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Abstract

The RNA-binding proteins that comprise the La-related protein (LARP) superfamily have been 

implicated in a wide range of cellular functions, from tRNA maturation to regulation of protein 

synthesis. To more expansively characterize the biological function of the LARP6 subfamily, we 

have recombinantly expressed the full-length LARP6 proteins from two teleost fish, platyfish 

(Xiphophorus maculatus) and zebrafish (Danio rerio). The yields of the recombinant proteins were 

enhanced to > 2 mg/L using a tandem approach of an N-terminal His6-SUMO tag and an iterative 

solubility screening assay to identify structurally stabilizing buffer components. The domain 

topologies of the purified fish proteins were probed with limited proteolysis. The fish proteins 

contain an internal, protease-resistant 40 kDa domain, which is considerably more stable than the 

comparable domain from the human LARP6 protein. The fish proteins are therefore a lucrative 

model system in which to study both the evolutionary divergence of this family of La-related 

proteins and the structure and conformational dynamics of the domains that comprise the LARP6 

protein.
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Introduction

The La-related superfamily of RNA-binding proteins are implicated in a wide range of 

eukaryotic cellular activities, from tRNA maturation to the regulation of protein synthesis 

(reviewed in [1]). Each member of this family binds to its respective RNA ligands using a 

bipartite RNA binding domain termed the “La Module”, which consists of a well-conserved 

La motif and an RNA Recognition Motif (Fig. 1). Of the five La-related protein subfamilies, 

the identification of the biochemical and cellular functions of LARP6 has been the most 

elusive. The Genuine La protein (now called LARP3) binds to the 3′ oligopyrimidine end of 
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pre-tRNAs to assist maturation[2]; LARP7 similarly binds to the 3′ end of lncRNAs [3]. 

LARP1 and LARP4 bind to the 5′ and 3′ untranslated regions of mRNAs to regulate 

translation and degradation [4-7]. In contrast, there is no analogous cellular function yet 

identified for the LARP6 subfamily. Only one endogenous ligand has been identified: in 

mammals, LARP6 binds to a secondary structure element in the 5′ untranslated region 

(5′UTR) of type I collagen mRNAs [8,9]. Recently, the high-resolution structures of the 

individual La motif domain and the RRM domain of human LARP6 protein were solved by 

solution NMR [10]. The biochemical experiments that accompanied these structures 

demonstrated that the interdomain linker between the La motif and the RRM plays a critical 

role in the RNA binding activity [10].

Multiple sequence alignments of eukaryotic LARP6 sequences have identified significant 

regions of conservation, most notably in the La motif, the core of the RRM, and a C-

terminal proline-rich domain called the LSA motif (Supp. Fig. 1) [6,11]. However, 

considerable evolutionary divergence exists between these conserved regions, including 

within the biochemically relevant interdomain linker (Supp. Fig. 1). Additionally, sequence 

divergence is found in the extended loops between beta strands of the RRM, which may 

form part or all of the RNA binding surface (Supp. Fig. 1). To test the effect of these 

sequence variations on the structure and function of the LARP6 protein, the LARP6 proteins 

from non-mammalian vertebrates should be studied closely.

Here, we report the successful expression and purification of recombinant zebrafish and 

platyfish LARP6 proteins. Recombinant expression in bacteria was significantly enhanced 

using the SUMO fusion system [12] (Fig. 1). We then identified optimal buffer conditions 

using an iterative filter-based screening assay for buffer additives that would enhance 

stability, which was originally developed for aggregation-prone intrinsically disordered 

proteins [13,14].

Materials and Methods

Plasmid constructs

The coding sequence for Xiphophorus maculatus LARP6 was directly amplified from X. 
maculatus cDNA, a kind gift of R. Walter (Texas State University). Apparent nonspecific 

binding of PCR primers to Danio rerio cDNA required that the coding sequence for D. rerio 
LARP6a be commercially synthesized as a pcDNA3.1 construct (GenScript, Piscataway, 

NJ). The pcDNA3.1-LARP6a construct was then used as the template for amplification of 

the LARP6a coding sequence. Both PCR products were digested with BamHI and XhoI, and 

ligated into the pET28a-SUMO expression vector (a kind gift of C. Lima, Rockefeller 

University, and Cornell University). The resulting plasmids were confirmed for correct 

fragment insertion by Sanger sequencing (Quintara Biosciences). The expression construct 

for human LARP6 protein, pET28a-HsLARP6, was a kind gift of M. Bayfield (York 

University).
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Recombinant expression

The expression of human LARP6 was performed as described [15]. Expression constructs 

for the two fish LARP6 proteins were transformed into chemically-competent BL21(DE3) 

or Rosetta(DE3) expression lines of Escherichia coli (the former a kind gift of R. McLean, 

Texas State University). One liter cultures were grown at 37 °C until an optical density of 

0.6 – 0.8, then cooled on ice before inducing expression with 1 mM IPTG for 8 hours at 

18°C. Cells were harvested by centrifugation at 5000×g at 4°C for 5 min. The cell pellet was 

transferred to a conical vial and stored at -20°C until purification.

Purification of LARP6 proteins

The human LARP6 protein was performed as described [15]. The fish LARP6 proteins were 

purified essentially as described for other His6-SUMO-tagged proteins [16]. Briefly, cell 

pellets were thawed on ice before resuspension into lysis buffer (50 mM NaH2PO4/ 

Na2HPO4 [pH 8.0], 200 mM NaCl, 0.5 M glucose, 300 mM NaI and 10 mM imidazole [pH 

8.0])containing protease inhibitor cocktail tablet (Pierce). Resuspended cells were sonicated 

and cell debris pelleted by centrifugation at 20,000×g at 4°C for 20 min. The cleared lysate 

was incubated with nickel-NTA resin for 1 – 2 hr at 4°C with mixing. Following a wash of 

the resin with buffer + 50 mM imidazole, and the tagged proteins eluted batchwise with lysis 

buffer + 300 mM imidazole. The eluate was analyzed by SDS-PAGE and Coomassie blue 

staining. LARP6-containing fractions were pooled and concentrated to < 3 mL in a 5000 

MWCO centrifugal concentrator (Sartorius) and application to a Sephadex 200 gel filtration 

column pre-equilibrated in 50 mM NaH2PO4/ Na2HPO4 [pH 8.0], 200 mM NaCl, 0.5 M 

glucose, 300 mM NaI. Fractions containing His6-SUMO-LARP6 were identified by 

chromatogram and confirmed by SDS-PAGE and Coomassie blue staining, and then pooled.

To cleave the fusion tag from the fish proteins, the pooled fractions were incubated with 

1000:1 molar ratio of target protein:Ulp1 protease at 16°C for 2 hours. The His6-SUMO tag 

was subsequently removed from the mixture by batchwise purification over fresh nickel-

NTA resin. The flowthrough was concentrated and subjected to a final purification and 

buffer exchange over an S200 column pre-equilibrated as described above. Fractions were 

identified by chromatogram and confirmed by SDS-PAGE and Coomassie blue staining, 

pooled, concentrated as described above, and stored at -70°C.

Solubility screening assay

To identify buffer conditions that would promote stability of both XmLARP6 and 

DrLARP6a, a filter-based screening assay was performed essentially as described [13]. 

Briefly, the cleared cell lysate was treated with one of a series of additives, incubated on ice 

for 2 h, and filtered through a 0.1 μm microcentrifugal filter (EMD Millipore) at 4°C. The 

filter was rinsed with 1× SDS sample buffer (5×: 0.5 M Tris [pH 7.5 at 4 °C], 4 mM βME, 

0.4 M SDS) to release aggregated proteins within the retentate from the filter surface. Both 

the filtrate and retentate were analyzed by SDS-PAGE and Western blotting using HisProbe-

HRP conjugate (ThermoFisher) against the polyhistidine tag of the fusion protein. Buffer 

additives that increased the amount of either full-length protein or smaller His-reactive 

species in the filtrate were considered “hits”, and used to determine the next round of 

additives to screen.
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Limited proteolysis

The purified human, platyfish, and zebrafish LARP6 proteins were diluted to ∼0.5 mg/mL 

into reaction mixes so that each contained equal final concentrations of salts and additives 

(150 mM NaI, 250 mM glucose, and 250 mM NaCl). After removing a sample for a zero 

timepoint, trypsin was added at a mass ratio of 60:1 LARP6:trypsin and the reaction 

incubated at 4°C. Aliquots were removed at the indicated timepoints and the reaction 

stopped with the addition of 5× SDS sample buffer. Samples were analyzed by gel 

electrophoresis on 10% polyacrylamide gel and either silver staining or Western blotting 

using a commercial antibody raised against the C-terminus of the human LARP6 protein 

(Abcam, cat. no. ab94640).

Results

Buffer additive screening

Initial expression of SUMO-tagged XmLARP6 and DrLARP6a in Rosetta (DE3) cells was 

robust (Fig. 1). However, the proteins exhibited aggregation and degradation during 

purification and storage in the same buffers used for the human LARP6 protein [15] (see 

size exclusion chromatogram below). To optimize the buffer conditions for the two 

recombinant fish proteins, an iterative buffer additive screen was performed to identify 

helpful solubility-promoting agents for XmLARP6 [13]. Briefly, cleared cell lysate was 

incubated with an additive for 2 h before separating soluble and insoluble proteins through a 

0.1 μm centrifugal filter. The amount of His6-tagged SUMO-XmLARP6 fusion protein in 

both the flowthrough and retentate was measured by Western blot. We found that the vast 

majority of the His6-SUMO-XmLARP6 protein always flowed through the filter, 

presumably due to the stabilizing influence of the N-terminal His6-SUMO tag. As a result, 

we used two strategies to identify solubilizing agents: (1) the increased presence of smaller 

molecular weight His-reactive species, which represent C-terminal truncations of the fusion 

protein, and (2) the relative amount of His6-SUMO-XmLARP6 in the retentate fractions, 

which was often only visible in overexposed images.

The first round of screening identifies the category of additive that works best: kosmotrope, 

osmolyte, chaotrope, amino acid, and/or detergent. All five categories of additives improve 

the solubility of XmLARP6 degradation products, as shown by the increase in soluble 

degradation products in the filtrate and decrease in the amount of insoluble full-length 

protein in the retentate (Fig. 2A). Of the six additives tested, the largest improvement in 

His6-SUMO-XmLARP6 stability was induced by osmolytes (arginine, glycerol, and TMAO) 

and a chaotrope (urea). For the second round of screening, we tested the effect of several 

different osmolytes and weak chaotropes on protein solubility (Fig. 2B). Of the osmolytes, 

glycerol and glucose most significantly enhanced the fraction of soluble protein. Of the 

chaotropes, urea and sodium iodide were found to be equally effective at reducing the 

amount of aggregated protein in the retentate. In contrast, the chloride salts induced 

extensive precipitation in both solutions, preventing any protein from being recovered in the 

flowthrough nor from the filter membrane.
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The last set of screens was designed to screen optimal concentrations of the osmolytes and 

chaotropes, as well as assess the benefit of combinations thereof. Protein solubility was 

reduced with higher concentrations of both glycerol and glucose (Fig. 3). The combination 

of 0.5 M glucose and 0.3 M NaI increased solubility of both full-length and shorter 

fragments while minimizing the amount of aggregated protein in the retentate.

Purification of recombinant proteins with optimized buffer

Lysis, nickel affinity chromatography, and size exclusion chromatography of His6-SUMO-

XmLARP6 was performed using the optimized buffer containing 0.5 M glucose and 0.3 M 

NaI. The improvement in protein solubility is clear when comparing the size exclusion 

chromatograms from the initial and optimized buffer conditions (Fig. 4). Conveniently, the 

same buffer conditions also enabled the purification of homogenous, soluble His6-SUMO-

DrLARP6a protein (Fig. 4). These improved conditions produced yields of > 2 mg of tagged 

protein per liter of bacterial culture. To finish the purification, Ulp1 protease was used to 

cleave the His6-SUMO tag, and the resulting fish proteins polished by a final size exclusion 

column in the optimized buffer.

Analysis of domain topology

The solubility stabilizing additives precluded a straightforward analysis of protein secondary 

structure by circular dichroism. Therefore, limited proteolysis was used to compare the 

domain topology of the purified human and fish proteins in the presence of the additives. To 

control for any common effects that the purification buffer additives may have on global 

protein structure, all three LARP6 proteins were diluted into a standard reaction buffer so 

that all salts and additives were at identical concentrations (150 mM NaI, 250 mM glucose, 

and 250 mM NaCl). Both fish proteins contain a highly protease-resistant domain of ∼ 40 

kDa (Fig. 5). The human LARP6 protein also contains a similarly-sized domain that is 

slightly protease-resistant (Fig. 5). Despite the considerable sequence homology between the 

fish and human LARP6 proteins, the 40 kDa domain in the human protein is not formed as 

readily nor persists as long as those of the two fish proteins. Western blotting was then 

performed using an antibody raised against the C-terminus of the human protein, which 

cross-reacts with the highly conserved C-terminal sequence of the fish proteins. The 

antibody does not recognize the stable ∼40 kDa domain from any of the three LARP6 

proteins, strongly suggesting that it is comprised of residues internal to the protein.

Discussion

We report the novel expression and purification of two non-mammalian vertebrate LARP 

proteins, the LARP6 protein from Xiphophorus maculatus (Xm, platyfish) and the LARP6a 

protein from Danio rerio (Dr, zebrafish). Future biochemical and biophysical studies will be 

able to capitalize on the evolutionary divergence between these two fish proteins and the 

previously studied human LARP6 protein, to identify regions that are critical for protein 

structure and function.

To improve the yield of the fish protein preparations, we used two complementary strategies. 

First, the well-characterized SUMO fusion system was used to provide an affinity 
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purification tag in the N-terminal His6 moiety as well as a stabilizing, well-folded N-

terminal domain. Next, we employed a filter-based iterative screen to identify chemical 

additives to the purification buffers that enhanced protein stability. This screen was 

originally designed to promote the solubility of aggregation-prone natively-disordered 

proteins [13]. While the bipartite RNA binding domain of LARP6 is globular, very little is 

known about the structure outside of that domain. With three recombinant LARP6 proteins 

from evolutionarily diverged species in hand, we are now able to carry out detailed 

biochemical and structural analyses of the conserved and specialized functions of these 

proteins.

Analysis of the primary protein sequences by PONDR-FIT predicts that nearly two-thirds of 

the protein may be disordered (Supp. Fig. 2) [17]. Although the buffer components 

precluded analysis of secondary structure by CD, all three LARP6 proteins were shown to 

be folded by limited proteolysis. Those data demonstrate that there are structured, protease-

resistant regions that comprise at least half of the apparent molecular mass of the full-length 

protein (Fig. 5). Even so, the C-terminal portion of LARP6 from all three species is 

consistently predicted to be disordered (Supp. Fig. 2). Therefore, we have demonstrated that 

the filter-based aggregation screen can be successfully applied to proteins that contain both a 

stably-folded domain and potentially disordered regions [13].

The robust production of recombinant fish LARP6 proteins demonstrates that comparative 

phylogenetics can be readily extended into biochemical studies of La-related protein 

structure and function. These reagents will allow the field to directly address critical 

questions about the function of evolutionary sequence divergence within loops and linker 

regions of the LARP6 family of proteins. By comparing and contrasting the biophysical and 

biochemical properties of these regions from three evolutionarily divergent LARP6 proteins, 

the field will be able to identify the physiological function of the C-terminal portion of 

LARP6 as well as critical conformational features of the RNA binding domain that 

contribute to function. Ultimately, the biochemical data that will be produced using these 

proteins will also provide a strong foundation for future genetic studies in the widely used 

model organisms of zebrafish and platyfish, to further characterize the role of LARP6 in 

development and physiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RRM RNA recognition motif

LARP La-related protein

b-ME beta-mercaptoethanol

SDS sodium dodecyl sulfate

lncRNA long non-coding RNA

PAGE polyacrylamide gel electrophoresis

Ni-NTA nickel nitrilotriacetic acid agarose

HRP horseradish peroxidase

CD circular dichroism
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Highlights

- Novel expression and purification of uncharacterized, post-transcriptional 

regulatory LARP6 proteins from fish

- Tandem solubility tag and buffer composition screens significantly enhanced 

quality and amount of recovered protein

- Well-folded subdomain in fish protein encompasses both N-terminus and RNA 

binding module, indicating intramolecular domain interactions
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Figure 1. Expression of fish LARP6 proteins and filter-based screening assay
(A) The LARP6 protein superfamily shares a bipartite RNA binding domain, consisting of a 

La motif and an RNA recognition motif, and a C-terminal LSA motif. (B) The fish LARP6 

proteins were cloned into a bacterial expression vector as a fusion with an N-terminal His6-

SUMO solubility tag. (C) Both the Xiphophorus maculatus (Xm) LARP6 and Danio rerio 
(Dr) LARP6a proteins are robustly expressed in Rosetta (DE3) Escherichia coli cells. (D) 

The centrifugal filter assay for screening buffer additives that promote protein solubility.
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Figure 2. Initial buffer screening to promote protein solubility
(A) The first round of additive screening evaluated several general chemical properties of 

additives, including chaotrope, kosmotrope, osmolyte, and amino acid. (B) The second 

round screened for specific chemicals within those categories.
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Figure 3. Final screening of buffer additive concentrations and conditions
Multiple concentrations of the osmolytes glycerol and glucose were evaluated in 

combination with the indicated concentrations of the weak chaotropes urea and sodium 

iodide (NaI) to identify optimal conditions to promote the solubility of His6-SUMO-

XmLARP6.
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Figure 4. Optimized buffer conditions produce higher yields of SUMO-tagged LARP6 proteins
(A) The comparison of the size exclusion chromatograms of SUMO-tagged XmLARP6 in 

the initial buffer conditions (gray dashed line) and the optimized buffer with 0.5 M glucose 

and 0.3 M NaI (black solid line) show an increase in soluble protein. The resulting eluate is 

>98% pure as analyzed by SDS-PAGE and Coomassie stain (right panel). (B) The same 

buffer conditions are appropriate for the SUMO-tagged DrLARP6a protein, as analyzed by 

both size exclusion chromatogram (left) and Coomassie-stained SDS-PAGE (right panel).
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Figure 5. Fish LARP6 proteins contain a central protease-resistant domain
Limited trypsinolysis of the human (Hs), platyfish (Xm), and zebrafish (Dr) LARP6 proteins 

was analyzed by silver stain (left panels) and Western blot against the C-terminus of LARP6 

(right panels). Timepoints (L-R) were: 0
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