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ABSTRACT  

 

IGF2BP2 (IMP2) is an RNA-binding protein that contributes to cancer tumorigenesis and 

metabolic disorders. Structural studies focused on individual IMP2 domains have provided 

important mechanistic insights into IMP2 function; however, structural information on full-length 

IMP2 is lacking but necessary to understand how to target IMP2 activity in drug discovery. In this 

study, we investigated the behavior of full-length IMP2 and the influence of RNA binding using 

biophysical and structural methods including mass photometry, hydrogen-deuterium exchange 

coupled to mass spectrometry (HDX-MS), and small angle x-ray scattering (SAXS). We found 

that full-length IMP2 forms multiple oligomeric states but predominantly adopts a dimeric 

conformation. Molecular models derived from SAXS data suggest the dimer is formed in a head-

to-tail orientation by the KH34 and RRM1 domains. Upon RNA binding, IMP2 forms a pseudo-

symmetric dimer different from its apo/RNA-free state, with the KH12 domains of each IMP2 

molecule forming the dimer interface. We also found that the formation of IMP2 oligomeric 

species, which includes dimers and higher-order oligomers, is sensitive to ionic strength and RNA 

binding. Our findings provide the first insight into the structural properties of full-length IMP2, 

which may lead to novel opportunities for disrupting its function with more effective IMP2 

inhibitors. 
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INTRODUCTION 

RNA Binding Proteins (RBPs) play multiple critical roles in normal human physiology as 

well as disease, as they regulate key cellular processes by controlling RNA localization, stability, 

translation, and splicing (1–3). Their involvement in cell proliferation, motility and metabolism is 

necessary for homeostasis, while dysfunctional RBPs can contribute to a wide array of 

pathologies, including diabetes, cancer, cardiovascular disease, and neurodegeneration (1–3). 

 

Insulin-like growth factor 2 mRNA binding protein 2 (IMP2, IGF2BP2) is an RNA binding 

protein that belongs to the IMP family with two other paralogs, IMP1 and IMP3 (4, 5). It is involved 

in RNA stability, localization, and translation, and has been implicated in protection of 

pluripotency-associated transcripts from miRNA-mediated degradation (4). IMP2 overexpression 

has been linked to a wide array of malignancies, including glioblastoma, melanoma, and breast 

cancer, where it supports the survival of cancer stem-like cells and cancer cell metastasis by 

controlling stability and transport of distinct mRNAs (6–9). Moreover, IMP2 has also been linked 

to type 2 diabetes, as its control of mRNA stability is essential for maintenance of adipose tissue 

homeostasis (10, 11).  

 

IMP2 consists of modular domain architecture containing six RNA-binding domains 

(RBDs), two RNA recognition motifs (RRMs), and two pairs of hnRNP K homology domains (KH1-

2, KH3-4). IMP2 shares 56% of its sequence with its paralogs IMP1 and IMP3, yet it regulates a 

distinct pool of RNAs (12). Structures of individual IMP2 domains have been determined for RRM1 

and KH3-4 domains; however, structural studies on full-length IMP2 have not been reported. 

Suzuki et al. obtained an NMR structure of RRM1 (residues 2-81, PDB: 2CQH), which covers 

about 13% of the entire protein sequence. Biswas and colleagues published an X-ray structure of 

KH34 domains (residues 426-588; PDB: 6ROL) which encompasses 27% of the full-length protein 

(12). AlphaFold structure prediction of full-length IMP2 shows that much of the protein is 

disordered. Besides the structured domains (RRM1, RRM2, KH1, KH2, KH3, and KH4), there are 

long stretches of unstructured regions connecting the RRM and KH domains that display low (50-

70) or very low (< 50) per-residue AlphaFold prediction confidence scores.  

 

Regardless of organism or cell type, all members of the IGF2BP protein family have been 

shown to bind RNA (4, 5). In vitro studies have demonstrated that RNA-binding is facilitated via 

the KH-domains in IMP1, although the RRM domains could potentially contribute to the 
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stabilization of IGF2BP-RNA complexes, increasing their in vitro half-life (13). Recent structural 

analyses of human IGF2BP1 KH3/4 suggest the formation of an anti-parallel pseudo-dimer 

conformation of the KH3 and KH4 domains, each contacting a strand of RNA (14). However, there 

are no studies that describe the oligomeric states of full-length IMP2 and how RNA binding 

influences full-length IMP2 structure. 

 

In recent years, IMP2 has gained attention as a promising molecular target in various 

cancers (8, 15, 16). However, the moderate potency of the IMP2 targeting small molecules 

optimized based on partial domain information points to the importance of further understanding 

of the structure and function of full-length IMP2 (17, 18). In this study, we found that the primary 

oligomeric state of full-length IMP2 is a homodimer and determined regions of IMP2 involved in 

RNA interaction. Using a variety of biophysical and structural methods including mass 

photometry, hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS), and small 

angle X-ray scattering (SAXS). Our findings provide a refined understanding of the solution 

behavior of IMP2 in presence and absence of RNA. Furthermore, we describe the equilibrium of 

the various states of IMP2, and how it can be shifted by ionic strength and RNA binding. 

 

RESULTS 

IMP2 adopts a dimeric form in solution 

During the protein purification of full-length IMP2, expected to be ˜66kDa, we noticed 

multiple peaks in size exclusion chromatography (SEC) profiles (Fig. S1), suggesting that IMP2 

exists in multiple oligomeric states. Of particular interest was the peak corresponding to the size 

of an IMP2 dimer, which was largely abundant. While IMP2 has been considered to be a 

monomeric protein and modeled as such in previous research studies, the prevalence of 

oligomeric species has been discussed for other IMP family members (13, 17, 19). To gain insight 

into the structural properties of full-length IMP2 - 3D molecular envelope, molecular mass, radius 

of gyration and other structural attributes - we collected in-line SEC-SAXS data. Molecular weight 

simulation from the SAXS data confirmed the presence of the dimeric IMP2 state (127 kDa). We 

also studied the oligomeric state of IMP2 using mass photometry and SEC-multi-angle light 

scattering (SEC-MALS) and observed the presence of multiple IMP2 species (vide infra), but most 

notably the dimeric form.  
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After data collection, the SAXS molecular envelope was fitted with a protein dimer model 

with a 𝜒2 value of 3.46 (Fig. 1A-C). Alternate models with different domain locations displayed 

high 𝜒2 values and were therefore ruled out as unlikely structures due to deviations from the 

theoretical scattering profiles. Our primary observation from in-line SEC-SAXS data indicates that 

IMP2 is present predominantly in a dimeric form in the absence of RNA, harboring an asymmetric 

configuration, where the KH12 domains from the first molecule are more separated from the rest 

of the complex than the equivalent KH12 domains from the second molecule (Fig. 1B). We 

designated each molecule with a superscript number: 1 would present domains from the first 

molecule and 2 denotes domains of the second protein molecule within the dimer. The interaction 

between KH122 and KH342 reveals a continuous buried surface. In the first molecule, the KH12 

domain is separated from the KH34 domain by ~ 50Å. This is evident from the SAXS envelope, 

with a signature protuberance at the center that fits the KH12 domain. Our fit for theoretical 

scattering curve, for this configuration of the domains also matched our experimental scattering 

results (with a 𝜒2 fit of 3.46). Although our SAXS-determined structural model is devoid of the 

connecting loop regions, the extensively floppy attributes of these intrinsically disordered regions 

add minimal value to the uniqueness of the structural envelope.  

 

The domain organization of IMP2 dimer revealed by the SAXS model also enabled us to 

predict the dimerization interface from the clear domain boundaries. We find an unambiguous 

head to tail orientation of molecule-1 to molecule-2. The last 12-15 residues from the C-terminus, 

which forms the terminal helix of the KH4 domain, along with a terminal tail, interact with the first 

5-10 residues of the extreme N-terminus as the beginning of RRM1 in the other molecule. IMP2 

sequence suggests an abundance of charged amino acids at the termini, enabling ionic 

interactions to stabilize the interface. From this model of IMP2, it is expected that the dimer 

interface is created by the primary interaction amongst KH341: RRM12 domains, more specifically 

α helix interactions between VKQQE and ELHGK residues (Fig. 1D). RRM11 and RRM21 make 

contact in the dimer with interacting residues between a β sheet (YIGNLSPAVT) and a linker 

(ENVEQVNT) from the respective domains. In the absence of KH121 is central to the stabilization 

of this dimer, as it forms contacts with RRM11, RRM21, and KH341. KH122 is also observed to be 

interacting with the RRM22 but not with RRM12. RRM11 contacts KH341 and KH121, while KH342 

is seen to be interacting with both RRM12 and RRM22. 
 

Interestingly, the individual monomers within our best-fitting dimeric SAXS model of IMP2 

appear vastly different from the AlphaFold predicted model of IMP2 monomers. While SAXS 
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modeling allowed us to approximate the domain interfaces globally, an orthogonal technique was 

required for residue-level resolution. We performed hydrogen-deuterium exchange mass 

spectrometry (HDX-MS) to test whether the aforementioned regions that are expected to be 

interacting within the dimer are susceptible to disruption by a high salt buffer condition (1M NaCl). 

Multiple regions across constituent domains exhibited significantly increased deuterium uptake in 

the high salt condition relative to low salt, alluding to a change in protein conformation, with the 

possibility of the disruption of oligomeric/dimeric IMP2 states into smaller forms (Fig. 2A). Overall, 

HDX-MS provided excellent peptide sequence coverage of our protein, excluding only minor 

patches. Uncovered spans of amino acids included ~95-104, ~160-190, ~255-259, and ~333-340 

could be missing due to tightly bound RNA blocking access by proteases used in the HDX-MS 

workflow. The HDX results indicate that changing ionic strength affects primarily the KH1 and 

KH4 domains, which is in alignment with the protein interface predicted from our dimer model 

(Figs. 1D, 2A). Residues 5-10 from the N-terminus of RRM1 exhibited an 8% increase in 

deuterium uptake in the 1 M NaCl sample relative to 50mM. RRM2 also exhibited a 6% increase 

in ~5 residues at its C-terminal end. KH1 experienced an increase of 5% deuterium uptake in 

approximately half of the C-terminal-end, which spanned into the KH1-2 linker region. A region of 

~30 amino acids in the middle of the KH2-3 linker experienced 4-5% increase in deuterium uptake 

in high salt condition, thus more surface exposed to the solvent, alluding to the presence of at 

least another interactive or closed state involved with that linker region. KH3 has a minor ~5 

residue region that showed 5% increased deuterium uptake at its N-terminal end in high salt 

condition. The end of the KH3-4 linker was enhanced in deuterium uptake by 7-8% and continued 

the change almost throughout the entire KH4 domain. 

 

Mass photometry (MP) confirmed that increased salt concentration in the buffer results in 

shift from predominantly dimerized form of 160kDa (82% of the protein; monomer size expected 

as 66kDa; 160kDa species corresponds to a dimer with residual RNA bound during purification; 

Fig. 2B and Table S1) to an even distribution between ˜120kDa and ˜160kDa species (48% and 

42%, respectively). Circular dichroism (CD) spectroscopy also provided complementary evidence 

that high-salt buffer reduces the stability of IMP2, as the temperature-dependent unfolding profile 

if IMP2 was reduced from 50 °C in low salt (150mM NaCl) to 41 °C in high salt (1M NaCl) condition 

(Fig. S2). This also suggests the disruption of equilibrium where oligomeric species shift into 

smaller isoforms. HDX-MS results also reveal a congruent change with easier uptake of deuterium 

in both previously discussed terminal patches of the protein (Fig. 2A). This ‘head-to-tail’ 

interaction provided an explanation for the better binding of our his-tagged protein to the Ni-affinity 
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columns in presence of high-salt, which would be inaccessible in low ionic-strength buffers (Fig. 
2C and D, Fig. S1A). Moreover, zeta potential assessment also demonstrated the change in total 

protein surface charge from approximately -3 at low salt to +5 in high salt exposing several 

charged residues at the surface (Table S2). This could have direct implications in RNA binding 

as the net positive charge would indicate more residues that can favorably bind negatively 

charged RNA in such a conformation.  

 
Structural rearrangements in IMP2 dimer upon RNA binding 
 

To determine how RNA binding influences the structure and oligomeric properties of IMP2, 

we studied two 67-nucleotide RNA sequences, Cox7b and VSV, that we used previously as an 

IMP2 binder and non-binding control, respectively, in proximity ligation in vitro experiments3. 

Three species of shorter RNA (~25mer) were recently utilized in a IMP2 small molecule discovery 

efforts(17); based on this report, we conducted experiments with shorter RNA fragments including 

two RNA species shown to bind to IMP2, a methylated species (m6A RNA) and an unmethylated 

IMP2 target (RNA B), as well as a non-binding control (RNA C). mRNA methylation has been 

recently proposed as an additional level of transcriptional control of gene expression and RNA 

methylation-dependent binding to IMP2 was shown to affect RNA stability and storage (20, 21).  

 

Since our HDX results indicate the high ionic-strength buffers can induce IMP2 protein 

conformational changes, we posited that addition of RNA would have an impact on its dynamics 

or the domain architecture. In general, the IGF2BP protein family is known to bind to RNA and 

various studies suggested that multiple domains are involved in this interaction (5, 22). To identify 

the protein surfaces involved in IMP2-RNA interactions, we performed HDX-MS on IMP2 in the 

absence of presence of Cox7b RNA, a known biologically relevant binding target of IMP2, and 

VSV RNA, used as a control in in vitro experiments (8). Addition of Cox7b RNA (67nt) resulted in 

occlusion of a multitude of residues throughout the entire length of the protein (Fig. 3A). 

Specifically, a majority of RRM1, RRM1-2 linker, RRM2, KH1-2 linker, KH2, KH3, KH3-4, and 

KH4 showed a significant decrease in deuterium uptake upon addition of RNA, supporting 

cooperation between multiple domains in RNA binding. Interestingly, the entire KH1 and a large 

portion of KH4 showed no peptide coverage in the mass spectrometry experiments, possibly 

explained by tight ionic interactions between domains of one or multiple IMP2 proteins or even 

tight interactions between RNA and the protein. This is particularly interesting as these areas 
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exhibited peptide coverage in the low vs high salt HDX experiment, suggesting that this is likely 

a biologically relevant result and not a technical issue with the digestion or mass spectrometry 

experiment.   

 

To further investigate how addition of RNA could impact IMP2 oligomerization, we 

performed MP, with the Cox7b and VSV RNAs. The presence of RNA affects the conformation of 

IMP2 (Fig. 3B, Table S1). A multimeric equilibrium appears to be present, which is sensitive to 

salt concentration (Fig. 3C, Table S1).  We also observed differences in the UV absorbance for 

higher order oligomers during SEC-MALS suggesting potential perturbation of dimeric 

accessibility of surface tyrosines and tryptophans that differs from RNA bound or monomeric 

forms (Fig. 3D and Fig. S1, Table S1). To test this, we used a fluorescence quenching assay to 

measure changes of tyrosine and tryptophan fluorescence emissions in IMP2 samples incubated 

with or without RNA and either a high or low salt solution. There is a drastic change in tyrosine 

signal reduction for all RNA conditions vs the apo/RNA-free condition (Fig. 3D), while tryptophan 

emissions remain largely unchanged (Fig. S3). This supports our hypothesis of conformational 

change induced by RNA addition and the involvement of tyrosines at the involved interfaces.  

 

To determine if RNA binding influences IMP2 dimer structure, we calculated 3D molecular 

envelope or shape of Cox7b RNA-bound IMP2 using in-line SEC-SAXS (Fig. 4A-D). The RNA-

bound IMP2 SAXS data reported a molecular size consistent with an IMP2 dimer; however, the 

molecular envelope of the RNA-bound IMP2 dimer was more compact than the apo/RNA-free 

IMP2 dimer (Fig. 4A and B). Theoretical scattering of the RNA-bound IMP2 SAXS-determined 

model agreed well with the experimental scattering data (𝜒2 value of 4.99) (Fig. 4A). Interestingly, 

the dimeric form observed in the presence of RNA showed significant differences in the 3D 

organization of the constituent domains (Fig. 4B and E). The primary difference is in the 

dimerization interface, which is formed by the KH12 domains from each of the molecules, yielding 

a pseudo-symmetric configuration. In the presence of RNA, the IMP2 still predominantly exists in 

the dimeric form, but the IMP2 conformation is different. The protein-only fit (without RNA) model 

resulted in a 𝜒2 value of <10, which indicates a highly concordat fit between the theoretical 

scattering profile and experimental data. We originally hypothesized that the Cox7b RNA existed 

in a structured state and bound IMP2 in such a manner. However, upon the addition of every 

prediction-based folded RNA (RNAfold web server) individually into the SAXS model, the 𝜒2 value 

worsened greatly indicating a poor fit and an unlikely model (Fig. 4A). This suggested two 

possibilities: that the RNA does not bind to protein in our experimental conditions or the RNA 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


binds in an unstructured manner. IMP2 interaction with RNA helicases also supports the 

possibility that the target RNA bound to the protein might be in an unfolded state (8, 23). 

Furthermore, there is little to no space in the calculated SAXS envelope to fit the folded RNA in 

once the protein portion is fitted. We therefore added the RNA in an unstructured fashion, which 

resulted in 𝜒2 value 4.99, suggesting that IMP2 dimer may interact with unstructured RNA.  

 

Our 3D reconstruction of the dimeric IMP2-Cox7b RNA-bound complex shows a more 

compact conformation and a global alteration of the protein conformation compared to that of 

IMP2 dimer in the apo/RNA-free form. The structural models indicate that RNA-bound dimeric 

IMP2 may be more stable and thermodynamically favorable with a reduction of the number of 

accessible surface atoms (apo/RNA-free 4363 vs RNA-bound 3976) and increase in the number 

of buried atoms (apo/RNA-free 2805, RNA-bound 3192). The radius of gyration (Rg) of IMP2 dimer 

decreases upon binding of RNA from 46.1 ± 1.2 to 36.8 ± 1.6 Å, suggesting a more compact 

complex. At the same time, the slight decrease in the Dmax value (142 ± 1 vs 140 ± 1 Å) is 

observed, meaning that the compression is not uniform but instead unidirectional (Fig. 4D). 

Dimensionless Kratky plots (Fig. 4C) indicate that RNA-bound IMP2 is significantly more 

elongated as opposed to globular, as observed from the shallow tapering of the curve, typically 

found in complexes with both folded and unfolded elements. In our case the RNA is likely 

unfolded, leading to a composite of folded and unfolded features. When comparing protein in the 

presence of RNA against its dimer in the absence of RNA, the apo IMP2 dimer exhibits a head-

to-tail configuration, with RRM1 and RRM2 at the terminal end of one IMP2 and KH34 at the dimer 

interface and KH12 in between (Fig. 4E). The RRM12 appears to interact with KH34 of IMP1. 

KH12 and RRM2 are located between RRM1 and the terminal KH34. Upon binding of RNA, RRM1 

from IMP21 moves from the terminal end of molecule 1 to the interior closer towards the dimer 

interface near molecule 2 (by ~ 23Å), while position of RRM2 remains relatively unchanged. KH12 

switches position with KH34, such that in presence of RNA it is located between RRM1/RRM2 

and the newly formed KH12 interface. IMP22 also exhibits the relative reorganization of its KH12 

domain, positioning itself more interiorly, forming a new KH12-KH12 interface. KH34 moved 

internally from the terminal end of the second IMP2, with RRM1 and RRM2 migrating exteriorly.  

 

While there is a global conformational change between the apo/RNA-free and RN-bound dimers, 

some domain interactions are consistent in the structural models. RRM11 and RRM21 make 

contact in both dimers with the modification of contact residues from amino acids 6-15 : 109-116 

(β strand and linker) to 15-33 + 68-73 : 82-89 + 116-124 + 152-157 (Alpha and linker interactions). 
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Similarly, RRM22 and RRM12 remain in proximity and retain α helix and linker contact (amino 

acids 139-146 + 153-157 : 29-34 + 51-62 vs 132-142 : 3-9). This differs greatly from RNA-bound 

dimer KH121 which has little to no contact with RRM21 and KH341 but remains in proximity to 

RRM11. Contact between KH122 and RRM22 exists in the apo/RNA-free dimer, but not the RNA-

bound dimer. While RRM12 and KH122 do not interact in apo/RNA-free dimer, they interact in 

RNA-bound dimer. In contrast to the extremes of total reconfiguration or no change, certain 

domains (for example RRM22-KH342, an α helix vs β sheet involvement) remain in contact, yet in 

an alternative configuration.  

 

The apo/RNA-free IMP2 dimer interface is created by the primary interaction amongst 

KH341: RRM12 domains, more specifically α helix interactions. Despite the critical nature of these 

domain interactions in apo/RNA-free dimer, the RNA-bound dimer exhibits no interaction amongst 

these domains. The domain interface of Dimer 2 is instead driven by KH121 and KH122 domains 

(β sheet interactions between amino acids 193-203 + 224-243 + 313-320 and 223-247). It is clear 

that a major structural change occurs in the presence of RNA with two distinct interfaces with 

different underlying interactions (α helix vs β sheet). Furthermore, the interactions amongst 

KH341: RRM12 only exist in apo/RNA-free dimer while the interactions amongst KH121 and KH122 

are unique to RNA-bound dimer. 

 

Our HDX-MS data supports this observation as a high ionic-strength environment exposed 

several residues from the KH12 domain upon exposure to a buffer containing high concentration 

of NaCl (1M) suggesting the disruption of the KH12-KH12 interface in the RNA bound dimer, 

exposing them to deuterium uptake. Additionally, KH34 and RRM1 also show areas of enhanced 

deuterium uptake in presence of high ionic strength, supporting the opening of the unbound dimer 

interface. Despite changes in deuterium uptake at the newly exposed surfaces of IMP2 domains, 

some regions experience no change (for example, residues ~20-150, ~190-225, ~270-375, ~440-

500), ensuring the protein to be folded and not denatured by the high ionic-strength environment. 

Most of the core regions of the domains of IMP2 remain unaltered, suggesting that the changes 

associated with the protein are predominantly coming from the conformational rearrangement of 

the domain interfaces. RNA binding to IMP2 is also observed to involve almost the entire full-

length protein (evident from the changes in the buried residues of IMP2 in HDX), except for a 

significant portion of KH12 domains, which is in line with SAXS modeling with KH12-KH12 

interface being formed in presence of RNA.  
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Insights into the mode of RNA binding 

Upon placement of the Cox7b RNA in five unfolded fragments into the SAXS envelope, 

we noted a marked improvement of the 𝜒2 values. Further inspection reveals that the dimerization 

interface is critical to ensure the RNA interacting groves are exposed towards the substrate 

nucleotides. Major interaction surfaces are provided by the last α helix and portions of the linker 

region of the RRM22 domain to interact with nucleotides of Cox7b RNA (Fig. 4B and E). While it 

is impossible to determine the exact residues involved in RNA-protein interaction from SAXS, we 

notice from our tyrosine quenching studies (Fig. 3D) that the FENYSF stretch from the RRM22 

domain and LYIG from the RRM12 domain could be involved in the π-π stacking interactions 

stabilizing the RNA. Another RNA fragment is observed to be positioned at the central grove of 

the KH12 domain and likely to be interacting with the SIYNPER loop within the domain (Fig. 4B). 

It is important to note that the backbone phosphates from the RNA are also likely to have favorable 

water mediated hydrogen-bond interactions with the terminal residues of the helices, as the 

resulting dipole moments from them will allow for increase in the electronegativity of the 

participating atoms, which are well aligned for such interactions.  

 

The combined evidence from tyrosine quenching assays, HDX and the envelope from 

SAXS strongly suggest a proteinaceous ‘cocoon’ (Fig. 4B), where most of the RNA nucleotides 

are protected from solvent interactions. Upon examination of the surface charge of the structural 

model, we also notice a significantly large, connected patch of negatively charged residues 

throughout the second molecule of the dimer and another mildly positive surface on the other side 

of the dimer (Fig. S4). These two surfaces create a unique sheet like architecture with one face 

being particularly negatively charged and the other being positive along the long edge of the 

dimer.  

 

While there is a change in RNA binding based on the length and nature, the RNA always 

exhibits interaction with IMP2 throughout our experiments. This supports the notion that the 

binding does not discriminate based on specific base-pairing nor RNA structure. Fluorescence 

polarization (FP) assays performed at physiologic salt concentration (150mM NaCl) with shorter 

RNA oligonucleotides previously tested for IMP2 binding (17, 20, 21) show the highest binding 

affinity to RNA B (IMP2 binder), next to RNA m6A (m6A modified IMP2 binder), and least affinity 

to control RNA C (Fig. 5A). Strength of charge-dependent protein-protein and protein-RNA 

interactions typically decreases in high salt buffer conditions. The RNA affinities for IMP2 in our 
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FP experiments differ when performed with high salt (1M NaCl), with RNA m6A becoming the 

highest affinity, RNA B second, and then the control RNA (Fig. 5B). As we suspect the dimeric 

IMP2 to be breaking in high salt condition, this could allow for newly exposed protein regions to 

interact with RNA, which is in line with our HDX and SAXS data. However, in the presence of low-

salt buffers there are multiple species, while high salt appears to bias for one species. Despite 

the change in affinity, the RNA is still capable of binding to the protein in the presence of high salt, 

showcasing the strength at which RNA binds to the protein. This is supported by our SEC-MALS 

results which show the disruption of multimeric IMP2 states into the smaller isoforms while still 

allowing RNA to remain bound (Table S1). 

 

As mentioned above, VSV RNA has been previously demonstrated as a non-binding RNA 

in a cellular context (8). However, in our electric mobility shift assay (EMSA) VSV RNA appeared 

to bind IMP2, similar to Cox7b RNA (Fig. S5).  There are several potential explanations, including 

but not limited to oligomeric states of IMP2, protein-protein interactions and/or posttranslational 

modifications that are likely modulating specificity of target binding. Interestingly, we see the 

alteration of RNA binding affinity in different environments in our FP assays. Altogether, these 

results underscore the importance of the environmental and modular arrangements in which IMP2 

can coordinate and enhance binding to different RNA targets.  

 

CD thermal denaturation curves of IMP2 +/- RNA samples exhibited unique profiles 

depending on the salt concentration. Samples exposed to low salt (150mM) exhibited a classic 2-

state profile, starting from a native/folded state and proceeding to an unfolded/denatured state as 

temperature is gradually increased (Fig. 5C and D). Interestingly, the exposure of these samples 

to high salt (1M) greatly altered the thermal denaturation pattern and displayed an “intermediate” 

state as evidence by its biphasic curve/3-state profile (Fig. 5D). While apo/RNA-free IMP2 in 

150mM NaCl has Tm1= 50°C, the addition of RNA in the same buffer system appears to decrease 

the melting temperatures (VSV: Tm1=44°C; Cox7b: Tm1=47°C). In high salt buffer (1M NaCl), the 

Tm1 for apo/RNA-free IMP2 (41°C), Cox7b + IMP2 (39°C), and VSV + IMP2 (40°C) are similar, 

while the Tm2 of RNA-bound IMP2 (66°C) conditions are approximately 4°C lower than that of 

apo/RNA-free IMP2 sample (70°C). These results are counterintuitive at first glance because we 

anticipated that binding of RNA would provide enhanced protein stability and encourage the 

formation of oligomers. While the IMP2 + RNA conditions show a decrease in Tm1, between low 

and high salt conditions, the Tm2 increases. We suspect that high salt could break IMP2 oligomers 

into less stable smaller isoforms. While protein thermal unfolding is irreversible, a 3-state 
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unfolding appears to be present with an intermediate existing between folded and unfolded states. 

This intermediate could indicate a dissociation event, either between the oligomers of the protein 

or between the protein and its RNA partner. MALS results also confirm that binding of two different 

RNA probes results in shifts towards higher order oligomers, which are sensitive to the presence 

of high salt (1 M NaCl; Fig. 5E and F). 

 

 

Higher Order Oligomers of IMP2 
 

Our results indicate that IMP2 interacts with RNA in a dimeric form that is distinct from its 

apo/RNA-free dimer. Our models suggest that the head-to-tail positioning of the Apo/RNA-free 

IMP2 dimer rearranges to form a more symmetric dimer in the RNA bound state. Furthermore, 

RRM2 domains move to be positioned at the terminal ends of the elongated dimer structure, with 

KH34 and RRM1 domains between the terminal RRM2 and internal KH12 domains. The interface 

of interactions was stabilized by KH12-KH12 domains in the RNA bound form vs RRM1 and KH34 

domains in the unbound state. Interestingly, when two IMP2 dimers are docked to each other to 

generate a tetramer,  complementary charged surfaces form a stacked-dimer orientations (Fig. 
5G). Out of the 200 possible docked poses, the analysis was continued with best scoring model.  

This docked model appears to be of the most thermodynamically favorable among other 

possibilities which we cannot rule out based on in silico assessments only. The prevalence of 

such charge-based interaction could be the reason why in a high ionic-strength environment, the 

oligomers dissociate into a stable dimer, which is not susceptible to rupture under such conditions.  

 

Examination of the docked tetrameric structure allowed us to find that the two dimers, both 

in the RNA bound dimer configuration, come together to form a dimer stacking tetramer. This 

tetramer or ‘stacked-dimer’ of dimers is maintaining a parallel orientation, such that the molecule 

1 from dimer 1 is located just on top of the molecule 1’ or dimer 2. The ‘stacked-dimers’ only 

partially use the extensive negatively charged surface, allowing for other partners to bind, maybe 

even other molecules of IMP2 (Fig. 5G). Core of this structure is the most central contact point 

containing the convergence of all KH12 domains from both dimers (2x KH121 and 2x KH122 

domains). Other contact points between the pair of dimers include RRM12, RRM22, and KH341 

domains. External, non-contacting domains consist of RRM11, RRM21, and KH342. Furthermore, 

the “sandwiching” effect of stacking dimers could further sequester RNA, in line with the difficulty 
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of removing RNA from IMP2 purified proteins. This stacking type mechanism could also provide 

further clues into RNA protective effects that RNA binding proteins typically exhibit in the context 

of cellular stress (stress granule formation, etc.) (24).  

 

While many possible higher order multimeric states of IMP2 appear to exist, as evidenced 

by our MP, SEC-MALS, and SAXS data, they seem be multiples of two (Table S1). This could 

suggest that IMP2 dimers are the predominant building block, resulting in higher order oligomers. 

In addition to the higher order multimers, we hypothesize that some of the larger complexes could 

participate in stress granule or condensate formation as a protective cellular mechanism to 

sequester RNA and prevent degradation in cellular stress situations, as it has been shown for 

other RNA-binding proteins (25). Interestingly, we see an alteration in UV absorbance for higher 

order oligomers during SEC-MALS which could suggest perturbation of the solvent accessibility 

of tyrosines and tryptophans which differs from the RNA-bound states. This also explains why we 

faced several challenges trying to decouple the native RNA during our recombinant purification, 

to the point that it maintained a lot of RNA-complex even in presence of an RNase or in presence 

of LiCl, which is a known RNA precipitating agent.  

 

 

DISCUSSION 
With a combination of SAXS, HDX-MS, MP, MALS, and SEC-MALS we demonstrate that 

IMP2 exists as multiple states in solution, with the predominant form being a dimer. Intriguingly, 

the dimeric species of IMP2 can vary greatly in structural organization of its domains when 

comparing the conformation of RNA bound and unbound states. The apo/RNA-free IMP2 dimer 

exhibits a head-to-tail positioning with KH34 and KH12 at the interface, while the RNA-bound 

dimer adopts a more symmetric configuration stabilized by a KH12-KH12 interface. Previous 

studies have demonstrated the capability of IMP1, IMP2, IMP2 splice variant, and IMP3 to form 

homodimers in the presence of an RNA target (13, 26). These full-length proteins also formed 

heterodimers with IMP1’s KH1-4 domains (13). Interestingly, only IMP2 and IMP2 splice variant 

appeared to form higher-order complexes larger than the apparent dimer (13). Our data supports 

the notion of higher molecular weight IMP2 multimers and these various IMP2 states appear to 

be sensitive to changes in ionic strength. Since IGF2BP proteins are known to participate in 

membraneless organelles, such as stress granules (24, 25), the sensitivity of oligomerization to 

changes in ionic strength could reflect functional response to local changes in environmental 

conditions in vivo, allowing for fast regulation of stability of RNA targets of IMPs. 
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Our HDX-MS data suggest that all IMP2 domains are involved in binding of our 67nt Cox7b 

RNA probe. The addition of Cox7b RNA also altered the relative abundance of IMP2 species 

detected by MP, changed the CD thermal melt profiles, and even resulted in the quenching of 

tyrosine intrinsic fluorescence. Previous studies also show that IGF-II RNA encourages the 

formation of homo- and heterodimers amongst IMP paralogs and that H19 RNA interacts with four 

molecules of IMP1(13, 27), supporting the RNA-driven oligomerization. In order for this RNA 

species to interact with the entirety of IMP2, it is likely that the RNA secondary structure becomes 

unfolded. Our SAXS data support this hypothesis as the c2 value is worsened when fitting the 

RNA as structured molecule, while modeling the unstructured RNA improves the fit. Recent 

literature proposed unstructured and unaided RNA binding as a possible mode of IMP-RNA 

interaction (22). Moreover, RNA helicases have been identified as interacting partners of IMP3 

and IMP2 (8, 28), adding to the possibility of unfolded RNA binding by IMP proteins.  

 

Intrinsically disordered and/or linker regions are known to be important for multiple protein 

functions but pose a major challenge to structural studies of full-length proteins (1, 29, 30). Our 

data suggest that protein-protein and protein-RNA interactions occur among both IMP2 structured 

domains and unstructured linker regions. Further biological relevance and importance of these 

linker regions is exemplified by studies demonstrating how condensate formation is impacted by 

as little as a single amino acid modification positioned in these unstructured stretches (31). 

Especially in the context of IGF2BPs, these unstructured protein elements appear to be critical 

for RNA binding specificity, protein domain organization and multimeric state interactions (5, 32).  

 

By utilizing a combination of SAXS and HDX-MS, we uncovered domain level information 

on full-length IMP2 in RNA bound and unbound dimeric states. To obtain atomic resolution 

structural data, X-ray crystallography or cryo-electron microscopy (cryo-EM), methods which 

require a homogenous protein sample, can be leveraged. By understanding the dynamics and 

influences of multimeric equilibrium, our data indicate that future studies focused on optimizing a 

homogenous IMP2 sample preparation may improve the odds of using these techniques. 

Moreover, the comparison of purified protein studies to in vitro experiments are necessary to 

ensure that what we observe is biologically relevant and applicable. Understanding the intricacies 

of protein-protein and protein-RNA interactions, and their sensitivity to external influences and 

protein/RNA partners will be critical to fully understand the molecular basis of IMP2 function which 

are key factors to consider in IMP2 drug discovery efforts in cancer and metabolic disease. 
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EXPERIMENTAL PROCEDURES 
 

Protein purification 
Full length IMP2 protein was expressed as a pET-45 6-Histidine tagged 3C protease cleavable 

protein in Rosetta (DE3) pLysS Escherichia coli (Novagen) cells at 18 °C overnight; the 

expression was induced with 0.5 mM IPTG. Bacteria were lysed, and the protein was isolated on 

a HisTrap HP nickel−sepharose column (Cytiva) followed by an imidazole buffer elution. Cells 

were harvested by centrifugation at 4000g and resuspended in binding buffer (20 mM HEPES, 

pH 7.4, 2 mM MgCl2, 150 mM NaCl, 10% v/v glycerol, 2 mM mercaptoethanol, 15 mM imidazole). 

Ethylenediamine tetraacetic acid -free protease inhibitor cocktail (Roche) was added fresh to the 

binding buffer. Cells were lysed using a sonicator, and cell debris was removed by centrifugation 

at 20,000g at 4 °C for 1 h.The supernatant was applied to a 5 mL HisTrap HP nickel− sepharose 

column at 1 mL/min on an ÄKTA system. The column was equilibrated with a binding buffer in a 

10 × column volume or until the UV signal was stable. The protein was eluted with a linear gradient 

to 100% of 500 mM imidazole buffer (HEPES, pH 7.4, 2 mM MgCl2, 150 mM NaCl, 10% glycerol 

v/v, 2 mM mercaptoethanol, 500 mM imidazole) at 1 mL/min. Fractions containing IMP2 were 

collected and concentrated via centrifugal filtration using Vivaspin columns (30,000 MWCO, 

Sartorius), resuspended in SP buffer (HEPES, pH 7.4, 2 mM MgCl2, 50 mM NaCl, 10% glycerol 

v/v, 2 mM mercaptoethanol), and loaded onto a 5mL HiTrap SP column. Protein was eluted with 

a linear gradient to 100% 1M NaCl buffer (HEPES, pH 7.4, 2 mM MgCl2, 1M naCl, 10% glycerol 

v/v, 2 mM mercaptoethanol). Pure fractions were collected, concentrated, and ran on an S200 

size exclusion chromatography column with SEC buffer (HEPES, pH 7.4, 2 mM MgCl2, 150 mM 

NaCl, 10% glycerol v/v, 2 mM mercaptoethanol). Protein purity and identity were assessed by 

SDS-PAGE, Western blot, and CDS. The eluted IMP2 fractions were concentrated via centrifugal 

filtration using Vivaspin columns (30,000 MWCO, Sartorius). Protein concentrations were 

measured by both UV spectroscopy (ε = 280 nm) and Bradford assay (according to the 

manufacturer’s instructions). Protein aliquots were stored at −80 °C. 
 

RNA 
The RNA oligonucleotides utilized in this study were previously described (8, 17). Cox7b_RNA 

(67nt, Integrated DNA Technologies): 5’-

UCAUCCCAGCUGGUGUAAUAAUGAAUUGUUUAAAAAACAGCUCAUAAUUGAUGCCAAAU

UAAAGCAC-3’. VSV_RNA (67nt, Integrated DNA Technologies): 5’-

ACAUAAAAAGCUUUUUAACCAAGCAAGAAUGAAGUAUCGUAUCUAAUUAAUUCCGAUGAU
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CAAUAUG-3’. RNA_m6A (20nt, Dharmacon/Horizon Discovery): 5’-Fluorescein-

CGUCUCGGm6ACUCGGm6ACUGCU-3’. RNA_B (25nt, Dharmacon/Horizon Discovery): 5’-

CCCCCCUUUCACGUUCACUCUGUCU-3’-Fluorescein 3’. RNA_C (25nt, Dharmacon/Horizon 

Discovery): 5’-Fluorescein-GAAAAAAAGAUUUAUUUAUUUAAGA-3’. 

 

Buffers 
Unless otherwise specified, “low” and “high” salt buffers refer to the following: low salt buffer 

(20mM HEPES, pH 7.4, 2 mM MgCl2, 150mM NaCl, 10% glycerol v/v, 2 mM mercaptoethanol) 

high salt buffer (20mM HEPES, pH 7.4, 2 mM MgCl2, 1M NaCl, 10% glycerol v/v, 2 mM 

mercaptoethanol). 

 
Fluorescence polarization (FP) 
FP assay with 20nt probes was performed as previously described (17). Lyophilized RNA 

oligomers were dissolved in the low salt buffer. 100 μM stock solutions of RNAs were created 

which were further diluted into 100 nM aliquots and stored at −80 °C. A constant concentration 

(1nM final) of each FLC-labeled RNA was titrated in combination with serial dilutions of IMP2 

protein (0.15 nM to 3 μM final). IMP2 and FLC labeled RNA were incubated for 1 hour at room 

temperature in 384-well black microplates before the start of plate reading. Fluorescence 

polarization and fluorescence intensity were measured using a BioTek Synergy Neo 2 microplate 

reader with an excitation at 485−495 nm and an emission at 520−530 nm. Focal height and gain 

adjustments were done before starting each measurement. Each sample was tested in triplicate, 

with FP values reported in millipolarization units (mP). GraphPad Prism (version 10) was used to 

plot and fit the data to a one-site binding “total” equation. 

 

Hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS) 
Differential HDX-MS experiments were conducted as previously described with a few 

modifications (31). Peptides were identified using tandem MS (MS/MS) with an Orbitrap mass 

spectrometer (Q Exactive, ThermoFisher). Spectra were acquired in data-dependent mode with 

the top five most abundant ions selected for MS2 analysis per scan event. The MS/MS data files 

were submitted to Proteome Discoverer 2.5 (Thermo) for peptide identification using a workflow 

incorporating Sequest and Percolator. Peptides included in the HDX analysis peptide set were 

within 10 ppm tolerance to the theoretical molecular weight and classified with high confidence 

score in Proteome Discoverer. The protein database included the recombinant IMP2 sequence 

and a list of common contaminants (33).  HDX-MS analysis:  RNA was prepared from a 100 µM 
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stock in water and diluted into IMP2 in buffer (50 mM HEPES, 10 mM MgCl2, 50 mM NaCl, 1 mM 

BME, 5% glycerol, pH 7.5) to give a final concentration of 11 µM  RNA and 10 µM IMP2. For apo 

sample, water was used in place of RNA solution. For high salt treatment of IMP2, the sample 

was prepared analogously to the apo solution above, but with high salt buffer (50 mM HEPES, 10 

mM MgCl2, 1 M NaCl, 1 mM BME, 5% glycerol, pH 7.5). After 30 min. incubation (rt), 5 ml of 

sample then was diluted into 20 ml D2O buffer (50 mM HEPES, 10 mM MgCl2, 50 mM NaCl, 1 

mM BME, 5% glycerol, pH 7.9), or for high-salt experiment (50 mM HEPES, 10 mM MgCl2, 1 M 

NaCl, 1 mM BME, 5% glycerol, pH 7.9), and incubated for various time points (0, 10, 60, 900 and 

3600s) at 4°C. The deuterium exchange was then slowed by mixing with 25 µl of cold (4°C) 0.1 

M sodium phosphate monobasic with 50 mM TCEP. Upon injection, quenched samples were 

passed through a co-immobilized pepsin/fungal XIII protease column (1mm × 2cm) at 50 µl min−1 

and the digested peptides were captured on a 1mm × 1cm C8 trap column (Agilent) and desalted. 

Peptides were separated across a 1mm ×  5cm C18 column (1.9 ml Hypersil Gold, ThermoFisher) 

with a linear gradient of 4% - 40% CH3CN and 0.3% formic acid, over 5 min. Sample handling, 

protein digestion and peptide separation were conducted at 4°C. Mass spectrometric data were 

acquired using an Orbitrap mass spectrometer (Q Exactive, ThermoFisher). HDX analyses were 

performed in triplicate from single preparations. The intensity weighted mean m/z centroid value 

of each peptide envelope was calculated and subsequently converted into a percentage of 

deuterium incorporation. This is accomplished by determining the observed averages of the 

undeuterated and fully deuterated spectra and using the conventional formula described 

elsewhere (34). Statistical significance for the differential HDX data is determined by an unpaired 

t-test for each time point, a procedure that is integrated into the HDX Workbench software (35). 

Corrections for back-exchange were made on the basis of an estimated 70% deuterium recovery, 

and accounting for the known 80% deuterium content of the deuterium exchange buffer. Data 

Rendering: The HDX data from all overlapping peptides were consolidated to individual amino 

acid values using a residue averaging approach. Briefly, for each residue, the deuterium 

incorporation values and peptide lengths from all overlapping peptides were assembled. A 

weighting function was applied in which shorter peptides were weighted more heavily and longer 

peptides were weighted less. Each of the weighted deuterium incorporation values were then 

averaged to produce a single value for each amino acid. The initial two residues of each peptide, 

as well as prolines, were omitted from the calculations. This approach is similar to that previously 

described (36). 

 
Zeta potential and MALS 
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The particle size and zeta potential (electrophoretic light scattering) were measured at 25 °C after 

incubating for 120s using the Zetasizer Ultra Red Label from Malvern Instruments, under various 

buffer conditions. Disposable folded capillary cells from Malvern were utilized for zetasizer 

measurements, whereas a low volume quartz cuvette was used for MALS. Zeta potential was 

calculated using the Smoluchowski model. The data were analyzed utilizing Zetasizer Software 

to compute the parameters of volume versus hydrodynamic radius. 

 
Fluorescence spectroscopy 
Fluorescence spectra were recorded with a Horiba Fluoromax 3 (Jobin Yvon, Kyoto, Japan) 

spectrofluorometer. Tyrosines show a maximum of excitation at 280 nm, while typtophans show 

a maximum of excitation at 295 nm (37). The emission was collected between 300 and 400 nm 

to probe the resulting changes to IMP2 tertiary structure at different equilibration conditions. The 

emission spectra was collected after excitation at 280nm and 295 nm, using either IMP2 and RNA 

alone or a 1:1 ratio of IMP2 and RNA incubated in low or high salt buffer after equilibrating 

overnight at respective conditions. GraphPad Prism (version 10) was used to plot the data. 

 

Thermal melt of IMP2 monitored using circular dichroism  
IMP2 was buffer exchanged into either low (150mM) or high (1M) NaCl buffer conditions, as 

previously described. Thermal melts of IMP2 under low and high salt conditions after incubation 

with (1:1) or without RNA were obtained by monitoring the CD spectra from 200nm to 280nm 

while increasing the temperature by 5°C from 20 to 95 °C. The signal at 220nm, which shows a 

significant variation in signal as a function of temperature, was used for further analysis. The 

signal at a wavelength of 220nm was normalized and plotted for each experimental condition. 

The Tm was determined by fitting two-state or three-state thermal unfolding equations as 

previously described by Norma et al. to the data using GraphPad Prism (version 10) (38). 

 
Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) 
The purified IMP2 protein +/- RNA was analyzed by SEC-MALS using an HPLC system (Agilent 

Technologies 1260 Infinity) connected to a MALS system (Wyatt DAWN HELEOS II Ambient with 

Optilab TrEX HC differential refractive index detector). The SEC–MALS system was calibrated 

with bovine serum albumin before protein and protein + RNA runs. The gel filtration purified 

protein was loaded onto pre-equilibrated SEC analytical column (WTC-050S5, Wyatt) with low 

(150mM) or high (1M) NaCl buffer conditions as described above. An aliquot of 100 µl sample of 

IMP2 at a concentration of 2 mg/ml +/- RNA was injected with a flow rate 0.5 ml/min. All 
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experiments were performed at room temperature (25 °C). Data collection and SEC-MALS 

analysis were performed with ASTRA 8.0.0.19 (64-bit, Wyatt Technology). The refractive index of 

the solvent was defined as 1.3309 and the viscosity was defined as 0.8902. Dn/dc (refractive 

index increment) values for all samples was defined as 0.1850 (mL/g). 

  
Mass photometry (MP) 
MP experiments were performed using a Reyfeyn Two MP Mass Photometer. Microscope 

coverslips and chambers were cleaned with isopropanol (HPLC grade) and Milli-Q H2O (5 min 

each), followed by drying and assembly. Apoferritin (ApoF), β-amylase (BAM), and Thyroglobulin 

(TG) were used as standards and were measured right before measurements of protein +/- RNA 

for both low (150mM) or high (1M) NaCl conditions. Protein + RNA conditions were incubated at 

room temperature for 1 hour before runs. Each protein was measured in new flow-chambers (i.e., 

each flow-chamber was used once). To acquire dynamic mass photometry movies, 15 µL of fresh 

buffer was first placed on the sample stage to optimize the focus of the microscope. The focal 

position was identified and locked in place with an autofocus system based on total internal 

reflection for the entire measurement. For each acquisition, 5 µL of protein was introduced into 

the flow-chamber (to achieve final working concentration of 20 nM) and measurements were 

recorded. Data acquisition was started right after (≤ 5s) the addition of protein using AcquireMP 

(Refeyn Ltd, v2.3). Images were time averaged 5-fold and pixel binned 4 × 4 before saving, 

resulting in an effective pixel size of 84.4 nm and effective frame rate of 200 Hz. DiscoverMP 

(Refeyn Ltd, v2.3) was used to generate the standard curves and data analysis. 

 
Size-exclusion chromatography coupled to small angle X-ray scattering (SEC-SAXS) 
Summary of SAXS data collection and analysis tools can be found in Table S3. 

SEC-SAXS data collection and processing: Samples were loaded into a 96-well auto-sampler 

plate prior to injection into a pre-equilibrated size exclusion-coupled small-angle X-ray scattering 

(SEC-SAXS) system at the center LiX Beamline of the NSLS-II located at Brookhaven National 

Laboratory (BNL)(39, 40). An Agilent 1260 Infinity Bio-Inert high-performance liquid 

chromatography (HPLC) system with an auto-sampler was used for sample injection and SEC. 

The beamline was configured to a 1.1  ̊A X-ray wavelength and 1.5mm path-length to obtain the 

relevant wave-vector, Q = 4sin(θ)/λ, where 2θ is the scattering angle and λ is the X-ray 

wavelength, yielding a q-range from 0.006 to 3.2  ̊A. A Superdex 200 increase 5/150 column 

(Cytiva) was equilibrated with buffers and used to separate proteinaceous species using a flow-
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rate of 0.35 mL/min during 2 s X-ray exposures over the course of 15-minute SAXS data 

collections. SAXS/WAXS images were radially integrated before being background subtracted 

using LIX specific pytho packages py4xs and lixtools. Subtracted profiles were exported and 

imported for analysis in BioXTAS RAW (RAW) (41). 

SAXS data analysis and modeling: Background subtracted SAXS profiles were analyzed in RAW 

during primary analysis and data assessment. The structural models of IMP2 as predicted by 

AlphaFold2 or deduced from HDX were used for modeling in fragment form, maintaining the core 

domains intact. Conformational sampling, scoring of conformers with the SAXS data, and 

enumeration of any resultant multi-state models of GrsA was performed using FoxS (42). 

IMP2 structures were prepared for input to FoxS using CHARMM-GUI’s PDB Reader and 

Manipulator. The independent domains of IMP2 were allowed diffuse mobility with respect to one 

another as tethered by flexible loops connecting rigid bodies. The conformers were scored against 

the SAXS data with FoXS before multi-state ensembles enumerated using MultiFoXS. 𝜒2 

estimates were verified against the predicted theoretical scattering as standard in the field using 

FoxS (43). 

The dimer stacking interaction was predicted using the online served HDOCK 

(http://hdock.phys.hust.edu.cn/). Individual dimers (.pdb files) were loaded as both ligand and 

receptor to test for homo-oligomeric interactions and docking. The primary result with the best 

docking score (relative) and least RMSD is presented in the manuscript with a confidence score 

of > 80%. The docking is performed in a non-templated manner to avoid any biasness from user-

inputs. The subsequent tetramers formed were analyzed using PyMol. 

 

Data availability 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE(44) partner repository with the dataset identifier PXD049065.  

SAXS data is available at SASBDB with draft reference IDs 5616 (apo/RNA-free) and 5617 (RNA-

bound). 

All other data is available upon request from raktimroy@scripps.edu or m.janiszewska@ufl.edu. 
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FIGURE LEGENDS 
 
Figure 1. IMP2 primarily exists as a dimer in solution. A) The log I(q) versus q plot represents 

the primary SAXS data, with Guinier plots shown as inset. The maximum dimension is 142 Å, and 

the minimum q measured (0.006 Å−1) is well below the minimum recommended for accurate 

assessment. Importantly, in both experiments, the Guinier plots (inlay) are linear to the first 

measured q values and a plot of log I(q) versus log q shows that the slope is effectively zero at 

low q as expected for monodisperse particles of similar size. These measures together provide 

confidence that the data are free of significant amounts of contaminating species or inter-particle 

correlations contributing a structure-factor term to the scattering. B) SAXS envelope with 

apo/RNA-free dimer model within. C) Dimensionless Kratky plot demonstrates that the SAXS data 

are from predominantly folded particles. The IMP2 - RNA plots display the expected bell-shaped 

curves, with a maximum of about 1.3 at around qRg = 2.07. The small rise of IMP2 apo/RNA-free 

evident at qRg > 11 suggests some flexibility. D) Zoomed in portion of apo/RNA-free dimer 

interface.  

 

Figure 2. Salt concentration influences IMP2’s architecture. A) HDX-MS average deuterium 

incorporation change of 50mM NaCl vs 1M NaCl mapped onto protein sequence and AlphaFold 

structure. B) Mass photometry of apo/RNA-free IMP2 at 150mM NaCl vs 1M NaCl. C) Cartoon 

illustration of IMP2 highlighting a buried N-terminally placed His-tag. D) SDS PAGE gel of His-

trap nickel column IMP2 protein purification demonstrating a large amount of protein remaining in 

flow thought, suggesting the protein was unable to bind adequately in low salt conditions (150mM 

NaCl). FT- flow through. M – marker.   

 

Figure 3. RNA binding alters protein architecture and multimeric equilibrium. A) HDX-MS 

average deuterium incorporation change with vs without Cox7b RNA mapped onto protein 

sequence and AlphaFold structure. B) Mass photometry of apo/ RNA-free, IMP2 + Cox7b RNA, 

and IMP2 + VSV RNA in 150mM NaCl. C) Mass photometry of apo/RNA-free, IMP2 + Cox7b 

RNA, and IMP2 + VSV RNA in 150mM NaCl. D) Fluorescence quenching assay, excitation at 

280nm.  

 

Figure 4. Apo/RNA-free and RNA-bound IMP2 dimers are unique. A) The log I(q) versus q 

plot represents the primary SAXS data, with Guinier plots shown as insets. The maximum 

dimensions RNA-bound IMP2 and apo/RNA-free IMP2 are 142 and 140Å respectively, and the 
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minimum q measured (0.006 Å−1) is well below the minimum recommended for accurate 

assessment. In both experiments, the Guinier plots (inlay) are linear to the first measured q values 

and a plot of log I(q) versus log q shows that the slope is effectively zero at low q as expected for 

monodisperse particles of similar size. These measures together provide confidence that the data 

are free of significant amounts of contaminating species or inter-particle correlations contributing 

a structure-factor term to the scattering. B) SAXS envelope with RNA-bound dimer model within. 

Inlay of zoomed in RNA-protein interaction.  C) Dimensionless Kratky plots demonstrate that the 

SAXS data are from predominantly folded particles. The IMP2 +/- RNA plots display the expected 

bell-shaped curves, with a maximum of about 1.3 at around qRg = 2.07 for the apo/RNA-free 

condition and maximum of 1.7 at around qRg = 4.78 for the apo/RNA-free condition. The RNA-

bound complex is significantly more elongated rather than being globular, as observed from the 

shallow tapering of the Kratky plot. The peak for IMP2 RNA-bound is slightly shifted to the right 

as expected for its slightly elongated shape, and the small rise of apo/RNA-free IMP2 evident at 

qR g > 11 suggests some flexibility. D) The P(r) versus r profiles for each of the proteins are well 

behaved, showing the smooth, concave approach to zero at r = 0 and Dmax expected for a mostly 

folded, monodisperse protein. IMP2 apo/RNA-free has a Dmax of 142 while IMP2 RNA-bound has 

a Dmax of 140. For both conditions, the Rg and I(0)-based M values are in excellent agreement 

between independent Guinier and P(r) analyses. E) Schematic representation of the domain 

changes from apo/RNA-free dimer to RNA-bound dimer.  

 

 

Figure 5. RNA species impacts IMP2 properties. A) Fluorescence polarization of IMP2 and 

fluorescently labeled RNAs in 150mM NaCl buffer.  B) Fluorescence polarization of IMP2 and 

fluorescently labeled RNAs in 1M NaCl buffer. C) CD thermal denaturation of apo/RNA-free (Tm1 

= 50°C), IMP2 + Cox7b RNA (Tm1 = 47°C), and IMP2 + VSV RNA (Tm1 = 44°C) in 150mM NaCl 

buffer. D) CD thermal denaturation of apo/RNA-free (Tm1 = 41°C, Tm2 = 70°C), IMP2 + Cox7b 

RNA (Tm1 = 39°C, Tm2 = 66°C), and IMP2 + VSV RNA (Tm1 = 40°C, Tm2 = 66°C) in 1M NaCl buffer. 
E) MALS of apo/RNA-free, IMP2 + Cox7b RNA, and IMP2 + VSV in 150mM NaCl buffer. F) MALS 

of apo/RNA-free, IMP2 + Cox7b RNA, and IMP2 + VSV in 1M NaCl buffer.  G) Model of “dimer 

stacking” with two RNA-bound dimer models. 

 

 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


REFERENCES 
 

1. Hentze, M. W., Castello, A., Schwarzl, T., and Preiss, T. (2018) A brave new world of RNA-
binding proteins. Nat. Rev. Mol. Cell Biol. 19, 327–341 

2. Gebauer, F., Schwarzl, T., Valcárcel, J., and Hentze, M. W. (2021) RNA-binding proteins in 
human genetic disease. Nat. Rev. Genet. 22, 185–198 

3. Pereira, B., Billaud, M., and Almeida, R. (2017) RNA-Binding Proteins in Cancer: Old Players 
and New Actors. Trends Cancer. 3, 506–528 

4. Degrauwe, N., Suvà, M.-L., Janiszewska, M., Riggi, N., and Stamenkovic, I. (2016) IMPs: an 
RNA-binding protein family that provides a link between stem cell maintenance in normal 
development and cancer. Genes Dev. 30, 2459–2474 

5. Korn, S. M., Ulshöfer, C. J., Schneider, T., and Schlundt, A. (2021) Structures and target 
RNA preferences of the RNA-binding protein family of IGF2BPs: An overview. Structure. 29, 
787–803 

6. Kessler, S. M., Pokorny, J., Zimmer, V., Laggai, S., Lammert, F., Bohle, R. M., and Kiemer, 
A. K. (2013) IGF2 mRNA binding protein p62/IMP2-2 in hepatocellular carcinoma: antiapoptotic 
action is independent of IGF2/PI3K signaling. Am J Physiol-gastr L. 304, G328–G336 

7. Dai, N., Ji, F., Wright, J., Minichiello, L., Sadreyev, R., and Avruch, J. (2017) IGF2 mRNA 
binding protein-2 is a tumor promoter that drives cancer proliferation through its client mRNAs 
IGF2 and HMGA1. Elife. 6, e27155 

8. Janiszewska, M., Suvà, M. L., Riggi, N., Houtkooper, R. H., Auwerx, J., Clément-Schatlo, V., 
Radovanovic, I., Rheinbay, E., Provero, P., and Stamenkovic, I. (2012) Imp2 controls oxidative 
phosphorylation and is crucial for preserving glioblastoma cancer stem cells. Genes Dev. 26, 
1926–1944 

9. Kessler, S. M., Lederer, E., Laggai, S., Golob-Schwarzl, N., Hosseini, K., Petzold, J., 
Schweiger, C., Reihs, R., Keil, M., Hoffmann, J., Mayr, C., Kiesslich, T., Pichler, M., Kim, K. S., 
Rhee, H., Park, Y. N., Lax, S., Obrist, P., Kiemer, A. K., and Haybaeck, J. (2017) 
IMP2/IGF2BP2 expression, but not IMP1 and IMP3, predicts poor outcome in patients and high 
tumor growth rate in xenograft models of gallbladder cancer. Oncotarget. 8, 89736–89745 

10. Dai, N. (2020) The Diverse Functions of IMP2/IGF2BP2 in Metabolism. Trends Endocrinol 
Metabolism. 31, 670–679 

11. Regué, L., Wang, W., Ji, F., Avruch, J., Wang, H., and Dai, N. (2021) Human T2D-
Associated Gene IMP2/IGF2BP2 Promotes the Commitment of Mesenchymal Stem Cells Into 
Adipogenic Lineage. Diabetes. 72, 33–44 

12. Biswas, J., Patel, V. L., Bhaskar, V., Chao, J. A., Singer, R. H., and Eliscovich, C. (2019) 
The structural basis for RNA selectivity by the IMP family of RNA-binding proteins. Nat 
Commun. 10, 4440 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


13. Nielsen, J., Kristensen, M. A., Willemoës, M., Nielsen, F. C., and Christiansen, J. (2004) 
Sequential dimerization of human zipcode-binding protein IMP1 on RNA: a cooperative 
mechanism providing RNP stability. Nucleic Acids Res. 32, 4368–4376 

14. Chao, J. A., Patskovsky, Y., Patel, V., Levy, M., Almo, S. C., and Singer, R. H. (2010) ZBP1 
recognition of β-actin zipcode induces RNA looping. Genes Dev. 24, 148–158 

15. Latifkar, A., Wang, F., Mullmann, J. J., Panizza, E., Fernandez, I. R., Ling, L., Miller, A. D., 
Fischbach, C., Weiss, R. S., Lin, H., Cerione, R. A., and Antonyak, M. A. (2022) IGF2BP2 
promotes cancer progression by degrading the RNA transcript encoding a v-ATPase subunit. 
Proc National Acad Sci. 119, e2200477119 

16. Suo, M., Rommelfanger, M. K., Chen, Y., Amro, E. M., Han, B., Chen, Z., Szafranski, K., 
Chakkarappan, S. R., Boehm, B. O., MacLean, A. L., and Rudolph, K. L. (2022) Age-dependent 
effects of Igf2bp2 on gene regulation, function, and aging of hematopoietic stem cells in mice. 
Blood. 139, 2653–2665 

17. Dahlem, C., Abuhaliema, A., Kessler, S. M., Kröhler, T., Zoller, B. G. E., Chanda, S., Wu, Y., 
Both, S., Müller, F., Lepikhov, K., Kirsch, S. H., Laggai, S., Müller, R., Empting, M., and Kiemer, 
A. K. (2022) First Small-Molecule Inhibitors Targeting the RNA-Binding Protein IGF2BP2/IMP2 
for Cancer Therapy. Acs Chem Biol. 17, 361–375 

18. Feng, P., Chen, D., Wang, X., Li, Y., Li, Z., Li, B., Zhang, Y., Li, W., Zhang, J., Ye, J., Zhao, 
B., Li, J., and Ji, C. (2022) Inhibition of the m6A reader IGF2BP2 as a strategy against T-cell 
acute lymphoblastic leukemia. Leukemia. 10.1038/s41375-022-01651-9 

19. Shah, B. N., Liu, X., and Correll, C. C. (2013) Imp3 unfolds stem structures in pre-rRNA and 
U3 snoRNA to form a duplex essential for small subunit processing. RNA. 19, 1372–1383 

20. Huang, H., Weng, H., and Chen, J. (2020) m6A Modification in Coding and Non-coding 
RNAs: Roles and Therapeutic Implications in Cancer. Cancer Cell. 37, 270–288 

21. Huang, H., Weng, H., Sun, W., Qin, X., Shi, H., Wu, H., Zhao, B. S., Mesquita, A., Liu, C., 
Yuan, C. L., Hu, Y.-C., Hüttelmaier, S., Skibbe, J. R., Su, R., Deng, X., Dong, L., Sun, M., Li, C., 
Nachtergaele, S., Wang, Y., Hu, C., Ferchen, K., Greis, K. D., Jiang, X., Wei, M., Qu, L., Guan, 
J.-L., He, C., Yang, J., and Chen, J. (2018) Recognition of RNA N6-methyladenosine by 
IGF2BP proteins enhances mRNA stability and translation. Nat Cell Biol. 20, 285–295 

22. Schneider, T., Hung, L.-H., Aziz, M., Wilmen, A., Thaum, S., Wagner, J., Janowski, R., 
Müller, S., Schreiner, S., Friedhoff, P., Hüttelmaier, S., Niessing, D., Sattler, M., Schlundt, A., 
and Bindereif, A. (2019) Combinatorial recognition of clustered RNA elements by the 
multidomain RNA-binding protein IMP3. Nat Commun. 10, 2266 

23. Dai, N., Rapley, J., Angel, M., Yanik, M. F., Blower, M. D., and Avruch, J. (2011) mTOR 
phosphorylates IMP2 to promote IGF2 mRNA translation by internal ribosomal entry. Genes 
Dev. 25, 1159–1172 

24. Ripin, N., and Parker, R. (2023) Formation, function, and pathology of RNP granules. Cell. 
186, 4737–4756 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


25. Zeng, W., Lu, C., Shi, Y., Wu, C., Chen, X., Li, C., and Yao, J. (2020) Initiation of stress 
granule assembly by rapid clustering of IGF2BP proteins upon osmotic shock. Biochim. 
Biophys. Acta (BBA) - Mol. Cell Res. 1867, 118795 

26. Hafner, M., Landthaler, M., Burger, L., Khorshid, M., Hausser, J., Berninger, P., Rothballer, 
A., Ascano, M., Jungkamp, A.-C., Munschauer, M., Ulrich, A., Wardle, G. S., Dewell, S., 
Zavolan, M., and Tuschl, T. (2010) Transcriptome-wide Identification of RNA-Binding Protein 
and MicroRNA Target Sites by PAR-CLIP. Cell. 141, 129–141 

27. Runge, S., Nielsen, F. C., Nielsen, J., Lykke-Andersen, J., Wewer, U. M., and Christiansen, 
J. (2000) H19 RNA Binds Four Molecules of Insulin-like Growth Factor II mRNA-binding 
Protein*. J. Biol. Chem. 275, 29562–29569 

28. Mizutani, R., Imamachi, N., Suzuki, Y., Yoshida, H., Tochigi, N., Oonishi, T., Suzuki, Y., and 
Akimitsu, N. (2016) Oncofetal protein IGF2BP3 facilitates the activity of proto-oncogene protein 
eIF4E through the destabilization of EIF4E-BP2 mRNA. Oncogene. 35, 3495–3502 

29. Oldfield, C. J., and Dunker, A. K. (2014) Intrinsically Disordered Proteins and Intrinsically 
Disordered Protein Regions. Annu. Rev. Biochem. 83, 553–584 

30. Zhao, B., Katuwawala, A., Oldfield, C. J., Hu, G., Wu, Z., Uversky, V. N., and Kurgan, L. 
(2021) Intrinsic Disorder in Human RNA-Binding Proteins. J. Mol. Biol. 433, 167229 

31. Hornegger, H., Muratovic, A., Anisimova, A., Burgeois, B., Spinetti, E., Covino, R., Madl, T., 
and Karagöz, G. E. (2023) “IGF2BP1 phosphorylation regulates ribonucleoprotein condensate 
formation by impairing low-affinity protein and RNA interactions.” bioRxiv. 
10.1101/2023.12.05.570121 

32. Bell, J. L., Wächter, K., Mühleck, B., Pazaitis, N., Köhn, M., Lederer, M., and Hüttelmaier, S. 
(2013) Insulin-like growth factor 2 mRNA-binding proteins (IGF2BPs): post-transcriptional 
drivers of cancer progression? Cell Mol Life Sci. 70, 2657–2675 

33. Mellacheruvu, D., Wright, Z., Couzens, A. L., Lambert, J.-P., St-Denis, N. A., Li, T., Miteva, 
Y. V., Hauri, S., Sardiu, M. E., Low, T. Y., Halim, V. A., Bagshaw, R. D., Hubner, N. C., al-
Hakim, A., Bouchard, A., Faubert, D., Fermin, D., Dunham, W. H., Goudreault, M., Lin, Z.-Y., 
Badillo, B. G., Pawson, T., Durocher, D., Coulombe, B., Aebersold, R., Superti-Furga, G., 
Colinge, J., Heck, A. J. R., Choi, H., Gstaiger, M., Mohammed, S., Cristea, I. M., Bennett, K. L., 
Washburn, M. P., Raught, B., Ewing, R. M., Gingras, A.-C., and Nesvizhskii, A. I. (2013) The 
CRAPome: a contaminant repository for affinity purification–mass spectrometry data. Nat. 
Methods. 10, 730–736 

34. Zhang, Z., and Smith, D. L. (1993) Determination of amide hydrogen exchange by mass 
spectrometry: A new tool for protein structure elucidation. Protein Sci. 2, 522–531 

35. Pascal, B. D., Willis, S., Lauer, J. L., Landgraf, R. R., West, G. M., Marciano, D., Novick, S., 
Goswami, D., Chalmers, M. J., and Griffin, P. R. (2012) HDX Workbench: Software for the 
Analysis of H/D Exchange MS Data. J. Am. Soc. Mass Spectrom. 23, 1512–1521 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


36. Keppel, T. R., and Weis, D. D. (2015) Mapping Residual Structure in Intrinsically Disordered 
Proteins at Residue Resolution Using Millisecond Hydrogen/Deuterium Exchange and Residue 
Averaging. J. Am. Soc. Mass Spectrom. 26, 547–554 

37. Nag, M., and Clark, A. C. (2023) Conserved folding landscape of monomeric initiator 
caspases. J. Biol. Chem. 299, 103075 

38. Greenfield, N. J. (2006) Using circular dichroism collected as a function of temperature to 
determine the thermodynamics of protein unfolding and binding interactions. Nat. Protoc. 1, 
2527–2535 

39. Yang, L., Antonelli, S., Chodankar, S., Byrnes, J., Lazo, E., and Qian, K. (2020) Solution 
scattering at the Life Science X-ray Scattering (LiX) beamline. J. Synchrotron Radiat. 27, 804–
812 

40. Yang, L., Lazo, E., Byrnes, J., Chodankar, S., Antonelli, S., and Rakitin, M. (2021) Tools for 
supporting solution scattering during the COVID-19 pandemic. J. Synchrotron Radiat. 28, 1237–
1244 

41. Hopkins, J. B. (2024) BioXTAS RAW 2: new developments for a free open-source program 
for small-angle scattering data reduction and analysis. J. Appl. Crystallogr. 57, 194–208 

42. Schneidman-Duhovny, D., Hammel, M., Tainer, J. A., and Sali, A. (2013) Accurate SAXS 
Profile Computation and its Assessment by Contrast Variation Experiments. Biophys. J. 105, 
962–974 

43. Schneidman-Duhovny, D., Hammel, M., Tainer, J. A., and Sali, A. (2016) FoXS, FoXSDock 
and MultiFoXS: Single-state and multi-state structural modeling of proteins and their complexes 
based on SAXS profiles. Nucleic Acids Res. 44, W424–W429 

44. Perez-Riverol, Y., Bai, J., Bandla, C., García-Seisdedos, D., Hewapathirana, S., 
Kamatchinathan, S., Kundu, D. J., Prakash, A., Frericks-Zipper, A., Eisenacher, M., Walzer, M., 
Wang, S., Brazma, A., and Vizcaíno, J. A. (2021) The PRIDE database resources in 2022: a 
hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res. 50, D543–D552 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.0 0.1 0.2 0.3

10-2

10-1

100

101

q [A-1]

I(
q)
(c
m
-1
)/C

(m
g
m
l-1
)

- RNA q2(Å-2)

ln
(I(
q)
)

A B

C D

(q
Rg

)^
2*
I(q

)/I
(0
)

RRM11

RRM21

RRM12

RRM22

KH121

KH122

KH341 KH342

RRM12

RRM22KH341

q Rg
0 5 10 15

0

0.5

1.0

1.5

Experimental data
Dimer model 1
Dimer model 2

0 0.0004 0.0008

2.2

2.6

Figure 1.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


60 120 180 240 300
0.00

0.05

0.10

0.15

0.20

N
or
m
al
iz
ed

co
un
ts

Mass (kDa)

FT Elutions

KH1

KH2

KH3

KH4

RRM1 RRM2

RRM1 RRM2

150mM NaCl
1M NaCl

A B

C

D

[ [
[

[
[KH3 [KH4

[
[

[
[

[
[

KH1

KH2

[imidazole]
M

Figure 2.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


KH1

KH2

KH3

KH4

RRM1

RRM2

RRM1 RRM2

[ [
[

[
[KH3 [KH4

[
[

[
[

[
[

KH1

KH2

150mM NaCl
Apo

Cox7b
VSV

150mM NaCl
Apo

Cox7b
VSV

N
or
m
al
iz
ed

co
un

ts

0.00

0.05

0.10

0.15

0.20

100 150 200 250 300
Mass (kDa)

100 150 200 250 300
Mass (kDa)

A B

C

D

0

2

4

6

8

10
Apo

150mM NaCl

1M NaCl
Apo

+Cox7b RNA

+Cox7b RNA

+VSV RNA

+VSV RNA

Fl
uo

re
sc
en

ce
(A
U
x
10

e5
)

Wavelength (nm)

1M NaCl
Apo

Cox7b
VSV

300 350 400

N
or
m
al
iz
ed

co
un

ts

0.00

0.05

0.10

0.15

0.20

Figure 3.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


RRM11

RRM21

RRM12

RRM22

KH121

KH122

KH341

KH3420.0 0.1 0.2 0.3

10-2

10-1

100

q [A-1]

I(
q)

(c
m

-1
)/C

(m
g

m
l-1

)

Experimental
Dimer model 1
Dimer model 2

+ RNA

0.0010 0.0015

-0.2

0.0

0.2

q2(Å-2)

ln
(I(

q)

0 50 100 150
0.000

0.005

0.010

0.015

0.020

r(Å)

N
or

m
al

iz
ed

P(
r)

0 5 10 15
0.0

0.5

1.0

1.5

2.0

qRg

(q
R

g)
2 I

(q
)/I

(0
)

A B

C D

KH342 RRM22

- RNA
+ RNA

- RNA
+ RNA

RRM21

RRM11
RRM12

RRM22

KH121

KH122

KH341

KH342

RRM21 RRM11

RRM12 RRM22

KH121

KH122

KH341 KH342
+RNA

E

Figure 4.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/


m6A RNA
RNA B
RNA C

150mM NaCl

A

B

C

D

E

F

G

1 10 100 1000 10000
-100

0

100

200

300

Protein concentration (nM)

1 10 100 1000 10000
Protein concentration (nM)

FP
(m
P
)

-100

0

100

200

300

FP
(m
P
)

m6A RNA
RNA B
RNA C

1M NaCl

0.0

0.5

1.0

m
D
E
G

0.1 1 10 100 1000 10000
0

5

10

15

20

Size (dnm)

0.1 1 10 100 1000 10000
Size (dnm)

0

10

20

30

20 40 60 80

0.0

0.5

1.0

Temperature (°C)

20 40 60 80
Temperature (°C)

m
D
E
G

In
te
ns
ity

In
te
ns
ity

150mM NaCl
Apo

+Cox7b RNA
+VSV RNA

150mM NaCl
Apo
+Cox7b RNA
+VSV RNA

1M NaCl
Apo
+Cox7b RNA
+VSV RNA

1M NaCl
Apo

+Cox7b RNA
+VSV RNA

Dimer 1 Dimer 2

Molecule 1

Molecule 2

Molecule 3

Molecule 4

Figure 5.

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2024. ; https://doi.org/10.1101/2024.02.16.580656doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.16.580656
http://creativecommons.org/licenses/by-nc-nd/4.0/

