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ABSTRACT: Many RNA-binding proteins, such as TDP-43 or CELF1, interact multivalently with nucleic acid repetitive elements.
The molecular stoichiometry of protein to nucleic acid is often difficult to assess, particularly by standard electrophoretic mobility
shift assays (EMSAs). Here, we investigate the use of composition-gradient multiangle light scattering (CG-MALS) for quantifying
binding affinity and stoichiometry for two RNA-binding proteins with their nucleic acid partners of varied sequence and length:
TDP43’s N-terminal RNA recognition motifs with both TG/GU-repeat ssDNA and ssRNA, respectively, and CELF1’s two N-
terminal RNA recognition motifs with (TG/UGUU/GU) repeats and an experimentally defined cognate GU-rich element (GRE).
Our CG-MALS data derived from each of these interactions is consistent with expected ranges of binding affinity and stoichiometry
for proteins binding to shorter nucleic acid repeats. Furthermore, we conclude that CG-MALS can be an excellent method for
obtaining quantitative estimates even for high (>2) protein−nucleic acid stoichiometric ratios.

■ INTRODUCTION
Multivalent interactions occur universally in biological systems.
Many homotypic and heterotypic protein−protein interactions
and protein−nucleic acid interactions utilize multivalency to
facilitate cooperativity and achieve cellular signaling (e.g., refs
1−7). For example, many RNA-binding proteins (RBPs) such
as TDP-43 assemble in multiples upon UG-rich elements of
various length, and alterations in the stoichiometric ratios
between the protein and its RNA target may have significant
consequences regarding normal cellular function.4,8 However,
current methods still present challenges in providing robust
quantitative estimates of the molecular stoichiometry. Electro-
phoretic mobility shift assays (EMSAs), a widely used
technique in protein−nucleic acid studies, require optimization
of gel conditions to generate distinct bands. Even with
optimized conditions, the number of bands is not formally
indicative of the correct stoichiometry. Other biophysical
techniques, such as fluorescence anisotropy, isothermal
titration calorimetry (ITC), surface plasmon resonance
(SPR), or biolayer interferometry (BLI), are indirect methods

(i.e., based on changes in fluorescence, enthalpy heat, or
“response units” with complex formation). They are generally
best suited for quantifying interactions with a 1:1 stoichiom-
etry and can suffer from artifacts for more complex
interactions. For example, ITC may not readily distinguish
between 1:1 and 2:2 stoichiometric ratios of molecular
complexes. In contrast, multiangle static light scattering
(MALS) measurements provide a label-free method of directly
accessing the molecule’s molar mass, thus directly measuring
the essence of complex formation.9,10

Composition-gradient multiangle light scattering (CG-
MALS) leverages the fact that changes in molar mass can be
directly related to the reversible formation and dissociation of
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specific complexes, each with its own equilibrium association
constant.10 In a typical experiment, each binding partner is
prepared in solution at concentrations near the expected
equilibrium constant of the interaction. Solutions of varying
compositions are prepared automatically, injected into a
multiangle light scattering (MALS) detector, and allowed to
come to equilibrium inside the MALS flow cell for a user-
specified amount of time. The weight-average molar mass
(Mw) of the solution is a first-principles calculation based on
the light scattering intensity and total concentration of the
solution�either specified manually or measured using an

inline concentration detector.11 Association of one species with
itself or with a binding partner results in a concentration-
dependent increase in Mw; thus, multivalent complex
formation is readily evident. The measured Mw as a function
of composition is fitted to the appropriate expressions
describing the equilibrium association of the analytes, which
can include both self-interaction (e.g., dimerization) and
heteroassociation. Like AUC or ITC, all interactions occur in
solution without the need for immobilization or labeling. CG-
MALS can be used to measure interactions with the
equilibrium dissociation constant (Kd) from ∼100 pM12 to

Figure 1. TDP43RRM1 interactions with (TG)6 ssDNA and (GT)12 ssDNA by EMSA (a,b) and CG-MALS (c−f). (a,b) EMSA of TDP43RRM1 and
(TG)6 ssDNA (a) and (GT)12 ssDNA (b) showing disappearance of free ssDNA accompanied by band smearing (bracket) and less distinct bands
representing complex formation (denoted by *). (c,d) Measured weight-average molar mass (Mw) from three independent CG-MALS experiments
as a function of composition. The data was fit assuming 2 or 4 equiv sites on each ssDNA for the TDP43RRM1 protein. Measured molar mass data
for all three experiments (blue circles) are shown along with the best fit (blue line), alternative nonfitting model (green line), and “no interaction”
reference curve (dashed gray). The best fit for the (TG)6 interaction includes two equivalent binding sites with Kd = 10.4 ± 3.2 μM; the best fit for
the (GT)12 interaction includes four equivalent binding sites with Kd = 1.34 ± 0.12 μM (average and standard deviation from three replicates;
Table 1). (e,f) Concentration of each complex formed, as determined by the best fit of the CG-MALS data. The fraction of unbound protein and
ssDNA has been left off for clarity.
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several mM13,14 and has been used to quantify a wide variety of
biomolecular interactions, including the self-association of
insulin,15,16 antibody−antigen interactions,17 and multivalent
interactions with complex stoichiometries.12,18,19 The meas-
ured stoichiometry and affinity by CG-MALS agree well with
other techniques, including SPR,20 BLI,17 AUC,12,21,22

ITC,23,24 and CryoEM.17,19 Although often applied to
measuring interactions under dilute solution conditions in
the absence of molecular crowding or phase separations, as in
this study, CG-MALS can also be applied to high-
concentration measurements to understand what drives
phase separation and other thermodynamic processes.25,26

The automated CG-MALS measurements presented in this
study can be applied to interactions among one or two binding
partners and can accommodate any combination of self-
association and heteroassociation.
To explore the utilization of CG-MALS for the analysis of

protein−nucleic acid multivalent interactions, we characterized
interactions between two proteins and their nucleic acid
partners: TDP43RRM1 with (TG)6 and (GT)12 ssDNA and
CELF1 with GU-rich elements (GRE) made up of (UGUU)4
and (GU)22 repeats. For each interaction, CG-MALS data were
collected in a three-part experiment, as shown in Figure S1:
(1) measurement of the protein alone at 3−5 concentrations,
(2) measurement of 8−11 mixtures of protein and
oligonucleotide at varying concentrations and stoichiometric
ratios to assess, and (3) measurement of the oligonucleotide at
3−5 concentrations. Three technical replicates were performed
for each interaction. The change in Mw as a function of
composition was then fit to an appropriate equilibrium
association model to determine the single set of stoichiome-
tries and corresponding equilibrium association constants (Ka)
that fit the data.
We show that our CG-MALS data is consistent with some of

the quantitative binding measurements and observations
reported elsewhere.8,27,28 Furthermore, even without detailed
data analysis and model fitting, CG-MALS can provide
minimum estimates of stoichiometry based on the maximum
measured weight-average molar mass (Mw,max) and the molar
composition of the protein and nucleic acid components where
Mw,max occurs. Complete fitting of CG-MALS data can provide
not only quantitation of the complexes formed but also the
equilibrium association constant for the formation of each
complex and the individual affinity at each binding site
(equilibrium dissociation constant, Kd).

■ RESULTS AND DISCUSSION
To evaluate CG-MALS as a method for characterizing
multivalent interactions, we chose protein−nucleic acid pairs
available to us. To avoid aggregation, we focused on truncated
constructs: the first RRM domain of TDP43 (TDP43RRM1)
and the first two RRM domains of CELF1 (CELF1RRM1−2). In
all cases, at least two proteins are bound to each nucleic acid
ligand. For two of the pairs, higher-order binding with four
proteins per oligonucleotide was also present. The description
and analysis for each of the protein−nucleic acid pair are
detailed below.
TDP43RRM1 Binding (TG)6 or (GT)12 ssDNA. TDP43 is an

RNA-binding protein, consisting of 2 RRM domains that
recognize long GU repeats as well as single-strand DNA
(ssDNA) TG repeats.29,30 For this study, we focus on
TDP43RRM1 and assess its interaction with multivalent nucleic
acid repeats (TG)6 and (GT)12. Both DNA sequences have
been previously reported as TDP43 cognate sequences. TG
repeat elements were found near the human CFTR exon 9
gene29 where TDP-43 can bind and regulate proper splicing
activities to avoid exon skipping and ensure correct CFTR
protein translation.31 In other ssDNA studies, TDP43 was
demonstrated to form higher-order assemblies (up to four
TDP43 RRM1−2) with 24 GT repeats.8 We set out to test how
many domains might bind (TG)6 and (GT)12 sequences and
with what affinity, i.e., if two molecules of TDP43RRM1 could
bind to (TG)6, we expected four molecules to bind to (GT)12
DNA. EMSA provides qualitative evidence that TDP43 binds
to both (TG)6 and (GT)12. For (TG)6, we observe the
disappearance of the free ssDNA and the consequent smearing
of the lanes with faint bands corresponding to bound states
(Figure 1a). Similarly, for (GT)12, we observed binding and
the appearance of a major distinct band and a minor more
shifted band (Figure 1b). The more pronounced bands for
(GT)12 suggest stronger binding and a tighter affinity.
However, it is difficult to assess stoichiometry from these
results. In contrast, the stoichiometry of the interactions is
obvious when they are measured by CG-MALS (Figure 1c,d).
Triplicate experiments were performed to investigate each

interaction, each one consisting of three gradients, as described
in the Materials and Methods section. Each experiment was fit
separately, and we present the average and standard deviations
of all measured and fit parameters. The measured Mw for each
species (Table 1) was in good agreement with the expected
monomer molar mass (Table S1). Concentration gradient data
for the protein and nucleic acid species alone (i.e., in the
absence of the binding partner) revealed no measurable change

Table 1. Protein:Nucleic Acid (NA) Stoichiometry (n), Equilibrium Dissociation Constant (Kd), and Monomer Molecular
Weight (MW) Determined by Fitting CG-MALS Data

interaction nucleic acid

measured monomer MW (kDa)

nprotein:nNA Kd (μM)protein NA

TDP43RRM1:(TG)6 ssDNA 15.2 ± 0.5 4.51 ± 0.65 2:1a 10.4 ± 3.2
TDP43RRM1:(GT)12 ssDNA 14.3 ± 0.1 11.0 ± 0.4 4:1a 1.34 ± 0.12
CELF1RRM1−2:(UGUU)4 ssRNA 21.2 ± 0.3 4.81 ± 0.26 1:1b 0.02

2:1b 4
CELF1RRM1−2:(GU)22 ssRNA 21.2 ± 0.4 16.8 ± 0.3 2:1c 0.0010 ± 0.0002

4:1d 0.39 ± 0.03

All values are the average and standard deviation of three replicates, except for CELF1RRM1−2:(UGUU)4, which reports a single fit value across data
from three experiments. aAll binding sites are equivalent with indicated Kd.

bBest fit of concatenated data is consistent with two binding sites�one
strong and one weak. cBinding at first two sites is equivalent with indicated Kd.

dBinding at the third and fourth sites is assumed equivalent with
indicated Kd.
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in Mw for concentrations up to 20 μM for TDP43RRM1, 30 μM
for (TG)6, and 3.5 μM for (GT)12, confirming the lack of
reversible self-association under the conditions tested.
Although the measured Mw was slightly greater than the
expected value, it was invariant with the concentration,
indicating the presence of a small fraction of irreversible
aggregates. Taken together, these results indicate that any
change in Mw upon mixing protein and oligonucleotide
resulted from the specific, reversible heteroassociation of the
two species, and only these complexes were included when
fitting the CG-MALS data.
The heteroassociation gradients, which created 11 different

combinations of protein and ssDNA, resulted in an increase in
overall weight-average molar mass of the solution and
indicated more than one protein bound to each ssDNA
(Figure 1c,d). For (TG)6, the maximum measured weight-
average molar mass (Mw) occurs when TDP43RRM1 is mixed
with (TG)6 at a 2:1 molar ratio, with [TDP43RRM1] ∼ 14 μM
and [(GT)6] ∼ 7 μM (Figure 1c), suggesting a 2:1
stoichiometry. The maximum Mw of 21.0 ± 1.8 kDa was
consistent with two proteins bound to each oligonucleotide
(Figure 1c), and this measured value was 40% higher than the
Mw that would result in the absence of an interaction upon
mixing these analytes at the same concentration (Figure 1c,
gray dashed line). The best fit considers two binding sites with
an equivalent affinity. Fitting three experiments independently
resulted in an average equilibrium dissociation constant at each
binding site of Kd = 10.4 ± 3.2 μM (Table 1). The
concentrations of the complexes formed as a function of
composition are shown in Figure 1e. Similar studies
(TDP43RRM1 with sequence (GT)6) by ITC8 reported tighter
affinities with Kd ∼ 100 nM for protein binding to the first site
and Kd ∼ 10 nM to the second site, suggesting cooperativity
between sites. The discrepancies could be attributed to the
differences in sequence and experimental conditions. The ITC
experiments were performed with lower buffer and salt
concentrations (15 mM phosphate buffer, pH 6.8, containing
25 mM KCl) versus our buffer conditions (25 mM HEPES, 50
mM NaCl, pH 7.3). Also, since the CG-MALS experiments
were conducted at concentrations from 3 to 30 μM (TG)6 and
most of the protein-oligonucleotide mixtures were made in
conditions of excess (TG)6 (Figure 1c,e), higher affinity
interactions may have been masked, and the effect of
cooperativity may have been negligible.
For (GT)12, the measured Mw suggests higher-order binding

and higher affinity compared to the interaction with (TG)6.
Even at ∼10 times lower overall concentrations of
oligonucleotides (i.e., concentrations up to 3.5 μM (GT)12
compared to concentrations up to 30 μM (GT)6), a significant
increase in Mw is observed, reflecting both the increase in
affinity and stoichiometry. The maximum measured Mw of 46.3
± 1.9 occurs where [TDP43RRM1] = 4[(GT)12] = 8.3 μM
(Figure 1d) and is significantly higher than the maximum
possible Mw that could be achieved if each (GT)12 bound only
two TDP43RRM1 at these concentrations (39 kDa), as shown
by the green alternative nonfitting model in Figure 1d. Thus,
the best fit is unambiguously consistent with four equivalent
binding sites each with Kd = 1.34 ± 0.12 μM (Figure 1d, blue
line), confirming a higher affinity for TDP43RRM1 as compared
to (TG)6. The concentrations of each complex formed are
shown in Figure 1f. Since the light scattering intensity
measured by MALS is proportional to the weight-average
molar mass, even a small amount of high-molecular-weight

species can significantly impact the data, giving high
confidence to the observation of the 4:1 species even at
relative concentrations of 10% mol/mol or less. The RSD
<10% on the Kd across three technical replicates further
increases confidence in the fit.
CELF1RRM1−2 Binding (UGUU)4 or (GU)22 ssRNA. CELF1

is also an RNA-binding protein, consisting of 3 RRM domains
with the N-terminal RRMs (RRM1 and RRM2) separated
from the C-terminal RRM3 via a long disordered linker.32,33

For the current studies, we focused on CELF1RRM1−2 and its
interactions with its defined GU-rich target elements (GREs).
Similar to the investigation of TDP43-binding ssDNA, we
observed significant differences in both the stoichiometry and
affinity for CELF1RRM1−2 depending on the length of the
ssRNA binding partner. Similarly, we observed no significant
self-association of either CELF1RRM1−2 or its binding partners.
Initially, we investigated CELF1RRM1−2 binding to

(UGUU)4. As expected, EMSA showed disappearance of free
ssRNA and appearance of smeary band(s) that migrate higher
upon increasing protein concentration but without clear insight
into the stoichiometry. Triplicate CG-MALS experiments were
performed to assess the interaction. In all three experiments,
the maximum Mw (∼30 kDa) was achieved when the
concentration of protein was approximately twice the
concentration of ssRNA (overall mole fraction of
CELF1RRM1−2 = [CELF1]/([CELF1]+[(UGUU)4]) ∼ 0.67),
consistent with a 2:1 stoichiometry (Figure 2b). The best fit,
considering all three experiments together, suggested two
nonequivalent binding sites. CELF1RRM1−2 binds strongly at
the first site with Kd ∼ 0.02 μM and more weakly to the second
site with Kd ∼ 4 μM (Table 1). The results presented consider
a single global fit to all three experiments. Significant
experiment-to-experiment variation was observed, as seen in
Figure 2b, likely due to the presence of aggregates in
CELF1RRM1−2. Although CG-MALS confirmed an overall 2:1
stoichiometry for this interaction, the current data were
insufficient to conclude whether the two binding sites are
equivalent or nonequivalent, as shown by the comparison of
the blue best fit line and the green alternative fit line in Figure
2b. However, a binding model considering two nonequivalent
binding sites is consistent with literature studies, suggesting
that the secondary site could accommodate only 1 RRM
domain, resulting in a weaker affinity,28 and thus is presented
as the best fit.
We then investigated CELF1RRM1−2 interactions with the

longer RNA (GU)22. With EMSA, we observed binding, which
resulted in an upward shifting band. Importantly, the
interaction appears to occur at lower concentrations of
CELF1, compared with (UGUU)4, suggesting a higher affinity
interaction (Figure 3a). With CG-MALS, we can fully quantify
this interaction. The maximum measured Mw (86.1 ± 1.2 kDa)
suggests that we can see the formation of at least a 4:1
stoichiometric CELF1RRM1−2:(GU)22 complex (Figure 3b).
The best fit included the formation of three species with the
following protein:ssRNA stoichiometry: 1:1, 2:1, and 4:1
(Table 1). The maximum measured Mw is nearly 50% higher
than the maximum possible Mw if only 2:1 binding is
considered (Figure 3b, green line), clearly indicating that
higher-order assemblies are reversibly formed under these
conditions.
The 1:1 and 2:1 complexes appear to form with equivalent

affinity at each binding site (Kd = 1.0 ± 0.2 nM), which is over
1000× stronger than the affinity for CELFRRM1−2 for
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(UGUU)4. This might reflect an increase in cooperative
binding affinities as expected for multivalent interactions.34

Under these conditions, a 4:1 complex also appears, and the
third and fourth binding events were assumed to have
equivalent affinity (Kd = 390 ± 30 nM). In general, we
would also expect to observe the formation of the 3:1 complex;
however, the model excluded the formation of this species,
possibly due to the high concentration at which the
measurements were performed (Figure 3c). It is possible that
the 3:1 complex would also be evident at lower concentrations
closer to Kd, where more binding sites would be unsaturated.
In conclusion, we show that CG-MALS is an excellent

technique for obtaining estimates of binding affinities and
molecular stoichiometry associated with multivalent interac-
tions. Even when the binding interactions become significantly
more complex and involve high stoichiometric ratios (>2), the

Mw,max can provide minimum estimates of molecular
stoichiometric ratios. Better quantitative estimates can be
obtained with CG-MALS data simulations and estimated Kd
values from experimental studies for both simple stoichiometry
(≤2) and complex interactions by combining data across

Figure 2. CELF1RRM1−2 and (UGUU)4 ssRNA interactions by EMSA
(a) and CG-MALS (b). (a) EMSA of CELF1RRM1−2 and (UGUU)4
ssRNA showing disappearance of free ssRNA accompanied by shifted
bands representing complex formation (denoted by *). (b) Mw
measured by CG-MALS (blue circles) as a function of composition
for three experiments, each with a maximum CELFRRM1−2

concentration of 7−8.5 μM and a maximum concentration of
(UGUU)4 of 9−20 μM. The best fit (blue line) considering two
nonequivalent binding sites (Table 1) is shown by the blue line. An
alternative binding model considering two equivalent binding sites,
each with Kd = 3.6 μM, is indicated by the green line. The “no
interaction” reference curve (gray dashed line) is shown for reference. Figure 3. CELF1RRM1−2 and (GU)22 ssRNA interactions by EMSA

(a) and CG-MALS data and simulations (b,c). (a) EMSA of
CELF1RRM1−2 and (GU)22 ssRNA showing disappearance of free
ssRNA accompanied by shifted bands representing complex formation
(denoted by *). (b) Measured Mw vs total [CELF1RRM1−2] and total
[(GU)22] for triplicate CG-MALS experiments. The best fit (blue
line) consists of complexes with 1:1, 2:1, and 4:1 stoichiometry.
Including only 1:1 and 2:1 interaction (green line) is not sufficient to
capture the measured molar mass. The “no interaction” reference
curve (gray dashed line) is shown for reference. c, Calculated
concentration of each complex formed across the CG-MALS
heteroassociation gradient. The concentration of unbound monomer
has been left off for clarity.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06358
ACS Omega 2024, 9, 41003−41010

41007

https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06358?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


multiple concentration ranges. Thus, CG-MALS could be a
useful technique in investigating the molecular stoichiometry
involved in large multivalent protein−nucleic acid complexes.
The multivalent interactions of these transcription factors and
RNA-binding proteins with nucleic acid repeat sequences are
required for their cellular functions. CELF1 is linked to
myotonic dystrophy (DM) type 1 disease associated with the
toxic effect of (CUG)n expansion.33,35,36 TDP-43 aberrant
aggregation with RNA has been linked to amyotrophic lateral
sclerosis (ALS) disease.4,37,38 There might be critical
protein:RNA stoichiometry thresholds that may distinguish
between physiological and pathological complexes and could
benefit from the CG-MALS technique.

■ MATERIALS AND METHODS
Cloning, Protein Expression, and Purification.

TDP43RRM1 (101−192). The plasmid was prepared by site-
directed mutagenesis of TDP43RRM1−2 (101−277), containing
both RRM domains, by changing the codon for amino acid
V193 for the stop TAG codon. To construct the expression
plasmid of TDP-43RRM1−2 tagged with N-terminal His6, DNA
fragments encoding TDP-43 (101−277) were amplified from
the template plasmid (Addgene 27462) and then ligated into
EcoRI/AvrII digested pET302NT-His (Invitrogen).
The TDP43RRM1 plasmid was transformed into Escherichia

coli BL21 star-competent cells and grown at 37 °C in Terrific
Broth medium containing carbenicillin antibiotic. Cells were
induced for expression with 1 mM IPTG when the OD600
reached between 0.8 and 1.0. Growth was allowed to continue
overnight at 18 °C, and then cells were harvested by
centrifugation at 4,000×g for 20 min. Cells were resuspended
in lysis buffer (1.5 M KCl, 25 mM Tris, pH 7.5) containing 1
mM PMSF and the 1X Xpert protease inhibitor (GenDEPOT)
and lysed by using a homogenizer (Avestin). The lysate was
centrifuged at 4 °C for 1 h at 50,000×g. The supernatant was
applied to nickel agarose beads (GoldBio) and washed
extensively with lysis buffer containing 20 mM imidazole
before elution with lysis buffer containing 200 mM imidazole.
The elution was dialyzed to 150 mM NaCl, 25 mM Tris buffer
pH 7.5, concentrated to a 2 mL volume, and purified using size
exclusion chromatography (SEC) using a Superdex 75 column
(Cytiva).
CELF1RRM1−2. The His10-CELF1RRM1−2-expressing plasmid

was transformed into E. coli BL21 star-competent cells and
grown at 37 °C in LB medium. Cells were induced for
expression with 0.4 mM IPTG when the OD600 reached
between 0.8 and 1.0. Growth was allowed to continue
overnight at 18 °C, and then cells were harvested by
centrifugation at 4,000×g for 20 min. Cells were resuspended
in lysis buffer (20 mM HEPES, 500 mM NaCl, 1 mM TCEP,
10 mM Imidazole, pH 7.5) supplemented with a protease
inhibitor (GoldBio Problock). The cell suspension was lysed
using a homogenizer (Avestin). The lysate was centrifuged at 4
°C for 30 min to 1 h at 20,000×g. The cleared lysate is filtered
to 0.45 μm using a vacuum filter and applied to Ni-NTA beads
equilibrated with the lysis buffer. The beads were washed with
40 column volumes of the same lysis buffer with 1 M NaCl.
The protein was eluted with an imidazole step gradient (100,
250, and 500 mM imidazole in 50 mM HEPES, 500 mM NaCl,
1 mM TCEP, pH 7.5).
Protein and DNA Concentration Determination.

Protein concentrations were calculated based on the UV
absorbance extinction coefficient (ε, ml/(mg·cm)) at 280 nm:

TDP43RRM1 = 1.16 and CELF1RRM1−2 = 0.49. Oligonucleotides
(TG)6, (UGUU)4 were obtained from IDT (Integrated DNA
Technologies, Inc., Coralville, IA) and (GU)22, (GT)12 from
Sigma. Oligonucleotide concentrations were calculated based
on UV absorbance extinction coefficient (ε, ml/(mg·cm)) at
280 nm: (TG)6 = 18.21, (GT)12 = 18.12, (UGUU)4 = 14.03,
and (GU)22 = 14.86. The molecular weights of the protein and
RNA are summarized in Table S1.
Electrophoretic Mobility Shift Assay (EMSA). The

EMSA binding reactions were prepared from 2-fold dilutions
of protein:nucleic acid mix and incubated at room temperature
for 10 min prior to gel electrophoresis. For nonfluorescent
conjugated nucleic acid, the gel was stained with SYBR Gold
(Invitrogen) according to the manufacturer’s instructions. All
gels were imaged by using ChemiDoc with appropriate filters.
The protein concentrations, nucleic acid concentrations, and
gel running conditions are as follows: TDP43RRM1 (1−8 μM);
(TG)6 ssDNA (2 μM) or (TG)12 ssDNA (1 μM) in buffer (20
mM HEPES, 50 mM NaCl, 1 mM MgCl2, 10% glycerol, 1 mM
TCEP, pH 7.3); 10% tris-glycine (TG, Bio-Rad) gel, 90 min at
100 V, 4 °C, in 0.5× TAE buffer. CELF1RRM1−2 (3−50 μM)
and (UGUU)4 ssRNA (5 μM) in buffer (10 mM HEPES, 12.5
mM Tris, 70 mM NaCl, 12.5 mM KCl, 1 mM MgCl2, 10%
glycerol, 0.5 mM TCEP, pH 7.4); 10% Tris-Glycine (TG, Bio-
Rad) gel, 60 min at 80 V, 4 °C, in 0.5× TAE buffer.
CELF1RRM1−2 (4 nM−50 μM) and (GU)22 ssRNA (200 nM)
in buffer (20 mM HEPES, 50 mM NaCl, 1 mM MgCl2, 10%
glycerol, 1 mM TCEP, pH 7.3); 10% TG (TG, Bio-Rad) gel,
90 min at 80 V, 4 °C, in 0.5× TAE buffer.
Composition Gradient Multiangle Light Scattering

(CG-MALS). Proteins were passed through size exclusion
chromatography (Superdex 75) prior to CG-MALS experi-
ments to ensure the removal of high-MW aggregates. Proteins
and oligos were diluted in experimental buffer (25 mM
HEPES, 50 mM NaCl, and 1 mM TCEP, pH 7.3). CG-MALS
data were collected using a fully automated three-syringe pump
Calypso II instrumentation (Wyatt Technology, LLC) linked
to a DAWN (Wyatt) multiangle light scattering detector
equipped with a 661 nm laser and UV/vis detector (Agilent
Technologies) collecting absorbance at 280 nm. Each
experiment follows a concentration gradient of one species
(A) to assess self-association, followed by a “crossover”
gradient with varying concentrations of A and species B to
characterize the heterointeractions, and finally, a concentration
gradient of species B to assess its self-association. An example
of one such experiment is shown in Figure S1. Initial
concentrations for the different protein:nucleic acid complexes
are approximately as follows: TDP43RRM1:(TG)6 are ∼24 μM
and ∼14 μM, respectively; TDP43RRM1:(GT)12 are ∼21 μM
and ∼5 μM, respectively; CELF1RRM1−2:(UGUU)4 are ∼9 μM
and ∼19 μM, respectively; and CELF1RRM1−2:(GU)22 are ∼11
μM and ∼4 μM, respectively. Final protein and oligo
concentrations were adjusted based on the UV absorbance
signal detected in the CALYPSO software (Wyatt). Three
replicates were performed. All analysis, including model fitting
and data simulations, was performed using CALYPSO software
(Wyatt). Light scattering data were fit to the following
equations.9,10,20
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where R is the Rayleigh ratio; Kij is the equilibrium association
constant of the AiBj complex; A and B are constituent
monomers; i and j represent the stoichiometric numbers of A
and B in the AiBj complex; MA and MB are the molar masses of
monomers A and B, respectively; and K* is a constant defined
below
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where (dn/dc) is the refractive index increment of a sample−
solvent combination; n0 is the refractive index of the solvent;
Na is Avogadro’s number; and λ0 is the vacuum wavelength of
incident light.
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