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I. INTRODUCTION 

The order of amino acids in a protein sequence, also called the primary structure 

of a protein, is the basis for the three-dimensional structure and biological function of 

proteins. Amino acids possess diverse chemical functionalities, because of their side 

chains, in addition to their amino and carboxylic acid functional groups. Hydrogen 

bonding between the amino and carboxylic acid groups stabilize the secondary structure 

of a protein, while side chain interactions are primarily responsible for stabilizing the 

three-dimensional, or tertiary structure (Segrest et al., 1992). These side chains can be 

grouped by chemical property, such as hydrophobic, polar, or charged. The tertiary 

structure of a cytosolic protein is primarily dictated by hydrophobic collapse of the 

secondary structure elements. The structure is then refined by hydrogen bonding within 

the peptide backbone and interactions between side chains (Rossmann and Liljas, 1974).  

 

Protein sequence provides the organism with a powerful regulatory tool. In 

addition to directing proper folding pathways, protein sequence motifs serve as critical 

signaling elements. Motifs can localize proteins within the cell or identify other 

molecules to bind (Böhmer et al., 2013). Therefore, the specificity of protein sequences is 

critical; just one amino acid substitution in a protein can give rise to myriad negative 

consequences for the organism. This specificity also allows the mature protein to 

potentially serve a unique purpose and/or to be very selective with interacting molecules.  
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Naturally-occurring homopolymeric amino acid motifs 

 If every amino acid has a 1/20 chance of being coded for at any residue location, 

then a homopolymeric tract of five contiguous identical amino acids would occur (1/20)5, 

or one in about ten million. Similarly, a contiguous tract of seven amino acids would 

have roughly a one in a trillion chance of occurring. The human transcription factor 

TAFIIB contains a stretch of seven contiguous histidine residues though, and is just one 

of many prevalent proteins containing amino acid repeat tracts (Salichs, et al., 2009). In 

fact, homopolymeric tracts are overrepresented in eukaryotic genomes, and are found in 

about 18-20% of proteins (Salichs et al., 2009). This suggests that these sequences were 

subjected to a positive evolutionary selective pressure. In other words, they likely have an 

important function(s) that provides the organism with an evolutionary advantage. For 

example, poly-Q and poly-N tracts are known to form coiled-coil structures that mediate 

important protein-protein interactions (Fiumara et al., 2010). However, these repeat 

sequences are also highly susceptible to expansion during DNA replication, in which the 

template strand slips and re-anneals to the elongating strand in a different register. 

Expansion of poly-Q/N tracts can extend their coiled-coil structure, which impairs 

function and promotes protein aggregation (Fiumara et al., 2010). In fact, homopolymeric 

glutamine and asparagine tracts are implicated in several human diseases (Smalley et al., 

2016). A notable example is Huntington’s disease, in which a CAG trinucleotide repeat 

sequence codes for a poly-Q tract in the Huntingtin protein. When this tract is expanded, 

the mutated protein can aggregate into homooligomers and form plaques (Fiumara et al., 

2010). 
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  Poly-His tags are widely used in biotechnology for labeling proteins of interest 

for either isolation or detection (Bornhorst and Falke, 2000). The imidazole ring found in 

histidine can form ion-dipole bonds with an immobilized metal-affinity column, allowing 

the column to selectively retain poly-His containing molecules (Bornhorst and Falke, 

2000). However, the recent advances in genome sequencing have shown that sequences 

of contiguous histidine residues exist in a significant number of endogenous proteins 

present in prokaryotes, eukaryotes, and even viruses (Faux et al., 2005). Homopolymeric 

“poly-His tracts” are defined as at least five contiguous histidine residues (Salichs et al., 

2009). “Extended poly-His tracts” contain at least one contiguous His5 tract, with 

additional His residues at the start and end of the tract, and with other amino acids 

constituting less than 50% of the total tract sequence (Salichs et al., 2009). Both poly-His 

tracts and extended poly-His tracts exhibit a high affinity for divalent metal ions (Watly 

et al., 2015). This metal binding activity is well-known to play a role in bacterial 

response to environmental metal. For example, the expression of the bacterial protein 

Hpn, a nickel storage protein in Helicobacter pylori containing many poly-histidine 

tracts, is upregulated when the nickel sensing protein NikR is activated by binding of a 

Ni2+ ion (Witkowska et al., 2012). Recently, a protein in the venom of the eukaryote 

Atheris squamigera (African bush viper) was found to have an endogenous His9 tract. 

This sequence binds several divalent metal ions with high affinity, the strongest being 

Cu2+, determined through circular dichroism and computational studies (Watly et al., 

2015). Watly and colleagues conclude that these divalent metal ions (Ni2+, Cu2+, Zn2+) 

can bind to multiple sites on the poly-His sequence, and form various polymorphic states 

much like the His6 tags used for recombinant protein purification (Watly et al., 2015). 
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This endogenous metal-binding poly-His tract may be important for inhibiting 

metalloproteases that degrade snake-venom proteins (Watly et al., 2015).  

 

The role of poly-His tracts in eukaryotic cellular proteins is less well 

characterized. In the human genome, there are 86 proteins out of around 20,000 that 

contain poly-His tracts (Salichs et al., 2009).  In a surprising discovery, Salichs and 

colleagues recently demonstrated that polyhistidine tracts are necessary and sufficient for 

the localization of a cytosolic protein to nuclear speckles in HeLa cells. This discovery 

suggests an alternative to the canonical nuclear localization pathway, in which conserved 

nuclear localization signal sequences (NLS) within “cargo” proteins are bound by 

“transporter” proteins, such as Importin α, allowing influx of protein into the nuclear 

membrane (Lim et al., 2011).  

 

Salichs and colleagues conducted multiple experiments using four proteins with 

naturally-occurring poly-histidine tracts, in which the tract sequences are added or 

deleted by directed mutation (Fig. 1-1, Panel A).  
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Figure 1-1. Cellular localization of poly-His proteins. (A) HeLa cells were transfected with plasmids that 
expressed GFP fused to a poly-His sequence from an endogenously expressed protein. Cells were 
immunostained for SC35, a known splicing factor in nuclear speckles, to visualize localization to speckles 
(B) GFP-Poly-His fusion products are shown to localize to nuclear speckles, with longer poly-His tracts 
increasing the amount of localization. (C) GFP-poly-Q/P fusion products show little to no localization to 
nuclear speckles, suggesting localization occurs specifically with poly-His tracts. All three panels were 
adapted from (Salichs et al., 2009). 
 

When the endogenous histidine tract was selectively deleted, the same proteins 

failed to localize to speckles (Salichs et al., 2009). Paralogous proteins that do not 

contain the natural poly-His tract failed to localize (Salichs et al., 2009). When increasing 

A. 

B. C. 
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lengths of a poly-His tract were artificially added to Green Fluorescent Protein (GFP), the 

GFP localized to nuclear speckles (Fig 1-1, Panel B). Poly-His tracts were the only 

single-amino acid repeat to show this localization, when compared to poly-Pro and poly-

Gln tracts (Figure 1-1, Panel C). This work demonstrated that poly-His tracts can and do 

work to localize proteins to cellular structures (Salichs et al., 2009).   

 

Proteins and RNAs are regulated by sub-cellular localization  

Sub-cellular localization of proteins has been observed to fluctuate when the 

organism is under stress, and may serve as regulators of gene expression to help the 

organism survive the stressor (Wek et al., 2006).  Organisms must be able to adapt during 

periods outside ideal conditions. At the cellular level, stress can impede DNA synthesis 

and repair, repress transcription of housekeeping genes, and disrupt production of protein 

chaperones and protein synthesis. Cells adapt to stress using several mechanisms, 

including enzymatic antioxidant systems, activating promoters for transcription of mRNA 

crucial to mitigate the stressor (or repress transcripts that may not be necessary), and 

sequestration of mRNA for control of protein synthesis. 

 

Translation of RNAs is controlled during stress responses by increasing the 

expression of translation-inhibiting RNA-binding proteins, and down-regulation of 

initiation factors by various complexes of proteins that bind to the mRNA, or 

“ribonucleoprotein complexes” (RNPs) (Buchan and Parker, 2009). This mechanism 

allows for rapid regulation of protein synthesis to cope with the stressor, but is also 

reversible when the stressor subsides (Buchan and Parker, 2009). As an example, eIF2 
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kinases can regulate translation depending on a variety of stress conditions, including 

viral infection, oxidative stress, and heat shock (Wek RC. 2006). By controlling the 

overall amount of translation occurring within cells, the cell can conserve energy. 

 

Three particular kinds of RNPs are P-bodies, stress granules, and nuclear speckles 

(Buchan and Parker, 2009). There is a cytoplasmic mRNP cycle in which mRNPs can be 

moved between P-bodies, stress granules, and actively-translating polysomes (Buchan 

and Parker, 2009). Many of the proteins found in these complexes can form reversible 

amyloid protein conformations (such as those found in the proteins hnRNPA1, 

hnRNPA2, and Sup35). 

 

Processing bodies, or P-bodies, are cytoplasmic RNP complexes that are always 

present and contain the translation repressors or mRNA decay machinery (Buchan and 

Parker, 2009). These P-bodies are known to interact with other mRNPs during various 

RNA lifecycles, for examples, exchanging components such as mRNAs when associating 

with stress granules (Buchan and Parker, 2009). Stress granules are also regulatory 

mRNPs, and serve as compartments for non-translating mRNA, translation initiation or 

repressor components, and other proteins that affect mRNA function (Buchan and Parker, 

2009). Stress granules are an example of a cytoplasmic RNP granule formed through 

specific RNA-protein interactions, and are tightly regulated (Buchan and Parker, 2009). 

These mRNPs contain translation initiation factors, non-translating mRNAs, and several 

other proteins affecting mRNA function (Buchan and Parker, 2009). Disease-associated 
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mutations of hnRNPA1/A2 results in excess incorporation of these RNPs into stress 

granules as a mechanism of pathology (Kim et al., 2013).  

 

Unlike P-bodies and stress granules, the third type of RNP granule exists in the 

nucleus. Nuclear speckles form throughout the nucleoplasm, generally in regions with 

little DNA content. Speckles may contain a small number of genes, but can be very active 

transcription sites. These speckles are thought to act as centers to organize active genes in 

proximity to one another to form cohesive euchromatic systems (Wek et al., 2006).  

Other evidence suggests that speckles function to store, assemble, and/or modify splicing 

factors (Wek et al., 2006).  

 

Naturally-occurring poly-Histidine motifs 

The discovery that poly-His motifs can localize proteins to nuclear speckles 

strongly suggests that poly-His tracts may represent a novel mechanism of directing 

proteins and their binding partners to cellular compartments (Salichs et al., 2009).  

 

In the model plant organism Arabidopsis thaliana, there are 29 proteins that 

contain endogenous poly-His tracts. We hypothesize that the poly-His tracts in plant 

proteins are critical for the physiological function of these proteins. These endogenous 

poly-His tracts could function by metal-sensing/binding, as signal sequences for cellular 

localization, and/or bind or assist in binding other macromolecular ligands. One of these 

29 proteins is the putative mRNA-binding protein LARP6b, which contains both a poly-

His tract and an extended poly-His tract. Additionally, the Arabidopsis genome also 
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encodes two paralogs of LARP6b, LARP6a and LARP6c, which do not contain poly-His 

tracts. The extended poly-His tract of the LARP6b paralog is conserved across multiple 

plant species (Figure 1-2). We predict that the poly-His tracts of LARP6b mediate 

interactions with other proteins and/or RNAs to direct the cellular localization of 

LARP6b and its RNA ligands to stress granules. This work will use the three LARP6 

paralogs of Arabidopsis thaliana, LARP6a, LARP6b, and LARP6c, to directly test this 

hypothesis.  

 

 

Figure 1-2. Extended poly-His tracts are found in most plant LARP6b proteins. A multiple sequence 
alignment of LARP6b proteins from plants shows that a histidine-rich motif is an evolutionarily conserved 
element of LARP6b. Bd: Brachypodium distachyon, Os:	Oryza sativa, Zm: Zea mays, Sb: Sorghum 
bicolor, Cp: Carica papaya, Gm: Glycine max, Me: Manihot esculenta, Pt: Populus trichocarpa, Cs: 
Cucumis sativus, At: Arabidopsis thaliana 
 

The La-related superfamily of RNA-binding proteins 

The LARP6 proteins are members of a larger superfamily, called the La-related 

proteins (LARPs).  All LARPs are RNA binding proteins that are associated with the 

processing and regulation of select RNAs (Bousquet-Antonelli and Deragon, 2009). 

LARPs are found in both animals and plants (Merret et al., 2013). Members of this 

family are characterized by two protein domains: a highly conserved La motif and an 
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adjacent RNA recognition motif (RRM). Each subfamily of LARPs has evolved its own 

unique RRM variant, which may reflect the distinct classes of RNA ligands bound by 

each subfamily (Figure 1-3). The founding member of this family is the “genuine La 

protein”, which binds  the 3’-UUU-OH motifs of pre-tRNAs that were transcribed by 

RNA Polymerase III, to both protect against 3’exonucleolytic degradation and chaperone 

the processing of these critical cellular molecules (Bousquet-Antonelli and Deragon, 

2009). Genuine La proteins can also bind to viral RNAs, and may increase their 

survivability by increasing their rate of translation (Costa-Mattioli et al., 2004), or even 

by protecting these transcripts from host immune systems (Bitko et al., 2008). A close 

homolog, LARP7, also binds to 3’-UUU-OH RNA Pol III transcripts and negatively 

regulates RNA polymerase II transcription through interactions with 7SK snRNP 

(Stavraka and Blagden, 2015).  

 

 

Figure 1-3. Divergence of RNA-binding domains across LARP proteins. Known ligands of each 
RNA-recognition motif are shown below each LARP.  
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LARP1 has been shown to both directly and indirectly associate with the 

untranslated regions of mRNAs in vitro, and is involved in cellular response to heat 

shock (Bousquet-Antonelli and Deragon, 2009, Merret et al., 2013). LARP4 also 

interacts with mRNA untranslated regions, and promotes mRNA stability through 

interaction with the poly (A)-binding protein (Schaffler et al., 2010). 

 

The LARP6 Subfamily 

In addition to the La motif and RRM, LARP6 contains a conserved motif in its C-

terminus, called the SUZ-C or LSA motif (for “La- and SUZ-C-associated” motif) 

(Bousquet-Antonelli and Deragon, 2009). This sequence is found in other RNA binding 

proteins and may be involved in intermolecular interactions and subcellular localization 

(Stavraka and Blagden, 2015). In mammals, LARP6 regulates the translation of the 

collagen type I α subunit (Martino et al., 2015). Type I collagen is the most abundant 

protein in the human body, making up most muscle tissue, both skeletal and smooth 

(Smith and Rennie, 2007). With such a wide range of tissues affected, it is strongly 

suspected that LARP6 plays a role in the development of fibrosis, a disease characterized 

by normal tissue damage through excessive production of extracellular matrix 

components (Wynn, TA. 2008).   

 

However, LARP6 is also conserved in eukaryotes that do not produce collagen, 

such as plants. Thus, the global cellular role of LARP6 proteins is not yet fully 

understood.  In contrast to the one LARP6 gene found in most animals (larp6), some 
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plants contain three LARP6 genes (larp6a, larp6b, and larp6c). Only the LARP6b 

proteins have evolved an endogenous poly-His tract (Figure 1-4). 

 

 

Figure 1-4. Multiple sequence alignment of LARP6 across species. Sequence alignment of LARP6a, 
LARP6b, and LARP6c from multiple species. Histidine-rich tracts are only found in LARP6b proteins. Bd: 
Brachypodium distachyon, Os:	Oryza sativa, Zm: Zea mays, Sb: Sorghum bicolor, Cp: Carica papaya, 
Gm: Glycine max, Me: Manihot esculenta, Pt: Populus trichocarpa, Cs: Cucumis sativus, At: Arabidopsis 
thaliana. 

 

The LARP6b of the model organism Arabidopsis thaliana has both a poly-His 

and an extended poly-His tract. The contiguous poly-His region is near the C-terminus of 

the protein sequence (residues 490-496), while the extended poly-His tract consisting of 

10 histidine residues within a 16-residue motif is closer to the N-terminus (residues 111-

126).  
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Figure 1-5. The AtLARP6 proteins. A.thaliana expresses three paralogues of LARP6, each of which has a 
La motif, RNA recognition motif, and an LSA motif. LARP6b and LARP6c also possess a poly-A Binding 
Protein motif (PAM2). Only LARP6b contains poly-His tracts.  
 

Another difference between the LARP6 paralogs of Arabidopsis is the presence of 

a Poly-A Binding Protein Association Motif (PAM2) in the N-terminus of both LARP6b 

and LARP6c. This PAM2 motif may play a role in mRNA regulation, as the mammalian 

LARP6 has been implicated in collagen mRNA regulation (Stefanovic et al., 2014, 

Merret et al., 2013).  

 

Known characteristics of plant LARP6 proteins  

 Merret et al. were the first to study RNA binding activity of plant LARP6 proteins 

by conducting isothermal titration calorimetry (ITC) experiments. Merret and colleagues 

purified the La modules of LARP6a and LARP6c, but were unable to reliably express the 

LARP6b La module (Merret et al., 2013). Using 10-nt and 20-nt homopolymeric RNA 

tracts for A, U, G, and C nucleotides as ligands for ITC, they found that LARP6a binds 

the 20-nt poly(A) ligand with a fairly high affinity (Kd = 0.3 µM). In contrast, LARP6c 
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shows strong binding to the poly(U) ligand (Kd = 1.7 µM). This result suggests either 

different binding mechanisms and/or preferred target ligands (Merret et al., 2013).  

 

In the studies described above, only the La modules of AtLARP6a and AtLARP6c 

have been previously purified. The work described in this thesis builds on this research 

by producing the full-length AtLARP6 proteins. Several experiments were conducted to 

optimize the expression and solubility of each protein, leading to the novel purification of 

each full-length A. thaliana LARP6 protein. We began characterization of the full-length 

proteins through limited proteolysis and intrinsic disorder algorithms to probe for 

preliminary structural data. We also began to develop a platform for studying the role of 

poly-His tracts in vivo. An Atlarp6b-egfp fusion product was designed for future 

expression in A. thaliana, to be visualized through fluorescent microscopy.  
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II. MATERIALS AND METHODS 

AtLARP6 Sequences  

AtLARP6a 
MSSLPLRSGEKMESPSISDAVPLHAPEDATADFSQPQSPLHEVDSFPVTESSDD
VVVNVSEIPNLSPSDDDFDHERNSGEDRDQDHGENPVETDGVVVPIDELNQKII
RQVEYYFSDENLPTDKFLLNAMKRNKKGFVPISTIATFHKMKKLTRDHALIVSA
LKESSFLVVSADEKKVKRLSPLPEIRDPKIFTVLVENLPEDHSNENIREIFGKA
GSIKSVSICDPNAVEESEKGGKKENFIRTRLHAFVEYETVEAAEKAAATLNNEQ
DWRNGLRVKLLEQAAGKFAQRRPARREVDKEKDTTGRVHDQTGGEKNKKTREHQ
NHRLHHSDNPADDDGGNHQKDKNGNKGRVVGQGRRQNHQGGNGIGHGTASSSSH
PNYHPVEVSKRPPGPRMPDGTRGFTMGRGKAIPPPTSTQTSHEV 

• Amino acids: 422  
• Molecular weight: 46.84183 kDa 
• Theoretical pI: 6.11 
• Molar Extinction coeffiecient: 11460 

AtLARP6b 
MADQQTLDSSTPPPTQSDDLSHSHSTSSTTSASSSSDPSLLRSLSLSRLNAGAP
EFVPGRTTPPLPQPPRMIIPPPPPHGMLHMYHHQPPFNTPVLGPVPIQPHLVPV
QNHHPHHRFHQHHHHNRHQNQQYVPVRNHGEYQQRGGVGGEQEPDLVSKKNDRR
DHSKRESKNDQVTETGASVSIDSKTGLPEDSIQKIVNQVEYYFSDLNLATTDHL
MRFICKDPEGYVPIHVVASFKKIKAVINNNSQLAAVLQNSAKLFVSEDGKKVRR
ISPITESAIEELQSRIIVAENLPEDHCYQNLMKIFSTVGSVKNIRTCQPQNNGS
GAPPAARSAAKSDGTLFSNKVHAFVEYEIVELAERAVTELSEAGNWRSGLKVRL
MLKHQTKEPKQGQGRGRKGHDADVEHEEDDATTSEQQPIEKQSDDCSGEWDTHM
QEQPIGEDQGNEKAAGQRKGRNRGRGKGRGRGQPHQNQNQNNNHSHNQNHNHNG
RGNHHHHHHHQVGTQPSNNPMNNMEQPGMGKQQPPGPRMPDGTRGFSMGRGKPV
MVQAE 

• Amino acids: 545 
• Molecular weight: 60.58897 kDa  
• Theoretical pI: 7.9  
• Extinction coefficients: 23170 native, 22920 reduced  

AtLARP6c 
MAQMQREEVESVTTEKKRLDGGGGSSGAQATAFKFNAQAPEFVPRSHTTAPAPQ
VSPVSGYFYPCFHYNGGCIGGCGGGVCGGGGTGVGTQSSDWIYVGGGDPTAQHQ
HVHDPAAAFYISNPAVQFPASQNSSSSSKNLLSDDLRLKIVKQVEYQFTDMSLL
ANESISKHISKDPEGYVPVSYIASTKKIKALTSNHHLVSLALRSSSKLVVSEDG
KKVKRTSQFTDRDREELQGRTVVAENLPDDHSYQNLEKIFGVVGNVKAIRICHP
PESNSSRPKGDFLMSNKIHALIEYDNTVIADKAVEKLNDERNWRKGLRVRLLLR
CSPKSVLKNRRNFDGILIDDELPSYESGEDSPRLHLTESQLDNDGDDNNVGGLW
GKGRGKGRGRSPRSYAVGGGGRSFGIGLGVSLGIPSLGSHESSSPKTATKGPRM
PDGTRGFTMGRGKPSISLSPNNL 

• Amino acids: 455 
• Molecular weight: 48.95874 kDa  
• Theoretical pI: 9.02  
• Molar extinction coefficients: 34755 native, 34380 reduced 

 

 

Transformations 
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DH5a ultra-competent cells were thawed on ice from -70˚ C storage. 0.5 µL 

pET28-SUMO His6 AtLARP6 expression was added to DH5α cells and incubated on ice 

for 30 minutes. Cells were then heat-shocked at 37˚ C for 1 minute and 30 seconds. Cells 

were placed on ice for 2 minutes following heat-shock for recovery. 700 µL of LB was 

added to cells, and cells were placed in a 37˚ C incubator at 250 rpm for 1 hour. Cells 

were removed and plated on antibiotic selection LB-Agar plates and placed in 37˚C 

incubator overnight.  

 

Overnight cultures  

For DNA minipreps: 5 µL of antibiotic was added into 5 mL of LB media, 

colonies from plates were scraped onto a pipette tip and dropped into glass tube 

containing media/antibiotic. Tubes were placed in the 37˚ C incubator shaking at 250 rpm 

overnight.  

For large-scale expressions: 50 µL of primary and secondary antibiotics were 

added to 50 mL of LB media, colonies from plates were scraped onto a pipette tip and 

dropped into flask containing media/antibiotic. Flasks were placed in the 37˚ C incubator 

shaking at 250 rpm overnight. 

 

Recombinant protein expression 

Flasks containing 1L LB media were inoculated with 10 mL of overnight culture 

and placed in a 37˚ C incubator under shaking conditions. OD600 was monitored one 

hour after incubation, and subsequently monitored every 30 minutes afterwards until 

reading was between 0.4 – 0.8. Cultures were removed and placed on ice for 10 minutes, 
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with occasional shaking. 1 mL of 1M ITPG was added to cultures, and flasks were placed 

in a 16˚C incubator under shaking conditions overnight. Cultures were removed and spun 

down in 250 mL increments at 5000xg for 8 minutes at 4˚ C. Pellets were stored at -20˚C.  

 

DNA electrophoresis and extraction 

PCR products were verified and extracted via agarose gel electrophoresis. 0.7% 

agarose gels were loaded with samples and run for 1 hour at 90 V.  DNA was visualized 

under UV light for presence of intercalated ethidium bromide. DNA bands were excised 

from gel and purified using the Omega E.Z.N.A Gel Extraction Kit via spin protocol.  

 

Cloning 

Cloning vectors and primers were designed electronically using SnapGene 

restriction site cloning. Sequence for the pER-HA plasmid was provided by Dr. Hong-gu 

Kang. Restriction sites XhoI and SnaBI were built into the primers to amplify the 

AtLARP6b-eGFP fusion products. Completed SnapGene plasmids were created through 

SnapGene’s restriction site cloning feature.  
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Figure 2-1. Arabidopsis thaliana cloning vector: SnapGene created vector of the pER-HA-AtLARP6b-
eGFP construct to be transfected into A. thaliana cells.  
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Figure 2-2. Proposed vector for bacterial cloning of AtLARP6b-eGFP gene product fusion. SnapGene 
created vector of the pET28SUMO-AtLARP6b-eGFP construct to transfect E. coli cells.  
 

Purified DNA fragments were digested using 1 µL of Restriction Enzyme per 20 

µL of DNA, with CutSmart Buffer and incubated at 37˚ C for 1 hour. Products were 

extracted and purified by agarose gel electrophoresis and Omega E.Z.N.A kit.  
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Table 2-1. Primers used in cloning procedures  
 

 

 

Ligation  

Digested and purified DNA fragments were ligated together using T4 Quick 

Ligase and T4 Quick Ligase buffer. Samples were incubated at room temperature for 10 

minutes and then placed on ice.  
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Solubility screening assay 

Cell pellets were thawed on ice, and 25 mL of 1x Standard Buffer (50 mM 

sodium phosphate mono/di basic, 200 mM NaCl pH 8.0) with protease inhibitor 

(ThermoFisher) was added. Cells were sonicated while on ice for 2 minutes (20 seconds 

of 1 pulse, 30 seconds of rest). Sonicated product was transferred to a 50 mL Oak Ridge 

centrifuge tube and centrifuged at 18,000xg for 25 minutes at 4˚C. 10 µL of supernatant 

was used for each sample, which ultimately contained 10 µL 10x standard buffer, 10 µL, 

10x Additive (Table 2), 80 µL MiliQ H20. (Control contained 10 µL 10x standard buffer 

and 90 µL MQ H20). Samples were incubated at 4˚ C for 2 hours. Solutions were 

transferred into an Amicon Ultra 0.5 mL centrifugal filter system and centrifuged for 20 

minutes at 15,000xg at 4˚C. Aggregated protein in the retentate fraction was re-suspended 

by vigorously pipetting across the membrane surface with 30 µL of MQ H2O. 20 µL of 

filtrate and retentate fractions were treated with 5 µL of 5x SDS Sample buffer and 

incubated at 90˚ C for 5 minutes. Samples were then loaded onto a 0.75mm 10% SDS 

polyacrylamide gel and electrophoresed at 200 V for 45-60 minutes. Proteins were 

transferred to a nitrocellulose membrane using a Trans-Blot Turbo on high molecular 

weight setting. For detection of His-tagged proteins, the membrane was placed in 2% 

BSA blocking solution in 1x TBS and incubated overnight at 4˚C with shaking. The 

membrane was then probed with a 1:5000 dilution anti-His probe conjugated to 

horseradish peroxidase (HRP) (Pierce) lyophilized in 0.1M MES pH: 5.5 for 1 hour under 

shaking conditions at 4˚C. The membrane was then washed with 1x TBS. The bound 

HRP was detected with homemade chemiluminescence solution (25 mL 1 M Tris, pH: 

8.8, 1.25 mL 250 mM luminol, and 5.56 mL 90 mM 4IPBA) and 12.5 µL hydrogen 
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peroxide for 1 minute (Mruk and Cheng, 2011), and then imaged with a ChemiDoc 

XRS+ Molecular Imager.  

Table 2-2. Chemical Additives for each solubility screening assay 
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Purification of recombinant AtLARP6 proteins  

Table 2-3. Buffers used for Ni-NTA Elution and SEC  

 

 

Ni-NTA affinity chromatography 

Cells were thawed on ice and re-suspended in 30 mL of lysis/wash 1 buffer with 

added EDTA-free protease tablet. Cells were then sonicated at 30% amplitude at one 

pulse for a total of 2 minutes. Lysate was transferred to an Oakridge centrifuge tube and 

centrifuged at 18,000xg for 20 minutes at 4˚ C.  

 

Ni-NTA beads suspended in 20% ethanol were equilibrated for binding by first mixed 

with MilliQ water, pelleted by centrifugation, and re-suspended in MilliQ water three 

times before repeating the process with two volumes of lysis buffer. Beads were then re-

suspended in lysis buffer and added to the supernatant from the centrifuged lysate. The 

mixture was incubated for one hour at 4˚C under shaking conditions.  
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The bead/lysate mixture was decanted into a glass flex column, and the beads 

allowed to settle. The solution in the column was collected in a conical vial as the flow-

through fraction. The beads were washed with 20 mL of lysis buffer, which was collected 

as a single fraction. A second wash was performed with 24 mL of Wash 2 buffer, which 

was collected in four 6 mL fractions. Finally the His-tagged proteins were eluted with 24 

mL of Elution buffer, which was collected in 4 mL fractions. Fractions were analyzed by 

10% SDS-PAGE and Coomassie blue staining to identify fractions that contained protein 

of interest. 

 

Ni-NTA elutions were pooled in a Vivaspin Turbo 50 mL conical vial with 

30,000 MWCO filter and initially concentrated at 4 ˚C for 10 minutes at 4,000xg. 

Additional concentration was conducted by increments of 5-10 minutes until the retentate 

volume was 1.5-3 mL. Retentate was further filtered through a Fisher 0.2 µm syringe 

filter and injected into the Sephadex S200 gel filtration column for size exclusion 

chromatography (SEC). Elution from the SEC was collected in 2 mL fractions at a flow 

rate of 1 mL/min. 

 

Size exclusion chromatography  

 FPLC fractions corresponding to the major peaks of absorbance at 280 nm were 

analyzed by SDS-PAGE gel to determine fractions containing purified protein. Protein-

containing fractions were pooled and treated with 450 µL 24.7 µM ULP1 enzyme 

(enough enzyme to account for the unknown protein concentration) and incubated for 2 

hours at 16˚C. The solution was again concentrated via centrifugal filter at 4˚C and 
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filtered through a 0.2-micron syringe filter and injected into S200 column for fraction 

collection at 1 mL/min flow rate to separate the full-length LARP6 protein from SUMO 

and ULP1.  

 

Eluted FPLC fractions were analyzed by SDS-PAGE and Coomassie blue 

staining. Purified and cleaved protein fractions were pooled and snap frozen by liquid 

nitrogen into 50 µL aliquots prior to storage at -70 ºC. 

 

Limited proteolysis  

 Limited proteolysis by trypsin was conducted with AtLARP6 protein on ice, using 

240 µL of protein and 4 µL of 1 mM trypsin. 20 µL samples collected at set time points 

and immediately boiled at 90˚C. After 3 hours, samples collected over the time course 

were subjected to SDS-PAGE and subsequently prepared for silver staining. SDS-PAGE 

gels were fixed in 50% ethanol for 30 minutes before staining with silver solution for one 

hour. SDS-PAGE gels were washed with 200 mL of MilliQ water three times before 

being exposed to developing solution. SDS-PAGE gels were shaken by hand in 

developing solution until bands were clearly visible. Kill solution was added to arrest 

further development of the SDS-PAGE gels, and gels were imaged after 30 minutes of 

incubation with kill solution.  
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SLIDER disorder prediction data 

 Sequences of AtLARP6 proteins were entered into the SLIDER intrinsic disorder 

predictor, and compared to the human (Hs) HNRNPA1 RNA-binding protein, which is 

relatively well characterized when compared to the LARP6 proteins (Table 2-4). A 

SLIDER score above 0.538 is indicative of predicted disorder within the protein (Peng et 

al., 2014).  

Table 2-4. SLIDER Scores  

Prot. ID,SEQ,SLIDER score (the higher the more likely a protein has long disorder 
segment)  

AtLARP6a (0.8700570293766754) 

 
AtLARP6b (0.8772569036081675) 

 
AtLARP6c (0.7311140512396886) 

HsHNRNPA1 (0.6392310511576451) 

MSKSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRGFGF
VTYATVEEVDAAMNARPHKVDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEE
HHLRDYFEQYGKIEVIEIMTDRGSGKKRGFAFVTFDDHDSVDKIVIQKYHTVNGHNCEV
RKALSKQEMASASSSQRGRSGSGNFGGGRGGGFGGNDNFGRGGNFSGRGGFGGSRGGGG
YGGSGDGYNGFGNDGGYGGGGPGYSGGSRGYGSGGQGYGNQGSGYGGSGSYDSYNNGGG
GGFGGGSGSNFGGGGSYNDFGNYNNQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQ
GGYGGSSSSSSYGSGRRF 
 

 

 

 

  



	 27 

 

III. EXPRESSION AND PURIFICATION OF  

ARABIDOPSIS THALIANA LARP6 PROTEINS 

 

Introduction 

The isolated RNA-binding La modules of AtLARP6a and AtLARP6c have been 

previously successfully expressed and purified as recombinant proteins in E. coli (Merret 

et al., 2013). However, the full-length proteins have not been purified or biochemically 

characterized, which is critical for understanding the intramolecular interactions that may 

regulate LARP6 function. Preliminary work in our own laboratory indicated that the full-

length AtLARP6a and AtLARP6c proteins could be produced in E. coli when fused at the 

N-terminus to the SUMO protein (D. A. Horn and K. A. Lewis, unpublished). However, 

previous attempts to purify either the La module of AtLARP6b (Merret et al., 2013) or 

the full length AtLARP6b (by Daniel Horn in our own laboratory) were unsuccessful.  

 

We hypothesized that the addition of solubility-enhancing chemical additives to 

the purification buffer conditions would prevent protein aggregation and improve protein 

yield. Churion and Bondos devised a protocol for identifying ideal chemical additives to 

improve solubility of proteins, especially those that may be intrinsically disordered 

(Churion and Bondos, 2012). The assay starts by testing osmolytes of varying chemical 

characteristics to identify what category of chemical interaction is the most effective. 

These chemicals affect the entropy of the solvent to improve protein stability, allowing 

for greater protein purification yields (Churion and Bondos, 2012).   
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Solubility screening assays were conducted on cell lysates containing the proteins 

of interest to determine the ability of various classes of chemicals to enhance fusion 

protein solubility. The screening assays were then repeated using various chemicals from 

that helpful class to identify which specific chemical was most effective, and at what 

concentration. The optimal concentration of the identified chemical additive was then 

added to the Ni-NTA and SEC buffers for large-scale purification. To obtain biochemical 

quantities of LARP6 proteins, the N-terminal SUMO-tagged AtLARP6 proteins were 

separated from crude cell lysate first by Ni-NTA affinity chromatography, and further by 

size exclusion chromatography (SEC). After confirming the presence of the protein by 

SDS-PAGE, the SUMO tags were cleaved from the LARP6 protein of interest using the 

enzyme ULP1, and the cleaved SUMO separated from LARP6 using SEC.  

 

Results 

Calibration of SEC S200 Column  

Before carrying out any protein purification, it was necessary to generate a 

standard curve for elution from the Sephadex 200 gel filtration column (GE Healthcare). 

Size exclusion chromatography (SEC) separates molecules by molecular weight using 

porous beads that accommodate smaller molecules, causing larger molecules to elute 

more quickly. Because each size exclusion column can pack slightly differently, it is 

important to calibrate this particular column in order to precisely calculate the apparent 

molecular weights of eluted proteins.   
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To establish a standard curve, a set of proteins (and a sugar, Blue Dextrose) with 

known molecular weights ranging from 6.5 -2000 kDa were applied to the column. By 

eluting various combinations of these proteins from the S200 column, the average elution 

volume (Kav) was determined for each protein using Equation 1.  

𝐾"# = 	
&'(&)
&'(&*

                                                       (Eq. 1) 

where Ve is the elution volume of the protein, Vc is the total column volume (our column 

volume is 120 mL), and Vo is the void volume (empirically determined as described 

below). To ensure baseline resolution of the standard proteins, molecular weight 

standards were analyzed using three separate SEC runs. Generally, in size exclusion 

chromatography, elution volume is inversely related to molecular weight, as proteins with 

higher molecular weight elute from the column first and smaller molecular weight 

proteins elute later. The molecules used to create the standard curve were grouped into 

high and low molecular weight groups, eluting as the blue and gray peaks, respectively 

(Figure 3-1, panel A). Blue Dextran was used to identify the void volume, as it would not 

interact with any of the column beads due to the large molecular weight (2,000 kDa).  
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Figure 3-1. Calibration of S200 column with molecular weight standards. (A) Overlaid elution profiles 
of the GE Molecular Weight standard kit. Peaks of each protein are marked above the UV chromatography 
curve, with unique markers corresponding to each protein. (B) Kav was calculated per Eq. 1, and plotted as 
a function of the logarithm of molecular weight (in Daltons). The data were fit with least-squares linear 
regression line. 
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Our lab has previously attempted to obtain the full-length AtLARP6b-SUMO 

protein, but it appeared that LARP6b aggregated during purification, as demonstrated by 

indistinguishable elution peaks from the calibrated S200 column (Figure 3-2).  

 

 

Figure 3-2. Initial purification of AtLARP6b. AtLARP6b chromatogram of a Sephadex 200 column 
elution lacks a sharp peak, indicating a poly-disperse solution, which is consistent with protein aggregation. 
This result prompted solubility screening using different additives to prevent protein aggregation and to 
promote protein stability. 
 

Optimization of protein expression conditions 

 To successfully purify recombinant AtLARP6b protein, the first task was to 

optimize protein expression. Sufficient production of recombinant protein by bacteria is 

vital to the process of retrieving purified protein. Bacterial plasmids containing the gene 

for the protein of interest were transformed into competent cells and grown to an optimal 

optical density value (OD600 = 0.5-0.8) to ensure bacteria were in the logarithmic phase of 

growth when protein expression was induced. Optimal expression of proteins will 
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contribute to an improved yield of purified protein by producing an adequate amount of 

starting material before the purification process begins. The β-galactoside analog 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to the cultures to induce 

production of the product protein by activating the lac promoter, which controls 

expression of the T7 RNA polymerase that in turn transcribes the desired gene (Studier, 

F. 2005). Cells were harvested by centrifugation after completion of the expression 

period and stored as frozen pellets prior to protein purification.  

 

Identifying water sources for bacterial culture – At the time that protein expression was 

being tested, the department had recently upgraded the house deionized water system to 

an Evoqua-brand system, which produced >18.0 MΩ water. To test if the upgraded water 

was suitable for bacterial growth and protein expression cultures, growth curves were 

measured with four cultures of E. coli grown in LB prepared with either MilliQ-polished 

diH2O (2 cultures, “MilliQ A” and “MilliQ B”) or house deionized water LB (2 cultures, 

“House A” and “House B”). 10 mL of the same overnight culture was used to inoculate 

each liter of LB, and the cultures grown in the same shaker at 37ºC. Bacterial growth was 

measured by OD600 over several hours (Figure 3-3). Out of the four cultures, the house 

deionized “B” and MilliQ “A” cultures grew the fastest, possibly because they were 

positioned nearest to the heat vents inside the incubator shaker. Overall, though, OD600 

readings were very similar, indicating that house deionized water was suitable for 

bacterial expression.  
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Figure 3-3. Testing bacterial growth using two deionized water sources. Growth of E. coli containing 
pET28:SUMO-AtLARP6b plasmid before induction of recombinant protein expression with IPTG. Two 
independent cultures were grown in LB media prepared with MilliQ-polished water, and two were grown 
in LB media prepared with Evoqua house deionized water. All cultures were grown at 37ºC. Beginning at 
one hour after inoculation, OD600 measurements were taken every thirty minutes. No significant differences 
in cell growth were observed between the different water sources.  
 

 

Expression of AtLARP6b – Previously in the lab, AtLARP6b was robustly expressed at 

23 ˚C for 4 hours (D.A. Horn and K.A. Lewis, unpublished). Repeated expression trials 

showed that expressing protein for 16 hours at 16 ˚C yielded much stronger bands than 4 

hours at 23 ˚C, though degradation products were also more apparent (Figure 3-4).  
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Figure 3-4. Small-scale expression trial of AtLARP6b. Western blot of small scale expression conducted 
by DAH shows protein expression levels across varying times, temperatures, and cell lines (BL21 vs 
Rosetta E. coli cells). 
 
 

Expression of AtLARP6c – Optimal expression of AtLARP6c was another concern when 

attempting to purify the full-length protein. Daniel Horn had previously expressed 

AtLARP6c in the Rosetta E. coli strain at 23˚C for 6 hours, which produced bands when 

visualized on a SDS-PAGE gel after Ni-NTA elution, but failed to produce workable 

concentrations of protein eluted from the SEC (Figure 3-5).  
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Figure 3-5. Initial purification of AtLARP6c. Elution profile of AtLARP6c-SUMO over S200 did not 
yield any sharp peaks where protein would be expected. Only a small, broad peak was observed near 75 
mL, where the protein might be present.  
 

To remedy this, just like for SUMO-AtLARP6b above, SUMO-AtLARP6c was 

expressed overnight at 16 ˚C, and then harvested. As discussed in detail below, a large 

amount of protein was recovered from the cell lysate, which was suitable for further 

purification by SEC.  

 

Expression of AtLARP6a – Similarly, previous strong expression of AtLARP6a had been 

observed when expressed at 23 ˚C for 6 hours. However, attempts to reproduce 

expression with this protocol were unsuccessful, yielding very low amounts of protein 

recovered from Ni-NTA elutions (data not shown) and low, broad peaks observed on the 

SEC elution profile (Figure 3-6).  
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Figure 3-6. Initial purification of AtLARP6a. Elution profile of AtLARP6c-SUMO over S200 did not 
yield any sharp peaks where protein would be expected. Only a small, broad peak is observed near 60 mL, 
before where the protein would be expected.  
 

 

Therefore, small-scale expression trials were conducted to monitor the production 

of protein at various times throughout expression. In contrast to our full-scale expression 

cultures that used 1 L liquid broths, small-scale expressions were conducted in 100 mL 

LB.  AtLARP6a was expressed at 16 ˚C, with one culture containing an additional 1% 

glucose to slow the rate of protein production by lowering cyclic AMP (cAMP) levels 

and decreasing binding of the cyclic AMP receptor protein upstream of the lac promoter 

(Studier, F. 2005). The hypothesis was that the lower temperature would enhance protein 

folding and stability, and that the glucose may additionally enhance expression yields. 

Expressing AtLARP6a at 16˚C for 23 hours seemed to be the most effective, producing 

the most prominent bands where the full-length protein is expected when analyzed by 
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SDS-PAGE, in the presence or absence of glucose (Figure 3-7). Future large-scale 

expressions were conducted in the absence of glucose, for simplicity.  

 

 

Figure 3-7. Small-scale expression trial of AtLARP6a. Expression at 16 ˚C both in the presence (+) and 
absence (-) of 1% glucose. Samples taken from the cultures at 23 hours had produced much larger amounts 
of protein than those taken earlier in the expression. Glucose did not appear to improve expression. 
 

Solubility Screening Assays  

We hypothesized that buffer conditions could be identified that would improve 

the solubility and prevent the aggregation of AtLARP6b, resulting in improved protein 

yields during purification and increased stability of the protein during biochemical 

characterization experiments.  A solubility screening assay was used to determine 

chemical additives that may improve the solubility of AtLARP6b (Churion and Bondos, 

2012). The first iteration screened multiple categories of additives, including kosmotropic 
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and chaotropic osmolytes, to identify the best category for solubilization. Kosmotropes 

are chemicals that improve the stability of protein-protein interactions, including 

intramolecular bonding, primarily through the formation of ion-dipole bond networks 

between the protein and the solvent. Chaotropes improve the stability of proteins by 

moderating the interactions between hydrophobic parts of proteins and the otherwise 

ordered hydrogen bonding networks in the aqueous solvent.  

 

The solubility screening assays were conducted using cell lysates, where samples 

of lysate were incubated with different chemical additives and then centrifuged through a 

filter. SDS-PAGE and Western blotting, using an anti-His antibody, were then used to 

measure the protein content in the filter retentate and flowthrough fractions (“R” and “F”, 

respectively).  

 

Based on the Western blot obtained after the first iteration of the assay, it was 

determined that NaCl (a kosmotrope) and amino acids (acting as osmolytes) would be the 

most effective solubility enhancing agents (Figure 3-8). While other osmolytes such as 

glycerol and L-arginine also improved solubility, glycerol produced a small band in the 

retentate lane, and the amino acids such as L-arginine might be more reactive in changing 

pH conditions.    
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Figure 3-8. Initial solubility screening of AtLARP6b. Western blot of solubility screening assay using an 
anti-His antibody. Chemical additives were added to the supernatant of pET28SUMO-AtLARP6b 
transformed cells. Flowthrough (F) and Retentate (R) lanes are labeled for each chemical additive. 300 mM 
NaCl was chosen as the initial group of chemicals to assess based on the lack of signal present in the 
retentate lane and conservative nature of the additive to the standard buffer.  
 

 

The next iteration of the screen evaluated several kosmotropes (Figure 3-9). The 

incubation and centrifugation protocol was repeated using ammonium sulfate, potassium 

chloride, magnesium sulfate, sodium chloride, and sodium sulfate as additives. Of these, 

ammonium sulfate yielded the most intense bands in the flow-through sample and 

minimal signal in the retentate lane. 
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Figure 3-9. Kosmotrope screening of AtLARP6b. Western blot of solubility screening assay using an 
anti-His antibody. Kosmotropic chemical additives as suggested by Bondos were used in the same 
solubility screening assay. Flowthrough (F) and Retentate (R) lanes are labeled for each chemical additive. 
50 mM ammonium sulfate appeared to increase the intensity of degradation product bands when compared 
to the control.  
 

 

Finally, the filter assay protocol was then used to identify the optimum 

concentration of ammonium sulfate for solubility improvement (Figure 3-10). Initial 

testing showed 25 mM ammonium sulfate as the most effective at improving solubility. 

However, a second assay was performed to observe the effects of concentrations closer to 

25 mM ammonium sulfate. This subsequent solubility assay identified 10 mM 

ammonium sulfate as producing a much stronger signal than either 25 mM ammonium 

sulfate or the control. Thus, 10 mM ammonium sulfate was determined to be the most 

effective, and would be used in purification buffers for large-scale purification of the 

recombinant SUMO-AtLARP6 protein, as described below. 
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Figure 3-10. Optimizing ammonium sulfate concentration. Western blots of solubility screening assay 
using an anti-His antibody. (A) Differing concentrations of ammonium sulfate were tested in a subsequent 
round of solubility screening. Flowthrough (F) and retentate (R) lanes are labeled for each chemical 
additive. Lower concentrations of ammonium sulfate, 50 and 25 mM, appeared to improve the intensity of 
both the full-length and degradation product bands when compared to the control. (B) The solubility assay 
protocol was repeated using smaller concentrations of ammonium sulfate to observe an optimal 
concentration. 10 mM ammonium sulfate provided the most intense bands where the full-length protein and 
degradation products were observed, with notable improvement when compared to the control.    
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The success of the solubility screening assay for AtLARP6b suggested that it 

could also be helpful for increasing yields of the other two LARP6 paralogs. While the 

SUMO-tagged AtLARP6a and AtLARP6c had been previously purified, attempts to 

reproduce those results encountered solubility and aggregation problems like those 

experienced when attempting to purify AtLARP6b. Therefore, the same solubility 

screening assay was used to identify conditions that would improve protein yields for 

both AtLARP6a and AtLARP6c.  

 

For SUMO-AtLARP6c, the initial solubility screen was conducted with only 

kosmotropes (Figure 3-11), as these chemicals were most successful at enhancing the 

solubility of AtLARP6b (Figure 3-9). AtLARP6b and AtLARP6c contain three of the 

same conserved domains (Figure 1-5), so chemical additives that have shown success in 

improving the solubility of AtLARP6b would be thought to have a similar effect on 

AtLARP6c. Sodium sulfate was found to produce the most intense full-length protein 

band with no detectable aggregated SUMO-AtLARP6c protein in the retentate.  
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Figure 3-11. AtLARP6c solubility screening assay. Western blot of solubility screening assay using an 
anti-His antibody. Solubility assay using kosmotropic chemical additives on AtLARP6c showed an increase 
in full-length and degradation product band intensity when 50 mM sodium sulfate was added. Flowthrough 
(F) and Retentate (R) lanes are labeled for each chemical additive. 

 

Similar to both SUMO-AtLARP6b and SUMO-AtLARP6c, kosmotropes also 

improved solubility of SUMO-AtLARP6a (Figure 3-12). Also like SUMO-AtLARP6c, 

sodium sulfate was found to produce the most intense full-length protein band with no 

detectable aggregated SUMO-AtLARP6a protein in the retentate.  

 

 

Figure 3-12. AtLARP6a solubility screening assay. Western blot of solubility screening assay using an 
anti-His antibody. Solubility assay using kosmotropic chemical additives on AtLARP6a showed a decrease 
in the intensity of the retentate band when compared to the control. Flowthrough (F) and Retentate (R) 
lanes are labeled for each chemical additive. 50 mM Na2SO4 appeared to improve solubility the most when 
compared to the control.  
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Protein Purification  

His-tagged proteins contain a short chain of contiguous histidine residues able to 

bind divalent metal cations. Ni2+-NTA beads are used to separate His-tagged proteins 

from others in the supernatant for further purification through a size-exclusion column. 

These proteins bind to the nickel beads on the column, and are eluted by competition with 

high concentrations of imidazole in the elution buffer. The eluted protein fractions are 

then concentrated and subjected to a size exclusion column. This procedure might 

separate pure SUMO-tagged protein from degradation products and imidazole present in 

the elution fractions. This initial affinity chromatography successfully isolated His6-

SUMO-AtLARP6b (Figure 3-13), His6-SUMO-AtLARP6c (Figure 3-14), and His6-

SUMO-AtLARP6a (Figure 3-14). 

 

 

Figure 3-13. Ni-NTA elution of pET28SUMO-AtLARP6b. Coomassie-blue stained SDS-PAGE gel of 
fractions collected from a Ni-NTA column during the purification of AtLARP6b. The first four elution 
fractions showed the highest concentration of protein present to continue with SEC.  
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Figure 3-14. Ni-NTA elution of pET28SUMO-AtLARP6c. Coomassie-blue stained SDS-PAGE gel of 
fractions collected from a Ni-NTA column during the purification of AtLARP6c. Elution fractions 2,3, and 
4 contained the greatest amount of protein that was carried forward to the SEC. 
 

 

Figure 3-15. Ni-NTA elution of pET28SUMO-AtLARP6a. Coomassie-blue stained SDS-PAGE gel of 
fractions collected from a Ni-NTA column during the purification of AtLARP6a. Elution fractions 1, 2, and 
3 showed the highest amount of protein present to continue with SEC.  
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The initial size exclusion chromatography of AtLARP6b using the buffers 

containing ammonium sulfate proved successful, although the amount of recovered 

protein was less than desired. The elution volume was lower than expected, at a 

molecular weight corresponding to a dimer. When fractions were checked under reducing 

and denaturing conditions, however, molecular weight was at the expected value of 

around 72 kDa. The purification of AtLARP6b was repeated using the original protocol, 

except using pellets that were induced for 16 hours at 16˚C. The initial concentration of 

protein present in Ni-NTA elution fractions was noticeably stronger when compared to 

previous purification attempts, demonstrating that the solubility screening improved 

purification conditions (Figure 3-16).  
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Figure 3-16. Purification of SUMO-AtLARP6b. (A) Elution profile of AtLARP6b-SUMO after size 
exclusion column over the S200 column. The large peak present at 69 mL is the elution of At6b-SUMO. 
Concentration of protein obtained, approximated by mAU at 280 nm, was much higher than previous 
attempts. Standard molecular weight markers are depicted above the UV chromatography curve, and 
fractions verified by SDS-PAGE are marked by a blue bar. (B) Coomassie-blue stained SDS-PAGE gel of 
the marked fractions. CNi, the control, was the retentate from the concentrated Ni-NTA elution, before 
being injected into the FPLC. Numbers correspond to the eluted fraction number from the FPLC.  
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Digestion of fusion protein by ULP1 

Small Ubiquitin-like modifier proteins are used to tag proteins for purification. 

These small proteins (molecular weight around 12 kDa) are covalently attached to the N-

terminus of target proteins, and have been shown to improve solubility of their target 

proteins (although the mechanism is still not well understood). Optimizing the ULP-1 

cleavage reaction should remove the SUMO tag from proteins of interest, with minimal 

degradation of the target protein.  

 

ULP1 digestion time trials were conducted to determine optimal incubation time 

of protein with ULP1 enzyme for cleavage of the SUMO tag. Ideally, target protein to 

ULP1 enzyme concentration ratio would be 1000:1, but it was difficult to measure 

protein concentration using either intrinsic fluorescence or a BCA assay. A set volume of 

protein to ULP1 ratio was used instead, 100 µL of protein to 5 µL of 24.7 µM ULP1. The 

SUMO tag was successfully cleaved after 2 hours of incubation at 16ºC, indicated by the 

reduction in band size compared to the control and appearance of a second band between 

26-35 kDa (Figure 3-17). Samples incubated for longer periods of time appeared to 

degrade (Figure 3-17).  
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Figure 3-17. ULP1 test digest of AtLARP6b. Coomassie-blue stained SDS-PAGE gel of SUMO-
AtLARP6b treated with ULP1. Cleavage of SUMO from AtLARP6b appeared to be successful after two 
hours of incubation with ULP1 at 16˚C.  
 

 

In the full-scale purification, the SEC-purified fractions of His6-SUMO-

AtLARP6b were incubated with ULP1 enzyme, and transferred to a Vivaspin Turbo 

conical for concentration and then purification over the size exclusion column. The SEC 

elution profile yielded promising results, notably the two sharp peaks observed around 73 

mL and 93 mL, representing full-length AtLARP6b and ULP1-SUMO, respectively 

(Figure 3-18, panel A). Fractions corresponding to those peaks were run on an SDS-

PAGE gel, confirming the presence of both full-length AtLARP6b and ULP1-SUMO 

(Figure 3-18, panel B). The absorbance corresponding to the full-length AtLARP6b peak 

was much higher than previous attempts, indicating the concentration of recovered 

protein would be sufficient for further experimentation. As AtLARP6b was the greatest 

challenge in purification of all three A. thaliana LARP6 paralogues, attention could now 
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be shifted to purifying and ULP1 digestion of the remaining AtLARP6 proteins, starting 

with AtLARP6c.  

 

 
 

 
 
Figure 3-18. Fully purified full-length AtLARP6b. (A) Elution profile of AtLARP6b after SUMO 
cleavage by ULP-1 after size exclusion column over the S200 column. The large peak present at 70 mL is 
the elution of full-length At6b, the peak to the right is the elution of the ULP1 enzyme with SUMO bound. 
Standard molecular weight markers are depicted above the UV chromatography curve, and fractions 
verified by SDS-PAGE are marked by the blue bars. (B) Coomassie-blue stained SDS-PAGE gel of 
AtLARP6b after ULP1 digest and elution from Sephadex 200 column. Samples from the original retentate 
before S200 elution and retentate after ULP1 digest were used as controls, CNi and CULP1 respectively. 
Elutions of AtLARP6b and ULP1/SUMO were selected based on peaks shown on the SEC chromatogram.  
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Nickel-affinity purification of AtLARP6c was conducted using essentially the 

same protocol used for AtLARP6b, but with buffers containing 50 mM sodium sulfate 

instead of 10 mM ammonium sulfate (Figure 3-14). Centrifugal concentration of the 

nickel elution fractions that contained the most intense full-length protein bands produced 

a highly viscous solution, of which 1.5 mL was injected onto the S200 column. The 

chromatogram of this initial SEC run showed a high concentration of AtLARP6c 

recovered, as well as a high concentration of aggregated protein that eluted in the void 

(Figure 3-19, panel A). The initial viscosity of the injected solution may have reflected 

concentration-dependent protein aggregation.  
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Figure 3-19. Purification of SUMO-AtLARP6c. (A) Elution profile of AtLARP6c-SUMO after size 
exclusion column over the S200 column. The large peak present at 72 mL is the elution of AtLARP6c-
SUMO. Concentration of protein obtained, approximated by mAU, was much higher than previous 
attempts. Standard molecular weight markers are depicted above the UV chromatography curve, and 
fractions verified by SDS-PAGE are marked by the blue bars. (B) Coomassie-blue stained SDS-PAGE gel 
of the marked fractions. CNi, the control, was the retentate from the concentrated Ni-NTA elution, before 
being injected into the FPLC. Numbers correspond to the eluted fraction number from the FPLC.  
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Soluble His6-SUMO-AtLARP6c, which was considered to include fractions 22-26 

(Figure 3-19, panel B), was pooled and incubated with ULP1 to cleave the SUMO tag 

from AtLARP6c. The elution profile obtained from the SEC run after ULP1 digestion 

yielded similar results to the profile of AtLARP6b. Sharp peaks were observed for both 

full-length AtLARP6c and ULP1-SUMO, with the AtLARP6c peak detected slightly to 

the right of the AtLARP6b peak (Figure 3-20, panel A and Figure 3-18, panel A, 

respectively). This was expected, as the molecular weight of AtLARP6c is less than that 

of AtLARP6b, around 49 kDa to around 60 kDa of AtLARP6b. The peak representing the 

ULP1-SUMO elution is identical to that previously seen in the AtLARP6b ULP1 digest 

SEC run (Figure 3-20, panel A and Figure 3-18, panel A, respectively). SEC fractions 

corresponding to the peaks were analyzed via SDS-PAGE, which confirmed the presence 

of both full-length AtLARP6c and ULP1-SUMO (Figure 3-20, panel B).  
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Figure 3-20. Fully purified full-length AtLARP6c.  (A) Elution profile of AtLARP6c after SUMO 
cleavage by ULP-1 after size exclusion column over the S200 column. The large peak present at 75 mL is 
the elution of full-length AtLARP6c, the peak to the right is the elution of the ULP1 enzyme with SUMO 
bound. Standard molecular weight markers are depicted above the UV chromatography curve, and fractions 
verified by SDS-PAGE are marked by the blue bars. (B) Coomassie-blue stained SDS-PAGE gel of the 
marked fractions.  
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With fully-purified full-length AtLARP6b and AtLARP6c obtained, efforts were 

shifted to express and purify AtLARP6a. Conducting expression trials and the solubility 

assay with His6-SUMO-AtLARP6a led to a successful purification of AtLARP6a. The 

primary changes to the protocol were to express at 16˚C for 23 hours and the addition of 

50 mM sodium sulfate to Ni-NTA and SEC purification buffers (Figure 3-21).  
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Figure 3-21. Purification of SUMO-AtLARP6a. (A)Elution profile of AtLARP6a-SUMO after size 
exclusion column over the S200 column. The large peak present at 69 mL is the elution of AtLARP6a-
SUMO. The protein concentration, as measured by mAU (280 nm), was much higher than previous 
attempts. Standard molecular weight markers are depicted above the UV chromatography curve, and 
fractions verified by SDS-PAGE are marked by the blue bars. (B) Coomassie-blue stained SDS-PAGE gel 
of the marked fractions. C, the control, was the retentate from the concentrated Ni-NTA elution, before 
being injected into the FPLC. Numbers correspond to the eluted fraction number from the FPLC.  
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Two distinct peaks were observed on the SEC elution profile for the purification 

of His6-SUMO-AtLARP6a (Figure 3-21, panel A).  The first peak is consistent with the 

void volume of the column, possibly indicating aggregated protein, but the second peak 

at around 69 mL could contain His6-SUMO-AtLARP6a (Figure 3-21, panel A). Fractions 

from the initial purification of AtLARP6a were visualized by SDS-PAGE, and those that 

appeared to contain His6-SUMO-AtLARP6a (Figure 3-21, panel B) were pooled and 

digested with ULP1 for two hours. Pooled fractions were run through the SEC after 

ULP1 digest, as done for the other AtLARP6 proteins. The elution profile yielded results 

similar to the previous ULP1 digested protein purifications, with two peaks indicating the 

presence of full-length, cleaved AtLARP6a and ULP1-SUMO (Figure 3-22, panel A). 

Fractions corresponding to the peak observed on the elution profile were analyzed by 

SDS-PAGE, confirming the presence of full-length AtLARP6a and ULP1-SUMO, 

producing similar results as the two other AtLARP6 proteins (Figure 3-22, panel B).  

  

All purified recombinant proteins were aliquoted, snap-frozen in liquid nitrogen, 

and stored at -70 ºC for further characterization. 
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Figure 3-22. Fully purified full-length AtLARP6a. (A) Elution profile of AtLARP6a after SUMO 
cleavage by ULP-1 after size exclusion column over the S200 column. The large peak present at 70 mL is 
the elution of full-length AtLARP6a, the peak to the right is the elution of the ULP1 enzyme with SUMO 
bound. Standard molecular weight markers are depicted above the UV chromatography curve, and fractions 
verified by SDS-PAGE are marked by the blue bars. (B) SDS-PAGE gel of the marked fractions. CULP1, the 
control, was the retentate from the concentrated SEC fractions, before being injected into the FPLC.  
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Limited Proteolysis  

Trypsin is a proteolytic enzyme, or protease, found in eukaryotes that hydrolyzes 

the peptide backbone C-terminal to the positively-charged residues arginine and lysine. In 

general, trypsin will only degrade a stably-folded protein slightly, due to the inaccessible 

arginine and lysine residues within the protein folds. Data from limited proteolysis can 

indicate the presence or absence of stable folded domains in proteins. Limited proteolysis 

by trypsin was conducted with AtLARP6 protein on ice, with 20 µL samples collected at 

set time points. After 4 hours, samples collected over the time course were subjected to 

SDS-PAGE and subsequently silver stained for detailed analysis. Each AtLARP6 protein 

appeared to degrade very differently over the course of the limited proteolysis. Unlike 

AtLARP6b and AtLARP6c, AtLARP6a appeared to aggregate upon thawing. White 

flocculent material appeared after thawing AtLARP6a protein samples from – 70˚C 

storage, but were able to be readily dissolved before continuing with the limited 

proteolysis experiment. This aggregation could be responsible for the multiple intense 

bands observed within the first ten minutes of trypsin exposure (Figure 3-23, panel A). 

AtLARP6b was quickly degraded by trypsin, the intensity of the full-length band 

noticeably faded after the first twenty minutes (Figure 3-23, panel B). AtLARP6c, 

however, remained relatively stable throughout the course of the experiment, with the 

full-length band losing signal only slightly, until the three-hour mark (Figure 3-23, panel 

C). Overall, all three proteins showed low stability, as each limited proteolysis was 

conducted on ice, and no bands appeared to survive the digest. This may also indicate the 

lack of stable domains within the AtLARP6 proteins. Additional experiments probing 

structural data are needed.  
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Figure 3-23. Limited proteolysis of AtLARP6 proteins. Silver-stained SDS-PAGE gels: (A) Limited 
proteolysis by trypsin of AtLARP6a over time with samples on ice. Time measured by the amount of time 
the sample was exposed to trypsin before boiling. (B) Limited proteolysis by trypsin of AtLARP6b over 
time with samples on ice. Lane labels denote amount of time the sample was exposed to trypsin before 
boiling to inactivate the enzyme. (C) Limited proteolysis by trypsin of AtLARP6c over time with samples 
on ice. Lane labels denote amount of time the sample was exposed to trypsin before boiling to inactivate 
the enzyme. 
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Discussion 

Previous work by Merret and colleagues provided valuable insight on the 

AtLARP6 proteins, but many questions remain concerning the characterization of not 

only the RNA-binding domains, but also the full-length AtLARP6 proteins. Our 

experiments have built on this previous work, with a focus on obtaining and 

characterizing the full-length AtLARP6 proteins. 

 

First, recombinant expression conditions for each protein were optimized to 

increase protein yield, which would translate to a higher protein yield during purification. 

Each of the expressions were carried out at a lower temperature than previously 

attempted, which could have improved yield of full-length protein by decreasing the 

effect of thermal denaturation on protein folding. While the higher temperatures used for 

earlier expression trials would not completely denature the protein, heat could still cause 

slight unfolding of hydrophobic regions, making them more vulnerable to aggregation or 

degradation. Future experiments could observe if lower expression temperatures would 

further improve protein yield, or further confirm 16˚C to be an optimal temperature. 

Daniel Horn’s initial successes with higher expression temperatures may also suggest that 

comparable amounts of stable protein could be obtained at slightly higher expression 

temperatures, for shorter periods of time.  

 

Successful expression of proteins is important for further purification and 

analyses on pure protein samples. Merret et al. was able to purify the RNA-binding 
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domains of AtLARP6a and AtLARP6c, but was unable to retrieve a stable AtLARP6b 

binding domain. We also initially encountered issues obtaining AtLARP6b, observing 

SEC elution profiles consistent with protein aggregation. We proceeded to conduct 

solubility screening assays as described by Churion and Bondos to remedy the 

aggregation issue.  Solubility was improved for all three proteins by conducting filter-

based solubility screens with various chemicals. Ammonium sulfate for AtLARP6b, and 

sodium sulfate for AtLARP6a and AtLARP6c noticeably increased solubility when 

compared to the control. AtLARP6b was the most extensively experimented upon, with 

four rounds of screening. Each round of screening narrowed down the potentially helpful 

additives, of which 10 mM ammonium sulfate would prove most effective. It is important 

to note that each solubility screen did identify other potential additives that were not 

pursued, and may be useful in future studies. L-arginine also showed promise on the 

initial solubility screening, but was not used in the subsequent screens due to the limited 

availability of reagents necessary to carry out the amino acid screen. L-arginine has been 

successfully used before to prevent protein aggregation, due to its structural-stabilizing 

ability (Tischer et al., 2010).  

 

Abbreviated solubility screenings of AtLARP6a and AtLARP6c were conducted 

by only testing kosmotropic additives. Since 50 mM sodium sulfate appeared to improve 

solubility in AtLARP6c, the buffer additive was directly tested at that concentration in 

SEC and Ni-NTA buffers. AtLARP6a was also only tested with the kosmotropic group of 

additives, where 50 mM sodium sulfate was again found to be effective. Future screening 

could reveal other chemical additives that also increase solubility of these proteins. The 
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selected buffer additives aided with the purification of each protein by size exclusion 

chromatography.  

 

Size exclusion chromatography produced elution profiles of each protein showed 

higher concentrations of protein recovered than previously achieved, especially with 

AtLARP6b and AtLARP6c. Initial attempts at purifying AtLARP6b were unsuccessful, as 

indicated by the lack of peaks present on the elution profile of the SEC run. After the 

addition of 10 mM ammonium sulfate, a sharp peak at 69 mL was observed, and fractions 

corresponding to that peak contained AtLARP6b. While the observed elution volume did 

not match the expected volume for a monomeric protein, AtLARP6b could have eluted as 

a dimer.  

 

Previous attempts at purifying AtLARP6c were unsuccessful due to the lack of 

concentrated protein obtained. While a peak was observed on the elution profile of 

AtLARP6c, it was of low absorbance, and fractions visualized on a gel confirmed a low 

protein yield. The same elution profile also contained a notable broad peak at the void 

volume of the column, which could be due to AtLARP6c aggregating.  Like AtLARP6b, 

AtLARP6c purification was repeated using the solubility-enhancing buffer additive, 50 

mM sodium sulfate for AtLARP6c, which yielded much better results than previously 

obtained. Concentration of protein was noticeably high during the elution of protein from 

the Ni-NTA beads, where very viscous drops were coming off the column. Concentrating 

the amount of protein recovered from Ni-NTA beads was also challenging, as viscosity 

increased even further. Due to the high concentration of protein present injected into the 
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SEC, a large broad peak was observed at the void volume, presumably from 

concentration-dependent aggregation. Despite the aggregation, a large sharp peak was 

also observed for purified AtLARP6c, which was confirmed by visualization on a SDS-

PAGE gel.   

 

AtLARP6a proved challenging to purify at first, with multiple attempts failing to 

yield workable concentrations of protein. Even when using sodium sulfate to increase 

solubility, as indicated by the solubility screening, protein yield was still low. However, 

elution of AtLARP6a from the Ni-NTA beads appeared to be low when visualized on a 

SDS-PAGE gel, suggesting a lack of protein being expressed in the first place. Small 

scale expression trials conducted with AtLARP6a showed that overnight expression of 

AtLARP6a at 16˚C dramatically increased the amount of protein the bacteria were able to 

produce, which led to a more successful full scale expression. Elution from nickel beads 

using supernatant from the full-scale expression conducted overnight was noticeably 

stronger, and resulting protein yield from the SEC was also much higher. The high yield 

of AtLARP6a-SUMO allowed for follow-up ULP1 digest and recovery of SUMO-

cleaved AtLARP6a from a subsequent SEC run.  

 

Purified full-length proteins were cleaved from their SUMO tag by ULP1 digest, 

and obtained after another size exclusion column run. ULP1 digests of each tagged-

protein yielded ample cleavage of the SUMO tag when visualized on a gel. One band was 

observed for fractions containing the cleaved protein, with no other visible traces of the 

tag present. Visualization of the full-length, SUMO-cleaved A. thaliana LARP6 proteins 
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on a SDS-PAGE gel confirmed the presence of the target proteins. Each protein eluted 

from the size exclusion column at a higher molecular weight than what would be 

expected for a monomeric protein, but matched the expected molecular weight on SDS-

PAGE gels. Therefore, we have now produced biochemical quantities of pure 

Arabidopsis thaliana LARP6a, LARP6b, and LARP6c proteins. 

 

With these proteins in hand, novel characterization of full-length AtLARP6 

proteins is now possible. Limited proteolysis provided insight on protein stability when 

digested with trypsin. AtLARP6a appeared to aggregate upon thawing, and full-length 

protein remained intact for only about ten minutes (Figure 3-23, panel A). AtLARP6b 

was quickly degraded, with a noticeable decrease in band intensity after twenty minutes 

of trypsin exposure (Fig 3-23, panel B). In contrast, the full-length AtLARP6c band 

degraded at a much slower rate (Fig 3-23, panel C). In all cases, no degradation products 

remained stable throughout the digest. 

 

The relationship between molecular weight and SEC elution volume is 

complicated by the presence of intrinsic disorder in proteins, where the hydrodynamic 

radius is skewed (English, L. 2016). SLIDER was used to predict disordered regions 

within the A. thaliana LARP6 proteins to reference when evaluating SEC chromatograms 

and limited proteolysis data (Table 2-4). All three A. thaliana LARP6 proteins are 

predicted to have at one long disordered segment, at least 30 amino acids in length (Peng 

et al., 2014).  
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While the SLIDER data can only provide predictions on disordered segments, this 

data may help to explain the lack of stability observed with all three AtLARP6 proteins 

from the limited proteolysis experiments. Further experimentation is needed to account 

for the lack of stable degradation products observed in each limited proteolysis. The 

predicted disorder may also explain the higher molecular weight observed from the SEC 

elution profiles of each protein. Now that the full-length proteins have been purified, 

further data explaining these phenomena could be obtained in the near future.  

 

Future Directions 

The SUMO/ULP1 tag and cleavage system was sufficient for our initial 

experiments, but it should be noted that our lab also has stocks of expression vectors for 

the A. thaliana LARP6 proteins as fusions to a chitin-binding domain (using the 

IMPACT protein expression system and pTXB1 vector) if an alternative system would be 

required in the future. This chitin-binding domain system could be useful in collaborating 

with other labs that may prefer utilizing that system. As Merret et al. tested RNA-binding 

activity of the La module and RRM for AtLARP6a and AtLARP6c, we could also test 

RNA-binding activity of the full-length AtLARP6 proteins through electromobility shift 

assays (EMSA) as a comparison. Additional biophysical information about the stability 

of each LARP6 protein should be obtained using either thermal or chemical denaturation 

as well as possible mass spectrometry to identify the boundaries of proteolytically-

protected fragments.  
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The endogenous poly-His tracts present in AtLARP6b also raise questions as to 

why these tracts are only found in LARP6b, and what potential cellular function they 

may have. Probing the functions of poly-His tracts both in vitro and in vivo may elucidate 

the functions of plant LARP6, which are still largely unknown. Creating an A. thaliana 

expression construct would serve as one of the first steps to further research on both the 

role of endogenous poly-His tracts and the LARP6 family in plants. 
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IV. A LARP6-GFP PLATFORM FOR RECOMBINANT EXPRESSION IN 

PLANTS 

 

Introduction 

Arabidopsis thaliana LARP6 proteins have been shown to localize to the 

nucleolus and to sub-cytoplasmic foci under hypoxic stress when transiently expressed in 

onion epidermal cells (Merret et al., 2013). AtLARP6a is mostly present in the nucleolus, 

and does not aggregate to sub-cytoplasmic foci, most likely stress granules, under stress. 

AtLARP6b and AtLARP6c are also present in the nucleolus, but contrary to AtLARP6a, 

do localize to sub-cytoplasmic foci under hypoxic stress. The difference in localization 

under stress may be attributed to the presence of the PAM2 motif in AtLARP6b and 

AtLARP6c. However, the poly-His tracts in AtLARP6b may also be contributing to 

localization mechanisms as these motifs have been previously shown to guide 

localization (Salichs et al., 2009).  

 

To test the significance of the poly-His tract in AtLARP6b, a GFP-AtLARP6b 

fusion product was created by cloning into an A. thaliana expression vector. PCR cloning 

of gene products, followed by restriction enzyme digestion and ligation of GFP and 

AtLARP6b products was used to create the fusion product to be inserted in the vector. 

This vector can then be transfected into A. thaliana cells, and the fusion product can be 

visualized under normal and hypoxic stress conditions by confocal microscopy in vivo.  

Site-directed mutagenesis can then be used to selectively delete the poly-His tracts 

present in AtLARP6b, and the same transfection/visualization of localization experiments 
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repeated to observe any difference in localization in the presence and absence of the poly-

His tracts.  

 

Results 

PCR Amplification  

The two genes that were to be inserts, larp6b and egfp, were synthesized by PCR 

synthetic DNA oligonucleotide primers, which contained complementary restriction sites 

(Table 1). The template for larp6b amplification was Arabidopsis cDNA, a kind gift of 

Dr. Hong-gu Kang (Texas State University), and PCR carried out with primers KAL056 

and KAL057. The template for egfp amplification was a yeast expression plasmid that 

encoded a GFP-tagged version of the human epithelial sodium channel (ENaC), a kind 

gift of Dr. Rachell E. Booth (Texas State University), and PCR was carried out with 

primers KAL058 and KAL059. PCR products were visualized on an agarose-TAE gel. 

Amplified gene products were observed at their expected molecular weights, Atlarp6b is 

1635 bp, and egfp at 717 bp (Figure 4-1). 

 

Figure 4-1. Amplification of AtLarp6b and egfp. Agarose gel of PCR-amplified AtLARP6b and egfp. 
Sharp bands of amplified gene products were observed at their expected molecular weights (Atlarp6b at 
1635 bp, and egfp at 717 bp).  
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The PCR products were then digested with the restriction enzyme NcoI, to create 

the compatible ends on each product for ligation. The digestion products were gel-

purified, and then ligated together. A second round of PCR was carried out using primers 

KAL056 and KAL059, to amplify only the ligated insert, AtLARP6b-eGFP. The 

production of the “full” insert was visualized on an agarose gel. This product would be 

gel-purified, digested with CutSmart, and ligated to the pER-HA plasmid.  

 

Figure 4-2. AtLARP6b-eGFP fusion product.  Ligation of restriction-site digested AtLARP6b and eGFP 
was amplified with the outer primers to create the amplified product, shown in the expected position on an 
agarose gel.  

 

 

The completed plasmid was subjected to a double digest using the same 

restriction enzymes initially used to cut the ends of the complete insert. Transformation 

of ligated insert + plasmid into bacterial cells appeared to be successful, as the product 

appeared to be present when visualized on an agarose gel at the expected molecular 

weight of 2,352 bp in lane 3 (Figure 4-3).  
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Figure 4-3. Mini-preps of DH5α transformed with pER-HA-AtLARP6b-eGFP. Mini-preps (MP) of 
transformed DH5a cells were double digested with XhoI and SnaBI to test for the presence of the 
AtLARP6b-eGFP fusion products, visualized on an agarose gel. Lane 3 (MP3) was thought to contain the 
expected product.  
 

Overlap Extension PCR cloning  

The overlap extension PCR method was used as an alternative to the previously 

attempted restriction site cloning. Cloning through PCR overlap involves the design of 

large primers that not only amplify one target gene, but also amplify a piece of the 

template and adjoining insert sequence. These overlapping products are further amplified 

by large primers that synthesize the entire insert through PCR. The insert also has 

overlapping regions with the template, and another primer is used to directly amplify the 

insert and the template, creating a recombinant plasmid. Primers were designed for these 

stages of PCR amplification, and used with larp6 and egfp template plasmids to create 

products.  This procedure appeared to be successful for the first set of amplifications, but 

subsequent steps yielded no products.  
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Figure 4-4. Final phase of overlap PCR cloning. PCR overlap products of the 3rd phase of overlap 
cloning. Fusion product should have been distinctly present at around 2400 bp, but was instead observed as 
a smear throughout the 1700-2500 bp range.   
 

 

Discussion 

Poly-histidine tracts have been shown to bind divalent metal ions (Walty et al., 

2015) and help localize proteins to sub-nuclear compartments (Salichs et al., 2009).  

However, the function of endogenous poly-histidine tracts in plant proteins remains 

elusive. Experimentation with A. thaliana LARP6b for the use of studying an endogenous 

poly-histidine tract was put on hold after multiple unsuccessful sequencing attempts. 

Troubleshooting by using different cloning methods and primers also proved 

unsuccessful. However, PCR amplification of AtLARP6b, eGFP, and pER-HA appeared 

to be successful by agarose gel analysis.  The use of restriction enzymes and ligase also 

appeared to be successful when samples were run by gel electrophoresis. The final 

product of a pER-HA vector containing a AtLARP6b-eGFP fusion could not be obtained, 

and may require new cloning strategies to progress the project. There are multiple 

alternative cloning methods that could be utilized to create the target vector. An 

alternative A. thaliana vector could also be used, and primers redesigned for 

compatibility with restriction sites present in a new plasmid. The fusion product could 

also be sub-cloned into a bacterial vector, which would be easy to manipulate due to our 

lab’s resources. This would also allow the fusion protein to be expressed, which would 
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glow green if indeed present in colonies, adding another verification step before being 

sent for sequencing.  

 

The poly-histidine tracts in AtLARP6b may also be causing instability within the 

protein. Comparing the limited proteolysis gels of AtLARP6a, AtLARP6b, and 

AtLARP6c, one can see that AtLARP6b quickly degrades, while full-length AtLARP6c 

remains more intact and AtLARP6a degradation products also appear more prevalent 

over time. AtLARP6b and AtLARP6c contain 3 out of 4 conserved sequences: the PAM2 

motif, the La motif, and the LSA motif, yet exhibit different characteristics when exposed 

to the same enzyme. This could be tested by creating a fusion product with a mutant 

AtLARP6b gene, where the poly-His tracts have been selectively deleted. The mutant 

fusion product would be inserted into the same pER-HA vector and sequenced to 

compare to the unsuccessful sequencing attempts. Further experimentation with 

recombinant plasmids containing larp6a and larp6c could also prove useful, not only to 

compare the success of fusion products but also to visualize localization within the cell 

through confocal microscopy experimentation. Localization of the full-length A. thaliana 

LARP6 proteins could be compared to the localization experiments done by Merret, as 

those were conducted with only the RNA-binding domains of the LARP6 proteins, and 

utilized transiently expressed onion cells.  
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Future Directions  

 The project to study the poly-histidine tracts in AtLARP6b has already been set-

up, but requires revision to retrieve a workable A. thaliana vector. The issues with eGFP 

cloning could also be remedied by using a different fluorescent protein. PCR 

amplification of genes was successful, creation of the fusion product was successful, 

restriction digest of the plasmid was successful, but sequencing of the final product was 

repeatedly unsuccessful. Troubleshooting this aspect and obtaining a complete A. 

thaliana vector would allow the project to continue. This vector could be used to 

transfect A. thaliana plants in vivo, allowing for hypoxic stress tests and visualization of 

protein localization by fluorescent microscopy. Since poly-His tracts have been shown to 

bind divalent metal ions (Walty et al., 2015), conducting metal binding experiments on 

the His7 and extended poly-His tract as found in AtLARP6b could reveal potential 

mechanisms behind their function in vivo.  By studying the cellular localization of GFP-

tagged AtLARP6b, data from these experiments could further our understanding of how 

the RNA binding proteins in the plant LARP6 family function, as well as the 

physiological role  of all LARP6 proteins across species.  
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