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ABSTRACT 
 
 The La-related protein 6 (LARP6) is an RNA binding protein that is involved in 

the regulation of Type-I collagen biosynthesis. Though the mechanism of binding 

remains to be determined, it is known this protein binds to a stem loop structure found in 

the 5’ untranslated region of mRNAs that codes for Type-I collagen through a highly 

conserved binding domain known as the La Module. The LARP6 protein also contains an 

uncharacterized LSA domain which contains a well-conserved cysteine. The goal of this 

study was to characterize the structural significance and contribution to biochemical 

activity of the conserved domains found in the LARP6 protein. Isolated La Module 

domain constructs from human, zebrafish, and platyfish LARP6 proteins were used to 

determine the domain boundaries of each species. Limited proteolysis studies were used 

to determine the global stability of the isolated La Modules as well as suitability for 

future structural characterization. RNA binding activity of the three isolated La Modules 

from each species were measured against the stem loop structure present in the human 

COL1a1 mRNA using electrophoretic mobility shift assays. The conserved cysteines 

found in the RRM and LSA domains were targeted for serine mutagenesis in the full-

length human protein construct, recombinantly expressed, and purified. Size exclusion 

chromatography of these serine mutant proteins implicate the cysteine in the LSA in an 

intramolecular disulfide bond. 
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I. INTRODUCTION 
  

In all organisms, protein production is a highly-regulated process. In eukaryotes, the 

spatial separation of transcription and translation adds an additional layer of regulation, 

including the ability to control the processing of the pre-mRNA in the nucleus and the 

export of the mature mRNA transcripts to the cytosol.[1] Many regulatory mechanisms 

control this flow of information; however, none are as quickly responsive as post-

transcriptional regulation.[2, 3] After the synthesis of the mRNA, a series of RNA 

binding proteins (RBPs) associate with the RNA transcript, and can control nuclear 

export rate into the cytosol, translocation and compartmentalization within the cytosol, 

assembly and processivity of the ribosome during translation, and protection from 

degradation.[3, 4] 

 One set of such proteins is the superfamily of La-related protein (LARPs), which 

bind to a variety of RNA ligands.[5] LARPs are characterized by a bipartite RNA-

binding domain known as the “La module”, comprised of a highly-conserved “La motif” 

and an RNA recognition motif (RRM).[6] The first LARP discovered was the LARP3 

protein (formerly known as the “genuine La protein”), which binds to pre-tRNAs and 

pre-snoRNAs to chaperone their processing and folding (Figure 1).[6, 7] There are now 

six La-related protein subfamilies, and each appears to associate with a particular class of 

RNAs in the cell, ranging from pre-tRNAs to mature mRNAs. By binding to these RNA 

ligands (Figure 1). LARPs carry out a variety of post-transcriptional regulatory functions 

that are only just beginning to be understood.  
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Figure 1. Topological representation of LARP proteins and their function.  The genuine La, LARP7, 
LARP6 and LARP4A/B contain the bipartite La Module domain, which consist of a La Motif (LaM) and 
RNA Recognition Motif (RRM) joined by a flexible linker. Various other domains can be seen such as a 
secondary RRM (RRM2), Poly(A)-binding protein interacting motif-2 (PAM), DM15, and LaM and S1-
associated motif (LSA). Adapted from [8] 

 

Of the La-related proteins, the La-related protein 6 (LARP6) family is the least 

characterized. The only established function of LARP6 is to regulate collagen expression 

by binding to the mRNA that encodes collagen type I. [9-12]. When LARP6 expression 

increases, the expression of collagen type I also increases. A better understanding of the 

signals involved in upregulating LARP6 could lead to advances in treatment for fibrotic 

diseases, which are caused by excessive amounts of collagen type I.[11, 13] 

 

La-related Protein 6 (LARP6) 
 

In addition to the La module, the LARP6 subfamily is distinguished from other 

LARPs by a conserved sequence at the C-terminus of the protein called the “LSA motif” 

(for “La Module- and SS1-associated domain).[7] The molecular structures of the two La 

module subdomains from human LARP6 (HsLARP6) have been solved via solution 

NMR (Figure 2).[9] The first domain is canonically known as the La Motif, comprised of 
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five a-helices arranged in a winged helix-turn-helix fold. The second domain, the RNA 

Recognition Motif (RRM), is connected to the La motif through a flexible linker. This 

RRM is a/b motif with an anti-parallel b pleated sheet at the core. In other RRM 

containing proteins, this domain is the sole binding domain.[14] However, in the case of 

LARP6 and the other La-related proteins, all three elements (La motif, RRM, and 

interdomain linker) are necessary for binding activity.[9] 

 

Figure 2. Structures of HsLARP6 La Motif and RRM. (left) The HsLARP6 La Motif 
is composed of five α-helices (PDB: 1MTF). (right) The HsLARP6 RRM is mixed α/ß 
structure, with a core ß-sheet (PDB: 1MTG).[9] Images generated with Autodesk 
Molecule Viewer. 
 

 

Currently, the only known endogenous ligand for LARP6 is a stem loop structure 

in the 5’ untranslated region of collagen type I.[11] A general cellular function for a 

LARP6/RNA interaction remains to be determined.[5] LARP6 has been reported to 
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function in a variety of pathways, including the translocation of the mRNA from the 

nucleus to the cytosol, recruitment of other translation factors, and the correct 

compartmentalization of the collagen type I protein to the endoplasmic reticulum.[12, 15] 

Although there is a known RNA ligand, the mechanism of binding has yet to be fully 

elucidated. In particular, the RNA binding surface on the RRM and the orientation of 

each subdomain in relationship to each other during the binding event is unknown.  

 

 Previous research in our laboratory established that two orthologues of LARP6 

from two fish species, zebrafish and platyfish, are suitable model proteins for structural 

and functional studies of LARP6.[16] The two fish LARP6 proteins were found to 

contain a protease-resistant 40 kDa region, in which was identified via mass spectrometry 

to be the uncharacterized N-terminal region and the RNA-binding La Module: residues 1-

280 for X. maculatus (platyfish) and 1-290 in D. rerio (zebrafish). [16] When the human 

LARP6 protein was subjected to limited proteolysis, a similar protease-resistant region 

was observed, but the magnitude of resistance to proteolysis was noticeably less than that 

of the fish orthologues. To determine the whether the proteolytic resistance involves a 

stable interaction of the N-terminal domain and the La Module, each domain needs to be 

independently produced and characterized for comparison to the longer constructs. 

 

The C-terminal domain of LARP6 is increasingly implicated in critical 

intermolecular interactions. Neither the function nor the structure of the LSA domain has 

been determined. It has been hypothesized by others that the LSA contributes to ligand 

selectivity and/or protein-protein interactions.[6, 13] Computational analysis of the C-
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terminal domain of LARP6, including the LSA, predicts that this region is disordered, 

which is supported by limited proteolysis of the recombinant protein.[16] Disordered 

protein domains are well-established to be involved in protein-protein interactions which 

could allow for intermolecular interaction between LARP6 C-terminal regions (including 

the LSA) and other proteins, or intramolecular interactions between different domains of 

a single LARP6 molecule.[17-19]  

 

A study using cultured mammalian cells found that the C-terminal domain of 

LARP6 protein interacts with the Serine-Threonine Receptor Associated Kinase 

(STRAP).[12, 20]  A second study from the same research group showed that LARP6 is 

phosphorylated at multiple serines in the C-terminus, at positions 348, 396, 409, 421, 

447, and 451. Two of these serines, Ser348 and Ser409, are directly phosphorylated by 

the mTOR kinase.[20] Phosphorylation of these two serines is important both for 

interaction with STRAP and for upregulating collagen type I biosynthesis.[21] 

 

A multiple sequence alignment of vertebrate LARP6 proteins identified several 

conserved cysteines in the C-terminal domain (Figure 3). Most notably, a fully-

conserved cysteine is located at position 258 in the RRM (Figure 3). Within individual 

classes of the Vertebrata subphylum (mammals, birds, amphibians, and bony fish), there 

are additional conserved cysteines within the C-terminal domain. However, the exact 

location of these cysteines varies across the classes. For example, mammals and birds 

share a highly-conserved cysteine, located at position 416 in human LARP6 (Figure 4). 

However, only mammals contain a cysteine at human position 378 (Figure 4). In 
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contrast, birds contain two additional cysteines within the RRM (Figure 3). Interestingly, 

all but two of the vertebrate sequences that were evaluated contain a cysteine within the 

LSA domain, located at position 490 in the human protein (Figure 4).  

 

 

 

Figure 3. Multiple alignment of vertebrate LARP6 RRM Sequences. Vertebrate 
sequences were aligned with PROMALS3D[22], and vertically organize by class as 
indicated by vertical bars on left; in descending order are mammals, birds, amphibians, 
and bony fish. The domain topology is marked above the sequences, identifying the 
structurally characterized RRM. Cysteine residues are highlighted in bold text and yellow 
background. The numbering on the right is for the human sequence. 
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Figure 4. Multiple alignment of vertebrate LARP6 C-terminal sequences. Vertebrate 
sequences were aligned with PROMALS3D[22], and vertically organized by class as 
indicated by vertical bars on left; in descending order are mammals, birds, amphibians, 
and bony fish. The domain topology is marked above the sequences, identifying the LSA 
motif that was identified via bioinformatics analysis[6]. Cysteine residues are highlighted 
in bold text and yellow background. The numbering on the right is for the human 
sequence.  
 

 

 

 

Collagen synthesis is down-regulated when fibroblasts are exposed to hydrogen 

peroxide, which induces oxidative stress.[23-25] Both the mRNA encoding the alpha 

subunit of collagen type I (COL1A1) as well as the protein were observed to be degraded. 

It is known that macromolecules are subjected to oxidation by these ROS, which often 
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can cause conformational changes in the protein. Because LARP6 is a critical regulatory 

factor for stimulating collagen type I synthesis, we hypothesize that the absence of 

LARP6 on the COL1A1 mRNA allows the mRNA to be susceptible to degradation. For 

this mechanism to function, however, LARP6 would have to be responsive to the redox 

environment of the cell.  

 

As discussed above, the exact function of the LSA domain has not yet been 

identified in LARP6. This sequence is also found in cold shock response protein 1 

(CSP1) and has been hypothesized to be in involved in ligand selectivity.[6] The 

predicted disorder of the entire C-terminal domain of LARP6 could allow the structural 

flexibility that would be required for cysteine residues to interact and form disulfide 

bonds under oxidative conditions.[16]  

 

Oxidative Regulation via Disulfide Formation 
 
 There is considerable precedent for cysteine-containing proteins to respond to 

oxidative stress via conformational changes. During periods of oxidative stress, reactive 

oxidative species (ROS) are generated in the cytosol, which can target macromolecules 

for oxidation.[26, 27] When a protein contains two cysteines, the free sulfhydryls may 

oxidize and form an intramolecular disulfide linkage. This new disulfide bond alters the 

structural conformation of the protein and consequently changes the protein’s 

function.[24] This process is reversible in the presence of a reducing agent such as 

glutathione (GSH) or dithiothreitol (DTT) (Figure 5).  
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Figure 5. Redox state of cysteine residues. Oxidation of free cysteine (sulfhydryl) 
functional groups generates a covalent disulfide bond through generation of a thiol anion 
on one of the free sulfhydryls. Reduction of the disulfide linkage generates two 
sulfhydryl functional groups. 
 

 

In normal cytosolic conditions, cysteine residues remain in their reduced 

sulfhydryl states. The thioredoxin system exploits the chemistry of cysteine residues to 

protect other cytosolic proteins from aberrant oxidation.[28] This is a classic example of 

the level of control resulting from the exchange of electronic states of the cysteines 

present in proteins. However, during periods of oxidative stress, these endogenous 

reducing systems of the cytosol can be overwhelmed, and cytosolic cysteines can be 

targeted by oxidants such as reactive oxidative species (ROS), thus generating the 

aberrant disulfide linkages.[29] Several redox-responsive proteins have evolved to use 

cysteine chemistry as a sensor of changes in cellular oxidative conditions.  

 In non-catalytic proteins, the effect of redox-induced disulfide formation could 

result in either a negative or positive effect. Two examples are the proteins OxyR and 

Protein Kinase C. In the case of the transcription factor OxyR, disulfide formation found 

in the dimerization interface temporarily locks the protein in the active conformation for 

cooperative binding to the RNA polymerase.[30]  Physiologically, this conformational 
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shift promotes the transcription and translation of reducing agents to re-establish 

homeostasis in the cell, resulting in a positive response by oxidative stress. 

 

In contrast, oxidation of Protein Kinase C disables the signaling activity of the 

protein.[31] The formation of an intramolecular disulfide bond induces a conformational 

change that shields the phosphorylation site of the protein. By occluding this activation 

site, all downstream signaling is blocked. It is hypothesized evolutionarily; the cell 

developed this form protection, to deter from tumorigenesis caused by over 

activation.[31] 

 

LARP6 and oxidative stress have opposing effects on collagen type I synthesis. If 

LARP6 undergoes a conformational switch in response to oxidative stress, it could 

ultimately be the basis of oxidative regulation of collagen biosynthesis in vivo. To 

determine whether LARP6 directly responds to oxidative stress, we first evaluated 

whether there are cysteines in the C-terminal portion of LARP6 that could react to 

oxidizing conditions. If so, the formation of a disulfide bond may alter the structure of the 

C-terminal domain to affect the phosphorylation state of LARP6, the RNA binding 

activity, or both.  

 

Research Plan  
 

The goal of this project is to characterize the structural and functional roles of the 

N-terminal and C-terminal domains in LARP6. Following identification of the La 

Module structural boundaries in the human (Hs), zebrafish (Dr), and platyfish (Xm) 
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LARP6 proteins, the RNA binding activity of the isolated domain will be measured in 

comparison to the full-length protein. These proteins will also be used for future high-

resolution structural characterization. Additionally, the contribution of the conserved 

cysteines in the C-terminal domain to the overall structure and RNA binding activity of 

LARP6 will be evaluated using the full-length HsLARP6.  

 

Aim 1. Determine the La Module structural boundaries and RNA binding activity.  

The putative sequences that code for the La Module in each species will be 

recombinantly expressed in E. coli and purified by nickel-affinity and gel filtration 

chromatography as previously described [10]. Previous literature determined that the 

isolated La Module domains were able to fold independently from the rest of the 

protein.[9] We hypothesized that because the full-length fish LARP6 proteins are more 

structurally stable than the human (Hs) LARP6 protein, the La Module domains would 

share this characteristic. The La Modules of zebrafish (Dr), platyfish (Xm) and human 

(Hs) will be molecularly cloned into a pET28a expression plasmid and recombinantly 

expressed and purified using an N-terminal His6-tag. To determine where the structural 

boundaries of each La Module protein begins, each protein will be analyzed by limited 

proteolysis using the exo-protease aminopeptidase, and expression construct boundaries 

revised as needed. To establish proper folding of the three La Modules, each module will 

be assessed for binding activity against the stem-loops found in COL1a1 and COL1a2 of 

each of the three species. The apparent binding affinity, KD, app, will be measured through 

electrophoretic mobility shift assay. Additionally, to prepare our proteins for structural 
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characterization using solution NMR and small-angle X-ray scattering, the N-terminal 

His6-tag will be removed using thrombin cleavage.  

  

Aim 2. Identify whether the LARP6 C-terminal domain contains a disulfide bond.  

The conserved cysteines in human LARP6 protein reside at positions 258, 378, 

410, and 490. Each of these cysteines will be mutated to serine using standard site 

directed mutagenesis of a previously constructed pET28a-HsLARP6 expression plasmid, 

which encodes an N-terminal His6 tag.  Serine was selected as the mutation to conserve 

the overall electrochemical profile, while disabling disulfide bond formation. The 

mutagenized HsLARP6 coding sequences will be recombinantly expressed in E. coli, and 

the proteins purified by nickel-affinity and gel filtration chromatography as previously 

described.[10, 16] We hypothesize that disulfide bonds may contribute to LARP6 

structure. To determine whether Cys-to-Ser mutations affect protein structure, the 

apparent molecular weight of the purified protein will be determined by size exclusion 

chromatography in both the presence and absence of DTT. If the protein forms oligomers 

in either reducing or oxidizing conditions, the accurate identification of higher-order 

oligomers will be critical for verifying changes in stability as a potential biological 

function, as opposed to an experimental artifact. 
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II. MATERIALS AND METHODS 
 

Site Directed Mutagenesis 
 
 Cysteine residues suspected of engaging in disulfide bonding were targeted for 

site-directed mutagenesis to serine using complimentary primers containing a single point 

mutation in the codon (Table 1). All DNA oligonucleotides were commercially 

synthesized from Integrated DNA Technology (Coralville, IA). The HsLARP6a-pET28a 

expression plasmid generously gifted by Dr. Mark Bayfield from York University 

(Toronto, Ontario).  

 Introduction of point mutation was performed on pET28a-HsLARP6a expression 

plasmid construct (Figure 6) using PCR-mediated site-directed mutagenesis. The 

mutagenized plasmid was selected for by subjecting the amplification product to DpnI 

restriction enzyme to degrade parental plasmid and transformed into Escherichia coli 

DH5α for amplification and purification.  Purified DNA plasmids were then subjected to 

commercial Sanger sequencing to confirm the incorporation of the intended point 

mutation.   

 
Table 1. Site-Directed Mutagenesis Primers 

 

 

Protein Primer 
Name Sequence Purpose 

HsLARP6-
C258S 

KAL064 5’-GTGGGGACCCAGGAGAGCGCCATCGTGGAGTTC-3’ Fwd 
KAL065 5’-GAACTCCACGATGGCGCTCTCCTGGGTCCCCAC-3’ Rev 

HsLARP6-
C378S 

KAL066 5’-GAGAGGAGCAGGGCCTCTGTATAAGCGGCCGC-3’ Fwd 
KAL067 5’-GCGGCCGCTTATACAGAGGCCCTGCTCCTCTC-3’ Rev 

HsLARP6-
C490S 

KAL068 5’-CCAAATGCCTCCCCGAGCACAAGTCCTTGGAG-3’ Fwd 
KAL069 5’-CTCCAAGGACTTGTGCTCGGGGAGGCATTTGG-3’ Rev 
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Figure 6. pET28a-HsLARP6 expression plasmid. Previously constructed pET28a-
HsLARP6 expression plasmid was generously gifted by Mark Bayfield (University of 
Toronto). Targeted cysteines were changed to serine using site-directed mutagenesis. 
Primers KAL064 and KAL065 were used to convert the codon for C258 (TGC) to a 
serine codon (AGC) at position; primers KAL067 and KAL068 were used to convert the 
wildtype codon from C490 (TGT) to a serine codon (TCT). Expression of HsLARP6 
gene is controlled by the lac promoter with kanamycin resistant gene for antibiotic 
selection. 

 

Bacterial Transformation 

 Escherichia coli DH5α ultracompetent cells were used for both restriction 

enzyme-based cloning and amplification of site-directed mutagenesis products. Briefly, 

the cell/DNA mixture was incubated for 30 min on ice, heat shocked for 90 s at 37 °C, 

incubated on ice for 2 min and recovered using 700 µL of autoclave-sterile Luria Broth 
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(LB) at 37 °C for 1 h with shaking, and plated onto a LB-agar plate containing 

appropriate antibiotics and incubated at 37 °C overnight. A single colony from the plate 

was used to inoculate an overnight culture of LB with appropriate antibiotic. Plasmid 

DNA was extracted from 3 mL of that suspension culture using QIAprep Spin Miniprep 

Kit (Qiagen) following the manufacturer’s protocol; DNA was eluted in 30 µL of the kit 

elution buffer. 

 

 For protein expression, E. coli Rosetta™ (DE3) pLysS competent cells (a kind 

gift from Dr. Robert McLean, Texas State University Department of Biology). The cells 

were transformed as following: cell and DNA mixture were incubated on ice for 30 min 

on ice, heat shocked at 42 °C for 45 s, and incubated on ice for 2 min. Cells were 

recovered with 900 µL of autoclave-sterile Luria Broth (LB) and allowed to incubate 

with shaking at 37 °C with shaking.  Recovered cells were then plated onto a LB-agar 

plate containing chloramphenicol and the appropriate plasmid selection antibiotic and 

incubated overnight at 37 °C. 
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Table 2. List of plasmid constructs, antibiotic resistance, and expressed protein 

product 

 

 

Recombinant Expression and Purification of Full-Length LARP6 proteins 
 
 Rosetta™ cells were used for all recombinant protein expression and purification. 

One to two liters of autoclave-sterile LB with appropriate antibiotics were inoculated 

with overnight cultures of transformed Rosetta™ cells with a target OD600 of 0.5-0.6. 

Cells were induced with 1 mM isopropyl thiogalactopyranoside (IPTG) and incubated for 

8 h at 18 °C. Cells were then collected by centrifugation at 5-8,000 xg, 4 °C for 10 min, 

and the cell pellets stored at -20ºC until lysis. Cell pellets were resuspended using 

Lysis/Wash #1 (Table 4) buffer containing a dissolved protease inhibitor tablet 

(ThermoFisher Scientific). Cells were lysed by sonication in an ice water bath, using 6 

Plasmid Construct 
Antibiotic 

Resistance 
Expressed Protein Product 

pET28a-HsLARP6C258S Kanamycin His6-HsLARP6-C258S 

pET28a-HsLARP6C490S Kanamycin His6-HsLARP6-C490S 

pET28a-HsLARP6C258S/C490S Kanamycin His6-HsLARP6-C258S/C490S 

pET28a-HsLARP6(70-300) Kanamycin 
His6-HsLARP6 La Module 

(70-300) 

pET28a-DrLARP6(60-290) Kanamycin 
His6-DrLARP6 La Module 

(60-290) 
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sonication cycles of 20 s each with rest intervals of 30 s at 20% amplitude using the 

Fisherbrand™ model 505 Sonic Dismembrator (Fischer Scientific; Pittsburgh, PA) The 

cell debris was pelleted by centrifugation at 18,000 xg, 4 °C for 15 min, yielding the 

clarified lysate as the supernatant. 

Nickel Affinity Chromatography 
 

The supernatant from the centrifuged lysate (~ 30 mL) was transferred to a 

conical vial containing equilibrated Ni2+-NTA agarose beads (twice with 7 CV of 

ultrapure H2O, twice with 7 CV of Lysis/Wash#1 Buffer + Protease inhibitor) at 2-2.5 

CV and allowed to incubate for 1 h at 4ºC with shaking. The bead/lysate mixture was 

then transferred to a clean glass flex column and allowed to settle. Once the beads settled 

uniformly on the bottom of the column, the flow-through was collected. The beads were 

washed with 20 CV of Lysis/Wash Buffer #1 without protease (Table 4) After the first 

wash, 20 CV Wash Buffer #2 was applied to the column (Table 4) and collected. After 

the second wash, 6 CV of Elution Buffer was applied (Table 4) and the eluate was 

collected in six fractions of 4 – 5 mL each. All fractions were analyzed using SDS-PAGE 

and Coomassie blue staining as described above. 

 

Size Exclusion Chromatography 
 

A Sephadex S200 column (data are on label on the column) was used for all size 

exclusion chromatography of the full length HsLARP6 proteins.  The column was 

equilibrated with S200 Equilibration and Storage Buffer which had filtered through a 0.2 

µm nitrocellulose membrane to remove particles, degassed, and chilled at 4 °C overnight 

prior to use. Elution fractions from the nickel-affinity column were pooled based on SDS-
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PAGE band intensity and concentrated to 2 – 3.5 mL using a Vivaspin™ centrifugal 

concentrator (10,000 MWCO, Sartorius; pre-rinsed with polished with water) by 

centrifugation at 4,000 xg, 4 °C for 10 min cycles. Between each cycle, the retentate was 

gently mixed by aspiration to ensure consistent protein concentration and to monitor for 

aggregation. The concentrated protein was then filtered with a 0.2 µm syringe filter 

before loading into the ÄTKA Pure Fast Protein Liquid Chromatography (FPLC) system.  

The column was set to elute at a total volume of 180 mL at a flow rate of 1 mL per min, 

with the A280 chromatogram being monitored and recorded by the UNICORN software.  

Once the fractions were collected, the A280 chromatogram was used to determine which 

fractions were needed to be analyzed by SDS-PAGE and Coomassie stain as described 

above. Fractions were pooled based on band intensity and purity. When the size 

exclusion chromatography was the last step before storage (full-length protein cysteine 

mutants and His6-tagged La Modules), the pooled fractions were then prepared for long-

term storage by concentrating 2-3-fold of the total volume, distributed into small aliquots, 

and snap-frozen using liquid N2 and then stored at -70 °C. 

 

Recombinant expression and initial purification of the His6-tagged La Module protein 
constructs 
 
 The expression of the His6-tagged La Module protein constructs were performed 

the same as the full length HsLARP6 as described above. The nickel-affinity purification 

of La Modules was also performed the same as the full length as described above, 

however for the zebrafish La Module protein construct, the Lysis/Wash #1, Wash #2, and 

Elution buffer conditions varied (see Table 4).  The Sephadex S75 size exclusion column 

was used for all purification of the His6-tagged La Module protein constructs. 
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Equilibration and elution of the La Module protein constructs were performed with their 

respective conditions for the S200/S75 Size Exclusion Equilibration and Storage Buffer 

as described in Table 4. Proper degassing and filtration of these buffers remained the 

same as the ones for the full length HsLARP6 proteins. After elution of the proteins, 20 

µL aliquots of the La Modules were then mixed with 5 µL of 5x SDS Sample Buffer 

(310.5 mM Tris, 2.5% SDS [w/v], 0.65% glycerol [v/v], 5% [v/v] ß-mercaptoethanol) 

and run on 10% denaturing SDS-PAGE gel for analysis and stained with coommassie 

blue stain and destained. Fractions containing higher concentration of the protein of 

interest were than pooled and subjected to thrombin-mediated removal of the N-terminal 

His6-tag. 

 

Removal of the N-terminal His6 tag from the isolated La Module constructs 
 

To remove the N-terminal His6-tag on the HsLARP6 and DrLARP6 La Module 

protein constructs, the protein concentrations of the pooled fractions from size exclusion 

chromatography were calculated using intrinsic absorbance at 280 nm using the Implen 

Nanophotometer (Munich, Germany). Thrombin (Sigma-Aldrich) was added to the 

protein solution at a ratio of 2 U of thrombin per 2.5 moles of protein and allowed to 

incubate on ice for 2-3 h. Following cleavage, the protein solution was then subjected to a 

second set of nickel affinity and size exclusion chromatography as described above, to 

separate the His6-tag, the cleaved protein, and the non-cleaved protein.  

 

Table 3. Molar extinction coefficients of LARP6 proteins used in this study. 

Protein Construct Expected Molar Extinction 
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Denaturing Polyacrylamide Gel Electrophoresis and Gel Staining  
 
 Protein samples were prepared using a 5x SDS Sample Buffer (310.5 mM Tris, 

2.5% SDS [w/v], 0.65% glycerol [v/v], 5% [v/v] ß-mercaptoethanol), boiled at 90 °C for 

5 min and then loaded onto 10-13 % SDS-PAGE gel. Gels were electrophoresed at 200 V 

for 50-65 min, room temperature (RT) and either stained or transferred to nitrocellulose 

for western blotting (see below). Two different types of staining methods were used to 

visualize protein migration in SDS-PAGE gels. 

  

Coomassie blue staining (58.4 µM Coomassie Brilliant Blue R-250, 45.5% [v/v] 

methanol, 9.1 % Glacial Acetic Acid) was performed for 30 min, followed by a 1 – 1.5 h 

destain (40% [v/v] methanol, 10% [v/v] acetic acid) period until desired intensity was 

achieved.  

 

For silver staining, the gel was fixed using 50% EtOH for 30 min, stained with 

475 mM silver nitrate, developed using the Developing Solution (with 0.75 % [v/v] 

Molecular 
Weight (kDa) 

Coefficient 
(M-1 cm-1) 

His6-HsLARP6 55.0 46660 
His6-HsLARP6-C258S 55.0 46660 
His6-HsLARP6-C490S 55.0 46660 

His6-HsLARP-C258S/C490S 55 .0 46600 
His6-HsLARP6 La Module (70-300) 30.2 25440 
His6-DrLARP6 La Module (60-290) 29.6 23950 

His6-T7-XmLARP6 La Module (49-290)* 32.0 22460 
* = Protein constructs recombinantly expressed and purified by previous graduate student Jose Miguel 
Castro of the KAL Lab 
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formaldehyde and 0.04 % [v/v] citric acid. The development of signal was stopped by 

adding an equal volume of Kill Solution (0.20 % [v/v] methanol, 0.04% [v/v] acetic 

acid). All developed gels were then imaged on the ChemiDoc XRS+ Molecular Imager.  

 

Western Blot 
 
 To verify the presence of desired His6-tagged proteins, a western blot was 

performed using the Horseradish Peroxidase (HRP)-conjugated α-His probe (Fisher 

Scientific cat no#). In order to verify the presence of full-length LARP6 proteins, a 

primary rabbit α-LARP6 antibody (Abcam # ab94640) that targets 15 residue sequences 

near the C-terminus of the protein was used. This primary antibody was detected with a 

goat α-rabbit – horseradish peroxidase conjugate. 

 

After gel electrophoresis, proteins were transferred onto nitrocellulose using the 

Bio-Rad Turbo Transblot® using the Mixed Molecular Weight preset (1 V, 1 A, 7 min). 

For both the anti-His and anti-LARP6 blots, the nitrocellulose was blocked using 5% 

BSA suspended in 1X TBS + 0.05% Tween 20. 

 

For the anti-His blots, the blocked membrane was incubated with diluted α-His 

probe (1:5000 v/v in 1x TBS-T) (ThermoFisher) for 1 hour at RT, washed twice with 

TBS-Tween 20, washed twice with 1xTBS.  

 

For the anti-LARP6 blots, incubated with diluted 1° antibody: rabbit α-LARP6 

(1:1000 v/v in 1x TBS-T) (Abcam cat no# ab94640) for 1 hour at RT, incubated with 
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diluted 2° antibody: goat α-rabbit (1: 20,000 v/v in 1x TBS-T) (washed twice with TBS-

Tween 20, washed twice with 1x TBS.  

 

The membranes were detected using a homemade chemiluminescence detection 

agent  (a.k.a The Juice: 0.1 M Tris [pH 8.8 @ 25 °C, 1.25 mM luminol in DMSO, 2 mM 

4-IBPA in DMSO) and 12 µL of stable 30% H2O2.[16] Membranes were detected using 

the chemiluminescence preset in the ChemiDoc XRS+ imager. 

 

Proteolysis using Aminopeptidase, trypsin, and thrombin 
 
 Several protocols for limited proteolysis were used in this work. In order to 

analyze protein preps for stability and also determine boundaries in the La Module 

constructs, the proteases thrombin (2U: 2.5 moles of protein), aminopeptidase (20 moles 

protein : 1 mole enzyme), and trypsin (1000:1) were used to assess stability of prepared 

proteins. 

  

Stability of the protein was assessed by performing digestion reactions in ratios 

described above. Time points were taken at 0, 1, 2, 5, 10, 20, 30, 45, 60, 120, and 180 

min. Each time point was prepared with 5X SDS sample buffer and analyzed by SDS-

PAGE and either silver staining or Coomassie blue staining. 

  

In order to test for the possibility of an in-frame, C-terminal His6-tag read-through 

product in the HsLARP6 cysteine mutant, a thrombin digest was performed using a molar 

ratio of 2 U thrombin: 2.5 moles of LARP6 protein. Thrombin was added to all 
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preparation of HsLARP6 and incubated on ice for 6 hours to allow for sufficient cleavage 

of the N-terminal His6-tag. Protein samples were run on triplicate SDS-PAGE gels: one 

was stained with Coomassie and the other two were detected by western blot for either α-

His or α-LARP6 as described above. 

 

A time course series with thrombin was also performed to determine optimal 

conditions for His6-tag cleavage during protein purification. His-tagged containing a 

thrombin cleavage site in LARP6 La Modules were digested using thrombin.  The 

proteins were mixed in a ratio as described above, and time points were taken at 0, 2, 4, 

and 6 h. Each time point was prepared with SDS-sample buffer and ran through 10-13% 

SDS-PAGE gel at a constant 200 V, RT for 50-65 min.  Each gel was visualized using 

either Coomassie staining and cleavage confirmation was assessed through α-His probe 

western blot (as previously described). 

 

Mass Spectrometry 
 
 To further confirm the identity of proteins found in the preparative samples, 

excisions were prepared and sent to collaborators for mass spectrometric analysis 

(Biomolecular Research Center, Boise State University, Boise, ID). Care was taken to 

exclude introduction of keratin into our samples by washing all glassware with fresh 20% 

solution of acetic acid, ultrapure H2O, and then 95% ethanol, and brand-new razor blades 

were used for excision of desired bands. Proteins were prepared with SDS sample buffer, 

run on 10-13% SDS-PAGE gel at 200 V, 50 min, RT, and visualized using staining 

protocols as previously described with fresh Coomassie blue or silver stain. Once 
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visualized, high intensity bands were excised using a clean, brand new razor blade, 

transferred to a sterile micro-centrifuge tube, and submitted for complete trypsinolysis 

and tandem liquid chromatography-mass spectrometry for protein mapping (Xinzhu Pu, 

Boise State University). 

 

3’ Biotinylation of RNA Ligands 
 
 To detect our RNAs in our binding system, ligands were biotinylated using a 

cytosine-streptavidin ligation at the 3’ end using the Pierce 3’ End Biotinylation Kit 

(ThermoFisher). Stock solutions of RNA oligos were brought to 4% (v/v) DMSO, heated 

to 85 °C for 2 mins and snap cooled on ice (4 °C) for a minimum of 2 minutes. A 

standard ligation reaction followed manufacturer’s protocol. Briefly, each reaction 

contained 10.3 µM RNA oligo, 1x RNA Ligase Reaction Buffer (from kit), 1 µL of 

RNase inhibitor, 33.3 µM biotinylated cytidine bisphosphate, 15% PEG, and 1.33 U/µL 

T4 RNA Ligase were incubated at 30 °C overnight in a heating block. Reaction was 

recovered from heating block, at which point 70 µL of nuclease free water (from kit) was 

added, then 100 µL of a chloroform: isoamyl solution (24:1) which the solution was 

vortexed for 10 min.  The mixture was then centrifuged at 16,000 xg at 25 °C for 3 mins, 

after which the separated aqueous phase was transferred to a sterile, newly labeled 

microcentrifuge tube. The solution was then precipitated in 240 mM sterile NaCl, 1 µL of 

20 mg/mL glycogen, and 60% v/v EtOH for 3 hours on ice (4 °C). 

 

 RNA oligos were then recovered from the precipitation solution by pelleting via 

centrifuged for 15 min at ≥13,000 xg, 4 °C. Supernatant was carefully removed as to not 
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disturb the pellet. Pellet was washed with 300 µL of cold 70% ethanol, centrifuged at ≥ 

13,000 xg. Supernatant of the wash was removed, and the pellet was allowed to air dry 

before resuspending in 20 µL of sterile 0.5X TBE.  

 

Electrophoretic Mobility Shift Assay 
 
 In order to determine the binding activity of purified LARP6, an in vitro binding 

system was created in the following conditions: 10 mM Tris-HCl at pH 7.4 at 4 °C, 20 

mM KCl, 1 mM Mg2Cl, and 100 mM NaCl.  Binding reactions were performed with the 

previously identified stem loop structure found in the 5’ untranslated region of collagen 

type I mRNA. 

  

The biotinylated RNA ligands were diluted to a working dilution of 1 pM in Tris 

binding buffer (15% glycerol, 10 mM Tris, 20 mM KCl, 1 mM MgCl2, 100 mM NaCl). 

The proteins were serially diluted in Tris Binding Buffer. The working stocks of protein 

and RNA were mixed 1:1 allowed to equilibrate for 1 h before separation on a 6.5% 

native PAGE gel (6.5% (29:1 bis-acrylamide: acrylamide), 15% glycerol, 1X TBE (89.2 

mM Tris, 89.0 Boric Acid, 4.0 EDTA [pH 8.0]) at 200 V for 15 min in 1X TBE running 

buffer. The separated RNAs were transferred to a Hybond N+ nitrocellulose membrane 

using the Transblot® Turbo™ module for 30 min at 25V, 10A in 1x TBE (no glycerol). 

The nitrocellulose membrane with transferred RNA-protein binding complex was UV-

crosslinked at 120 mJ for 45 s. The cross-linked membrane was then left to dry for up to 

1 week before proceeding to detection. 
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Detection of Biotinylated RNA on Hybond+ membrane 
 
 All reagents were part of the Thermofisher Chemiluminescent Nucleic Acid 

Detection Module Kit. Prior to using, the Nucleic Acid Blocking Buffer and 4x Wash 

Buffer were warmed for 30 min at 37 °C, and the Substrate Equilibration Buffer was 

warmed at room temperature for 30 mins. The membrane was blocked with 20 mL of the 

Nucleic Acid Binding Buffer with oscillation for 15 min. The membrane was then 

incubated with 20 mL of Nucleic Acid Blocking Buffer + 66.7 µL of the streptavidin-

Horseradish Peroxidase(HRP) conjugate at room temperature for 15 min with oscillation. 

The membrane was then briefly washed with 20 mL of a 1x Wash Buffer (1:3 4x Wash 

Buffer from the kit: ultrapure H2O and discarded before continuing with four subsequent 

washes with the same buffer each incubated for 5 min with oscillation at room 

temperature and discarded after each wash. Then, the membrane was allowed to incubate 

with 30 mL of the Substrate Equilibration Buffer with oscillation for 5 min. The 

Hybond+ membrane was blotted dry on the side as to not let the paper towel to touch the 

face of the membrane. The membrane was lay on clean cling wrap and 5 mL of the 

Substrate Working Solution (1:1 Luminol/Enhancer Solution: Stable Peroxide Solution 

from the kit), allowed to incubate for 2 min in a darkened box, and imaged immediately 

using the Chemiluminescence preset of the ChemiDocXRS+. Exposure times are denoted 

in the legends of the results. 

 
Quantification of EMSA and KD,app fitting 
 
 After detection of the RNA on the Hybond+ membrane, the bound and unbound 

regions of the gel shift were quantified using the Volume Tools in the Image Lab 

Software (Bio-rad). Once quantified, calculation of the fraction bound (["#$]&'()*
["#$]+',-.

) was 
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performed using Microsoft Excel. The data was then plotted in a graph of concentration 

of protein vs ligand in Sigma Plot (UK) or Kaleidagraph (Synergy Software). The KD, app 

was then fitted using either the Simplified Binding Isotherm (Equation 1) or Quadratic 

Form of Binding (Equation 2). [32, 33] 

 

 

Equation 1. Simplified Binding Isotherm: 

 
[PL]
[L]T

= S4
[P]T

5P6T +KD,app
=+ 0 

 

 

Equation 2. Quadratic Binding Isotherm: 

 
[𝑃𝐿]
[𝐿]A

= 	
C𝐾E,FGG + [𝑃]A +	[𝐿}AI −	K(𝐾E,FGG + [𝑃]A +	 [𝐿}A)	N − 4[𝑃]A[𝐿}A

2[𝐿}A
 

 

 

 

 

 

Table 4. Protein Purification Buffers 

 

wildtype HsLARP6 
HsLARP6-C258S 
HsLARP6-C490S 

HsLARP6-C258S/C490S  
HsLARP6 La Module (70-300) 

DrLARP6 La Module (60-290) 
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Lysis/ 
Wash Buffer #1 

 

50 mM sodium phosphate pH 7.4 
@ 4 °C 

300 mM NaCl 
10 mM imidazole 

50 mM sodium phosphate pH 8.0 
200 mM NaCl 

500 mM glucose 
300 mM NaI 

10 mM imidazole 
 
 

Wash Buffer #2 

50 mM sodium phosphate pH @ 4 
°C 

300 mM NaCl 
30 mM imidazole 

50 mM sodium phosphate pH 8.0 
200 mM NaCl 

500 mM glucose 
300 mM NaI 

30 mM imidazole 
 
 

Elution Buffer 

50 mM sodium phosphate pH 7.4 
@ 4 °C 

300 mM NaCl 
300 mM imidazole 

50 mM sodium phosphate pH 8.0 
200 mM NaCl 

500 mM glucose 
300 mM NaI 

300 mM imidazole 
 

Size Exclusion 
(S200/S75) 

Equilibration and 
Storage Buffer 

50 mM Tris+ HCl pH 7.4 @ 4 °C 
100 mM NaCl 
5% glycerol 

50 mM sodium phosphate pH 8.0 
200 mM NaCl 

500 mM glucose 
300 mM NaI 
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III. IDENTIFICATION OF THE LA MODULE DOMAIN BOUNDARIES 
FOR STRUCTURAL ANALYSIS 

 

Recombinant expression and purification of His6-tagged Human La Module  
 

 The pET28-His6-LaModule expression constructs were previously cloned in the 

lab by K.A. Lewis, J.M. Castro, and H. Kulkoyluoglu (unpublished). The pET28-His6-

HsLARP6-La Module expression plasmid was transformed into Rosetta™ DE3 E. coli 

cells. Cells were then selected for using appropriate antibiotics (Table 2) and grown into 

large culture. Protein expression was induced using 1 mM final concentration IPTG, and 

1 mL aliquots were taken at regular intervals of 0, 2, 4, 6, and 8 hours and pelleted. Cell 

pellets were then lysed in 1X SDS sample buffer and analyzed using an anti-His6 probe 

western blot. A band can be seen in the anti-His6 blot with a molecular weight of 25 kDa 

(Figure 7) with increasing intensity over time. While that is 5 kDa less than the expected 

molecular weight of the La Module construct, this result suggests an increase in 

expression of a His6-tagged protein over time.  
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Figure 7. Expression of HsLARP6 La Module (70-300) construct in Rosetta™ (De3) 
pLysS competent cells. H. sapiens LARP6 La Module construct was mutagenized and 
cloned from stock pET28a-HsLARP6 plasmid construct, recombinantly expressed as a 
N-terminally His6-tagged protein construct in Rosetta™ E. coli cells. Following induction 
with 1 mM IPTG, cells were incubated at 18 °C with expression being monitored at 
regular intervals of 2, 4, 6, and 8 h, after which cells were pelted, lysed with SDS-PAGE 
sample buffer, and analyzed on 10% SDS-PAGE gel followed by a-His6 western blot. 
Bands were seen to increase in intensity as time progresses, indicating that the His6-
HsLARP6 La Module (~25 kDa) is being expressed.  
 
  

Cultured cells were pelleted and lysed with sonication for purification of the His6-

HsLARP6 La Module (70-300). Cleared lysate was subjected to initial purification using 

nickel-affinity chromatography; fractions were analyzed on denaturing SDS-PAGE and 

stained with Coomassie blue stain (Figure 8). A faint band can be seen at the expected 

molecular weight of 25 kDa in the last two wash fractions. A high intensity band can be 

seen in Elution fraction 1 and 2, with decreasing intensity as elution fractions were 

collected. Elution fractions 1-3 were selected for injection onto the S75 size exclusion 

column. 

  

The S75 size exclusion column was monitored using UV/Vis spectroscopy 

absorbance at 280 nm. The UV chromatogram shows the presence of two peaks at 44 mL 



 
 

31 
 

and 54 mL, and the corresponding fractions were analyzed using denaturing SDS-PAGE 

(Figure 9). The gel was visualized using Coomassie blue stain, where the presence of a 

strong band at the expected molecular weight of 30 kDa was seen in all elution fractions 

(Figure 10). No other co-eluting species was observed in either of the elution fractions. 

Because the peak can be seen at the void volume (46.25 mL), it may be the result of 

aggregated protein. In contrast, the second peak corresponds more closely to the apparent 

molecular weight of the protein (expected, 30 kDa; apparent, 57 kDa), fractions 16-20 

were selected, concentrated with a 10,000 molecular weight cut off centrifugal filter and 

stored in -70 °C. A third peak can be seen at ~130 mL corresponding to a molecular 

weight less than 6.5 kDa, which may be the result of imidazole from the nickel affinity 

purification prior to injection. 

  

 

Figure 8. His6-HsLARP6 La Module (70-300) affinity chromatography fractions. 
Cells containing the His6-tagged human LARP6 La Module construct were lysed and 
purified using nickel-affinity chromatography. Aliquots were separated by gel 
electrophoresis on denaturing 10% SDS-PAGE gel and stained with Coomassie blue 
stain. Elution fractions containing the protein of interest. Elution fractions 1-3 were 
collected and prepared for further purification. 
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Figure 9. S75 size exclusion chromatogram of His6-tagged HsLARP6 La Module 
(70-300). Pooled fractions from the affinity chromatography were concentrated against a 
10,000 MW cut off filter and injected into the AKTA FPLC for size exclusion through 
Sephadex 75 gel filtration column. Peak 1 (fraction 11-14, 45 – 52 mL) and Peak 2 
(fraction 15-22, 53-67 mL) were collected for analysis through denaturing gel. 
 



 
 

33 
 

 

Figure 10. SDS-PAGE analysis of His6-tagged HsLARP6 La Module (70-300) size 
exclusion fractions. Fractions 11-23 (45 – 67 mL) were selected from the size exclusion 
for analysis through denaturing gel electrophoresis and stained with Coomassie blue 
stain. Elution fractions 16-20 (55 – 63 mL) were pooled, concentrated as previously 
described, and stored as 50 µL aliquots at -70 °C for further experiments. 
 

Recombinant expression and purification of His6-tagged zebrafish LARP6 La Module  
 
 Cultured cells containing the pET28a-His6-DrLARP6 La Module (60-290) were 

lysed and subjected to nickel affinity chromatography. Fractions were collected and 

aliquoted for analysis using denaturing SDS-PAGE (Figure 11). A high intensity band at 

the expected molecular weight of 25 kDa were seen in elution fractions 1 and 2, with 

decreasing intensity over the elution fractions, indicating the presence of our desired 

His6-tagged protein. Faint bands were detected in the fractions corresponding with the 

last two wash fractions of the purification, indicating that small amounts of desired 

protein were washed from the column. This phenomenon may be the result of high 

concentrations of protein saturating the nickel-NTA beads, thus allowing unassociated 

protein to travel through the column. In order to deter concentration-dependent protein 
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aggregation, elution fractions 1 and 2 were selected for injection into the S75 size 

exclusion column. 

  

 

 

Figure 11. Denaturing gel analysis of His6-DrLARP6a (60-290) affinity 
chromatography fraction. Cells containing the His6-tagged zebrafish LARP6 La 
Module construct were lysed and purified using nickel-affinity chromatography. Aliquots 
were separated by gel electrophoresis on denaturing SDS-PAGE gel and stained with 
Coomassie blue. Elution fractions 1-6 contained a band that migrated around 25 kDa, 
which is only 5 kDa below the expected for this protein construct.  
 

 

The S75 size exclusion UV chromatogram (Figure 12) shows the presence of a 

single high intensity peak at elution volume 54 mL with high baseline resolution. A lower 

intensity peak can be seen at the void volume (46.25 mL) which may be the result of a 

small amount of aggregated protein. Based on the UV chromatogram, the fractions 11-21 

were selected for analysis using denaturing SDS-PAGE gel (Figure 13). For fractions 16-
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21, a single high intensity band at a molecular weight of 25 kDa was observe. Fainter 

bands were seen in fractions 11-15 with increasing intensity. Fractions 16-20 were 

selected for concentration against a 10,000 molecular weight cut off filter and stored in -

70 °C. 

 

 

Figure 12. S75 size exclusion chromatogram of His6-DrLARP6a La Module (60-290). 
Pooled and concentrated fractions from the affinity chromatography were injected onto 
the Sephadex 75 gel filtration column. Elution volumes were monitored via absorbance at 
280 nm. Fractions 11 – 21 (45-65 mL) were selected for analysis through denaturing 
SDS-PAGE. 
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Figure 13. Denaturing gel analysis of S75 size exclusion fractions of His6-DrLARP6a 
La Module. Fractions 11-21 (45- 65 mL) were selected for denaturing gel analysis. 
Aliquots were separated by gel electrophoresis on denaturing SDS-PAGE and stained 
using Coomassie blue. Elution fractions 16-20 containing high concentration of the 
protein of interest (~25 kDa) were pooled, concentrated against a 10,000 molecular 
weight cutoff filter, and store in 50 µL at – 70 °C for future experiments. 
 

Global stability of La Module constructs  
 

 In order to assess the stability of the human, zebrafish, and platyfish La Module 

constructs, limited proteolysis reactions were performed and analyzed on denaturing 

SDS-PAGE and visualized using silver staining as previously described above. 

 

 When the human La Module was subjected to trypsinolysis (Figure 14, top right), 

the appearance of a lower molecular weight band was seen to increase in intensity as time 

increased. The presence of two bands corresponding with a molecular weight between 

15-25 kDa was observed in all time points with the exception of the 120th minute. The 
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presence of a faint band at a molecular weight corresponding to 15 kDa was observed 

from the 2nd-60th minute, and the presence of a 10 kDa molecular weight band between 

the 10th-60th minutes. These lower molecular weight bands may be the result of regions in 

the protein that contained accessible trypsin cut sites that were being degraded as time 

progressed. 

 

 When the platyfish La Module was subjected to the same proteolytic reaction 

using trypsin (Figure 14, top left), the two bands were present with high intensity at 

molecular weights corresponding to 35 kDa and 55 kDa. The absence of any lower 

molecular weight, time-dependent bands suggests this protein construct is resistant to 

proteolytic cleavage by the trypsin. 

 

 As the trypsinolysis digestion of the zebrafish La Module progressed (Figure 14, 

bottom), the high intensity band at a molecular weight of ~35 kDa was observed. While 

multiple bands at molecular weights between 15-18 kDa were observed, none show a 

trend of steady increase or decrease over time. Unexpectedly, a high intensity band was 

observed in the 60-minute time point at a molecular weight of about 100 kDa. A similar-

size band is seen in all time points in the zebrafish; however, for this specific time point 

the intensity is significantly greater than that of the other time points. 
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Figure 14. Limited proteolysis of LARP6 La Modules using trypsin. Limited 
trypsinolysis of the human (Hs), zebrafish (Dr), and platyfish (Xm) LARP6 La Modules. 
All proteins were incubated with 1:1000 molar ratio of trypsin and incubated on ice (4 
°C). Aliquots of 0, 1, 2, 5, 10, 20, 30, 45, 60, and 120 mins were taken and subjected to 
gel electrophoresis using denaturing SDS-PAGE and visualized using silver staining. 
 

 

Suitability of La Modules for structural analysis  

To determine whether the purified La Module protein constructs were suitable for 

structural analysis using the solution NMR and/or small-angle X-ray scattering, further 

limited proteolysis was done using the exo-protease aminopeptidase, which begins 

digestion of polypeptides at the N-terminus of the protein. Because the protease is not 

sequence-specific in its substrate, this allowed for an assessment of the N-terminal 

boundaries of the La Modules. The human La Module construct (Figure 15, top left) 

could be seen to contain the high intensity band at 25 kDa corresponding to our protein of 
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interest. The presence of 3 faint bands can be seen beginning at the 30th minute time point 

with a molecular weight of ≤15 kDa. For the platyfish La Module (Figure 15, top right) 

the 25 kDa band corresponding to our protein of interest could be seen in all time points 

with an additional co-eluting band at a molecular weight band of about 30 kDa. The 

intensity of a 15 kDa band can be seen to increase as time progresses with a peak 

intensity to appear at the 120th minute, indicating increase of concentration of this peptide 

fragment. For the zebrafish La Module construct subjected to the same proteolysis using 

aminopeptidase (Figure 15, bottom), the 25 kDa band can be seen in all time points of 

the digestion reaction. A ~12 kDa band can been seen to increase over time with a peak 

intensity at the 120th minute time point. As in the previous trypsinolysis, a 100 kDa band 

can be seen at the 30th, 60th, and 120th minute time point. 
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Figure 15. Aminopeptidase digest of LARP6 La Modules. Limited proteolysis using 
aminopeptidase of the human (Hs), zebrafish (Dr), and platyfish (Xm) LARP6 La 
Modules. All proteins were incubated with a molar ratio of 20:1 protein: protease and 
incubated on ice (4 °C). Aliquots of 0, 1, 2, 5, 10, 20, 30, 45, 60, and 120 mins were 
taken and subjected to gel electrophoresis using denaturing SDS-PAGE, and visualized 
using silver staining. 
 

 In summary, when the human La Module is subjected to limited proteolysis using 

trypsin, the presence of a band can be seen in the denaturing gel analysis. When the 

protein was digested using the aminopeptidase, no such band was produced. Because 

trypsin digests at assessible lysines and arginines, while aminopeptidase digest a protein 

non-specifically beginning at the N-terminus, it can be concluded that the human La 

Module may have C-terminal residues that are not part of the stable folded structure of 

the RRM. In the sequence of the human La Module, there are lysines at position 270, 

282, 286, 293, and 296, 297, and 298. Since the difference between these undigested and 
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trypsinized bands is ~ 5 kDa, the beginning of the region that is not well-protected as part 

of the RRM fold may begin at position 270, 282, or 286. 

 

Optimization of Thrombin Cleavage of His6 tags 
 

 The His6-LARP6 La Module constructs contain a thrombin cleavage site 

downstream of His6-tag, and this site was exploited to remove the His6 tag for later use in 

structural characterization by solution NMR and small angle X-ray scattering. To identify 

suitable cleavage conditions, the purified human (Hs) and zebrafish (Dr) La modules 

were subjected to a molecular ratio of the 2 U thrombin per 2.5 moles of protein and 

incubated on ice with regular time points taken at 0, 1, 2, 3, 4, 5, and 6 hours. The time 

points were analyzed by anti- His6 western blot (Figure 16, panels A and B), where signal 

can be seen to decrease after the 2nd hour for the HsLARP6 La Module (Left). Residual 

signal can be seen, indicating the incomplete cleavage of the His6 for the protein 

construct. This suggests that a longer incubation time may be necessary for complete 

cleavage of the His6-tag.  For the DrLARP6A La Module (Figure 16, panels B and D), 

the chemiluminescence signal was no longer present after the 1st hour of the cleavage, 

indicating that complete removal of the His6-tag by the thrombin protease was achieved. 

Confirmation that the thrombin-mediated cleavage did not compromise the overall 

structural stability of the protein constructs can be seen by the presence of a consistent 

band throughout the time points in the duplicate gel electrophoresis that was visualized 

using Coomassie blue stain (Figure 16, panels C and D). Interestingly, in the thrombin-

mediated cleavage of the HsLAR6 La Module, a shift can be seen in which the presence 

of the ~34 kDa band can be seen to decrease in intensity as time progresses, and the 
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increased production of a lower molecular weight band (~30 kDa) can be seen from the 

first hour until the end of the experiment.  

 

 

Figure 16. Thrombin digest of the La Module constructs. In order to remove the His6-
tag of the protein fusion, the thrombin protease was used to cleave at a site downstream 
from the His6-tag in the human (Hs) and zebrafish (Dr) LARP6 La Module constructs. 
All proteins were incubated with a protein: thrombin ratio (2.5 moles: 2 U) and incubated 
on ice (4 °C). Aliquots were taken at regular time intervals of 0, 1, 2, 3, 4, 5, and 6 hours 
and subjected to separation on denaturing SDS-PAGE gel electrophoresis and transferred 
onto nitrocellulose and detected using the a-His6 probe western blot.  
 
 
Purification of Human La Module without tag 
 

Pelleted cells containing the His6-HsLARP6 La Module were lysed and subjected 

to purification using nickel affinity chromatography as previously described. Fractions 
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collected were analyzed on denaturing SDS-PAGE and visualized using Coomassie blue 

stain (Figure 17). A high intensity band can be seen with a molecular weight of about 30 

kDa in the elution fractions 1 and 2, with decreasing intensity in the succeeding elutions. 

The presence of other co-eluting bands cannot be seen in this gel. Elution fractions 1-3 

were selected for concentration against a 10,000 Da molecular weight cut off and injected 

into the S75 size exclusion column for further purification. 

 

Figure 17. Denaturing SDS gel analysis of affinity chromatography purification 
fractions of HsLARP6 La Module (70-300). Rosetta™ DE3 E. coli cells containing the 
His6-HsLARP6 La Module (70-300) constructs were lysed and purified using nickel 
affinity chromatography. The flowthrough (FT), washes, and elutions were collected, 
aliquoted, separated on 10% SDS-PAGE gel, and stained with Coomassie. Elution 
fractions 1-5 contained the protein of interest (~30 kDa), however fractions 1-3 were 
pooled, concentrated against a 10,000 molecular weight cut off until reached a total 
volume of ~2 mLs, and loaded onto the AKTA FPLC for gel filtration. 

 

 Two peaks at elution volumes were observed at 50 and 65 mL in the size 

exclusion UV chromatogram. Fractions corresponding to these peaks (11-23) were 

selected for analysis on SDS-PAGE gel (Figure 18), where a single band corresponding 

to a molecular weight of 32 kDa was observed in all fractions with peak intensity across 
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seen in fractions 16-20. These five fractions were then pooled for His6-tag removal using 

thrombin. 

 

 

Figure 18. S75 size exclusion chromatogram of His6-HsLARP6 La Module (70-300). 
Pooled fractions from the affinity chromatography were concentrated against a 10,000 
molecular weight cut off filter until reached a final volume of ~2 mL, and injected into 
the ÄKTA FPLC for gel filtration through the Sephadex S75 size exclusion column. 
Monitoring of the elutions was done using a UV absorbance at 280 nm, in which 
fractions 11-23 (45-70 mL) were collected, aliquoted, and analyzed on denaturing SDS-
PAGE gel. 
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Figure 19. SDS-PAGE analysis of His6-HsLARP6 La module (70-300) post size 
exclusion. Based on the UV chromatogram fractions 11-23 were selected for denaturing 
analysis. Aliquots were separated by gel electrophoresis on denaturing SDS-PAGE gel 
and stained with Coomassie blue stain. Fractions 16-20 were pooled for further 
preparation. 
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A ratio of 2.5 moles: 2U of protein:thrombin was incubated on ice (4 °C) for 4 

hours. Nickel affinity chromatography was used to separate non-cleaved protein from 

cleaved protein. Fractions of the nickel affinity were subjected to analysis using SDS-

PAGE and visualized using Coomassie blue stain (Figure 19). Because the La Module 

constructs should not contain the His6-tag, it was expected that the 25 kDa band would be 

present in either the flowthrough (FT) or wash fractions. Interestingly enough, the 

expected molecular weight band did not appear in either the flowthrough or wash 

fractions, but instead in the elution fractions (Figure 19). In order to preserve the protein, 

the elution fraction was pooled and concentrated against 10,000 Da molecular weight cut 

off and injected onto the S75 size exclusion column. 

 

 

Figure 20. Affinity chromatography of thrombin-cleaved HsLARP6 La Module (70-
300). Pooled size exclusion purified protein constructs were incubated at a molar ratio of 
protein: thrombin (2.5 moles: 2 U) and allowed to incubate on ice (4 °C) for 4 h. 
Proteolysis reaction incubated with nickel-NTA beads and further nickel affinity 
purification was performed for isolation of the cleaved protein product. The flowthrough 
(FT), wash (W), and elution (E) were aliquoted and separated with an aliquot of pre- 
thrombin cleaved control (C). A faint band (indicated by the black arrow) can be seen to 
migrate at about ~30 kDa 
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 Two low intensity peaks could be seen in the S75 UV chromatogram of the 

protein beginning at 45 and 55 mL (Figure 21). Fractions 11-23 were selected for 

analysis using SDS-PAGE gel and stained using Coomassie blue stain (Figure 22), 

where the band at 25 kDa can be faintly seen fractions 21-23. These fractions were 

pooled, concentrated against a 10,000 Da molecular weight cut off and stored in -70 °C. 

 

 

Figure 21. S75 size exclusion chromatogram of HsLARP6 La Module (70-300) post 
thrombin-mediated removal of His6-tag. Pooled fractions from the nickel-affinity 
purification of the La Module without the His6-tag were concentrated to 2 mL final 
volume using a 10,000 molecular weight cut off filter and subsequently filtered and 
degassed through a 0.20 µm filter and injected into the pre-equilibrated (see Table 4 for 
buffer conditions) S75 size exclusion column. The size exclusion run was monitored by 
measuring the absorbance at 280 nm (A280) through UV spectrometry.  
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Figure 22. SDS-PAGE analysis of thrombin-cleaved HsLARP6 La Module (0-300) 
post size exclusion purification. Fractions 11- 23 (45-69 mL) were selected for 
denaturing analysis. Aliquots were separated by gel electrophoresis on denaturing SDS-
PAGE gel and stained with Coomassie blue stain. Faint bands (shown by black arrow) 
can be observed beginning at fraction 16-20 (49 –70 mL), which were then pooled, 
concentrated against a 10,000 molecular weight cut off down to a final volume of ~2 mL, 
and stored at 50 µL aliquots at -70 °C for further experiments.  
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Purification of zebrafish La Module without tag 
 

 For preparation of the zebrafish (Dr) LARP6A La Module (60-290) without the 

His6-tag, an initial nickel affinity chromatography purification was performed with the 

clarified cell lysate and analyzed on the denaturing SDS-PAGE gel (Figure 23). A very 

high intensity band at 34 kDa can be seen in elution 1 with decreasing intensity as elution 

fractions were collected, indicating the presence of our protein of interest in high 

concentrations. The same 34 kDa band could be seen in the precursor wash fractions, 

which was consistent with earlier affinity chromatography purification of the His6-

DrLARP6 La Module protein construct (Figure 11). In order to reduce the risk of 

concentration dependent protein aggregation, fractions 1 and 2 only were pooled and 

directly injected into the S75 size exclusion column.  

 

Figure 23. Affinity Chromatography of His6-DrLARP6 La Module (60-290). Cells 
containing the recombinantly expressed His6-tagged Zebrafish LARP6 La Module 
construct were lysed and purified using nickel-affinity chromatography. Aliquots were 
separated by gel electrophoresis on denaturing SDS-PAGE gel and stained with 
Coomassie blue stain. Elution fractions containing the protein of interest (30 kDa). 
Elution fractions 1 and 2 were collected, concentrated against a 10,000 molecular weight 
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cut off to ~2 mL, filtered through a 0.2 µm filter, and injected into the Ätka FPLC for gel 
filtration. 
 

The S75 UV chromatogram (Figure 24) shows a single high intensity peak, high 

baseline resolution peak beginning at 55 mL of elution volume. The fractions 13-25 were 

selected for analysis on SDS-PAGE, where a single band could be seen with increasing 

intensity from fractions 13-21, with the highest peak intensity seen at fractions 18 and 19. 

The fractions 16-20 were pooled for further purification.  

 

 

Figure 24. S75 size exclusion chromatogram of His6-DrLARP6a La Module (60-290). 
Pooled and prepared fractions of the affinity chromatography. Pooled, prepared, and 
injected fractions from the affinity purification were run on the Sephadex S75. A steep 
peak beginning from an elution volume of 57 mL was seen and the fractions 17-20 (55-
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65 mL) of the column were collected and aliquoted for analysis through denaturing SDS-
PAGE gel.  

 

Figure 25. SDS-PAGE analysis of His6-DrLARP6a La Module (60-290) post size 
exclusion purification. Fraction 13-25 (49-69 mL) were selected for denaturing analysis. 
Aliquots were separated by gel electrophoresis on denaturing SDS-PAGE and stained 
with Coomassie blue stain. Fractions 16-20 were pooled for thrombin-cleavage of the 
His6-tag. 
 

 To cleave the His6-tag from the protein construct, thrombin was allowed to 

incubate with the pooled fractions from the previous size exclusion chromatography. A 

second nickel-affinity chromatography was done to separate the cleaved and non-cleaved 

products (Figure 26), where a single 26 kDa band was seen in elutions 1 and 2. It was 

expected that the single band would be seen in the flowthrough fraction. However, 

because the flowthrough did not contain imidazole, it is possible that non-specific 

interaction occurred between the Nickel-NTA beads and the protein.[34] Because the 

band seen in elutions 1 and 2 corresponded to the expected molecular weight of the 

cleaved protein construct (without the His6-tag, 25 kDa), these fractions were collected 

and prepared for re-injection into the S75 size exclusion column. 
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Figure 26. Affinity chromatography of thrombin-cleaved DrLARP6a La Module 
(60-290). Pooled size exclusion fractions from the previous gel analysis (fractions 16-20) 
were pooled and allowed to incubate with thrombin at a molar ratio of protein: thrombin 
(2.5 moles:2 U) on ice for 4 °C for 1 hour. Proteolysis reaction incubated with the 
Nickel-NTA bead and further affinity purification was performed for isolation of cleaved 
protein product. The elution fractions were pooled and concentrated against a 10,000 
molecular weight cut off filter down to a total of 2 mL, filtered against a 0.2 µm filter, 
and loaded into the ÄKTA FPLC for gel filtration through the Sephadex S75 size 
exclusion column. 

 

 

The S75 size exclusion UV Chromatogram of the post-thrombin cleaved 

DrLARP6 La Module protein (Figure 27) shows a high intensity peak beginning at 59 

mL of elution volume, corresponding to an approximate molecular weight of 49.5 kDa, 

which is an approximate 20 kDa increase from the expected molecular weight (~30 kDa). 

Fractions 13-25 were selected for analysis on denaturing SDS-page gel (Figure 28), 

where a single band at 34 kDa can be observed between fractions 13-20, with increasing 

intensity, which is close to the expected molecular weight of the protein (30 kDa). 

Because fractions 16-20 corresponded with the fractions covering the peak observed in 
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the UV chromatogram, these fractions were pooled, concentrated, and stored in -70 °C 

for further experiments. 

 

Figure 27. Gel filtration UV chromatogram of thrombin-cleaved DrLARP6a La 
Module (60-290). The pooled nickel-affinity fractions were concentrated against a 
10,000 molecular weight cutoff filter until reached a final volume of 2 mL, filtered 
through a 0.20 µm, and injected into the ÄKTA pure FPLC for gel filtration using the 
Sephadex S75 size exclusion chromatogram. A large peak can be seen starting at elution 
volume 58 mL (fraction 16). A secondary low intensity band can be seen in at the void 
volume (46.25 mL). 
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Figure 28. Denaturing gel analysis of thrombin-cleaved DrLARP6a La Module (60-
290) post size exclusion purification. The post-thrombin cleaved affinity purified 
zebrafish LARP6 La Module protein injected onto the Sephadex S75. The column was 
monitored using an absorbance at 280 nm, in which fractions 13-25 (49-69 mL) were 
selected for analysis through the denaturing SDS-PAGE gel with an (C) aliquot of sample 
that was loaded to serve as a control. The gel was visualized with Coomasie blue stained. 
Bands at about 30 kDa can be seen in the gel in correspondence to our protein of interest 
(30 kDa) in fractions 17-19. These fractions were pooled, concentrated down to 2 mL 
against a 10,000 molecular weight cut off, and stored at 50 µL aliquots at -70 °C for 
future experiments. 
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Since the second nickel-affinity purification of the untagged protein resulted in 

our protein of interest associating with the column, a comparison of the purified untagged 

and tagged DrLARP6 La Module was performed (Figure 29). The anti-His6 probe relies 

on the electrostatic interaction between a nickel cation and the lone pair on the histidine 

residues, which allows for more specific association. Therefore, the lack of signal seen in 

the thrombin-treated DrLARP6 La Module protein confirms the successful removal of 

the His6-tag. 

 
 
 
 
 

 
Figure 29. Confirmation of His6-tag removal from DrLARP6a La Module construct. 
The previously purified zebrafish La module with the His6-tag (+) as the preparation with 
the added thrombin digest (-) in the purification were run on denaturing SDS-PAGE gel, 
transferred onto nitrocellulose, and detected using the α-His6 western blotting.  

 
Biochemical Characterization of La Module constructs  
 

 In preparation for the biochemical characterization of the La Module constructs, 

the human and zebrafish COL1a1 and COL1a2 RNA stem-loop sequences were 

commercially synthesized (IDT) and then enzymatically biotinylated on the 3’ end. The 

efficiency of the biotinylation reaction was determined by spot testing the biotinylated 
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oligos and serial dilutions of the 25% diluted commercially biotinylated IRE control for 

comparison using 2 µL spots  (Figure 30). The signal of the serial dilutions of the 25% 

diluted IRE control appears to be weak, direct comparison of the efficiency of 

biotinylation could not be obtained. However, based on the intensity of signal, it appears 

that the zebrafish (Dr) COL1a1 and COL1a2 RNA ligands were more efficiently labeled 

than the human (Hs) COL1a1 and COL1a2 RNA ligands. 

 

 

 

Figure 30. Biotinylation efficiency of COL1a1 and COL1a2 RNA ligands from 
human and zebrafish. All RNA oligo ligands were obtained from Integrated DNA 
Technologies (Skokie, IL) and biotinylated using the Thermofisher Scientific 3’ end 
RNA biotinylation kit as previously described above. 400 pM of RNA oligo ligands were 
biotinylated. Efficiency was determined by performing a 1:2000 dilution of the 
biotinylated ligands and compared to a 0% and 25% solution (dilution of 100% stock) of 
the IRE commercially biotinylated RNA control. Two µL of the 100% commericially 
biotinylated IRE control is the 5th spot of the “Free” lane. The diluted ligands and the 
commercially bionylated contorl were then serially diluted by a factor of 1:1 until a final 
dilution of 1:31 was achieved. The serially diluted samples were than blotted at an aliquot 
of 2 µL onto a pre-equilibrated Hybond+ membrane and detected using the 



 
 

57 
 

ThermoScientific® Chemiluminescence Nucleic Acid detection module as previously 
described. 
 Because the molecular weights of the La Module protein constructs are 

significantly smaller than that of the full-length proteins (a difference of ~2 fold 

difference), it was necessary to optimize native gel condition to clearly resolve La 

Module-bound RNA from unbound RNA. For these protein constructs, comparison of 

6.0% and 6.5% native polyacrylamide gels were prepared with an abbreviated six-point 

binding reaction performed using the HsLARP6 La Module protein construct against the 

HsCOL1a1 RNA, where the relative distance of separation of the bound and unbound 

signal was determined. The gels were transferred onto Hybond+ membrane, crosslinked, 

and detected using the RNA Light Shift Chemiluminescence Kit (Figure 31).  The 

separation of the bound and free RNA appears to be greater in the 6.5% native gel than in 

the 6.0 % native gel, and so it was determined that the 6.5% native gels would be used for 

the La Module EMSAs. 

 

 

Figure 31. Native PAGE optimization for EMSAs of the LA Module protein 
constructs. 6.0% and 6.5% native polyacrylamide gels were used for direct comparison. 
The binding reaction was a previously purified His6-HsLARP6 La Module (70-300) and 
the biotinylated HsCOL1a1 ligand. The reactions were allowed to incubate in 1x Binding 
Buffer on ice for 1 hour before 20 µL of each reaction was loaded onto each gel, run at 
90 V, 30 mins, in cold 1x TBE. The gels were processed as described in Methods and 
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detected with the ThermoScientific® Chemiluminescence Nucleic Acid detection module 
as described.  
 
 In order to determine a starting comparative KD, app value, reactions using the 

previously characterized HsCOL1a1 RNA ligand was used. The separation of the binding 

reaction  involving the human La Module showed the expected separation of bound and 

unbound RNA (Figure 32). However, for the binding reactions involving the platyfish 

(Xm) and zebrafish (Dr) La Modules, a band is visible above the “bound” region. This 

band is characteristic of a well shift, of which the most likely causes could be either 

protein aggregation or oligomerization.[32] These well shifts, however, were still 

included in the gel densitometry quantification, as these RNA ligands appear to still be 

complexed, regardless of the phase the protein constructs appear to have adopted. 

 

 

Figure 32. Representative EMSAs of La Modules binding to RNA. Serial dilutions of 
the human (Hs), platyfish (Xm), and zebrafish (Dr) La Modules were allowed to incubate 
with 1.25 nmoles of biotinylated HsCOL1a1 RNA oligo, and then bound and free RNA 
separated on a 6.5% Native PAGE. In the gels shown here, the reactions were separated 
at either 90 V for 30 mins (HsLARP6 La Module and DrLARP6 La Module) or 200 V, 
15 min (XmLARP6 La Module). The RNA was then detected using the 
ThermoScientific® Chemiluminescence Nucleic Acid LightShift kit. 
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The fraction of total RNA bound in reaction was quantified using gel densitometry and 

then plotted as a function of the LARP6 La Module concentration (Figure 33). In order 

to fit the KD, app the Simplified Isotherm Equation for binding was first used: 

[PL]
[L]T

= S4
[P]T

5P6T +KD,app
=+ 0 

 

where [PL] is the concentration of the protein ligand complex, [L]T is the total 

concentration of ligand, and [P]T is the total protein in the system. The fitted KD,app of the 

human LARP6 La Module was 170 nM (± 31.0) which is a ~3-fold difference than 

previously reported value of 48 nM.[9] Interestingly enough, the measured KD, app for 

both fish La Module protein constructs were in the low nM range (DrLARP6a La 

Module, KD, app = 430 pM [± 267]; XmLARP6 La Module, KD, app = 256 pM [± 72]) 

(Figure 33). The baselines of the binding reactions of the fish proteins were not fully 

achieved in the plotting of the binding data. When the concentration of the biotinylated 

RNA stocks was quantified, it was determined that the concentration of the RNA ligands 

was higher than what was expected. To be able to properly negate the influence the 

ligand concentration has to the bound versus free state of the protein, the concentration of 

the ligand must be at least 10-fold that of the KD,app of the protein.[32] 
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Figure 33. Representative graph for La Module protein constructs vs HsCOL1a1 
RNA oligo ligands EMSAs. The quantification from each gel was plotted in Sigma Plot 
(London, UK) as the fractional saturation ([RNA]bound/[RNA]free) vs. the concentration of 
LARP6 La Module (in nM). The plot was fitted using the simplified binding isotherm 
equation. The fitted KD, app are as follows: for the human (HsLARP6 La Module, KD, app = 
243 nM), zebrafish (DrLARP6 La Module, KD, app = 1.05 nM), and platyfish (XmLARP6 
La Module, KD, app = 0.33 nM). Consistent with what has been observed with the full 
length, the two fish LARP6 La module protein constructs seem to be binding to the 
HsCOL1a1 ligand with higher apparent affinity.  
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KD,app fitting with known concentration of the Ligand 
 
 Because the apparent KD of the fish appears to be at or near the concentration of 

the ligand, it is not appropriate to use the simplified version of the binding isotherm. 

Therefore, we attempted to fit the data using the quadratic form of the binding isotherm 

[33]: 

 

[𝑃𝐿]
[𝐿]A

= 	
C𝐾E,FGG + [𝑃]A +	[𝐿}AI −	K(𝐾E,FGG + [𝑃]A +	 [𝐿}A)	N − 4[𝑃]A[𝐿}A

2[𝐿}A
 

 

where [QR]
[R]+

	is the fraction saturation, [P]T is the total concentration of the protein, and [L]T 

is the total concentration of ligand in the system. This was used in attempt in to remedy 

the issue with using the Simplified Binding Isotherm equation. The measured mean KD, 

app using this equation for both fish La Module protein constructs still appear to reside in 

the subnanomolar range (DrLARP6a La Module, KD, app = 0.180 ± 0.16 nM; XmLARP6 

La Module, KD, app = 0.128 ± 0.15) (Table 5). Because the fitting for the KD, app for the 

two fish is significantly lower than the concentration of ligand used in this study, we were 

unable to properly fit the data using either equation. However, the concentration of the 

ligand was well below the measured KD, app for human La Module. It appears that fitting 

of the data for the human La Module using either form of the equation gives us a 

consistent value, therefore we are able to confidently associate a KD,app of 170  ± 31 nM. 
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Table 5. Fitted KD,app of La Module protein constructs vs HsCOL1a1 using 
Quadratic Form 

Protein Name Mean KD, app 
(nM) 

Error (S.E.M.) N= 

HsLARP6 La Module  
(70-300) 

170 31 3 

DrLARP6a La Module  
(60-290) 

0.180 0.160 3 

XmLARP6 La Module  
(49-292) 

0.128 0.150 3 

 

 These data are consistent with the observation by Jose M. Castro with the full-

length LARP6 protein.[16] However, a molecular explanation for this 1000-fold 

difference in apparent binding remains to be identified. To explore whether this is the 

result of a difference in the mechanism of binding between the orthologs, further 

structural characterization and perhaps dynamic modeling of the protein-RNA interaction 

will be necessary. 
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IV. TESTING THE ROLE OF CYSTEINES IN THE STRUCTURE AND 
FUNCTION OF LARP6 

 

Recombinant expression of serine mutants of human LARP6   
 

In order to determine whether cysteines in the C-terminal domain are responsible 

for structural stability of LARP6, the conserved cysteines in the wildtype human LARP6 

gene were targeted for mutagenesis in a pET28a vector (Figure 34). The human LARP6 

proteins will hereafter be referred to as “HsLARP6”, to distinguish from the fish 

homologs that are described in Chapter III. Three cysteines were initially chosen for 

mutagenesis in the human ortholog: C258 within the RNA Recognition Motif subdomain 

that was fully conserved in all vertebrates, C378 upstream of the LSA, and C490 near the 

extreme C-terminus of the protein. To conserve the overall electrochemical property of 

these positions in the protein, but still disable the formation of covalent binding, these 

cysteine residues were targeted using site-directed mutagenesis to convert them into 

serines. However, only the single point mutation in the in the coding sequence of the full 

length HsLARP6 protein for the C258S and C490S were successfully achieved. In order 

to progress the project, these mutations were the only ones that were purified and 

characterized. 

 

 Sequence-verified pET28a-HsLARP6-C258S, pET28a-HsLARP6-C490S, and 

pET28a-HsLARP6-C258S/C490S (double mutant) expression plasmids were then 

transformed into Rosetta™ DE3 E. coli cells and expression was induced with IPTG. 

Expression of the wildtype HsLARP6 (Figure 34A), HsLARP6-C258S protein (Figure 

34B), and HsLARP6-258S/C490S double mutant (Figure 34D) all showed increased 
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over time after induction, with a small faint band being visible after 2 hours of induction, 

indicating expression of the HsLARP6-C258S mutant. The HsLARP6-C490S (Figure 

34C) mutants showed the same trend, however protein production was detectable until 

after the fourth hour. 

 

Figure 34. Expression trial of HsLARP6 mutants. Plasmids containing the cysteine-to-
serine mutants in the HsLARP6 sequence were transformed into Rosetta (DE3) cells and 
grown in LB containing kanamycin and chloramphenicol. Culture was grown in large 
scale in 1 L LB Broth containing appropriate antibiotics until the culture for wildtype 
HsLARP6, HsLARP6-C258S, HsLARP6-C490S, and HsLARP6-C258S/C490S (double 
mutant) reached an OD600 of 0.5-0.7 before induction with IPTG, and 1 mL aliquots 
removed to assay expression by western blot at 0, 2, 4, and 6 h of induction. Production 
of the HsLARP6 mutant proteins was verified through interaction of an anti-His6 probe 
with the in-frame N-terminal His6-tag. 
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Reducing agent affects apparent Rh of wildtype HsLARP6   
 
 Preliminary data in our laboratory indicated that the hydrodynamic radius of 

HsLARP6 is sensitive to reducing agent (Figure 35). During protein purification, a shift 

in elution volume can be observed in the preparative S200 size exclusion column when 

DTT is added to the elution buffer. In both elutions, there are two peaks observed: an 

earlier peak (“Peak 1”) at 69 mL, representing an approximate globular molecular weight 

of ~256 kDa, and a later peak (“Peak 2”) at 87 mL (~60 kDa). When the elution buffer is 

doped with the reducing agent DTT, the population of Peak 2 (~60 kDa) decreases, and 

the population in Peak 1 increases. Because size exclusion separates by the overall 

hydrodynamic radius, it can be assumed that this shift in the high intensity peak 

corresponds to a shift in a conformation that allows for a much larger hydrodynamic 

radius when DTT is present to a conformation in which the LARP6 protein adopts a 

smaller hydrodynamic radius. 
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Figure 35. Reducing agent alters apparent hydrodynamic radius of HsLARP6. 
Affinity-purified protein sample was prepared and purified using the Sephadex S200 
preparative size exclusion column and monitored elution using A280 (UNICORN 
software, GE Life Sciences). Two peaks are observed: Peak 1 (~60 mL; 256 kDa) to Peak 
2 (~85 mL; 60 kDa). A Clear shift of the areas under the curve was observed, indicating a 
distinct difference of the hydrodynamic radius when DTT is present in the storage buffer. 
The expected molecular weight of HsLARP6 proteins is 55 kDa. 
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Purification of HsLARP6-C258S mutant 
 

 Cells containing the HsLARP6-C258S protein construct were lysed and purified 

using affinity chromatography (Figure 36). When analyzing the elution fractions through 

denaturing SDS-PAGE gel electrophoresis, all of them contained a high intensity band 

that migrated at a distance in the gel corresponding to a ~60 kDa globular protein. 

However, a second band was also observed in some fractions that corresponded to a 

protein of ~55 kDa. The presence of the secondary co-eluting species was seen diminish 

after the second elution fraction. Unfortunately, because the fractions containing the two-

migrating species also contained high concentrations of our protein of interest, these 

fractions were chosen for further purification by size exclusion chromatography. 

 

 

Figure 36. Affinity Chromatography of His6-HsLARP6-C258S. Cells containing the 
His6-HsLARP6-C258S mutant were recombinantly expressed in Rosetta™ DE3 E. coli, 
lysed and purified using nickel affinity chromatography. The flowthrough (FT), washes, 
and elutions were collected and aliquots were analyzed on denaturing 10% SDS-PAGE 
gel electrophoresis and visualized using Coomassie blue stain. Elutions 1-4 were 
collected for further purification. 
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 The protein was prepared for size exclusion purification in a storage buffer that 

did not contain the reducing agent DTT, in order to mimic oxidizing condition. The UV 

chromatograph (Figure 37) showed a distribution like that of the wildtype LARP6 in the 

absence of DTT, indicating a smaller hydrodynamic radius. The elution fractions 22- 34 

were selected based on the UV chromatogram for analysis using SDS-PAGE. The 

presence of the co-eluting species was observed for fractions 23-28 (Figure 38). Without 

an obvious way to explain this co-eluting species, these fractions were collected and 

stored for further analysis. 

 

Figure 37. Sephadex S200 size exclusion chromatogram of His6-tagged HsLARP6 
C258S in the absence of DTT. Flowthrough and elutions of the Sephadex S200 column 
were collected and concentrated against a 10,000 MW cutoff filter before loading into the 
FPLC. This preparative column was eluted with S200 storage buffer (Table 4) without 
DTT. Peak fractions were collected for analysis by denaturing gel electrophoresis. 
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Figure 38. SDS-PAGE analysis of HsLARP6-C258S S200 fractions in the absence of 
DTT. Fractions 22-34 (66-92 mL) were separated by gel electrophoresis on denaturing 
10% SDS-PAGE gel and stained with Coomassie blue stain. Fractions 23-28 (69-80 mL) 
were pooled, concentrated using a 10,000 kDa molecular weight cutoff centrifugal 
concentrator, and stored in 50 µL aliquots at -70 °C or further experiments. 
 

 

 In order to determine effects of DTT on the HsLARP6-C258S mutant, a separate 

purification was performed, with DTT added to only the storage buffer. The HsLARP6-

C258S was expressed in Rosetta® DE3 E. coli cells, pelleted, and lysed as previously 

described. Isolation of the His6-tagged HsLARP6 C258S from the crude lysate was done 

through nickel-affinity chromatography and the aliquots of each fraction were separated 

on denaturing SDS-PAGE (Figure 39). The appearance of high intensity band migrating 

at ~65 kDa can be seen beginning in the first elution fraction, with decreasing intensity 

throughout the progression of the elution fractions. The presence of the secondary co-

eluting species at 55 kDa can be seen in the elution fractions. This is consistent with the 

nickel-affinity chromatography analysis from the previous HsLARP6-C258S purification. 
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Lower molecular weight bands can be seen in the first 2 elution fractions which is 

characteristic of degradation products that co-eluted from the column. 

 

 

Figure 39. Affinity chromatography of His6-HsLARP6C258S. Cells containing the 
His6-HsLARP6C258S mutant were recombinantly expressed in Rosetta™ DE3 E. coli, 
lysed and purified using nickel-affinity chromatography. The flowthrough (FT), washes, 
and elutions were collected and aliquots were analyzed on denaturing 10% SDS-PAGE 
gel electrophoresis. Elutions 1-4 were collected for further purification. 
 

 

The pooled nickel elutions were then purified by size exclusion chromatography. 

The UV chromatogram (Figure 40) of the S200 elution showed a population distribution 

similar to that of the wildtype + DTT (Figure 35). The large peak at 64 mL indicated a 

larger hydrodynamic radius. Fractions 11-23 were selected for further analysis using 

SDS-PAGE. The presence of the co-eluting species was seen in fractions 22 and 23, 

indicating that the addition of DTT in the storage buffer did not eliminate this species 

(Figure 41). Fractions 19-23 were pooled, concentrated, and stored at -70ºC. 
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Figure 40. S200 size exclusion chromatogram of His6-tagged HsLARP6-
C258S+DTT. The pooled fractions of the affinity chromatography were concentrated 
against a 10,000 MW cut off filter and loaded onto the S200 column. This preparative 
column was run in S200 Storage Buffer (Table 4) with 1 mM DTT. Peak 1 (fractions 21-
29, 64-82 mL) and Peak 2 (fractions 30- 34, 83-93 mL) were observed and collected for 
analysis through denaturing gel. 
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Figure 41. SDS-PAGE analysis of size exclusion chromatography of HsLARP6-
C258S +DTT. Fractions 20 - 32 (69 – 93 mL) were selected for denaturing analysis. 
Aliquots were separated by gel electrophoresis on denaturing SDS-PAGE gel and stained 
with Coomassie blue stain. Fractions 23-27 were pooled, concentrated against a 10,000 
molecular weight cut off, and stored at 50 µL aliquots at -70 °C for further experiments. 
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Purification of HsLARP6-C490S mutant  
 

 The HsLARP6-C490S mutant was subjected to the same purification process as 

the previous mutant, beginning with using purification buffer without DTT. Initial nickel-

affinity chromatography (Figure 42) showed the presence of the smaller ~55 kDa species 

in elution fractions 1-3. The first four fractions were selected for injection into the S200 

size exclusion column for further purification. 

 

 

Figure 42. SDS-PAGE analysis of affinity chromatography purification fractions of 
HsLARP6-C490S. Cells containing the His6-tagged HsLARP6-C490S mutant were 
recombinantly expressed in Rosetta™ DE3 E. coli and purified using nickel-affinity 
chromatography. The Flowthrough (FT), washes, and elutions were collected and 
aliquots were analyzed on denaturing 10% SDS-PAGE gel electrophoresis. Elutions 1-4 
were collected for further purification 
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The S200 size exclusion UV chromatogram (Figure 43) shows an elution volume 

for HsLARP6-C490S in the absence of DTT that is similar to that of the wildtype 

HsLARP6 in the presence of DTT. This result suggests that the cysteine at position 490 

may play a role in the formation of the structure that produces the larger apparent 

hydrodynamic radius of HsLARP6+DTT. 

 

Figure 43. S200 size exclusion chromatogram of His6-tagged HsLARP6-C490S-DTT. 
Pooled fractions of the affinity chromatography column were collected and concentrated 
against a 10,000 molecular weight cut off filter, and injected the Atka FPLC, and run 
through the Sephadex 200 gel filtration column. Fractions 21-34 (65 – 93 mL) were 
collected and analyzed via electrophoresis on denaturing SDS-PAGE. 
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Fractions 21-33 were selected for further analysis using SDS-PAGE (Figure 44). 

The smaller co-eluting species was again present in the fractions 22-27. These fractions 

were than pooled, concentrated against a 10,000 molecular weight cut off filter down 

from an initial 12 mL to final volume of 4 mL, aliquoted in 50 µL aliquots, and snap 

frozen using liquid nitrogen. 

 

Figure 44. S200 gel filtration analysis of HsLARP6-C490S-DTT. Fractions 21 – 33 
(65 – 92 mL) and a sample of what was loaded were analyzed via electrophoresis through 
denaturing gel and stained with Coomassie blue. Fractions 22-27 contained the protein of 
interest that migrated at 55 kDa, however the presence of the co-eluting were present in 
elution fractions 21-33. The fractions 22-27 were pooled and concentrated against 10,000 
molecular weight cut off and stored at 50 µL aliquots at -70 °C for further experiments. 
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To determine how the addition of the reducing agent DTT would affect the 

apparent hydrodynamic radius of the HsLARP6-C490S mutant, a purification was 

performed with the presence of 1 mM DTT in the S200/Storage buffer. The initial nickel-

affinity purification (Figure 45) The S200 chromatogram (Figure 46) shows a 

distribution similar to those observed for HsLARP6(+DTT) and HsLARP6-C490S(-

DTT), again indicating that this mutant is eluting at a hydrodynamic radius that would 

correspond to a protein (or complex) that is five times the expected molecular weight of 

the monomer. This data demonstrates that the presence or absence of DTT in the storage 

buffer does not affect the elution volume of the HsARP6-C490S. 

 

 

Figure 45. Denaturing gel analysis of Nickel Affinity purification of HsLARP6-
C490S. The flowthrough (FT), washes, and elution fractions were collected from the 
nickel-NTA beads, aliquoted at 20 µL + 5 µL 5x SDS Sample Buffer and ran on 
denaturing SDS PAGE gel. A high intensity migrating at ~65 kDa can be found in all 
elution fractions. The appearance of the 55 kDa band can be seen in elutions 1 and 2. 
Elutions 1-3 were pooled, concentrated against a 10,000 molecular weight cut off until 
reached a total volume of ~2 mL, and injected onto the Sephadex S200 size exclusion 
column. 
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Figure 46. S200 gel filtration chromatogram of the His6-tagged HsLARP6-C490S in 
the presence of DTT. Pooled fractions from the affinity chromatography were 
concentrated against a 10,000 molecular weight cut off filter and injected into the Atka 
FPLC for gel filtration through the Sephadex 200. The intensity of Peak 1 appears to be 
significantly larger than that of Peak 2, indicating that the population of protein is 
adopting a form concurrent with a protein of a higher Rh value. Fractions 22 – 34 (66- 93 
mL) were selected for the analysis on denaturing gel electrophoresis. 
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Figure 47. Denaturing gel analysis of HsLARP6-C490+DTT post gel filtration. 
Fractions 22 – 34 (xx-92 mL) and a loading control (2 mL of sample injected into the 
FPLC) were collected from the S200 gel filtration and analyzed via electrophoresis 
through denaturing gel and stained with Coomassie blue. Fractions 23-26 contained the 
protein of interest that migrated at 55 kDa, however the presence of the co-eluting were 
pooled and concentrated against 10,000 molecular weight cut off and stored at 50 µL 
aliquots at -70 °C for further experiments.  
 

 

Purification of the HsLARP6-C258S/C490S double mutant  
 

 Since the trend of peak shifting upon addition of DTT was seen in the HsLARP6-

C258S and wildtype HsLARP6 protein constructs but not in the HsLARP6-C490S, the 

C490S mutation was combined with the C258S to form a double mutant, HsLARP6-

C258S/C490S. In collaboration with undergraduate LaPatience Lane, this construct was 

expressed, purified, and subjected to the same analysis as above to determine whether the 

addition of DTT affects the population of the Peak 1 and Peak 2 in the elution profile of 

the preparative column. Initial purification of the HsLARP6-C258S/C490S double 
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mutant began with the nickel-affinity chromatography (Figure 48). The two co-eluting 

species previously found in the single mutants can be seen with here in elution fractions 1 

and 2. 

 

Figure 48. Denaturing gel analysis of post-nickel-affinity purification of HsLARP6-
C258S/C490S. Cells containing the His6-tagged HsLARP6-C258S/C490S protein 
construct were lysed in HsLARP6 Lysis/Wash Buffer (Table 4) and then incubated with 
equilibrated nickel-NTA beads. The lysate + nickel-NTA bead mixture was decanted and 
allowed to settle in a glass gravity flow column. The flowthrough (FT), washes, and 
elution fractions were collected, and aliquots were taken at 20 µL + 5 µL of 5x SDS 
sample buffer and separated on denaturing SDS-PAGE. The presence of a ~65 kDa can 
be seen in elution fractions 1-5, with decreasing intensity. The presence of a ~55 kDa 
band was seen in fractions 1 and 2. 
 

  Further purification using the Sephadex S200 size exclusion column indicated the 

presence of the two elution peaks. The trend in the elution UV chromatogram is 

consistent with that has been shown in purification of the single mutants and the wildtype 

HsLARP6, where the population of the peak favors the earlier elution peak (Peak 1) 

(Figure 49). Denaturing gel analysis of fractions 22-35 reveal the presence of a 70 kDa 

band that is consistently present in all fractions (Figure 50). The presence of the 55 kDa 
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band (expected) is present in only fractions 24-27. Because fractions 22-25 correlated 

with Peak 1, these fractions were selected for concentration and storage. 

 

Figure 49. Gel filtration UV chromatogram of HsLARP6-C258S/C490S+DTT. The 
pooled fractions of the nickel-affinity chromatography were concentrated against a 
10,000 Da molecular weight cut off filter, filtered and degassed using a 0.20 µm filter, 
and injected onto the Sephadex S200 size exclusion column. The column was monitored 
using UV spectroscopy. The both Peak1 and Peak 2 can be seen in the UV 
chromatogram. Fractions 22-35 (67-94) 
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Figure 50. Denaturing gel analysis of SEC purified HsLARP6-C258S/C490S+DTT. 
Based on the UV chromatogram, fractions 22-35 were selected for denaturing gel 
analysis. The presence of a 70 kDa band can be seen in all fractions that were analyzed. 
The 55 kDa can be seen in fractions 24-27. Because fractions 22-25 correspond with the 
first peak, they were pooled, concentrated against a 10,000 molecular weight cut off filter 
from 6 mL to 1.5 mL, aliquoted at 50 µL aliquots and stored in -70 °C. 
  

 

 To quantitatively analyze the effect of DTT on the distribution of LARP6 between 

Peak 1 (69 mL; ~256 kDa) and Peak 2 (87 mL; ~60 kDa), the area under the curve for 

each peak was plotted as a fraction of the total area for each preparation of HsLARP6 

(Figure 51). In the wildtype HsLARP6 protein and HsLARP6-C258S mutant, the 

population of the protein appears to inhabit Peak 2, which is associated with the smaller 

approximate molecular weight (black). However, for the HsLARP6-C490S and 

HsLARP6-C258S/C490S double mutant, the area under the curve of Peak 2 is seen to be 

unaffected. These data indicate that the mutation of C490S has made these two mutants 

resistant to the apparent size changes induced by DTT. One potential explanation is that 
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C490 may be engaged in a disulfide bond with another cysteine residue somewhere else 

in the protein. Further analysis of how the individual C490S mutation affects the overall 

stability of the protein may give insight into the role of this cysteine residue in the overall 

function of the protein. 

 

 

Figure 51. Effect of DTT on the elution peak ratio of HsLARP6 cysteine mutants. 
The area under the curve was quantified for both peaks observed in the elution profile of 
the preparative column and plotted as a fraction of observed area over the total area 
between both peaks. The HsLARP6-C258S can be seen to have an increase in the area 
under second peak when DTT is removed from the storage buffer, which follows the 
same phenomenon seen with the wildtype HsLARP6. However, no effect of DTT on the 
second peak was observed for the HsLARP6-C490S nor the double mutant containing the 
same mutation (HsLARP6-C258S/C490S). 
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Identification of the two species in HsLARP6 protein preps  
 
 Because all the preparations of HsLARP6 contained two apparent protein species 

when analyzed by SDS-PAGE, it was important to identify each species. To identify the 

N- and C-termini of these species, western blots were performed using two detection 

reagents: an anti-His6 probe to detect the N-terminal His6 tag, and a primary anti-LARP6 

antibody to detect the C-terminus of LARP6.  

 

The anti-His western blot detected both species in almost all of the HsLARP6 

proteins (Figure 52). The exceptions were three samples from the HsLARP6-C258S 

mutant preps: Peak 1 (–DTT) and Peaks 1 and 2 (+ DTT). The HsLARP6C258S Peak 2 

preparation showed only 1 band at 65 kDa. The goat anti-LARP6 antibody recognizes a 

15-amino acid epitope at the extreme C-terminus of the HsLARP6 protein. This probe 

was used to determine whether the C-terminus was intact in either species of HsLARP6 

in each preparation.  In all preparations of HsLARP6, both the ~65 kDa and the ~55 kDa 

species react with the anti-C-terminal antibody. These data demonstrate that not only do 

both bands contain LARP6, but they both contain the C-terminus of LARP6. An 

additional result is that three samples (Peak 2 HsLARP6-C258S(-DTT) and Peaks 1 and 

2 of HsLARP6-C258S(+DTT) show both the 65 kDa band and 55 kDa band, but these 

bands were not detectable in the anti-His6 probe western blot.  
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Figure 52. Stability of HsLARP6 constructs after long term freezer storage. Proteins 
were thawed from the -70 °C storage and subjected to denaturing SDS-PAGE in 
duplicate. After transfer to nitrocellulose, one membrane was probed with anti-His6 probe 
(top) and the other was probed with anti-LARP6 secondary antibody (bottom). Both 
probes were detected using chemiluminescence as previously described 
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We first hypothesized that the larger molecular weight species may be the result 

of ribosomal read-through of the mRNA. To test this hypothesis, we took advantage of 

two features of the cloned plasmid vector. First, following the stop codon but upstream of 

the polymerase termination signal, there is an in-frame C-terminal His6-tag coding 

sequence. Second, the N-terminal His6-tag is separated from the LARP6 sequence by a 

thrombin protease cleavage sequence. If translational read-through is responsible for 

creating the 65 kDa species, incubation with thrombin should remove the N-terminal 

His6-tag on both the 55 kDa and the 65 kDa bands. However, the C-terminal His6 tag 

would remain on only the 65 kDa band, which would show signal when detected with the 

anti-His6 probe. After a 6-hour incubation with thrombin, none of the protein preparations 

showed anti-His reactivity (Figure 53). To control for any possibility of the proteins 

being degraded by the thrombin or other contaminating proteases, a duplicate gel was 

run, transferred, and subjected to western blot with the C-terminal anti-LARP6. This 

experiment confirmed that LARP6 was still present in all thrombin-treated samples. 

Therefore, both the 55 kDa and the 65 kDa species have only the N-terminal His6-tag, 

and the larger species is not the result of translational read through. Further 

characterization was needed to identify the different between these bands. 
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Figure 53. Thrombin Digest of LARP6 proteins. The N-terminal His6-tag was removed 
from the LARP6 protein constructs by digesting for 6 hours on ice with thrombin 
protease. Digestion reactions were separated on 10% SDS-PAGE gel at 200 V for 55 
min. Gels were transferred onto nitrocellulose and blotted for either the His tag (top) or 
LARP6 C-terminus (bottom).  
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ß-mercaptoethanol (BME) is a common denaturing reagent used in SDS-PAGE 

sample buffer, though the BME is often regarded as a mild denaturing agent and certain 

folding structures in the protein could resist complete reduction of disulfide bonds by 

BME. We next hypothesized that replacement of BME with the strong denaturing agent 

TCEP (tris (2-caboxyethyl) phosphine) would resolve the two species into one single 

band. To test this hypothesis, wildtype HsLARP6 samples were prepared for SDS-PAGE 

using either the standard BME-containing 5x SDS-PAGE sample buffer or a 5x SDS-

PAGE sample buffer prepared with 50 mM TCEP in place of the BME. Both samples 

were heated at 90 °C and run in triplicate for detection with either Coomassie blue stain, 

anti-His western blot, or anti-LARP6 western blot. 

  

The Coomassie blue stain (Figure 54, left) shows that the expected collapsing of 

the two co-eluting bands into one 55 kDa band could not be achieve when ß-ME was 

replaced with TCPE in either wildtype HsLARP6 preparation (presence or absence of 

DTT). Unexpectedly, the TCEP-containing samples show a new band (Figure 54, 

arrow). This band reacts with both the anti-His6 probe and anti-LARP6 C-terminal 

antibody. The two primary bands from previous gels (55 kDa and 65 kDa) remain 

unaffected. For both detections of the HsLARP6 protein (Figure 54, middle and rRight), 

the same two migrating species were identified. It is apparent that the two-original 

species in the purification were unaffected by the addition of TCEP and may be overall 

resistant to reduction. 
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Figure 54. Reduction of wildtype HsLARP6 protein preps using either TCEP or ß-
mercaptoethanol. To test if wildtype LARP6 protein contains reductant-resistant 
disulfide bonds, the ß-mercaptoethanol (ß-ME) in the standard SDS sample buffer was 
replaced with TCEP (tris(2-carboxyethyl) phosphine) at a final concentration of 50 mM 
Samples from two preparations (with or without DTT) were incubated at 90 °C for 10 
min in either the TCEP or ß-ME sample buffer, and then analyzed by 10% SDS-PAGE in 
triplicate. (Left) Coomassie blue staining of the protein was used to identify total protein 
content. Western blots were performed on the other two gels. (Middle) a-His probe was 
used to target the N-terminal His6-tag and (Right) rabbit a-LARP6 targeted the C-
terminal 15 residues of LARP6. Contrary to our prediction, the multiple bands in each 
protein preparation did not collapse into a single species. In fact, the TCEP buffer 
appeared to induce the formation of a third migration species in both the +DTT and -DTT 
purification products (green arrow) 
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To fully confirm that these two species are indeed solely LARP6 protein that 

contains both the N- and C-terminus, we analyzed the bands by mass spectrometry. The 

wildtype HsLARP6 proteins stored in the presence and absence of DTT were separated 

using denaturing SDS-PAGE gel (Figure 55). The two co-eluting species (~65kDa and 

~55 kDa band) were excised in preparation for in-gel trypsineolysis and LC-MS by our 

collaborator Xinzhu Pu (Boise State University). The recovered peptides mapped to the 

human LARP6 sequence shows the overall identified sequence coverage for each of the 

65 kDa band in the presence and absence of DTT was 77% (Figure 55). The identified 

sequence coverage for each of the 55 kDa bands in the presence and absence of DTT was 

~61% and 74%, respectively. No peptides from other proteins were detected, proving that 

both bands contain full-length human LARP6. The reason for the differential migration in 

SDS-PAGE remains to be determined. 
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Figure 55. Protein mapping of HsLARP6 species. Protein samples from +DTT and -
DTT preparations were separated on SDS-PAGE and visualized by silver stain. The two-
major species were excised and subjected to complete trypsin digest. The fragments were 
then analyzed by tandem liquid chromatography-mass spectrometry, and then detected 
peptides were mapped back onto the LARP6 sequence. All four species contain full-
length LARP6, suggesting that the difference in migration is due to differences in 
conformation and/or covalent modification.  
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Conclusion 

 For this project, the mutagenesis of the C258 and C490 residues into serines was 

successful. While the cysteine mutants were successfully expressed, the resulting 

preparations do not appear pure by SDS-PAGE. A 55 kDa band in present is all protein 

preps and appears to be mostly associated with the Peak 1 found in the size exclusion 

elution UV chromatogram. Both the 65 kDa and the 55 kDa species in the denaturing 

SDS-PAGE appear to be the full-length human LARP6 protein. There does not appear to 

be any presence of a C-terminal read-through product or unique susceptibility or 

resistance to reducing agents. Currently, further characterization of these two bands is 

necessary to identify the cause of these two species of LARP6 that migrate differently in 

SDS-PAGE, and how the mutation of cysteine to serine may affected the production of 

these two species.   
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V. CONCLUSIONS AND DISCUSSION 
 

Characterization of Vertebrate LARP6 La Modules  
 

In this work, the human and zebrafish LARP6 La Modules were successfully 

recombinantly expression and purified. Interestingly, two peaks were observed in the 

preparative size exclusion elution chromatogram of the HsLARP6 La Module. In 

contrast, a single, high resolution peak was seen in the DrLARP6 protein, which was 

similar to that observed for the purification of the platyfish (Xm) La Module (previously 

achieved in the lab by J. M. Castro).[16] While each elution peak for the two fish proteins 

corresponded almost precisely to the expected molecular weight, the first peak observed 

in the human La Module preparation corresponded to a molecular weight that was 5-fold 

greater than the expected molecular weight. Because there was only a single band in the 

SEC gel analysis, this result may indicate that the human La Module may experience 

oligomerization. Alternatively, the presence of the early elution peak may also be an 

artifact of protein aggregation, as it appears to elute near the void volume (46.25 mL). To 

conclusively determine oligomerization states, the actual molecular mass of the human 

LARP6 La Module would need to be analyzed by analytical ultracentrifugation. 

 

 To better prepare the La Module constructs for structural characterization using 

solution NMR and small-angle X-ray scattering, it was necessary to establish a protocol 

for the removal of the His6-tag to reduce the amount of unstructured polypeptide. We 

successfully established a His6-tag cleavage purification of the human and zebrafish La 

Modules with His6-tag removal as evidence by diminished signal of the anti-His6 
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detection of the La Module constructs after the purification including the thrombin-

cleavage. 

 

 Initial RNA binding assays with the human, zebrafish, and platyfish La Modules 

against the HsCOL1a1 RNA ligand were performed. The binding affinity of the two fish 

La Modules initially appeared to be much tighter than that of the human La Module. This 

trend is consistent with the binding data for the full length human and fish LARP6 

proteins, which were also assayed using the HsCOL1a1 ligand.[16] Together with the 

full-length data, these data indicate that the fish LARP6 proteins are able to bind tighter 

to the human Col1a1 mRNA ligand than the human LARP6 protein. 

 

 In fact, the fitted KD, app for the fish La Modules was approaching the assumed 

RNA concentration in the assay of ~1.25 nM. In order to appropriately apply the 

simplified form of the binding isotherm equation, it is crucial to be able to make the 

assumption that the known concentration of the RNA ligand is a minimum of 10-fold 

below the KD,app value, so that we can assume that [RNA]free ~ [RNA]total. However, when 

the fitting of the approximate KD value approaches the known concentration of the RNA, 

that assumption is likely not valid. To confirm this, the concentration of the biotinylated 

RNA ligand stocks was directly quantified using UV spectroscopy. These data showed 

that the concentration of the biotinylated RNA ligands was too high to make that 

assumption at a concentration of 61.8 µM. Therefore, in order to proceed this issue must 

be addressed. There are two ways to do this: either change the experimental conditions to 

use a working concentration of the RNA that meets the criteria stated above or employ 
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the quadratic form of the binding isotherm (Equation 2) for fitting of the KD, app to the 

experimental data. It was decided that the latter option would be attempted first as 

reducing the concentration RNA in the system could result in a higher signal to noise 

ratio. 

 

When the experimental data was fitted using the quadratic form of the binding, it 

was conclusive that the two fish La Modules were indeed binding with tighter apparent 

affinity to the HsCOL1a1 mRNA ligand. The KD,app reported for this study for the human 

La Module was 170 ± 31 nM, which is ~3 times weaker than the KD,app of 48 nM reported 

by Martino et al.[9] It was hypothesized that this may be the result of the presence of 

contaminating E. coli RNA in our protein preparation from the purification. In order to 

test this, a UV absorbance spectrum of each protein preparation was taken from 200-400 

nm to quantify the 𝐴 NTU
NVU

 ratio. The human La Module had an A260/A280 of 0.94 which did 

not indicate nucleic acid contamination. However, upon analyzing the spectra (Figure 

56), a large absorbance between 210-245 nm was observed in the two fish La Module 

preparations, strongly suggesting the presence of a contaminant (Figure 56, top right and 

bottom). The identity of this contaminant remains to be characterized, but this large 

absorbance also likely skewed the A260/A280 and the A280 measurements of these protein 

samples. In order to reduce the presence of this contaminant in the future and to ensure an 

accurate measurement of protein concentration and therefore apparent binding affinity, a 

different storage buffer may be necessary for future protein preparations. 
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Figure 56. UV absorbance spectra of La Module proteins. The absorbance spectra of 
the protein preparations were blanked with 1 µL of the appropriate storage buffer in a 
final concentration of 7.5 M urea. Each protein preparation was denatured in 7.5 M urea 
for 30 min before the absorbance spectrum was measured using the Implen 
Nanophotometer. The human (Hs) La Module (Top Left) can shows a high absorbance at 
~200 nm, corresponding to the absorbance of the carbonyls in urea. The zebrafish (Dr; 
bottom) and platyfish (Xm; top right) La Modules show high absorbance between 210-
245 nm. The identity of the highly-absorbing contaminant remains unknown. 

  

 

Cysteine 490 in human LARP6 may be involved in disulfide bonding 
 
 Initial studies indicated that the apparent hydrodynamic radius of LARP6 may be 

affected by reducing agent. To test this, two highly conserved cysteines were mutated to 

serine. When comparing the elution profiles of the wildtype protein against all mutants, it 

was observed that the apparent hydrodynamic radius of any mutants containing the 

C490S mutation was unaffected by DTT. Since DTT acts as a reducing agent for the 

cysteine residues, it can be inferred that where a cysteine residue was replaced by a serine 

residue, the ability to form disulfide bonds with one or more other cysteine residues was 
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disabled. Without a disulfide bond compacting the structure, a less constrained 

conformation of the protein with a larger hydrodynamic radius would be observed. 

 

The cysteine mutant purifications were complicated by the consistent presence of 

two peaks that were observed in the elution profiles of the preparative size exclusion 

column. The first peak corresponded to a 5-fold larger apparent molecular weight than 

expected, while second peak only exhibited a ~10 kDa difference from the expected 

molecular weight. It is possible that the 5-fold difference observed in the first peak was 

the result of oligomerization between the full-length protein molecules. A similar trend 

was also seen in the elution profiles of the wildtype human La Module protein, which 

may suggest that the human La Module is a key domain involved in oligomerization. If 

that is the case, the C490S mutant may have induced and favored oligomerization of the 

protein, as that mutant predominantly eluted in the first peak. Further investigation would 

be necessary to determine how the C490 residue and the La Module play a role in 

oligomerization. Subjecting the protein to analytical ultracentrifugation can give us a 

better understanding of what oligomeric states, if any, the protein adopts. If native 

oligomerization can be verified, further investigation of the role of the La Module and 

C490 residue in the oligomerization of the human LARP6 will be required to fully 

understand the structure of this protein. 

 

 The presence of two co-eluting species in all stages of purification of the full-

length cysteine mutants, including post size exclusion purification, was troublesome. 

However, all our studies strongly indicate that these two co-eluting species are indeed 
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both full-length, and only full-length, HsLARP6. It is conclusive that the larger band is 

not a read-through product, and additionally appears to not be affected in the presence of 

the strong reducing agent DTT. The structural identity of these two species remains 

unknown, although it is hypothesized that these two species are the result of proteins that 

are highly resistant to reduction. In order to fully test this, a screening assay must be 

performed on the proteins using various different reducing agents. It is also possible to 

determine how various reducing agents effect the Rh of the HsLARP6 through a doping 

experiment using analytical HPLC. Attempts to isolate the two co-eluting species through 

purification using a low flow-rate (low pressure) for better separation may also help 

better characterize the two species without influence from the each other. 

 

 In summary, these studies have laid a foundation for further explorations for the 

roles of the N-terminal (NTD) and C-terminal (CTD) domains in LARP6 structure and 

function.  Structural and biochemical characterization of the isolated NTD, CTD, and 

LSA domains will establish the contribution of these components to the structure and 

function of the full-length LARP6 proteins of vertebrates. 
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