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ABSTRACT: Human La-related protein 6 (HsLARP6) regulates o
the highly organized biosynthesis of type I procollagen
polypeptides and affects the proper assembly of procollagen
peptides into heterotrimers of type I procollagen. HsLARP6-
mediated regulation of collagen biosynthesis is mediated through
interaction with the §’ stem loop (5'SL) motif found in type I and
III collagen mRNA. Recent studies highlight the involvement of
HsLARPS in fibroproliferative diseases and its potential as a target
for therapeutic intervention. The intrinsic propensity of the La
domain of HsLARP6 to aggregate hampers studies probing the
molecular basis of biologically and disease-relevant structure—
function relationships, particularly when high concentrations are required. This work provides detailed procedures to produce
milligram amounts of RNase-free and functional La domain of HsSLARP6. Furthermore, we investigated the effects of the protein
construct length and RNA binding on protein stability. C-terminal truncations greatly impact protein stability, while N-terminal
truncations have little to no effect on protein aggregation and RNA binding. When in complex with its cognate 5’'SL RNA, the La
domain shows unprecedented stability compared to the aggregation-prone unbound state. The protein-RNA complex remains stable
for at least S0 times longer than the unbound state under identical conditions. These results provide a significant platform for further
studies of the molecular recognition of 5'SL by HsLARP6.
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B INTRODUCTION and collagen mRNA is directly linked to this increase in

Human La-related protein 6 (HSLARP6) belongs to a diverse collagen peptide biosynthesis.'” Furthermore, it was recently
but highly conserved superfamily of RNA-binding proteins shown that the. interaction between LAR'P 6 and collagen
(RBPs) that is involved in gene regulation at the post- mRNAs is crucial for the proper formation of collageno-

transcriptional level.”” Due to their pivotal role in the somes.”' '™ Furthermore, in an animal model where the
regulation of the intricate balance of translation, breakdown, LARP6-dependent pathway of type I collagen biosynthesis is
and storage of mRNAs, LARPs are closely linked to the onset interrupted, it was shown that resulting animals are resistant to
and progression of various cancers, neurodegenerative hepatic fibrosis, underlining the importance of LARP6’s
disorders, and fibroproliferative diseases.”™" interaction with its cognate RNA in fibrotic disease.” These
The LARP6-mediated regulation of type I and III collagen findings highlight the critical nature of the LARP6 interaction
biosynthesis plays a pivotal role in the onset and progression of with collagen mRNA, which contributes to disease progression,
fibroproliferative diseases.” Type I collagen is predominantly providing potential targets for therapeutic intervention in
produced by fibroblasts and myofibroblasts and is one of the fibrosis and other related conditions.
major constituents of the extracellular matrix of tendons, skin, The defining structural feature of all members of the LARP
and bones, while it is only present in small amounts in healthy superfamily is the presence of an RNA-binding domain (RBD),
tissues and organs such as the liver, heart, kidney, and lungs. In known as the La domain (Figure 1A). In the majority of
fibroblasts, the type I collagen polypeptides a1(I) and a2(I) LARPs, the La domain (LA) is paired with a downstream RNA
are translated in a highly regulated and organized process, and recognition motif (RRM) connected by a short linker. Both

the folding of type I procollagen heterotrimers within the
endoplasmic reticulum occurs in organized structures termed
collagenosomes.” In fibroproliferative disease, the biosynthesis
of type I procollagen peptides is significantly elevated in
affected tissues, leading to scarring and impairment of tissue
function.”'” Tt was shown that LARP6 facilitates biosynthesis
by recruiting accessory translational factors, which enhance the

translational efficiency.''~'® The interaction between LARP6
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Figure 1. Architecture of HSLARP6 and 5'SL RNA. (A) Domain organization of HsSLARP6 highlighting the La domain (LA) and RNA recognition
motif (RRM) that compose the La module (LAM). Secondary structures of LA and RRM domains are as indicated. (B) Sequence alignment of
mRNAs encoding the a1(I) and a2(I) strands of type I collagen from H. sapiens, G. gallus, and A. mississippiensis. Highly conserved stems
(underlined) surround entirely conserved bulge regions (blue). Conserved bases are indicated by an asterisk (*). The location of the start codon is
shown in red. (C) Secondary structure prediction for human a1(I) and a2(I) 5'SL. Bases belonging to the bulge and start codon are shown in blue

and red, respectively.

domains form a functional unit, termed the La module (LAM),
that is essential for mediating the interaction between the
LARP and the target mRNAs.

Commonly, LARPs recognize single-stranded RNA motifs.
LARP1 binds the poly(A) tail in mRNA as well as the §’
terminal oligopyrimidine (S'TOP) motif in TOP
mRNAs,”*"** LARPs 3 and 7 bind the UUU-3'OH motif of
RNA polymerase III transcripts and 7SK snRNA, respec-
tively,”>™>> while LARP4 interacts with AU-rich sequences.”®
LARP6, however, recognizes a double-stranded RNA motif
known as the S’ stem-loop (5’SL, Figure 1B) that is highly
conserved across all vertebrates and plays a critical role in
regulating the translation of collagen mRNAs.'®*"~*’ The 46—
48 nucleotide long 5'SL RNA is located at the junction
between the S’ untranslated region (S'UTR) and coding
region of mRNAs coding for the type I collagen peptides a1(I)
and a2(I) as well as type III collagen peptide al(III).
Secondary structure prediction (Figure 1C) of this region
indicates that the 5’SL forms a stem loop structure containing
an internal loop (bulge) harboring nine highly conserved
nucleotides flanked by two stems. The AUG start codon is
located within stem 2 of the 5'SL motif.

The structure of a complex between HSLARP6 and 5'SL is
currently unknown; hence, the molecular basis of the
interaction remains poorly understood. Progress is further
hampered by conflicting studies regarding the individual roles
of the La domain and RRM in 5’SL binding (vide infra). Here,
we report an improved strategy for recombinant production of
milligram quantities of high-purity La domain that is RNase-
free and binding-competent, a prerequisite for biochemical and
biophysical studies of 5'SL binding. We show that the choice
of protein construct modulates the stability and binding
competency of the La domain by probing N- and C-terminal
extensions of different lengths. Furthermore, we show that the
inherent instability of the La domain is suppressed entirely by
the binding of its cognate S'SL RNA. These results provide
insights into the binding of the La domain to the 5’'SL while
also providing a significant platform for further studies into the
molecular basis of binding.

B RESULTS AND DISCUSSION

The post-translational regulation of collagen biosynthesis
mediated by HsLARP6 and its role in the onset and
progression of fibroproliferative diseases are well documented.
The interaction of the La module and 5'SL is directly involved
in this process;'®'®'? hence, several previous studies have
focused on studying the interaction employing biochemical
and biophysical methods.

Access to a detailed molecular understanding of 5'SL RNA
binding to the La module of HsSLARP6 has been hampered by
various factors. To begin with, the La domain and La module
of HsLARP6 are intrinsically unstable and aggregation-
prone,'®*” which has also been observed for LARPs from
other species, including XmLARP6 and DrLARP6a,*°
complicating the production, handling, and storage of protein
preparations. Second, the La domain of HsLARP6 has a basic
surface unique among human LARPs, making it prone to
nonspecific interactions with lingering nucleic acids during
purification that interfere with downstream binding assays.
Finally, we show that the La domain of HSLARP6 is prone to
copurification with host RNases.

Below, we describe a detailed roadmap to obtaining
milligram quantities of the RNase-free, high-purity HsSLARP6
La domain, a prerequisite for further studies into the binding of
the La domain to its cognate 5'SL RNA. Additionally, we
describe the dependency of La domain stability and binding
competency on the length of N- and C-terminal extension.
Finally, we show that the formation of the protein-RNA-
complex suppresses the instability of the La domain entirely.

Preparation of RNase-Free, High-Purity La Domain.
The preparation of high-purity and RNase-free La domain of
HsLARPG6 is a prerequisite for any investigations into the
binding of 5'SL to the La domain and La module of HsSLARPS,
in particular where high working concentrations are required.
Previous in vitro purifications of the HSLARP6 La domain
have either been single-step 1mm0b1hzed metal affinity
chromatography (IMAC) purifications'® or resulted in binding
measurements inconsistent with findings from two separate
sources.””*" Furthermore, the previously published protocols
for protein expression and purification resulted in inconsistent
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Figure 2. Expression and RNase-Free Purification of HSLARP6(79—183). (A) SDS-PAGE of several purification steps. Left to right: PageRuler
Plus prestained protein ladder (marker), cell culture lysate supernatant, pooled fractions from the high salt (1 M NaCl) wash performed in the
IMAC purification step, elution from the first IMAC, flowthrough (FT) of the reverse IMAC after TEV digestion, elution from the SP cation
exchange step, and elution from SEC. The positions of each protein species before and after TEV digestion are labeled. (B) RNase activity assay.
Fluorescence image of 8 M urea denaturing PAGE of the same samples from each purification step shown in A incubated at 37 °C in the presence
of a fluorescent RNA (AF488-RPS6 41mer) followed by a positive control containing 0.1 mg/mL RNase A and a negative control. The position of

the well, AF488-RSP6 41mer, and dye front are labeled.
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Figure 3. La domain of HsSLARP6 binds to 5’SL RNA with high affinity. (A) Microscale thermophoresis traces (black) from each of the 16 titration
points used to determine the equilibrium dissociation constant between CyS-LARP6(73—183)G74C and 5'SL RNA at 25 °C. “Cold” and “Hot”
regions are shown in blue and red, respectively. (B) Fitted binding curve from microscale thermophoresis of CyS-HsLARP6(73—183)G74C against
5’SL RNA at 25 °C. The dissociation constant Ky, is shown. (C) ['H,"*N]-HSQC spectra of [**N]-HsLARP6(79—183) unbound (black) and

bound (red) to 5'SL RNA. Spectra were collected at 298 K and 16.4 T.

results in our hands, with protein preparations still containing
host RNases and nucleic acid impurities that impeded
biochemical and biophysical studies. Our studies also showed
that host ribonucleases (RNases) tend to copurify with the La
domain of HsLARPG.

We recombinantly expressed various La domain constructs
in E. coli and purified them using multiple affinity and size
exclusion chromatography (SEC) steps. The constructs used
here vary in length of their N- and C-terminal extension and
are named HsLARP6(73—183), HsLARP6(79—-183),
HsLARP6(84—183), HsLARP6(73—176), and
HsLARP6(73—171). The same expression and purification
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protocol was followed for all the aforementioned constructs. In
the following, we focus on the detailed description of the
RNase-free production of homogeneous, monodisperse
HsLARP6(79—183).

Using sodium-dodecyl-sulfate polyacrylamide electrophore-
sis (SDS-PAGE), the production and purity of HsSLARP6(79—
183) at various purification steps were analyzed (Figure 2A).
Simultaneously, the presence of lingering host RNases during
purification was determined by RNase activity assay (Figure
2B). After the cell lysate was cleared from insoluble debris, a
strong overexpression band of His-TEV-HsLARP6(79—183)
can be seen (Figure 2A, lane 1), and the cell lysate expectedly

https://doi.org/10.1021/acsomega.5c01045
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Figure 4. Domain boundaries of the La domain of HSLARPG6. (A) 20 lowest energy conformers of the solution NMR structure of the La domain of
HsLARP6 (PDB ID: 2MTF)> reveal the presence of a structured core domain (blue) with flexible regions (gray) located N- and C-terminally to
the core domain. (B) Average pairwise C* RMSD per residue calculated from the 20 lowest energy conformers of the NMR structure shown in (A).
(C) Comparison of the HSLARP6 constructs used in this study. Regions corresponding to the structured core are shown in blue, and flexible N-

and C-terminal extensions are shown in gray.

shows RNase activity (Figure 2B, lane 1). During IMAC
purification, two separate wash steps are involved. The first
wash is done at a low salt concentration; the second wash is
performed using a high-salt buffer. RNase activity in the high-
salt wash indicates that lingering host RNases cannot be
removed with the low-salt wash alone (Figure 2B, lane 2).
After elution of Hisc-TEV-HsLARP6(79—183) from the
IMAC column, the protein is already quite pure (Figure 2A,
lane 3), and more importantly, the elution does not contain
any appreciable amounts of RNase (Figure 2B, lane 3). The
high-salt wash is mandatory to remove any lingering host
RNases. Interestingly, the intact mock RNA does not penetrate
the gel when mixed with the fraction collected after elution
from the IMAC (Figure 2B, lane 3), likely due to a large
complex formation with eluate components, which does not
affect our conclusion that the elution fraction after IMAC is
RNase-free. Complex formation of the mock RNA is not
observed after Hiss-tag removal by TEV digestion or beyond.
High purity and RNase-free HsSLARP6(79—183) is obtained
after reverse IMAC to remove Hiss-tagged TEV protease
(Figure 2A,B, lane 4), as well as subsequent ion exchange
chromatography (Figure 2A,B, lane S) and SEC (Figure 2A,B,
lane 6).

From the expression in 1 L of LB medium, a 4.5 g wet cell
pellet yielded a total of ~25 mg of high-purity, RNase-free
HsLARP6(79—183). After SEC, an A,4/A,g ratio of 0.54 was
obtained, indicating a complete to near-complete removal of
nucleic acid contaminants.*”

The La Domain Exhibits High-Affinity Binding to 5’'SL
RNA. It was previously suggested that the La domain of
HSLARPS6 is unable to bind the 5'SL RNA and that the full-
length La module, including the downstream RRM domain, is
required for binding.'®”” Isothermal titration calorimetry
(ITC) data of HsLARP6(70—183) presented alongside its
solution NMR structure by the Conte laboratory indicated no
binding between the La domain and S'SL.*” In contrast, we
recently showed in collaboration with the Stefanovic laboratory
that the La domain itself is sufficient for binding 5'SL RNA.”’
Indeed, binding assays performed on freshly prepared La
domain and 5’SL using microscale thermophoresis (MST) and
NMR spectroscopy showed high-affinity binding to 5'SL in the
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absence of the downstream RRM domain with great
reproducibility (Figure 3).

MST performed on the CyS5-labeled La domain demon-
strated the ability of the La domain to bind 5'SL with a K, of
4.87 + 0.15 nM (Figure 3A,B). This is in agreement with
previously reported Ky, values ranging from 0.5 to 40 nM for
the binding between various HSLARP6 species and S5'SL
RNA."”*”*! Similarly, ['H,"*N]-HSQC spectra of isotopically
labeled unbound and 5'SL-bound La domain samples showed
clear chemical shift perturbations (CSPs), which evidence the
formation of the 1:1 complex (Figure 3C). The absence of any
resonances stemming from the unbound state in the spectrum
of the bound sample indicated complete conversion of the
unbound state into the bound state and is indicative of high-
affinity binding. Furthermore, analytical SEC performed on La
domain constructs of varying lengths showed a full conversion
of the unbound state to the bound state (vide infra, Figure 6).

N- and C-Terminal Extensions Modulate Stability and
5’SL Binding. The previously published NMR structure of
the unbound La domain of HsLARP6 suggested that the
folded core domain spans residues 85 to 171 (Figure 4A).”
Upstream of residue 85 and downstream of residue 171, the
average pairwise RMSD of C* atoms rises sharply (Figure 4B),
indicating that the N-terminal and C-terminal extensions are
flexible. To examine how the presence of these extensions
affects protein stability and binding competency, we
investigated a total of five constructs, three probing the N-
terminal extension and two probing the C-terminal extension
beyond the folded protein core structure (Figure 4C).

The most commonly studied constructs of the La domain so
far span from residues T70 or G73 to S183, with only a few
investigating the dependency of the length of the N- and C-
terminus beyond the core domain on its ability to bind
§/gL 162731

Hence, we decided to compare a construct spanning
residues G73 to S183, named HsLARP(73—183), to two N-
terminal truncations starting at residues E79 and E84, named
HsLARP(79—183) and HsLARP(84—183), respectively (Fig-
ure 4C). All three N-terminal variants vary significantly in
isoelectric point (pI) with the theoretical pI of HSLARP6(73—
183), HSLARP6(79—183), and HsLARP6(84—183) calculated
to be 7.1, 8.2, and 9.4, respectively. The large shift in pI is

https://doi.org/10.1021/acsomega.5c01045
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explained by the presence of a large number of acidic residues
located in the N-terminal tail. Indeed, six of the 12 residues
from 73 to 84 are either glutamic acid or aspartic acid. Due to
the choice of a pH of 6.5 during ion exchange chromatography,
the purification protocol was not adjusted for any of these
variants.

All protein constructs were recombinantly expressed and
purified identically to ensure a side-by-side comparison (Figure
S). Similar overexpression levels were observed for all

Soluble

P Purification
Expression

Binding

v
v
v

N/A

HsLARP6 (73-183)
HsLARP6 (79-183)
HSLARP6 (84-183)

HSLARP6 (73-176)
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IR AN NAN

HsLARP6 (73-171) N/A

Figure S. Expression and purification of the HsSLARP6 La domain
constructs. The HsSLARP6 La domain is prone to rapid aggregation
and precipitation under many common conditions. Soluble expression
is possible for all constructs tested in this current study. Constructs
which terminate before residue 183 did not remain in solution
throughout the purification steps necessary to produce an RNAase
and nucleic acid-free HSLARP6 La domain sample. Constructs which
remained in solution retained binding competency.

constructs (Figure S1); however, the behavior of the N-
terminal and C-terminal constructs during purification was
very different. While the purification of all N-terminal variants
was successful, the C-terminal truncations HsSLARP6(73—176)
and HsLARP6(73—171) did not remain soluble and
aggregated immediately after elution from the first IMAC
column, rendering further binding studies impossible. Indeed,
it was previously shown that when La domains spanning
residues 81—174 and 81—166 were expressed in HEK293 cells
and whole cell extracts were used in the binding assays, no
binding was observed.”!

When constructs of varying N-terminal lengths, namely,
HsLARP6(73—183), HsSLARP6(79—183), and HSLARP6(84—
183), were purified, a similar degree of stability was observed.

All three constructs bind 5'SL RNA and form stable 1:1
complexes in SEC assays (Figure 6). All samples of the
unbound state (Figure 6, black/gray traces) elute at ~ 13 mL,
while chromatographs of samples of the bound state (Figure 6,
red/salmon traces) show a characteristic shift to an elution
volume of ~11 mL. The N-terminal variants HsSLARP6(73—
183), HsLARP6(79—183), and HsLARP6(84—183) inves-
tigated here show identical binding, indicating that the N-
terminal residues prior to W8S do not contribute to 5'SL
binding.

5’SL Binding Stabilizes the La Domain. The instability
of the La domain and La module of HSLARP6 and the
tendency to aggregate and form precipitates is well
documented.””*> While observed over a large range of
concentrations, the La domain of HsLARP6 is particularly
aggregation-prone at higher concentrations above ~100 M
(~1.25 mg/mL), limiting further in vitro biochemical and
biophysical studies.””*"** Hence, previous NMR spectroscopic
studies of the unbound La domain and La module were
conducted in the presence of S0 mM L-glutamate and S0 mM
L-arginine to enhance solubility and slow down precipitation,
with limited success.”’

We investigated the intrinsic instability of the unbound state
of HsLARP6(79—183) as well as the bound state employing
NMR spectroscopy. We acquired ['H,'*N]-HSQC spectra of
HsLARP6(79—183) (unbound state) and a 1:1 complex of
HsLARP6(79—183) and 5'SL (bound state) over the course of
3 h and 7 days, respectively (Figure 7). The use of ['H,"*N]-
HSQC spectra allows for the detection of backbone and side
chain amide resonances. Changes in resonance position,
known as CSPs, indicate localized changes in the chemical
environment, while changes in signal intensity suggest sample
loss due to precipitation, as the resonances of the precipitated
species are broadened beyond the limit of detection.
Resonance positions and intensities of [*H,"’N]-HSQC spectra
were compared at identical contour levels and scaling to detect
any local or global structural changes in the La domain over
time. Projections of a representative resonance were selected to
show the change in intensity over time (Figure 7, insets).

The unbound La domain was poorly stable as evidenced by
the dramatic loss in signal intensity within the first 3 h of
measurement at 25 °C (Figure 7, left column), as expected.
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Figure 6. Size exclusion chromatography of 5'SL RNA-bound and unbound La domain N-terminal truncations. Overlay of the SEC profile of the
normalized A,g, (black/red) and A, (gray/light red) traces of HsSLARPG residues (A) 73—183 (B) 79—183 (C) 84—183 before (black dashed)
and after (red dashed) addition of an equimolar amount of 5'SL RNA.
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Figure 7. Stability of HsLAPR6(79—183) in unbound and bound states. Signal position and intensity in 2D ['H, “N]-HSQC, collected
periodically, were employed to monitor changes in the HSLARP6 La domain. The HsSLARP6(79—183), in the absence of 5'SL RNA, remains
soluble at S00 M after reaching 25 °C (A) but rapidly precipitates losing nearly 70% of detectable protein in 1 h (B). After 3 h, the remaining
signal is only ~10% of the initial intensity (C). HSLARP6(79—183) bound to S’SL RNA is far more stable. Signal intensity at 0 h (D) remains
constant after 24 h (E) and even up to 7 days (F). Insets show the 1D '"H proton projection of the same peak (gray box). Spectra were collected at
298 K and 16.4 T, processed identically, and scaled to the same contour level and contour increment.

Compared to a ['H,'N]-HSQC spectrum of a freshly
prepared sample of 500 yuM HsLARP6(79—183) (Figure
7A), peak intensities decreased by 70% within 1 h (Figure 7C).
Peak intensities decreased by 90% within 3 h (Figure 7E)
compared to the intensity of the original spectrum. The
resonances observed over the course of these measurements do
not show CSPs, and no other resonances are observed,
indicating that the loss in the signal can be attributed to the
loss of the monomeric protein species without forming any
appreciable amounts of soluble aggregates. Signal loss can

therefore be attributed to the formation of large (solid) protein
aggregates that do not present with resonances in solution
NMR spectroscopic experiments. This is further evidenced by
the emergence of visible precipitation after only ~ 4 h of data
acquisition (Figure S2). While the process of precipitation is
naturally accelerated by temperature, sample concentration,
and buffer conditions, these results clearly showcased the
intrinsic instability of the La domain.

Surprisingly, the binding of 5'SL RNA to the La domain of
HsLARP6 counteracts this intrinsic instability and suspends
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precipitation entirely under otherwise identical conditions.
Following the same experimental setup, the 1:1 complex of
HsLARP6(79—183) and 5'SL (bound state) was stable at 25
°C over the course of 7 days (Figure 7, right column).
Compared to a ['H,'N]-HSQC spectrum of a freshly
prepared sample of SO0 uM HsLARP6(79—183):5'SL (Figure
7B), peak intensities in ['H,"*N]-HSQC spectra recorded after
1 day and 7 days remained stable (Figure 7D,F, respectively).
The ['H,"N]-HSQC spectra recorded over the course of 7
days show no change in peak intensity or position, and no
visible precipitation was observed. The sample was stored at 25
°C between experiments. It is worth mentioning that in our
experience, various NMR samples of the HsLARP6(79—
183):5'SL complex ranging from concentrations of 250 yM to
1.7 mM were measured extensively under identical conditions
at 25 °C, but stored at 4 °C between measurements, remained
stable with unchanged NMR spectra over at least 3 months.
This demonstrates the tremendous shift in stability from
aggregation-prone to aggregation-resistant of the RNA-bound
La domain compared to the unbound La domain.

The exact source of this significant shift in stability remains
elusive; however, the fact that almost all residues experience
CSPs upon RNA binding (Figure 3C) offers some insights.
While it is known that the buried surface area of protein-RNA
complexes is larger, on average, compared to protein—protein
interactions,” it is still most typical to only see CSPs at and
around the binding interface.”>*® The presence of CSPs for
nearly all residues of the bound-state protein is indicative of a
global shift in conformational dynamics upon RNA binding.
While the magnitude of CSPs does not indicate a completely
different fold of the protein, the binding of the RNA imposes a
global effect on residues far beyond the binding interface, likely
stabilizing the protein fold and thus suppressing the formation
of aggregation-prone species.

B CONCLUSIONS

This study details an improved purification scheme for
producing milligram quantities of RNase-free, binding
competent HSLARP6. The use of La domain constructs
prepared freshly, as proposed here, showed great reproduci-
bility. Furthermore, we showed that while variation in the
length of the N-terminus between residues 73 to 84 heavily
modulates the pl of the protein, the expression, purification,
and binding were not affected, indicating the flexible N-
terminal region of the La domain is not involved in $'SL
binding. Removal of residues from the C-terminus before
residue 183 greatly destabilizes the HsLARP6 La domain.
While these constructs showed soluble recombinant expres-
sion, they immediately aggregated after IMAC purification.
Finally, the stability of the La domain is significantly increased
when bound to 5'SL, even at very high concentrations. The
ribonucleoprotein complex formed is identical in NMR spectra
for 7 days at room temperature, while the unbound La domain
in comparison shows ~ 90% loss in signal intensity within 3 h
under otherwise identical conditions, showcasing an incredible
shift from aggregation-prone to aggregation-resistant behavior
upon 5’SL binding.

B MATERIALS AND METHODS

Constructs. Sequences for various HSLARP6 La domain
constructs (UniProtKB accession number Q9BRSS, Table S1)
named Hise-TEV-HsLARP6(73—183), His,-TEV-HsLARP6-

(79-183), Hise-TEV-HsLARP6(84—183), Hiss-TEV-
HsLARP6(73—176), and His,- TEV-HsLARP6(73—171) as
well as a cysteine point mutation at position 74 named His4-
HsLARP(73—183)G74C were cloned into pET28a vectors via
Ncol and BamHI restriction sites for expression in E. coli
(Genscript USA Inc.). A _tobacco etch virus (TEV) protease
cleavage site (ENLYFQYG) was inserted between a six-
histidine fusion tag (His, tag) and the first residue of the native
sequence.

Chemicals. All reagents and chemicals were purchased
from commercial suppliers and used as obtained. For a
complete list of chemicals and their abbreviations, see Table
S2.

Expression of HsLARP6 La Domain. The plasmids
coding for various His,-TEV-HsLARP6 La domain constructs
were transformed into chemically competent E. coli Rosetta II
(DE3) (Sigma-Aldrich) for recombinant overexpression.
Transformants were plated on LB-agar supplemented with
20 g/L p-glucose, 40 pg/mL kanamycin monosulfate, and 60
pug/mL chloramphenicol and grown at 37 °C overnight. For
precultures, 250 mL Erlenmeyer flasks were charged with S0
mL of lysogeny broth (LB) medium containing 10 g of
tryptone, 5 g of yeast extract, and 10 g of NaCl and autoclaved.
Before use, precultures were supplemented with 10 g/L b-
glucose, 40 pg/mL kanamycin monosulfate, and 60 pg/mL
chloramphenicol. Precultures were inoculated with colonies
from freshly transformed plates and grown overnight at 37 °C
and 220 rpm in a MaxQ 8000 orbital shaker (Thermo
Scientific, USA). For main cultures, 2.8 L baffled Fernbach
flasks were charged with 1 L of LB medium containing 10 g of
tryptone, 5 g of yeast extract, and 10 g of NaCl and autoclaved.
Before use, precultures were supplemented with 10 g/L b-
glucose, 40 ug/mL kanamycin monosulfate, and 60 ug/mL
chloramphenicol. Main cultures were inoculated from
precultures to an ODgy, of ~0.1. Cultures were incubated at
37 °C and 220 rpm until an ODyy, of 0.6—0.8 was reached.
The cultures were subsequently cold-shocked by transferring
them into an ice—water bath for 30 min. Recombinant
expression was induced by the addition of IPTG to a final
concentration of 1 mM and was allowed to continue at 18 °C
and 220 rpm in a MaxQ 8000 orbital shaker for 16 h. Cells
were collected by centrifugation at 4000g and 4 °C for 30 min
using a Beckman Coulter Avanti J-20 XPI centrifuge equipped
with a JLA-8.1000 rotor before discarding the supernatant. Cell
pellets were subsequently resuspended in lysis buffer
containing 20 mM Tris—HCI pH 7.4, 200 mM NaCl, 50
mM monosodium L-glutamate, S0 mM L-arginine, 0.1% w/v
CHAPS, 70 mM imidazole, and 5% v/v glycerol. A protease
inhibitor mix was added to the cell suspension at final
concentrations of 500 uM AEBSF, 1 uM E-64, 1 uM leupeptin,
and 150 nM aprotinin before they were either flash frozen in
LN, and stored at —20 °C or immediately subjected to
purification. All buffers and solutions used throughout all
purifications were formulated in 0.1% v/v DEPC-treated
ultrapure water. For Hise-TEV-HsLARP6(73—183)G74C, all
buffers contained 5 mM 2-mercaptoethanol.

Purification of HsSLARP6. Cells were lysed by running the
cell suspension through a Microfluidizer M-110L (Micro-
fluidics) in 3—S cycles at a pressure of SO PSI while
continuously cooling the lysate to 4 °C using a water-ice
bath. The lysate was clarified by centrifugation at 37,500 X g
and 4 °C using a Beckman Coulter Avanti J-20 XPI centrifuge
equipped with a JA-25.50 rotor. Subsequently, the supernatant
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was filtered through a 0.8 ym poly(ether sulfone) (PES)
membrane (Millipore-Sigma). Immobilized metal affinity
chromatography (IMAC) was performed on an AKTA Start
instrument (Cytiva, USA) and monitored absorbance at 280
nm. Clarified cell lysate was subsequently purified by IMAC;
applied at a flow rate of S mL/min to a S mL HisTrap HP
column (Cytiva, USA) previously equilibrated with HisTrap
buffer A containing 20 mM Tris—HCI pH 7.4, 200 mM NaCl,
50 mM monosodium L-glutamate, S0 mM L-arginine, 0.1% w/v
CHAPS, and 70 mM imidazole. The column was then washed
at a flow rate of 5 mL/min with HisTrap buffer A until the
absorbance at 280 nm reached a stable baseline. Furthermore,
the column was rigorously washed at a flow rate of S mL/min
with a high-salt wash buffer containing 20 mM Tris—HCI pH
7.4, 1 M NaCl, 50 mM monosodium L-glutamate, SO mM of L-
arginine, 0.1% w/v CHAPS, and 70 mM imidazole until the
absorbance at 280 nm reached a stable baseline. The column
was returned to the low-salt condition by washing the column
with HisTrap A buffer until conductivity reached a stable
baseline. Subsequently, Hiss-TEV-HsLARP6(79—183) was
eluted in a one-step gradient using a HisTrap B buffer
containing 20 mM Tris—HCI pH 7.4, 200 mM NaCl, 50 mM
monosodium L-glutamate, 50 mM of L-arginine, 0.1% w/v
CHAPS, and 500 mM imidazole. Hiss-tag removal by TEV
digestion®” was performed by adding 1 mL of 1 mg/mL in-
house preparations of Hise-TEV protease’® and placing it in a
Spectra/Por 3 dialysis membrane with a molecular weight
cutoff (MWCO) of 3.5 kDa. The sample was dialyzed against 1
L of dialysis buffer containing 20 mM Tris—HCI pH 7.4, 200
mM NaCl, 50 mM monosodium L-glutamate, 50 mM L-
arginine, 0.1% w/v CHAPS, 70 mM imidazole, and 5 mM 2-
mercaptoethanol for 16 h. The Hiss-tag, Hiss-tagged TEV
protease, and other impurities were removed by reverse
HisTrap purification. The digested sample was applied at a
flow rate of S mL/min to a S mL HisTrap HP column (Cytiva,
USA) previously equilibrated with HisTrap A buffer.
HsLARP6(79—183) was collected in the flow-through and
wash fractions. The target protein was further purified by
cation exchange chromatography using a S mL HiTrap SP Fast
Flow column (Cytiva, USA) previously equilibrated with SP
buffer A containing 20 mM MES pH 6.5, 50 mM monosodium
L-glutamate, S0 mM of L-arginine, and 0.1% w/v CHAPS. The
column was then washed at a flow rate of S mL/min with SP
buffer A until the absorbance at 280 nm reached a stable
baseline. Subsequently, HsSLARP6(79—183) was eluted in a
one-step gradient using a SP buffer B containing 20 mM MES
pH 6.5, 1 M NaCl, 50 mM monosodium L-glutamate, S0 mM
of L-arginine, and 0.1% w/v CHAPS. HsSLARP6 La domain was
further purified and buffer exchanged by SEC using an AKTA
pure 25 (Cytiva, USA) monitoring absorbance at 260 and 280
nm on a HiLoad 16/600 75pg column (Cytiva, USA). The
detailed procedure depends on the intended application (vide
infra). Protein concentration was determined by UV-—vis
spectrophotometry using the extinction coeflicients listed in
Table S1 as determined using the ProtParam tool (ExPasy
server).”” Protein purity was confirmed by SDS-PAGE on 4—
15% gradient gels (Genscript, USA) stained with 0.0025% w/v
each of Coomassie Brilliant Blue G-250 and R-250 in 10% v/v
ethanol and 5% v/v glacial acetic acid in water.

RNA Synthesis and Purification. The 48nt 5’'stem-loop
(5'SL) RNA (Table S3) from the mRNA of the a,(I)
polypeptide chain of human type 1 collagen was used for all
binding assays. S'SL RNA was synthesized by in vitro

transcription (IVT) using in-house preparations of Hisg-T7
RNA polymerase P266L."~** IVT reactions were performed
as described previously.” 500 nM T7 promoter sequence
strand DNA oligonucleotides and the complementary template
strand for the 5'SL RNA sequence containing 2’-methoxy
modified bases at the last and penultimate residues (Integrated
DNA Technologies, USA).* Reactions were incubated at 37
°C for 16 h and then stopped by the addition of EDTA to a
final concentration of 50 mM. Protein components were
removed from the solution by three rounds of extraction with
an equal volume of 25:24:1 phenol:chloroform:3-methylbuta-
nol. Excess phenol in the solution was removed by three
rounds of extraction using a 3:1 volume ratio of diethyl ether
to IVT solution. Leftover diethyl ether was removed by heating
to 50 °C until it had boiled off. RNA solutions were diluted
with an 8 M urea solution to § mL, ~4 M urea to assist in the
subsequent denaturing purification step. 5'SL RNA was further
purified by denaturing SEC using a Hiload 16/600 75pg size
exclusion column equilibrated with 20 mM Tris—HCI pH 7.2,
200 mM KCl, and 7 M urea. Fractions containing purified $'SL
RNA were pooled and diluted with isopropyl alcohol to a 1:3
ratio and supplemented with ammonium acetate pH 5.2 to a
final concentration of 300 mM. Precipitation reactions were
incubated at 4 °C for 16 h, and RNA pellets were isolated by
centrifugation for 15 min at 4000 X g at 4 °C in a Beckman
Coulter Allegra X-15R centrifuge with SX4750 swing bucket
rotor. Pellets were washed three times with 80% v/v
isopropanol to remove salt and then heated to 85 °C for 1 h
to remove excess isopropanol, resulting in a glassy solid RNA
pellet. Washed pellets were dissolved in 0.1% v/v DEPC-
treated water to a final concentration of 10 uM RNA and §
mM EDTA pH 7.4. 5'SL RNA was refolded at 95 °C for 1 h
and then transferred to 4 °C until the solution was completely
cooled. Refolded 5'SL RNA was exchanged into NMR or MST
buffers by SEC (vide infra).

RNase Activity Assay. Nuclease activity was performed at
each purification step by exposing fluorescently labeled RNA
to the fraction of interest. Pooled fractions from the cell lysate
supernatant, HisTrap salt wash, HisTrap eluate, SP eluate, and
SEC eluate were incubated with a final concentration of 1 uM
AF488-RPS6 41mer (Table S3) for 1 h at 37 °C. AF488-RPS6
41mer was synthesized following the 5" sequence of ribosomal
protein s6 mRNA (AF488-RPS6 41mer) (Integrated DNA
Technologies, USA). Positive and negative controls were
composed of 1 uM AF488-RPS6 41lmer solutions supple-
mented with 0.1 mg/mL RNase A or 0.1% (v/v) DEPC
treated water, respectively. Samples were quenched by the
addition of equal volume of sample loading buffer containing
90% v/v formamide in water, 10 mM Tris—HCI pH 8.0, 10
mM boric acid, 0.2 mM EDTA, and heating to 90 °C and
subsequently analyzed by denaturing PAGE on 12% w/v (19:1
Acryl:Bis-acryl) 8 M urea PAGE gel run at 17.5 V/cm for 1 h.
Gels were imaged on a ChemiDoc MP Imaging System (Bio-
Rad Laboratories, Inc.) using the excitation and emission filter
settings for AF488.

MST. MST was performed using freshly prepared His6-
TEV-HsLARP6(73—183) G74C, expressed and purified as
described above with the addition of 2 mM TCEP in all His-
tag affinity and cation exchange buffers. Protein fractions
eluted from the SP column were pooled and brought to a
concentration of 100 yM. 750 uL of purified Hiss-TEV-
HsLARP6(73—183) G74C was incubated overnight at 4 °C
with a 12-fold molar excess of CyS-maleimide. The excess label
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was removed following the labeling reaction using a Superdex
75 Increase 100/300 GL column equilibrated with MST buffer
containing 20 mM Tris pH 7.25, 100 mM KCl, 0.05% v/v
Triton X-100, and S mM DTT. Fractions containing CyS-
LARP6(73—183)G74C were pooled, and the protein concen-
tration and degree of labeling were determined by UV/vis
spectrophotometry as described previously,** with protein and
fluorophore extinction coefficients of 16,960 and 250,000 M™*
cm™! with a correction factor of 0.03. The degree of labeling
was ~75%. Solutions of CyS-LARP6(73—183)G74C were
diluted to 10 nM by using MST buffer. Simultaneously, the
solution was supplemented with 20 mg/mL BSA (New
England biolabs) and 10 mg/mL yeast tRNA (invitrogen) to
final concentrations of 0.4 and 0.2 mg/mL, respectively. The
48nt S’ stem-loop (5’SL) RNA sequence used was from the
a2(I) strand of type 1 collagen peptide mRNA. 5’SL RNA was
refolded as described above and concentrated to ~150 yM in
Vivaspin centrifugal concentrators with MWCO of 3 kDa
before exchange into MST buffer using a Superdex 75 Increase
100/300 GL column. Fractions containing RNA were pooled
and brought to a concentration of ~150 M. S'SL RNA
solutions were diluted to final concentrations of 5.0 uM, 0.4
mg/mL BSA, and 0.2 mg/mL yeast tRNA. MST was
performed with a constant concentration of 10 nM Cy5-
LARP6(73—183)G74C and 16 1:1 serial dilutions of 5’ SL
RNA ranging from 5.0 pM—152.6 pM. Thermophoresis of the
16 capillaries was recorded with a 3 s delay period prior to 15 s
of IR irradiation, set to medium intensity, and a 3 s recovery
period. Thermophoresis profiles were collected for 3 replicate
titrations.

For each dilution, the normalized fluorescence intensity
(Fnorm) was calculated by dividing the average fluorescence
between 0.5 to 1.5 s after the IR laser on-time and the average
fluorescence between —1.0 to 0.0 s before the IR laser on-
time.” " Each replicate data set was then individually fit
using the quadratic equation for ligand binding (eq 1) in Prism
10.4.1 (GraphPad Software).*

FEory=U+ (B-1U)

P+L+K;—(P+L+Ky)* —4PL
2P

(1)

where U and B are the normalized florescence in the unbound
and bound state, respectively. P is the protein concentration, L
is the ligand concentration (5'SL RNA in our case), and K is
the dissociation constant.

Subsequently, U and B from individual fittings were used to
first calculate the change in normalized fluorescence intensity
(AFyory) by using the following relationship AFyory =
Fyorm — U. The fraction bound was determined by dividing
AFyorm by the amplitude (B—U) by using the relationship
fraction bound = AFyopy/(B — U). All three replicate data
sets were then fit using the quadratic equation for ligand
binding (eq 2) in Prism 10.4.1 (GraphPad Software)."*

Fraction bound
P+L+@—J@+L+mf—ﬂm
- 2P

(2)

where P is the total protein concentration, L is the total ligand
concentration (S’SL RNA in our case), and K; is the
dissociation constant.
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Analytical SEC. The formation of the protein:RNA
complex was explored by using analytical size-exclusion
chromatography (SEC). Freshly prepared protein samples of
HsLARP6(73—183), HsSLARP6(79—183), and HSLARP6(84—
183) were purified as described above. Samples were mixed
with refolded and purified 5'SL RNA in a 1:1.2 molar ratio,
ensuring saturation of the protein. After mixing, samples were
incubated at 4 °C for 10 min and subjected to analytical SEC
using an AKTA pure 25 (Cytiva, USA) on a Superdex 75
Increase 100/300 GL column (Cytiva USA) equilibrated with
20 mM MES at pH 6.5 and 100 mM KClI at a flow rate of 0.75
mL/min. Absorbance at 260 and 280 nm was monitored.

NMR Spectroscopy. The stability of the unbound and
S’SL RNA-bound HsLARP6 La domain was monitored using
2D ['H-""N]-HSQC experiments.*’ Freshly prepared NMR
samples of the unbound La domain ['*N]-HsLARP6(79—183)
and bound [N]-HsLARP(79—183):5'SL (1:1 complex) were
prepared by SEC using a HiLoad 16/600 7Spg column
(Cytiva, USA) equilibrated with a buffer containing 11.1 mM
MES pH 6.5, 55.5 mM KCL After SEC, D,O and DSS were
added to final concentrations of 10% v/v and 0.01% w/v,
respectively, and samples were concentrated to 500 M using
Vivaspin centrifugal concentrators with a MWCO of 3.0 kDa.
All NMR data of 500 M ["*N]-HsLARP6(79—183) and 500
uM [N]-HsLARP(79—183):5'SL (1:1 complex) in buffer
containing 10 mM MES, 50 mM KCl, 10% v/v D,0O, and
0.01% w/v DSS in S mm thin-walled Shigemi BMS-005B
NMR tubes (Shigemi Co., Japan) were acquired at 298 K at
164 T on a Bruker Avance III NMR spectrometer equipped
with a 3 channel 'H-3C/PN-2H, triple resonance TCI
cryoprobe. 2D ['H,>N]-HSQC experiments were recorded
with 2048 by 256 complex points and 16 scans per transient.
Data was directly referenced to DSS for 'H, while N
dimensions were referenced indirectly.*’

Samples of both the unbound and bound states were stored
at 25 °C throughout the entirety of the assay. ['H—'°N]-
HSQC spectra of the unbound HsLARP6(79—183) at 25 °C
were recorded at 0, 1, and 3 h, while ['H—"*N]-HSQC spectra
of the 5'SL-bound HsLARP6(79—183) were recorded at O h, 1
day, and 7 days.
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