisitions
of just a few hours. Two RNA-protein systems involved in RNA modification were studied using STD NMR. The N¢-
threonylcarbamoyltransferase, YrdC, with nucleoside-specific recognition, was shown to bind the anticodon stem-loop
of tRNA . The points of contact on the RNA were assigned and a binding interface was identified. STD NMR was also
applied to the interaction of the archaeal ribosomal protein, L7Ae, with the box C/D K-turn RNA. The distinctiveness of
the two RNA-protein interfaces was evident. Both RNAs exhibited strong STD signals indicative of direct contact with the
respective protein, but reflected the nature of recognition. Characterization of nucleic acid recognition determinants
traditionally involves cost and time prohibitive methods. This approach offers significant insight into interaction

interfaces fairly rapidly, and complements existing structural methods.

Introduction

RNA is responsible for performing numerous essential and
diverse functions within living organisms. As more RNA mole-
cules are discovered to have vital roles in cellular functions, there
is an increasing need to characterize their interactions with pro-
teins. An understanding of the RNA-protein interface provides
insight into the recognition determinants and the mechanism of
interaction. Nuclear magnetic resonance (NMR) spectroscopy,
with its minimal environmental effect on molecules, provides
advantages over other biochemical techniques that can disrupt
non-covalent binding and is particularly useful when observing
transient or weak interactions. NMR spectroscopy also has the
ability to observe the interactions at an atomic level; therefore,
providing information on specific contacts at the interface of an
interaction. RNA-protein interactions are detectable by several
NMR-based techniques, such as cross-saturation* and chemical
shift perturbation experiments.’> Unfortunately, these only pro-
vide data on the protein’s amino acids at the interface with no
information about the RNA. RNA chemical shift changes can
also be observed during protein titration with nuclear Overhauser
effect spectroscopy (NOESY), total correlation spectroscopy
(TOCSY), or heteronuclear single quantum coherence (HSQC)
experiments. However, these methods have accompanying
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drawbacks, including long acquisition times, molecular weight
limitations, and ®N- or *C-labeling requirements.

Saturation transfer difference (STD) NMR has proven to be a
very powerful method in elucidating receptor-ligand interactions.
To date, STD NMR has been most extensively used to study
protein interactions with small molecules and carbohydrates;
however, this technique can be applied in many areas for detect-
ing intermolecular interactions. It was first developed to screen
small molecule libraries for binding activity to proteins.* Since
then, it has been utilized in a variety of systems. For instance, it
has been used to identify drug-like compounds that bind RNA
receptors,’”’ to investigate interactions between dispersant mol-
ecules and molecular nanoparticles,® and to detect the binding of
proteins with 6- and 8-nucleotide DNA sequences.’

Several advantages of STD NMR address the shortcomings
of other NMR methods by affording low receptor concentration,
short acquisition time, no labeling requirements, and applicabil-
ity to large proteins.*'® It also identifies the contact area of the
ligand directly from the NMR spectra. A major advantage of
STD NMR over traditional binding detection techniques is that
the proton(s) of the ligand with the strongest interaction with the
receptor will display the most intense NMR signal, thus provid-
ing the ability to map the ligand’s binding epitope.'” This method
is especially advantageous when protein expression is low or
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isotope labeling is unavailable, because it requires small amounts
of protein. As such, STD NMR complements existing structural,
molecular, and biochemical techniques by providing data that
may otherwise require significant amounts of time and material.

In the STD experiment, the protein molecule is selectively
saturated with a radiofrequency pulse applied to a small fre-
quency window in which no ligand resonances reside. This satu-
ration propagates across the protein to the RNA ligand that is
bound. The bound RNA is saturated via intermolecular 'H-"H
cross-relaxation at the interface. As would be expected, the per-
sistence of the saturation is determined by the dissociation rate,

by

K. The amount of protein is small; thus, each protein mol-

and is a function of the RNA-protein dissociation constant,

ecule is involved in multiple binding events over the course of
an experiment. Over time the population of ligands affected is
large, resulting in reduced ligand intensity. When the saturation
is applied outside of the frequency region for both ligand and
receptor, the resonance intensities are left intact. The difference
spectrum results in nonzero intensities, /i, = [ -1 . repre-
sentative of RNA directly interacting with the protein and will be
the only visible peaks in the difference spectrum.*!®!!

Here, we investigate two distinct RNA-protein interactions
that lead to post-transcriptional RNA modifications. Escherichia
coli YrdC is one enzyme required for the biosynthesis of a ubiqui-
tous tRNA (tRNA) modification.!? YrdC is an ATPase that binds
I-threonine and tRNAs that respond to codons beginning with
adenosine.”® It has recently been shown to produce the activated
L-threonylcarbamate intermediate for modification of adenonsine
to N°-threonylcarbamoyladenosine, (t°A)."* This modification is
found 3'-adjacent to the anticodon in many tRNA species,” and is
critical for accurate decoding and maintenance of the translational
reading frame.'* Methanocaldococcus jannaschii L7Ae is a ribosomal
protein of the large subunit and is among a family of proteins that
recognize the RNA kink-turn motif (K-turn)."” K-turns are found
in the box C/D and H/ACA small nucleolar RNAs (snoRNAs),
which direct 2'-O-methylation and pseudouridylation, respectively,
of ribosomal RNAs (rRNAs) in archaea and eukaryotes.'® These
two proteins with similar functions recognize RNA with distinct
strategies that seemingly require unique research approaches for
us to understand the RNA-protein interaction. To detail this dis-
tinction, we have applied an adaption of saturation transfer STD
NMR to both modification enzymes.

Results and Discussion

YrdC recognizes the heptadecamer anticodon stem and loop of
tRNAYs o (ASLY ) with a K, of 270 nM." It preferentially
binds the unmodified ASL" in contrast to the modified coun-
terpart and RNAs without the target sequence. This indicates
that the recognition elements are very specific and the enzyme is
able to discern its substrate tRNA from all other tRNA species.
We have shown that this RNA-protein interaction is detectable by
STD NMR." In order to probe this interaction further, chemical
shifts were identified using 2D "H-"H NOESY spectra collected
for complete proton assignment of ASL" - (Fig. 1A). With this
data, the signals present in the STD spectrum were identified by
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their chemical shifts (Fig. 1B). These signals represent the protons
that are in direct contact with YrdC; therefore, the nucleosides
at the interface of the interaction were determined. We observe
strong signals from A29H2, A29H1', G30H1', and A37H1', as well
as weak signals from A _H8, G, H8, A, H2, and A, H8. There
are additional signals between 7.4 and 7.8 ppm that could not be
unambiguously determined in the 1D spectrum due to the high
density of resonances in this region. All of the H6 resonances from
the loop uridines are present in this region, which would suggest
YrdC is binding at least one, but the spectral resolution does not
afford the ability to specifically identify each STD intensity.

It appears that YrdC binds ASLY  at four nucleotides—
A, G, A, A, ,—in the stem and loop, which, due to the heli-
cal turn, are found on one side of the molecule, and potentially
U,,-U,, (Fig. 2). The distance between A H2 to A _HI1' is
19.8 }i in the NMR structure of unmodified ASL"™* character-
ized by Durant and Davis."” According to the crystal structure,
E. coli YrdC contains a large concave, positively charged pocket
of ~20 A,*° which could reasonably accommodate this portion
of the ASL. Also, YrdC has been shown to bind double-stranded
RNA? and is able to discern t®A-modified from unmodified
RNA."?! This predicted orientation, with A, in the binding
pocket, would enable YrdC to perform such a function.

The sequence U, A, A is common to all tRNA species with
t°A or its derivatives,” and at least two of these nucleosides appear
to be recognized by YrdC. In addition to the peaks we can iden-
tify, there are surely more that are within the binding pocket that
are not as easily identified in the 1D 'H spectrum. However, this
result provides significant, readily achieved insight into the RNA
binding interface and depicts the applicability of STD NMR for
identifying specific nucleosides recognized by a protein.

L7Ae is one of the components of the archaeal box C/D small
ribonucleoprotein particles (snoRNPs) responsible for rRNA
methylation.?? The M. jannaschii and Archaeoglobus fulgidus L7Ae
proteins have been shown to bind the structurally unique 25-nt
K-turn box C/D snoRNA.?>?* In the STD spectrum, the pro-
tein appears to be directly interacting with the backbone ribose
(Fig. 3A and B). This is demonstrated by the largest signal inten-
sity between 4 and 4.5 ppm. Since L7Ae specifically recognizes
K-turn motifs in RNA sequences but not specific nucleosides," it
is plausible that specific contacts would be made through bonds
with the backbone. A high-resolution co-crystal structure of a
homolog, A. fulgidus L7Ae, and the 25-nt box C/D RNA depicts
the protein in close proximity to the RNA backbone with only
two contacts for bulge nucleobases. The remainder of the nucleo-
sides base-paired and concealed within the helical structure.
In the co-crystal of M. jannaschii L7Ae with a different K-turn
sequence, box H/ACA RNA, the protein engages the RNA in
about 10 hydrogen bonds with backbone atoms and direct con-
tacts with a uracil and three guanines.” The base-specific con-
tacts seen in the crystal structures are not represented in the STD
data even though transfer should be detected if the protons are
within 3 A of the protein. This may be due to the dynamics of
the molecules that are not observable in static crystal structures,
but are reflected in NMR methods. Since the STD signals for
ligand protons in contact with the protein are restricted by £,
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Figure 1. NMR spectra of 300 uM ASL" , with 3 uM YrdC. (A) 'H-'H NOESY spectrum demonstrating the unambiguous identification of nucleoside
resonances with the signals observed in the STD spectrum labeled. (B) STD spectrum with several of the strongest signals assigned are indicative of
the YrdC binding region. (C) The secondary structure of ASLY* .

some contacts may not be visible due to the dynamics of the inter-
action. However, this may better reflect the natural state of the
interface. As a control, the same experiment was performed with
an 11-nt double-strand RNA duplex that does not form a K-turn.
The RNA did not have any signals in the STD spectrum indicat-
ing that it was not bound by M. jannaschii L7Ae (Fig. 3C).

RNA modification enzymes are an example of a class of proteins
that recognize substrates through various mechanisms. Both of the
proteins studied here participate the in the recognition of RNA for
post-transcriptional nucleoside modification; however, the RNA-
protein interaction interfaces greatly differ. The ASL"™  -YrdC
interaction is sequence-specific, in which the protein recognizes
a signature sequence specific only to the target RNAs. By STD
NMR the base-specific contacts were observable indicating that
the protein distinguishes its target by recognizing certain nucleo-
tides. Conversely, the L7Ae interaction with box C/D RNA is not
specific to a sequence, but to a structural motif: the K-turn.?> These
differences are reflected in the STD NMR data presented here.

In conclusion, we have demonstrated the utilicy of STD
NMR experiments for investigating RNA-protein interactions. | Figure 2. Three-dimensional structure of unmodified ASLY:,,, . The
This method provides an additional technique to complement | nucleotides with STD signals are heighted: A, (green), G,; (light green),

the existing library of methods for studying RNA-protein | Ay (blue).and A, (light blue). The distance from A,, to A, was calcu-
lated to be 19.8 A and is shown (PDB: 1BZ2).
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Figure 3. STD spectra of M. jannaschii L7Ae and RNA. (A) 1D 'H reference spectrum and secondary
structure (inset) of the 25-nt box C/D RNA and (B) STD spectrum depicting specific binding of RNA ri-
bose protons (3.5-4.5, 4.9-5.2, and 5.7-6.1 ppm). No strong signal intensities are observed > 6.1 ppm.
(C) STD NMR spectra of 200 M 11-nt dsRNA and 2 M L7Ae performed as a negative control. 'H 1D
reference spectrum (top) and STD (bottom). No significant recovery over background was observed.

per manufacturer’s instructions and
dialyzed against the appropriate buf-
fer using a 3500 MWCO membrane
(Pierce, Thermo Fisher). ASLLY“UUU
and recombinant E. coli YrdC were
prepared as previously described,” in
99% D, 0.

M. jannaschii L7Ae was a kind
gift from Dr E.S. Maxwell (North
Carolina State University). The 25-nt
box C/D RNA was dialyzed against
25 mM potassium phosphate, pH 7.2,
100 mM NaCl, and lyophilized to dry-
ness then resuspended in 99% D,O to
a final concentration of 300 WM. The
11-nt complementary dsRNA (equi-
molar 5-GACGUGCGAA G-3' and
5-CUUCGCACGU C-3') was pre-
pared similarly.

NMR  experiments.
acquired on a Bruker Avance II
700 MHz spectrometer at UAlbany
equipped with an ultra-sensitive triple
resonance cryoprobe capable of apply-
ing pulsed field gradients along the
z-axis. NOESY spectra were recorded
at 25 °C with a mixing time of 400 ms.
Data was processed using NMRPipe.?
Spectra were displayed and analyzed
using SPARKY.”

The STD pulse was applied using
WATERGATE suppression as previ-
ously described,” with optimization
of the saturation time to 2 sec and the
on-resonance irradiation to selectively
saturate the protein. Experiments
were performed at 30 °C on 25-nt box
C/D RNA or 11-nt dsRNA before

Data were

and after the addition L7Ae. A total of

interactions. It is unique in its ability to produce quantitative data
on the binding interface of the ligand in just a few hours. Further
analysis with 1D or 2D experiments modified to have an STD
component, such as TOCSY or NOESY,* can also be useful for
more complex systems. Even without additional NMR experi-
ments or high-resolution structures, STD NMR offers significant
insight into the interface and dynamics of RNA-protein interac-
tions, providing a tool for identifying binding determinants.

Materials and Methods

Sample preparation. RNA samples were chemically synthe-
sized by Dharmacon (Thermo Fisher) and were deprotected
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1028 scans with 16 dummy scans were
collected for each.
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