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 Diversity-generating retroelements (DGRs) are a class of genetic elements 

that create massive diversity in a target protein. DGRs are capable of creating at least 1020 

unique amino acid sequences. The only other systems known to create such diversity in 

proteins are found in the adaptive immune systems of vertebrates. DGRs were initially 

discovered in the temperate bacteriophage BPP-1. This DGR was shown to be beneficial 



	  

	  

	  

xi	  

to the phage because it enables the phage to adapt to changes in its host. DGRs operate in 

a reverse transcriptase-mediated and template-dependent process. The DGR reverse 

transcriptase has the unique ability to create adenine-specific infidelity. DGR reverse 

transcriptases belong to a distinct clade of reverse transcriptases, one that little is known 

about. This thesis focuses on the characterization of such reverse transcriptases from two 

thermophilic bacteria. Thermus aquaticus was previously identified as encoding a DGR. 

In this thesis, I show that the T. aquaticus reverse transcriptase, when expressed 

recombinantly in Escherichia coli, likely forms soluble aggregates and is not amenable to 

purification. Additionally, I identify Caloramator australicus as a thermophilic bacterium 

with a DGR. I developed a means to express and purify a truncated version of the C. 

australicus reverse transcriptase, termed CalRT-33. I show that CalRT-33 is thermostable 

but does not form a stable complex with the accessory variable determinant, which is 

distinct from the case for the BPP-1 reverse transcriptase and its accessory variability 

determinant. Lastly, I identify future directions for the study of DGR reverse 

transcriptases from thermophilic organisms. 
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I. Introduction 

 

 Diversity-generating retroelements (DGRs) are a class of genetic elements that 

confer massive diversity in protein-coding nucleotide sequences. DGRs are beneficial 

to the organisms that possess them; in the most understood system, they allow the 

organism the ability to adapt to dynamic changes in its environment (Liu et al. 2002; 

Doulatov et al. 2004). The only other biological systems known to produce such vast 

variability in proteins are found in vertebrate adaptive immune systems. Variation in 

the Ig folds of antibodies and in T-cell receptor proteins found in jawed vertebrates 

can create 1014-16 unique sequences (Davis and Bjorkman 1988). Additionally, 

variation in the leucine-rich repeats of variable lymphocyte receptors found in jawless 

vertebrates, specifically jawless fish, can create 1014 unique sequences (Alder et al. 

2005). This diversity allows for the anticipatory binding of novel ligands (Pancer and 

Cooper 2006). Similarly, DGRs are capable of creating at least 1020 unique amino acid 

sequences of a target protein to anticipate protein interactions (Le Coq and Ghosh 

2011). DGRs have been identified in the genomes of over 330 organisms, including 

bacteria, phage, and archaea (Schillinger et al. 2012; B. Paul, personal 

communication).  

 The prototype DGR was identified in a temperate bacteriophage, BPP-1, which 

infects Bordetella bronchiseptica (Liu et al. 2002; Doulatov et al. 2004). The target 

protein in this system is the receptor binding protein, Mtd (major tropism 

determinant). Mtd is a trimeric protein found on the phage tail fiber that binds a 
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receptor on Bordetella (McMahon et al. 2005). Mtd variability offers BPP-1 a means 

to anticipate environmentally programmed changes in Bordetella (Medhekar and 

Miller 2007).  

 The DGR cassette contains genes encoding three proteins: a target protein 

(TP), an accessory variable determinant (Avd) or equivalent protein, and a reverse 

transcriptase (RT). Also within the DGR cassette are two repeats: the variable repeat 

(VR) is found within the gene encoding the target protein, and the template repeat 

(TR) is found outside the coding region. The relative arrangement of these 5 

sequences within the cassette differs between organisms (Medhekar and Miller 2007). 

The prototype DGR cassette, found in BPP-1, is diagrammed in figure 1.1.  

 

Figure 1.1. BPP-1 DGR cassette. (Doulatov et al. 2004) 

 After it is transcribed to RNA, the template repeat serves as the template for 

reverse transcription. During this reverse transcription, mutations can be introduced at 

adenines, thus creating a diversified copy of the TR that is then re-inserted into the 

genomic DNA to become the new VR. This process is termed “mutagenic 

retrohoming” (Doulatov et al. 2004). The VR is almost always located on the 3’ end of 

the target protein and most often corresponds to the location of a C-type lectin (CLec) 

domain in the translated protein (Zimmerly, unpublished).  
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 BPP-1 Mtd contains twelve variable residues that are organized into the 

solvent-exposed receptor binding sites of the CLec fold, indicative of an elegant co-

evolution (McMahon et al. 2005). The twenty variable residues of another well-

characterized target protein, Treponema denticola variable protein A (TvpA), are also 

localized to the solvent-exposed binding sites of the CLec domain (Le Coq and Ghosh 

2011). Sequence variation does not affect the backbone conformation of the receptor-

binding site in Mtd-1. (Miller et al. 2008). This allows Mtd-1 the ability to maintain its 

structure as a receptor binding protein while changing only its recognition specificity. 

Furthermore, the variable codons in the TR are mostly AAC/T, offering the widest 

range of possible amino acids without the possibility of a stop codon (McMahon et al. 

2005).  

 The crystal structure of bAvd showed that it forms a barrel-shaped pentamer 

that is highly positively charged. Previous work has indicated a strict correspondence 

between retrohoming and bAvd-bRT interaction (Alayyoubi et al. 2013). More 

recently, a bRT-bAvd complex that formed when the two proteins were coexpressed in 

E. coli has been purified (S. Handa, personal communication). The specific role of 

Avd is unclear. It has been shown to be essential for cDNA synthesis in Bordetella (H. 

Guo, personal communication). It remains possible that Avd is also necessary for the 

stage of DNA insertion. There are likely additional host factors, yet to be identified, 

that are necessary for the retrohoming process (H. Guo, personal communication). 

 The DGR reverse transcriptase is unique in its ability to confer adenine-

specific mutagenesis. DGRs RTs are highly related and form a well-defined clade 
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when compared with other RTs (Doulatov et al. 2004). I sought to investigate DGRs 

RTs from thermophilic organisms because their proteins are typically easier to purify 

and crystallize than are their counterparts from mesophilic organisms (Malawski et al. 

2006). There are four thermophilic or thermotolerant organisms that are known to 

contain DGRs (unpublished work): Thermus aquaticus and Caloramator australicus 

are thermophilic bacteria (Pagani et al. 2012; Ogg and Patel 2009), and 

Rhodospirillum centenum and Fischerella muscicola are thermotolerant bacteria that 

were isolated from hot springs (Yildiz, Gest, and Bauer 1991; Rippka et al. 1979). 

Their DGRs RTs belong to the novel clade of RTs described above. Determining the 

structure of an RT in this class will provide insight into the mechanism of adenine 

specific infidelity and DGR function as well as provide information on a new class of 

reverse transcriptases for which little is known.  
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II. DGR reverse transcriptase from Thermus aquaticus 

Introduction 

 Thermus aquaticus Y51MC23 was chosen for investigation as part of this 

thesis because it is a thermophilic organism that possesses a DGR. The optimal 

temperature for T. aquaticus Y51MC23 growth is 70 °C (Pagani et al. 2012). Its 

known habitat is fresh water hot springs. When the T. aquaticus Y51MC23 genome 

was sequenced (Reference number: NZ_ABVK00000000.2), its G+C mol% content 

was found to be 68% (Pagani et al. 2012). 

 T. aquaticus Y51MC23 contains a DGR that has the potential to confer 

diversity in a protein of unknown function. A search using the Basic Alignment 

Search Tool (BLAST) indicated that a 122 amino acid portion in the middle of the 

target protein is likely to belong to the the FGE-sulfatase superfamily, but TaqTP 

function is still largely unknown.  

 The T. aquaticus Y51MC23 DGR cassette contains genes encoding three 

proteins: a reverse transcriptase (TaqRT), an accessory variable determinant 

(TaqAvd), and the target protein (TaqTP; figure 2.1). Additionally, the DGR cassette 

contains two 115 base pair repeats. The variable repeat (VR) is found within the target 

protein near its 3’ end, and the template repeat (TR) is found between avd and rt (fig. 

2.2). The variable and template repeats are identical in sequence except at some 

residues where the template repeat contains an adenine (fig. 2.2; ClustalW2). This is in 
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agreement with the observation that DGRs carry out adenine-specific mutagenesis 

(Liu et al. 2002), and it is suggestive of a functioning DGR. 

Figure 2.1. Schematic representation of the T. aquaticus DGR cassette.  The DGR 
cassette contains three genes and two repeat sequences. 

 

Table 2.1. Sequence alignment between the variable and template repeats in T. aquaticus.
 The sequences of the TR and VR are conserved except at some adenine residues in the TR. 

 

 

taqTP! taqRT!taqAvd!

VR! TR!

ClustalW2
Tools > Multiple Sequence Alignment > ClustalW2

Results for job clustalw2-I20140919-182006-0769-18816693-oy

CLUSTAL 2.1 multiple sequence alignment

TaqVR           CGGCTCCCGATCCGTGGTGGCGACTGGGGGAATGGCGGTGTCGCGGGGCTCGCCGCGTTG 60
TaqTR           CGGCTCCCGATCCGTGGTGGCAACTGGTGGAATGGCGGTAACGCGGGGCTCGCCGCGTTG 60
                ********************* ***** ***********  *******************

TaqVR           TACCTGCTCAACCCGCGCGGCTCCCGGCGCTGGGGTGTCGGGGCCCGCCCCGCTT 115
TaqTR           AACCTGCTCAACCCGCGCGGCAACCGGAACTGGAGTGTCGGGGCCCGCCCCGCTT 115
                 ********************  ****  **** *********************

PLEASE NOTE: Showing colors on large alignments is slow.

Cookies
on EMBL-
EBI
website

This website uses cookies to store a small amount of information on your computer, as
part of the functioning of the site. Cookies used for the operation of the site have
already been set.

To find out more about the cookies we use and how to delete them, see our Cookie and
Privacy statements.

Dismiss this notice
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Materials and Methods 

 

Cloning 

The coding sequence for the T. aquaticus reverse transcriptase (TaqRT) was 

previously cloned into the pET28a plasmid. This construct included an N-terminal 

His-tag, for purposes of purification and detection, followed by a thrombin cleavage 

site. It was determined that this construct was missing 117 base pairs on its 5’ end by 

sequence alignment with Bordetella bacteriophage BPP-1 RT (bRT) using ClustalW2 

and analysis of the T. aquaticus genome. From here on, the shorter construct is 

referred to as TaqRT (40-347) because it is missing 39 N-terminal amino acids that are 

present in the longer construct.  

The coding sequence for the missing 39 N-terminal amino acids of TaqRT, 

with codons optimized for expression in E. coli, was synthesized by Genscript and 

added to the 5’ end of TaqRT using an overlap extension method to create the full 

length TaqRT (Ho et al., 1989). TaqRT was cloned into the first multiple cloning site 

of the bicistronic, IPTG-inducible pETDuet-1 vector under the control of the T7 

promoter. This construct (HisPP-TaqRT) included an N-terminal His-tag, for purposes 

of purification and detection, followed by a PreScission protease cleavage site. 

Additionally, TaqRT was cloned into the IPTG-inducible pET28a vector with a C-

terminal His-tag, for purposes of purification and detection, preceded by a PreScission 

protease cleavage site.  
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The coding sequence for the T. aquaticus accessory variable determinant 

(TaqAvd), with codons optimized for expression in E. coli, was synthesized by 

GenScript and cloned into the second multiple cloning site of both the bicistronic, 

IPTG-inducible pACYCDuet-1 vector under the control of the T7 promoter and the 

bicistronic, IPTG-inducible pETDuet-1 vector already containing HisPP-TaqRT. A C-

terminal S-tag, for purposes of detection, was introduced to TaqAvd in pACYCDuet-1 

and pETDuet-1-HisPP-TaqRT using the QuikChange method (Agilent). 

 

Protein Expression 

Plasmids were transformed into chemically competent Escherichia coli BL21 

(DE3) using heat-shock. Additionally, the pACYCDuet-1 plasmid containing TaqAvd 

was transformed using heat-shock into chemically competent E. coli BL21 (DE3) that 

were already carrying pETDuet-HisPP-TaqRT. 

Bacteria were grown in Luria broth (LB) media containing 40 µg/mL 

kanamycin (pET28a), 50 µg/mL carbenicillin (pETDuet-1), or 25 µg/mL 

chloramphenicol (pACYCDuet-1) to an OD600 of 0.6, and then induced with 0.5 mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) and grown for an additional 5 hours or 

overnight at 25 °C, 37 °C or 45 °C. The bacteria were harvested by centrifugation (4 

°C, 3,000 x g, 25 min), resuspended in buffer A (500 mM (NH4)2SO4, 20 mM HEPES, 

5 mM MgCl2, 10 mM β-mercaptoethanol (β-ME) and 10% glycerol) containing 10 

mg/mL lysozyme and lysed via sonication. The samples were centrifuged (4 °C, 
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16,000 x g, 10 min) to pellet insoluble material. The supernatant was removed and 

mixed 1:1 with 2X SDS-PAGE sample buffer. The pellet was resuspended in 1X SDS-

PAGE sample buffer (100 µL per 1 mL of culture). Samples were resolved on a 12% 

SDS-PAGE gel and visualized by Coommassie-stain and western blot. 

 

Purification of TaqRT 

Unless noted, all purifications were performed at room temperature. Bacteria 

were grown, induced, and collected as described above, resuspended in buffer A that 

was supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF), EDTA-free 

complete protease inhibitor tablet (1 tablet per 80mL of resuspended bacteria; Roche), 

deoxyribonuclease I (DNase; 2.5 mg per liter of culture; Sigma) and ribonuclease 

(RNAse; 4µL per liter of culture; ThermoScientific). The sample was lysed by 3-4 

passages through a high-pressure homogenizer (Emulsiflex-C5, Avestin), and the 

bacterial lysate was centrifuged (4 °C, 20,000 x g, 25 min) to separate cell debris. The 

supernatant was applied to a column of His-select resin (3 mL per liter of culture; 

Sigma) that had been pre-equilibrated with buffer A, and the mixture was rotated at 4 

°C for 1 hour. The resin was washed with buffer A containing 20 mM imidazole (10 

mL per 1 mL of resin), incubated with  buffer A containing DNase (5 µL per liter of 

culture; Promega) and RNase (5 µL per liter of culture; ThermoScientific) for 30 

minutes and washed again with buffer A containing 20 mM imidazole (10 mL per 1 

mL of resin). Proteins were eluted with buffer A containing 250 mM Imidazole. 
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To test alternative buffer conditions for the purification of TaqRT, a 0.5 L 

bacterial culture was grown, induced, and collected as described above. The bacterial 

pellet was resuspended in 50 mM Tris, pH 7.5, and aliquoted equally into 24 

Eppendorf tubes. The samples were centrifuged (4 °C, 16,000 x g, 10 min) to pellet 

the bacteria. Bacteria were resuspended in one of 24 buffers (Table 1), lysed by 

sonication and centrifuged (4°C, 16,000 x g, 10 min). The cell lysates were added to 

100 µL of His-select resin beads that had been prequilibrated with the respective 

buffers (Table 1). The samples were rotated at room temperature for 1.5 hours, washed 

with 2 mL of the respective buffers with 20 mM imidazole and eluted with 300 µL of 

the respective buffers with 250 mM imidazole. Samples were mixed 1:1 with 2X SDS-

PAGE sample buffer, resolved on a 12% SDS-PAGE gel, and visualized by western 

blot. 

 

Temperature Stability of TaqRT 

E. coli BL21 (DE3) carrying pETDuet-1-HisPP-TaqRT and pACYCDuet-1-

TaqAvd were grown, induced, and collected as described above. The cells were 

resuspended in buffer A and lysed by sonication. Fifty µL samples were heated to 

either 30 °C, 40 °C, 50 °C or 60 °C for 15 or 30 minutes. The samples were 

centrifuged (room temperature, 16,000 x g, 10 min) to pellet insoluble material. The 

supernatant was removed and mixed 3:2 with 5X SDS-PAGE sample buffer. The 
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pellet was resuspended in 1X SDS-PAGE sample buffer. The samples were resolved 

on a 12% SDS-PAGE gel, and visualized by Coommassie-stain and western blot. 

 

Purification of TaqRT Using HiTrap columns 

Bacteria carrying pETDuet-1-HisPPTaqRT-TaqAvd were grown, induced, and 

collected as described above. The bacterial pellet was resuspended in buffer B (50 mM 

sodium phosphate buffer (NaPi), pH 7.4, 10% glucose, 5 mM β-ME) containing 1mM 

PMSF, DNase (2.5 mg/L of culture; Promega) and RNase (4 µL/L of culture; 

ThermoScientific), and lysed by 4 passages through a high-pressure homogenizer 

(Emulsiflex-C5; Avestin). The cell lysate was centrifuged (4 °C, 20,000 x g, 25 min) 

and filtered through a 0.22-µm filter. Q, SP, and heparin columns (5 mL; GE 

Healthcare: Life Sciences) were equilibrated with 11 column volumes of buffer B at 

2.5 mL/min. The bacterial lysate was loaded onto the columns at 1 mL/min. The 

columns were washed with 10 column volumes of buffer B and the protein was eluted 

with a linear gradient from 0 to 100% 1 M NaCl in buffer B.  

 

TaqRT Expression in Different Bacterial Strains  

The pETDuet-1-HisPPTaqRT-TaqAvd plasmid was transformed into 

chemically competent E. coli BL21 (DE3), BL21 pLysS (DE3), C41m and C43 

strains. Bacterial cultures were grown while being shaken in LB media containing 
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0.5% glucose to an OD600 of 0.6 and thereupon induced with 0.5 mM IPTG. Bacteria 

were then grown further while being shaken for 5 hours or overnight at 25 °C. 

Samples of 1 mL were collected and centrifuged (4° C, 16,000 x g, 10 min). The 

bacterial pellets were resuspended in 100 µL of 1X SDS-PAGE sample buffer, and the 

samples were resolved on a 12% SDS-PAGE gel and HisPP-TaqRT was visualized by 

western blot. 

Western Blots 

Samples were resolved by a 12% (TaqRT) or 15% (TaqAvd) SDS-PAGE gel 

and transferred to a polyvinylidene fluoride membrane (Milliipore). Membranes were 

blocked with 25 mL of 5% milk in TBST (150 mM NaCl, 50 mM Tris, pH 8, 0.05% 

Tween-20) for 1 hour at room temperature. In the case of His-tag visualization, 

horseradish peroxidase (HRP)-conjugated anti-His mouse polyclonal antibodies 

(1:5,000; Santa Cruz Biotechnology) in 1% milk in TBST were incubated with 

membranes for 1 hour at room temperature or overnight at 4 °C. In the case of S-tag 

visualization, anti-S rabbit polyclonal antibodies (1:500; Santa Cruz Biotechnology) in 

1% milk in TBST were incubated with membranes overnight at 4 °C. Membranes 

were then washed 3 times with 30 mL TBST and incubated with HRP-conjugated goat 

anti-rabbit antibodies (1:5,000; Santa Cruz Biotechnology). Membranes were washed 

3 times with 30 mL TBST. For detection, SuperSignal West and SuperSignal Pico 

chemiluminescent substrates were used according to the manufacturer’s instructions 

(Thermo Fisher Scientific).  
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Results and Discussion 

TaqRT (40-347) Expression and Solubility 

I first sought to determine optimal conditions for expression of TaqRT (40-

347). TaqRT (40-347) is a 38.4 kDa protein, including a His-tag and PreScission 

protease cleavage site. The protein was expressed in E. coli and a western blot, using 

antibodies directed against the N-terminal His tag, showed multiple His-tagged bands, 

indicating that the protein was degraded in all of the tested expression conditions (fig. 

2.1b). Furthermore, the level of TaqRT (40-347) expression was low such that it was 

not readily apparent on a Coommassie-stained SDS-PAGE gel. 

Figure 2.2. TaqRT (40-347) expression. (A) Expression of TaqRT is not seen on a 
Coommassie-stained SDS-PAGE gel. (B) Multiple His bands are seen. Sample labels are as follows: M, 
molecular weight marker; UI, uninduced; 5hr, 5 hour induction; O/N, overnight induction. 
 
 

After bacterial lysis, a western blot using antibodies directed against a His-tag 

showed that TaqRT (40-347) is primarily found in the cell pellet. This means that the 

only way to purify this protein would be to solubilize all proteins in the pellet by 

adding a denaturing agent such as guanidine or urea.  

 In the Bordetella bacteriophage, BPP-1, bRT and bAvd are known to 

form a complex consisting of a bAvd pentamer and bRT monomer. This complex 
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formation stabilizes bRT. It was thought that the presence of TaqAvd might be 

necessary for the stability of TaqRT.  

A western blot directed against a His tag showed that the solubility of TaqRT 

increases when TaqAvd is co-expressed at room temperature and grown further 

overnight (fig. 2.3b). This is indicative of an interaction between TaqRT (40-347) and 

TaqAvd.  

 

Figure 2.3. Solubility of TaqRT (40-347). (A) In the absence of TaqAvd co-expression, 
TaqRT is not soluble. (B) TaqAvd co-expression with TaqRT increases the solubility of TaqRT. 
Sample labels are as follows: M, molecular weight marker; UI, uninduced; S, soluble portion following 
bacterial lysis; P, insoluble portion following bacterial lysis. 
 
 
Purification of TaqRT (40-347) After Co-expression with TaqAvd 

To see if a complex formed between TaqRT and TaqAvd, I attempted a Nickel 

affinity purification using a protocol based on the purification of the bRT-bAvd 

complex. If it exists, a complex between TaqRT and TaqAvd would be likely to occur 

in the buffer condition that promotes bRT and bAvd complex formation. TaqRT (40-

347) and TaqAvd were co-expressed in E. coli. TaqRT (40-347) contained a His-tag 

and was expressed from a pET28a plasmid. TaqAvd was expressed from a pACYC-
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Duet plasmid. TaqAvd did not contain a tag for visualization, so it is not clear whether 

TaqAvd was produced and soluble.  

After performing the nickel affinity purification of TaqRT (40-347) with 

TaqAvd expressed in E. coli, all of the His-tagged TaqRT (40-347) was found in the 

unbound fraction (fig. 2.3). This indicates that TaqRT (40-347) did not bind to the 

nickel resin, and suggests that TaqRT (40-347) was in an aggregated state. This result 

is in contrast to results with the bRT-bAvd complex, in which bAvd stabilizes bRT. 

 

Figure 2.4. Purification of TaqRT (40-347). His-tagged TaqRT does not bind to the nickel 
affinity resin. Sample labels are as follows: M, molecular weight marker; S, soluble portion following 
bacterial lysis; UB, unbound; W, wash; E, elution. 
 
 
TaqRT N-terminal Analysis 

I was interested in determining how similar the sequence of TaqRT is to that of 

bRT because bRT forms an easily purified and stable complex with bAvd. I aligned 

the amino-acid sequence of TaqRT with reverse transcriptases from the following 

organisms’ DGR systems: BPP-1, Rhodospirilllum centenum, and Treponema 

denticola. It was found that TaqRT (40-347) was missing 39 amino acids at its N-

terminus that were found in the three other proteins.  

100!
75!
63!
!

48!
!

35!
!
!
!

25!
20!
!
!

17!
!
!

11!

 M    S    UB    W     E!



	   18 

 The open reading frame of TaqRT (40-347), as was designated in the NCBI 

database (Accession number: WP_003045817), began at the start codon boxed in blue 

(fig. 2.4B). Analysis of the T. aquaticus genome (Accession number: 

NZ_ABVK02000003.1_249239_250164) in the NCBI database raised the possibility 

that an in-frame start codon was utilized upstream, boxed in red (fig. 2.4B), of the 

annotated start codon.  

 When the sequence was translated from the upstream start codon, additional 

conserved regions were found between TaqRT and the three other RTs to which it was 

compared. It is likely that this is the actual amino acid sequence for TaqRT. 

   

 

Figure 2.5. N-terminal analysis. (A) Sequence alignment suggested that TaqRT was 
missing 39 N-terminal amino acids that were present in the three DGR RTs to which it was compared. 
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Figure 2.5. N-terminal analysis, continued.  (B) The start codon utilized for TaqRT 
(40-347) is boxed in blue. An upstream start codon that was found is boxed in red. (C) Additional 
amino acids are colored in red. (D) TaqRT, translated from the upstream start codon, with additional 
conserved regions. 
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A construct encoding TaqRT that began at the upstream start codon was 

constructed using the overlap extension method and the sequence was verified 

(Genewiz). 

 

Figure 2.6. Overlap extension. Sample labels are as follows: M, base-pair ladder; 1, 127 
synthesized 5’ base-pairs; 2, taqRT (40-347); stitched product (taqRT). 
 
 
Full-length TaqRT Co-expression with TaqAvd 

The newly constructed full-length TaqRT with an N-terminal His-tag followed 

by a PreScission Protease site (HisPP-TaqRT) was co-expressed in E. coli with 

TaqAvd that contained an S-tag. Both proteins were expressed, as visualized by 

western blot (fig. 2.7). As was seen with TaqRT (40-347), HisPP-TaqRT was 

degraded during expression. 

 

Figure 2.7. The coexpression of TaqRT and TaqAvd.  Sample labels are as follows: 
M, molecular weight marker; UI, uninduced; I, induced. 
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A Coommassie-stained SDS-PAGE gel showed that HisPP-TaqRT was in the 

soluble fraction as well as the insoluble fraction following bacterial lysis (fig. 2.8). 

This was confirmed by a western blot (fig. 2.9). It was not investigated whether 

TaqAvd was soluble, as it did not contain an S-tag for this purification. Based on the 

western blot, the optimal expression of TaqRT and TaqAvd was determined to occur 

through overnight growth of the bacteria at 25 °C.  

 

Figure 2.8. TaqRT solubility. Sample labels are as follows: M, molecular weight marker; 
UI, uninduced; S, soluble portion following bacterial lysis; P, insoluble portion following bacterial 
lysis. 
 
 

 

Figure 2.9. Confirmed TaqRT solubility. Sample labels are as follows: M, molecular 
weight marker; UI, uninduced; S, soluble portion following bacterial lysis; P, insoluble portion 
following bacterial lysis. 
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When the bacterial lysate, following TaqRT and TaqAvd co-expression, was 

applied to nickel resin, HisPP-TaqRT was found in the unbound and wash samples, as 

visualized by western blot. This is the same problem that was observed when the 

purification of His-tagged TaqRT (40-347) with TaqAvd was attempted. 

 

Figure 2.10. The nickel affinity purification of HisPP-TaqRT with TaqAvd. (A) A 
Coommassie-stained SDS-PAGE gel. (B) A western blot with antibodies directed against a His-tag. 
Sample labels are as follows: M, molecular weight marker; UI, uninduced; S, soluble portion following 
bacterial lysis; P, insoluble portion following bacterial lysis; UB, unbound; W, wash; E, elution. 
 
 
Purification of TaqRT with a C-terminal His-tag. 

N-terminally His-tagged TaqRT did not bind to the nickel resin. It was possible 

that the tag was buried due to tertiary or quaternary structures. Therefore, I moved the 

His-tag to the C-terminus of TaqRT. This construct was co-expressed with TaqAvd. 

Again, because TaqAvd did not contain a tag for visualization, it is not clear whether it 

was produced and soluble. As was seen with the N-terminal His-tag, all of the His-

tagged protein was found in the unbound fraction (fig. 2.11).  
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Figure 2.11. Purification of TaqRT with a C-terminal His-tag.  A western blot with 
antibodies directed against a His-tag. Sample labels are as follows: M, molecular weight marker; S, 
soluble portion following bacterial lysis; P, insoluble portion following bacterial lysis; UB, unbound; 
W, wash; E, elution. 
 
 
TaqRT Heat Trials 

TaqRT is a protein from a thermophilic bacterium and therefore is expected to 

be heat tolerant. It should maintain its structure at temperatures greater than 

permissible for proteins from E. coli. I thought that heating the bacterial lysate prior to 

nickel affinity chromatography would produce a purer sample to add to resin and this 

could improve the purification. Ideally, TaqRT would remain soluble at high 

temperatures where most of the contaminating proteins would precipitate.  

HisPP-TaqRT remained partially soluble when heated at 40 °C for 30 minutes 

(fig. 2.12a). A Coommassie-stained SDS-PAGE gel showed that the heated cell 

lysates were not pure; the majority of E. coli proteins remained soluble (fig. 2.12b). 

Because of the relative impurity of the heated samples, this method proved not to be a 

worthwhile step in the purification of TaqRT. 
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Figure 2.12. TaqRT Heat trials. (A) An anti-his western blot. (B) A Coommassie-stained 
SDS-PAGE gel. Sample labels are as follows: M, molecular weight marker; S, soluble portion 
following bacterial lysis; P, insoluble portion following bacterial lysis. 
 
 
Buffer Trials 

Many thermophilic proteins are not purified in buffers containing high 

concentrations of salt (Sørensen, Sperling-Petersen, and Mortensen 2003). As stated 

above, the purification protocol for TaqRT was based upon the successful protocol for 

the purification of the bRT-bAvd complex. The buffer for the bRT-bAvd purification 

contained 500 mM ammonium sulfate. Since this high ionic strength might cause 

TaqRT to form insoluble aggregates and therefore prevent TaqRT from binding to 

nickel resin, different buffers were tested for their ability to promote HisPP-TaqRT 

binding to nickel resin. A total of 24 buffers were tested that contained either 50 mM 

HEPES, 50 mM Tris, or 50 mM NaPi and various combinations of KCl, NaCl, MgCl2, 

and glycerol (table 2.2). 
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Table 2.2. Buffer trials. Various buffers were tested for their ability to promote HisPP-
TaqRT binding to nickel affinity resin. 

 

However, in all buffer conditions tested, HisPP-TaqRT was found in only the 

unbound fractions and not bound to the nickel resin (fig. 2.13).  

 

Figure 2.13. Buffer trials. Buffers are indicated under anti-his western blots and correspond to 
labels in Table 2.2. Sample labels are as follows: M, molecular weight marker; S, soluble portion 
following bacterial lysis; UB, unbound; E, elution. 
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Alternative Purification Methods 

Nickel affinity chromatography was not successful for the purification of 

HisPP-TaqRT because of the protein’s inability to bind to the nickel resin. 

Alternatively, I tested the idea that HisPP-TaqRT could be purified using a different 

type of affinity chromatography other than nickel resin.  

Heparin functions as an affinity ligand for many DNA-binding proteins (GE 

healthcare), as these proteins tend to be positively charged and heparin is negatively 

charged. TaqRT is predicted to have a positive charge with a calculated pI of ~10. 

However, I did not observe binding of HisPP-TaqRT to the heparin column.  

 

 

 

Figure 2.14. Heparin sepharose column. (A) The vast majority of proteins in the bacterial 
lysate did not bind to the heparin column. (B) An anti-His western blot indicated that all HisPP-TaqRT 
was found in the unbound portion. Sample labels are as follows: M, molecular weight marker; CL, 
soluble portion following bacterial lysis; V, unbound; numbers correspond to fractions collected from 
column (A). 
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Another type of column chromatography used to purify protein is an ion 

exchange column. SP-columns separate proteins using ionic interactions. SP sepharose 

is a strong cation exchanger. For the same reasoning as with heparin sepharose, 

HisPP-TaqRT is expected to be positively charged and interact with the negativele 

charged SP sepharose. Some of the HisPP-TaqRT protein was found to bind to the SP 

column. Although, when these fractions were tested for purity, they were found to 

contain many other proteins at concentrations greater than that of TaqRT. 

Furthermore, most of the His-tagged protein was found in the unbound fraction. 

Therefore, an SP column would not be a beneficial first step in the purification of 

HisPP-TaqRT.  

 

 

Figure 2.15. SP sepharose column. (A) The vast majority of proteins in the bacterial lysate did 
not bind to the SP sepharose column. (B) An anti-His western blot indicated some HisPP-TaqRT bound 
to the column. (C) A Coommassie-stained SDS-PAGE gel showed that HisPP-TaqRT was not the 
predominant species found in the elution fractions. Sample labels are as follows: M, molecular weight 
marker; CL, soluble portion following bacterial lysis; numbers correspond to fractions collected from 
column (A). 
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 Just as SP columns do, Q-columns separate proteins using ionic interactions. Q 

Sepharose is a strong anion exchanger. HisPP-TaqRT may contain some regions of 

high negative charge that would have an attraction to Q Sepharose. HisPP-TaqRT was 

applied to a Q column, and most of the protein was found in the unbound fraction. 

Only a small portion of HisPP-TaqRT bound to the column. When these elution 

fractions were tested for purity, they were found to contain many other proteins at 

concentrations greater than that of TaqRT. Therefore, purification on a Q-column was 

not successful in yielding a pure HisPP-TaqRT. 

 

 

Figure 2.16. Q sepharose column. (A) Many proteins in the bacterial lysate bound to the Q 
sepharose. (B) An anti-His western blot indicated that a small amount of HisPP-TaqRT was found in 
the elution fractions. (C) A Coommassie-stained SDS-PAGE gel showed the presence of many 
contaminating proteins in the elution fractions. Sample labels are as follows: M, molecular weight 
marker; CL, soluble portion following bacterial lysis; V, unbound; numbers correspond to fractions 
collected from column (A).  
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Alternative Bacterial Strains 

We tested whether expression in different bacterial strains (with the addition of 

glucose to suppress leaky expression in certain cases) would eliminate the degradation 

of TaqRT. Expression in E. coli BL21 (DE3) with the addition of glucose appeared to 

have no effect on the degradation of TaqRT. Expression in E. coli BL21 [DE3] pLysS 

showed similar results to that in E. coli BL21 (DE3). Expression in E. coli C41 (DE3) 

and C43 (DE3) showed decreased expression compared to the E. coli BL21 strains, 

and HisPP-TaqRT was still degraded in these strains. Expression in alternative 

bacterial strains did not improve upon the previous conditions. 

 

Figure 2.17. TaqRT expression in alternative E. coli strains. An anti-His western blot shows 
the expression of HisPP-TaqRT in alternative bacterial strains. Sample labels are as follows; UI, 
uniduced; 5hr, 5hour induction; O/N, overnight induction; M, molecular weight marker. 

 
 

Closing Remarks 

A variety of approaches and methods were attempted in the purification of the 

T. aquaticus DGR reverse transcriptase. Unfortunately, none of them proved 

successful. TaqRT likely forms soluble aggregates and, as a result, does not readily 

interact with affinity or ion exchange ligands.  
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III. DGR reverse transcriptase from Caloramator australicus 

Introduction 

 Caloramator australicus strain RC3T was chosen for investigation as part of 

this thesis because it is a thermophilic organism that possesses a DGR. C. australicus 

is gram positive and belongs to the phylum Firmicutes. It was isolated from a 

microbial mat sample found in the outflow of a Great Artesian Basin bore, specifically 

the New Lorne bore, in Queensland, Australia (Ogg and Patel 2009). C. australicus is 

strictly anaerobic. The cells are slightly curved rods that possess peritrichous flagella 

and exhibit roll and tumble motility (Ogg and Patel 2009). Spores have not been 

observed for this species (Ogg and Patel 2009). The C. australicus RC3T genome was 

sequenced and found to have a G+C mol% content of 32.8% (Ogg and Patel 2011). 

 The temperature of the flowing water at the New Lorne bore head was 88 °C, 

while the microbial mat from which C. australicus was isolated thrives at 66 °C. 

Studies have shown that C. australicus can grow between 45 and 70 °C, with optimal 

growth at 60 °C. Additionally, the bacterium has proven to be heat resistant when 

heated for 30 min at 95 °C (Ogg and Patel 2009).  

 C. australicus has an interesting property in that it utilizes a metal (Fe(III), 

Mn(IV), or V(V)) as the final electron acceptor of the electron transport chain. Of the 

ten species belonging to the genus Caloramator, C. australicus and C. proteoclasticus 

are the only two that possess this property (Ogg and Patel 2011). 
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 Comparative genome analysis showed that the closest related genomes to C. 

australicus RC3T are those belonging to mesophilic members of the genus Clostridium 

(Ogg and Patel 2011). There are 16 Clostridium species, all mesophilic, that are 

known to contain DGRs. Furthermore, Clostridium is the second-most represented 

genus of known DGR-containing organisms, the largest being Bacteroides with 45 

species (Zimmerly, unpublished). 

 The C. australicus DGR cassette consists of the genes encoding three proteins: 

a reverse transcriptase (CalRT), an accessory variable determinant (CalAvd), and a 

target protein (fig 3.1). Additionally found in the DGR cassette are two 112 base pair 

repeats; the variable repeat is found within the target protein near its 3’ end and the 

template repeat is found between the coding sequences for CalAvd and CalRT (fig. 

3.1). An alignment of the VR and TR sequences shows that they differ only at residues 

where there is an adenine in the TR, as is characteristic of a functioning DGR (table 

3.1). A BLAST search on the target protein indicates that a 105 amino acid portion in 

the middle of the protein has homology to proteins belonging to the FGE-sulfatase 

superfamily, but CalTP function is largely unknown. 

 

Figure 3.1. Schematic representation of the C. australicus DGR cassette. The DGR 
cassette contains three genes and two repeat sequences. 

 

calTP! calRT!calAvd!

VR! TR!
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Table 3.1. Sequence alignment between variable and template repeats in C. australicus.
 The sequences of the TR and VR are conserved, except at some residues that contain an 
adenine in the TR.  

 

ClustalW2
Tools > Multiple Sequence Alignment > ClustalW2

Results for job clustalw2-I20140919-184307-0298-80824481-oy

CLUSTAL 2.1 multiple sequence alignment

CalVR           ATTCCCTCTTCGTGGGGCCCACTGGCTCGACGGTGCAAGTGCTGGGGTGTTCGCTTTGGC 60
CalTR           ATTCCCTCTTCGTGGGGCCAACTGGAACAACGGTGCAAGTGCTGGGGTGTTCGCTTTGAA 60
                ******************* *****  * *****************************  

CalVR           CTTGAACCTCCCTCGTTCGCATGCCAGCGGCAACTTTGGTTTCCGCTCCGCT 112
CalTR           CTTGAACAACCCTCGTTCGAATGCCAACAGCAACATTGGTTTCCGCTCCGCT 112
                *******  ********** ****** * ***** *****************

PLEASE NOTE: Showing colors on large alignments is slow.

Cookies
on EMBL-
EBI
website

This website uses cookies to store a small amount of information on your computer, as
part of the functioning of the site. Cookies used for the operation of the site have
already been set.

To find out more about the cookies we use and how to delete them, see our Cookie and
Privacy statements.

Dismiss this notice
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Materials and Methods 

 

Cloning of CalRT and CalAvd 

The coding sequences for C. australicus RT (CalRT) and C. australicus Avd 

(CalAvd), with codons optimized for expression in E. coli, were synthesized by 

Genewiz. CalRT and CalAvd were cloned into the first multiple cloning site of 

pETDuet-1 to contain N-terminal His-tags followed by PreScission protease cleavage 

sites (HisPP-CalRT and HisPP-CalAvd). CalAvd was cloned into the second multiple 

cloning site of pETDuet-1-HisPP-CalRT, and CalRT was cloned into the second 

multiple cloning site of pETDuet-1-HisPP-CalAvd. An S-tag was introduced at the C-

terminus of CalAvd in the pETDuet-1-HisPP-CalRT-CalAvd plasmid using the 

QuikChange method (Agilent).  

Stop codons were introduced to CalRT using the QuikChange method 

(Agilent) to create three truncated versions of CalRT in the pETDuet-1-HisPP-CalRT-

CalAvd plasmid. Contructs encoding the following truncated forms of CalRT were 

produced: a 31 kDa version of CalRT (residues 1-257; CalRT-31), a 33 kDa version of 

CalRT (residues 1-267; CalRT-33), and a 34 kDa version of CalRT (residues 1-278; 

CalRT-34).  
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The plasmids were transformed into chemically competent E. coli BL21 (DE3) 

or BL21-Gold (DE3) cells using heat-shock. Transformants were selected by growing 

on LB-agar containing 50 µg/mL carbenicillin. 

 

Expression and Purification of CalRT, CalRT-31, CalRT-33, CalRT-34, and 

CalAvd 

Bacteria were grown while being shaken at 37 °C in LB media containing 50 

µg/mL carbenicillin to an OD600 of 0.6. At this time, protein expression was induced 

with 0.5 mM IPTG, and bacteria were further grown while being shaken overnight 

(CalRT, CalRT-31, CalRT-33, CalRT-34) or for 6 hours (CalAvd) at 23 °C. The 

bacteria were harvested by centrifugation (4 °C, 3,000 x g, 25 min) and either used 

immediately for purification or stored at -80 °C. 

Unless noted, all purifications were performed at room temperature. Cell 

pellets were resuspended in buffer C (CalRT, CalRT-31, CalRT-33, CalRT-34; 500 

mM (NH4)2SO4, 50 mM HEPES, pH 7.6, 5 mM MgCl2, 5 mM β-ME and 10% 

glycerol; 20mL of buffer per 1 liter of culture) or buffer D (CalAvd; 300 mM NaCl, 50 

mM NaPi, pH 7.6, and 10mM β-ME; 20 mL of buffer per 1 liter of culture) and lysed 

either by sonication or by 3-4 passages through a high-pressure homogenizer 

(Emulsiflex-C5, Avestin). For lysis, buffers C and D were supplemented with 1 mM 

PMSF, EDTA-free complete protease inhibitor tablet (1 tablet per 80mL of 

resuspended bacteria; Roche), deoxyribonuclease I (2.5 mg per liter of culture; Sigma) 
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and ribonuclease (4 µL per liter of culture; ThermoScientific). The bacterial lysate was 

centrifuged (18 °C, 20,000 x g, 25 min) and the soluble portion, which contained 

CalRT or CalAvd, was added to a column of His-select resin (3 mL of resin per 1 liter 

of culture; Sigma) that was previously equilibrated with 4 column volumes of buffer C 

(CalRT, CalRT-31, CalRT-33, CalRT-34) or buffer D (CalAvd). The resin was 

washed with 10 column volumes of buffer C (CalRT, CalRT-31, CalRT-33, CalRT-

34) or buffer D (CalAvd) containing 20 mM imidazole. To eliminate the association of 

nucleic acids with the protein of interest, the resin was incubated at room temperature 

for 30 minutes with 2 column volumes of buffer C (CalRT, CalRT-31, CalRT-33, 

CalRT-34) or buffer D (CalAvd) containing 20 mM imidazole, DNase (5 µL per 1 

liter of culture; Promega) and RNase (5 µL per 1 liter of culture; ThermoScientific), 

and then washed with an additional 10 column volumes of buffer C (CalRT, CalRT-

31, CalRT-33, CalRT-34) or buffer D (CalAvd) containing 20mM imidazole. Proteins 

were eluted with 4 column volumes of buffer C (CalRT, CalRT-31, CalRT-33, CalRT-

34) or buffer D (CalAvd) containing 250 mM imidazole. The fractions containing 

protein, as determined with a Nanodrop spectrophotometer, were pooled. For cleavage 

of the His-tag, PreScission protease (1 mg per 20 mg of CalRT or CalAvd) and 2 mM 

DTT were added, and the sample was dialyzed overnight at 4 °C into buffer C (CalRT, 

CalRT-31, CalRT-33, CalRT-34) or buffer D (CalAvd). The sample was added to a 

column of His-select resin (3 mL of resin per 1 liter of culture; Sigma) that was 

previously equilibrated with 4 column volumes of buffer C (CalRT, CalRT-31, 

CalRT-33, CalRT-34) or buffer D (CalAvd). The flow-through was collected and the 

fractions containing protein, determined as above, were concentrated by ultrafiltration 
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(YM-3K, Amicon) and further purified by size exclusion chromatography (Superdex 

75, GE Healthcare) in buffer C (CalRT, CalRT-31, CalRT-33, CalRT-34) or buffer D 

(CalAvd). Fractions containing CalRT or Cal Avd, as visualized on a Coomassie-

stained 12% (CalRT, CalRT-31, CalRT-33, CalRT-34) or 15% (CalAvd) SDS-PAGE 

gel, were pooled and used either the same day or flash frozen with liquid N2 and stored 

at -80 °C at concentrations less than 1 mg/mL. The concentrations of these proteins 

were determined with a Nanodrop spectrophotometer using calculated ε280 values of 

61,770 M-1 cm-1 for CalRT-31, 63,260 M-1 cm-1 for CalRT-33, 63,260 M-1 cm-1 for 

CalRT-34, and 21,430 M-1 cm-1 for CalAvd. 

 

CalRT Molecular Mass Determination 

CalRT-34 was dialyzed into 20 mM (NH4)HCO3 and concentrated by 

ultrafiltration (YM-3K, Amicon) to a concentration of 1 mg/mL. The molecular mass 

of the purified protein was analyzed by a matrix-assisted laser desorption/ionization 

time of flight (MALDI-TOF) spectrometer at the UCSD Biomolecular and Proteomics 

Mass Spectrometry Facility. 

 

Ammonium Sulfate Dialysis Study 

CalRT-33 and CalRT-34 (1 mL of each, 0.5 mg/mL) were dialyzed overnight at 4 °C 

in 100 mL of buffer C containing varying concentrations of NH4(SO4)2: 0, 50, 100, 
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100, 200, 300 or 500 mM. The samples were then centrifuged (4 °C, 16,000 x g, 10 

min). The pellet was resuspended in 100 µL 1X SDS-PAGE sample buffer and the 

soluble portion was mixed 1:1 with 2X SDS-PAGE sample buffer. Proteins were 

visualized on a Coomassie-stained 12% SDS-PAGE gel. 

 

Protein Concentration Studies 

CalRT-34 (1 mL) was concentrated by ultrafiltration (YM-3K; Amicon) for 40 

minutes, with mixing every 5 minutes. The concentration of soluble protein was 

analyzed with a Nanodrop spectrophotometer and quantified using a calculated ε280 

value of 63,260 M-1 cm-1. 

 

Qualitative Temperature Studies 

CalRT-34 (50 µL, 0.2 mg/mL), dialyzed into 200 mM NH4(SO4)2, was heated 

for 10 or 20 minutes at 40 °C, 50 °C, 60 °C, 70 °C or 80 °C in a thermo-cycler. The 

sample was centrifuged (room temperature, 16,000 x g, 10 min) and the supernatant 

was mixed 1:1 with 2X SDS-PAGE sample buffer and visualized on a Coomassie-

stained 12% SDS-PAGE gel. 
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Circular Dichroism  

A 10 µM sample (0.33 mg/mL) of CalRT-33 and a 10 µM sample 

(0.38mg/mL) of bRT were used for analysis by circular dichroism. Three wavelength 

scans were performed at 23 °C (CalRT-33) or 4 °C (bRT) from 195 nm to 260 nm. 

Measurements were taken in increments of 0.5 nm and averaged over 1 second 

(CalRT-33) or 2 seconds (bRT). The temperature stability was analyzed at 218 nm 

(CalRT-33) or 221 nm (bRT). The temperature was increased from 4 °C to 80 °C and 

subsequently decreased back to 4 °C. Measurements were taken in increments of 1 °C 

and averaged over 1 second. 

 

Western Blots 

Samples were resolved by a 12% (CalRT) or 15% (CalAvd) SDS-PAGE gel 

and transferred to a polyvinylidene fluoride membrane (Milliipore). The rest of the 

method is the same as that described in Chapter 2, Materials and Methods.	  
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Results and Discussion 

Identification of the Caloramator australicus Reverse Transcriptase 

 I analyzed a list of 336 organisms that are known to contain DGRs (Zimmerly, 

personal correspondence) in search of thermophilic bacteria. Prior to this, only 

Thermus aquaticus had been identified as a thermophilic bacterium encoding a DGR. 

After researching each organism from the list using the Genomes Online Database, I 

identified Caloramator australicus as the only additional thermophile that encodes a 

DGR. I additionally identified a thermotolerant bacterium, Fischerella muscicola. 

Another thermotolerant species with a DGR, Rhodospirilum centenum, had previously 

been identified.  

 

C. australicus RT and C. australicus Avd Co-expression 

The C. australicus reverse transcriptase (CalRT) and accessory variable 

determinant (CalAvd) were synthesized (Genewiz) and cloned into the bicistronic 

pETDuet-1 vector. CalRT and CalAvd were then co-expressed in E. coli. CalRT 

contained an N-terminal His-tag and CalAvd contained a C-terminal S-tag. Expression 

of CalRT was tested with overnight growth at 25 °C, 37 °C and 42 °C following 

induction. A western blot with antibodies directed against the His-tag on CalRT 

showed that CalRT was degraded at all induction temperatures, with the greatest 

degradation seen at 37 °C and 42 °C (Fig. 3.2A). Induction at 25 °C produced the least 

degradation of CalRT. CalAvd expression was then tested overnight at 25 °C. A 
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western blot directed against an S-tag showed that CalAvd was also expressed in the 

bacteria (Fig. 3.2B). 

 

Figure 3.2. CalRT and CalAvd co-expression. (A) Western blot using antibodies 
directed against the His-tag on CalRT. (B) Western blot using antibodies directed against the S-tag on 
CalAvd. Sample labels are as follows: M, molecular weight marker; UI, uninduced; 25 °C, induction at 
25 °C; 37 °C, induction at 37 °C; 42 °C, induction at 42 °C; I, induced. 
 
 
Purification of His-tagged CalRT 

I determined above that CalAvd and CalRT were co-expressed in E. coli. To 

determine whether a complex formed between CalRT and CalAvd, I sought to purify 

His-tagged CalRT using nickel affinity resin, and subsequently look for the co-

purification of CalAvd with CalRT. CalRT contained an N-terminal His-tag followed 

by a Prescission protease site; this construct is referred to below as HisPP-CalRT. To 

begin the purification I looked for optimal purification conditions for HisPP-CalRT. In 

the constructs used, CalAvd did not contain a tag for visualization. 

Two buffer conditions, buffer C (which contained (NH4)2SO4) and buffer E 

(which did not containe (NH4)2SO4), were tested for HisPP-CalRT nickel affinity 

purification. A small amount of CalRT was present in the elution of both conditions 

and no significant difference was found between the samples (Fig. 3.3). It was 

previously found that the bRT-bAvd complex is more stable in the presence of 
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(NH4)2SO4 (S. Handa, personal communication) so buffer C was chosen for future 

CalRT purifications.  

 

Figure 3.3. Nickel affinity purification of HisPP-CalRT. (A) Coommassie-stained gel 
showing purification in buffer C. (B) Coommassie-stained gel ahowing purification in buffer E. Sample 
labels are as follows: M, molecular weight marker; S, soluble portion after bacterial lysis; UB, 
unbound; W, wash; E, elution. 
 

 
I next sought to optimize His-tag cleavage by PreScission protease after nickel 

affinity chromatography. A western blot showed that there was complete cleavage of 

the His-tag (Fig. 3.4). 

 

Figure 3.4. Treatment of HisPP-CalRT with PreScission Protease. (A) A 
Coommassie-stained SDS-PAGE gel showed that the protein sample contained contaminating 
proteins. (B) A western blot with antibodies directed against a His-tag showed that there was 
complete cleavage of the tag from CalRT. The band seen in lane ‘PP’ at ~25 kDa is 
PreScission Protease, which contains a His-tag. Sample labels are as follows: M, molecular 
weight marker; C, no addition of PreScission protease; PP, with addition of PreScission 
protease. 
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Following nickel affinity purification, the CalRT sample contained many 

impurities (Fig. 3.4A). To eliminate the presence of undesired proteins, a reverse-

nickel step was added to the purification protocol. Following reverse-nickel, the 

CalRT sample was significantly more pure (Fig. 3.5). The sample was then passed 

through a size exclusion chromatography column to separate PreScission protease 

from the desired protein and further purify CalRT. After size exclusion 

chromatography, the samples were concentrated so that the protein could be visualized 

on a Coommassie-stained SDS-PAGE gel. The gel showed that CalRT was degraded 

did not exist as a single species (. 3.5B). 

 

 

Figure 3.5. CalRT purification with a reverse nickel step. (A) Elution profile 
chromatogram from size exclusion chromatography. (B) Coommassie-stained gel showing purification 
of HisPP-CalRT. Sample labels are as follows: M, molecular weight marker; WC, whole cell after 
induction; CL, cell lysate after bacterial lysis; S, soluble portion after bacterial lysis; UB, unbound; W, 
wash; E, elution; 3/4, 5/6, 7/8, reverse-nickel unbound fractions; 9/10, 11/12, reverse-nickel elution 
fractions; L, sample applied to size exclusion column; 16 – 21, corresponding elution fractions from 
column (A). 
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HisPP-CalRT was co-expressed with S-tagged CalAvd and purified. All of the 

S-tagged CalAvd (16.4 kDa) was found in the insoluble fraction following bacterial 

lysis (Fig. 3.6). This indicates that CalRT and CalAvd do not exist as a complex in this 

purification.  

 

Figure 3.6.  HisPP-CalRT purification with S-tagged Avd. Western blot with antibodies 
directed against an S-tag. CalAvd with a C-terminal S-tag is 16.4 kDa. Sample labels are as follows: M, 
molecular weight marker; UI, uninduced; P, insoluble portion after bacterial lysis; S, soluble portion 
after bacterial lysis; UB, unbound; W, wash; E, elution; PP, after treatment with PreScission Protease. 
 

 
CalRT degradation was observed on Coomassie-stained SDS-PAGE gels and 

western blots directed against His-tags in the purifications above. CalRT comes from a 

thermophilic bacterium and it is therefore possible that the protein is stable only at 

temperatures that are higher than ambient. To prevent degradation, the purification 

was attempted in a warm room at 37 °C. CalRT degradation was still observed and the 

full-length 43 kDa protein was not found in the size exclusion fractions (Fig. 3.7). 

Degraded forms of CalRT were found in the size exclusion fractions with a dominant 

species that resolved below the 35 kDa marker. 
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Figure 3.7. The purification of CalRT with CalAvd at 37 °C. (A) Purification at room 
temperature. (B) Purification at 37 °C. Sample labels are as follows: M, molecular weight marker; S, 
soluble portion after bacterial lysis; UB, unbound; W, wash; E, elution; PP, after treatment with 
PreScission Protease; L, sampled applied to SEC; 16/17, fractions 16 and 17 following SEC. 

 
 
Additionally, CalRT was degraded when purified at 4 °C (Fig. 3.8). I noticed 

that what appeared to be full-length HisPP-CalRT was found mostly in the unbound 

fractions and the predominant form of HisPP-CalRT that bound to the nickel resin was 

a degraded form of about 35 kDa (Fig. 3.8).  

 

 

Figure 3.8. The purification of CalRT with CalAvd at 4 °C. A Coommassie-stained gel and 
an anti-His-tag western blot showing HissPP-CalRT purification at 4 °C. Sample labels are as follows: 
M, molecular weight marker; UB, unbound; E, elution. The temperatures above the sample labels 
indicate induction temperatures. 
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Truncated Versions of CalRT 

Following the observation above that a degraded form of HisPP-CalRT of 

about 35 kDa bound well to the resin, I hypothesized that if all of the HisPP-CalRT 

existed in this truncated form the yield of purified protein would be much larger and I 

would see less degradation. Three truncated versions of CalRT were constructed (Fig. 

3.9). One version was made to be 35 kDa when containing a His-tag, corresponding to 

the degraded version seen above (Fig. 3.8). Two additional versions were constructed 

that were 10 amino acids greater and 10 amino acids smaller than the 35 kDa His-

tagged version.  

 

Figure 3.9. CalRT truncations. Full-length CalRT is a 42.7 kDa protein. When containing 
a His-Tag followed by a PreScission protease cleavage site, it 45.2 kDa. CalRT-34 is a 33.7 kDa 
protein. When containing a His-Tag followed by a PreScission protease cleavage site, CalRT-34 is 36.2 
kDa. CalRT-33 is a 32.5 kDa protein. When containing a His-Tag followed by a PreScission protease 
cleavage site, CalRT-33 is 35.0 kDa. CalRT-31 is a 31.2 kDa protein. When containing a His-Tag 
followed by a PreScission protease cleavage site, CalRT-31 is 33.8 kDa. 
 
 
Expression of the CalRT Truncations 

The truncated versions of CalRT were co-expressed with CalAvd (untagged) 

using the optimal conditions determined for full-length HisPP-CalRT (i.e. overnight 

induction at 25 °C). The expression of all three versions was visible on a 

Coommassie-stained SDS-PAGE gel. It appeared that CalRT-33 and CalRT-34 had 

Figure'3.9:'Truncated'versions'of''
CalRT'

42.7 kDa!

33.7 kDa!

32.5 kDa!

31.2 kDa!

His6!

His6!

His6!

His6!

CalRT-34; residues 1-278!

CalRT-33; residues 1-267!

CalRT-31; residues 1-257!

CalRT(full); residues 1-353!
PP!

PP!

PP!

PP!

2.5 kDa!



	   47	  

greater expression than CalRT-31. A western blot showed that there was no basal 

expression. Additionally, there was no N-terminal degradation (Fig. 3.10), which was 

prevalent with full-length CalRT.  

 

  

Figure 3.10. The expression of CalRT truncations. Anti-His-tag western blot and 
Coommassie-staine SDS-PAGE gel. Sample labels are as follows: M, marker; UI, uninduced; I, 
induced. 
 

 
The solubility of the CalRT truncated versions was tested using the buffer that 

was used for the purification of full-length HisPP-CalRT, buffer C. CalRT-31 was 

shown to be barely soluble. CalRT-33 and CalRT-34 were found in the soluble 

fractions (Fig. 3.11).  

 

Figure 3.11. The solubility of CalRT truncated versions. Sample labels are as follows: P, 
insoluble portion after bacterial lysis; S, soluble portion after bacterial lysis; M, molecular weight 
marker. 
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Purification of the CalRT Truncations 

The CalRT truncations were co-expressed with CalAvd from the pETDuet 

plasmid, but it is not clear whether CalAvd was produced and soluble because it is 

untagged in this construct. When purified by nickel affinity, CalRT-33 and CalRT-34 

were found in the elution fractions in a non-degraded and mostly pure form, as 

visualized on a Coommassie-stained SDS-PAGE gel (Fig. 3.12). The Coommassie-

stained SDS-PAGE gel showed that CalRT-31 was not present in the elution fraction 

and full-length CalRT was in the elution fraction in a degraded form. 

 

 

Figure 3.12. Nickel affinity purification of CalRT truncations.  Coommassie-stained 
SDS-PAGE gel showing the purification of the CalRT truncations. CalRT-33 (with His-tag, 35 kDa) 
CalRT-31 was not in present in elution. CalRT-34 (with His-tag, 36.2 kDa) Sample labels are as 
follows: M, molecular weight marker; S, soluble portion after bacterial lysis; UB, unbound; W, wash; 
E, elution. 
 
 

The purifications of CalRT-33 and CalRT-34 appeared to produce relatively 

large yields compared to full-length CalRT (Fig. 3.12). Alternatively, CalRT-31 

produced very little purified protein. This is most likely due to its limited solubility 

(Fig. 3.11). CalRT-31 is the shortest of the truncated versions and is likely missing 

residues that stabilize its structure. Missing these residues may make it unstable and 
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therefore insoluble. Because of this, no further analysis was performed with CalRT-

31. 

After cleavage of the His-tag and passage through a nickel column, CalRT-33 

and CalRT-34 were further purified by size-exclusion chromatography (SEC) column 

(Fig. 3.13). Both proteins were found to elute from the column in pure and non-

degraded forms. The Coommassie stained SDS-PAGE gel suggested that CalRT-33 

and CalRT-34 did not elute in complex with CalAvd. 

 

Figure 3.13. Size-exclusion chromatography.  SEC elution profile chromatograms and 
Coommassie-stained SDS-PAGE gels. Top: CalRT-33. Bottom: CalRT-34. Sample labels are as 
follows: M, molecular weight marker; L, sample applied to SEC column; numbers correspond to the 
fractions collected from SEC. 
 
 

After performing the purifications described above, I noticed that the protein 

band corresponding to CalRT-33 and CalRT-34 resolved on SDS-PAGE gels at a 

molecular weight smaller than what they should. In Figure 3.12, CalRT-33 and 
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CalRT-34 each contain a His-tag and PreScission protease site and should be 35.0 and 

36.2 kDa, respectively. In this gel, they are both lower than the 35 kDa molecular 

weight marker. Additionally, in Figure 3.13, CalRT-33 and CalRT-34 appear lower 

than they should be. Prior to visualization on this gel, the His-tags were cleaved and 

CalRT-33 and CalRT-34 should be 32.7 and 33.9 kDa, respectively.  

 

MALDI-TOF Analysis of CalRT-34 

Analysis by MALDI-TOF was performed on CalRT-34 to determine whether 

the full CalRT-34 was expressed and purified without degradation.  

The experimental molecular weight of CalRT-34 was within error of its 

expected molecular weight. CalRT-34, after His-tag cleavage by PreScission protease, 

is expected to be 33.893 kDa. The predominant species in the purified sample was 

determined by MALDI-TOF to be 33.975 kDa +/- 0.100 kDa (Fig. 3.14). MALDI-

TOF analysis confirms that the correct construct was expressed and purified. 

 

 

Figure 3.14. MALDI-TOF for CalRT-34. (A) MALDI-TOF analysis. (B) A Coommassie-
stained SDS PAGE gel demonstrates that CalRT-34 remained soluble after overnight dialysis into 20 
mM (NH4)HCO3. 
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MALDI-TOF analysis showed the presence of another species in the pure 

CalRT-34 sample that is 32.749 kDa +/- 0.100 kDa (Fig. 3.14). Interestingly, this 

protein is close to the size of CalRT-33 (32.670 kDa after His-tag cleavage by 

PreScission protease). I hypothesized that CalRT-34 was being degraded to a protein 

similar in size to CalRT-33. Because of this, I deemed CalRT-33 a superior candidate 

to CalRT-34 for crystallization studies.  

 

Optimization of CalRT-33 and CalRT-34 Conditions for Crystallization Studies 

Ideally, protein used for crystallization studies should be in a solution 

containing no salt. This is so that vapor diffusion will occur at rates dependent only on 

the salt concentration of the well solution. The CalRT purification was performed in 

500 mM (NH4)2SO4 in buffer C. This is a very high concentration of salt so I tested 

whether CalRT would remain stable if the salt was dialyzed out. A Coommassie-

stained SDS-PAGE gel showed that CalRT-33 (Fig. 3.15A) and CalRT-34 (Fig. 

3.15B) remained soluble even when (NH4)2SO4 was completely removed. 

 

Figure 3.15. Varying the concentration of (NH4)2SO4.  (A) Coommassie-stained SDS 
PAGE gel showing analysis with CalRT-34. (B) Coommassie-stained SDS PAGE gel showing analysis 
with CalRT-33. Sample labels are as follows: M, molecular weight marker; P, insoluble portion after 
dialysis; S, soluble portion after dialysis. 

Figure'3.15:'Varying'the'concentra5on'
of'(NH3)2SO4''

M    P    S    P    S    M   P    S    P    S!
     0mM     50mM      100mM    200mM        300mM  400mM      500mM!

M   P   S    P     S   M    P     S       !A!

B!  M     P     S     P     S      P     S      P     S !
0mM     100mM    250mM   500mM!



	   52	  

To test if the entire purification could be done with this concentration of salt, 

the purification of CalRT-34 was done as above but with only 200 mM (NH4)2SO4 in 

buffer C. The absorbance spectrum (220 to 350 nm) of this purified sample was 

analyzed with a Nanodrop spectrophotometer to determine the amount of nucleic acids 

associated with the protein.  

When the purification was performed with 500 mM (NH4)2SO4 in buffer C, the 

absorbance peak was centered over 280 nm (Fig. 3.16). In this case, the relative 

absorbance at 260 nm to that at 280 nm was 0.57. In contrast, when the entire CalRT-

34 purification was performed in buffer C with only 200 mM (NH4)2SO4, the 

absorbance peak was centered over 260 nm. The relative absorbance at 260 nm to that 

at 280 nm was 1.50. This indicates that there are nucleic acids associated with CalRT-

34 in the protein preparation protocol with 200 mM (NH4)2SO4. I hypothesize that the 

presence of (NH4)2SO4, specifically SO4
2-, prevents the binding of nucleic acids to the 

protein by occupying the positively charged nucleic acid binding sites. CalRT-33 and 

CalRT-34 should be purified in buffer with 500 mM (NH4)2SO4. Following the 

purification, the (NH4)2SO4 can be dialyzed out. 

 

Figure 3.16. Nickel affinity purification in 200 mM (NH4)2SO4.  (left) When purified in 
500mM (NH4)2SO4, CalRT-34 has a large absorbance at 280 nm and a low absorbance at 260 nm. 
(right) When purified in 200mM (NH4)2SO4, CalRT-34 has a low absorbance at 280 nm and a large 
absorbance at 260 nm, indicating the presence of nucleic acids. 
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Crystallization trials should be set up using protein that is high in 

concentration, but not so high that the protein immediately precipitates out of solution. 

To determine protein concentrations for crystallization with CalRT-34, I tested its 

concentration limit. Samples of CalRT-34 that had been dialyzed into buffer C 

containing decreased concentrations of (NH4)2SO4 were concentrated. The highest 

concentration of protein achieved for each condition is outlined in Table 3.3. It was 

determined that the ideal concentration for crystal trays of CalRT-34 is in the range of 

5 – 10 mg/mL, depending on the ammonium sulfate concentration. 

 

Table 3.2. Concentration of CalRT-34. Concentration limits of CalRT-34 that was 
purified in buffer C and dialyzed into buffer C with decreased concentrations of (NH4)2SO4.  
 

 

 

 After analyzing the data from buffer (Fig. 3.15) and concentration (Table 3.2) 

studies, I determined that an optimal condition for CalRT-34 crystallization trials is 

buffer C with 0 mM (NH4)2SO4 with the protein at a concentration of 8 mg/mL. While 
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the analysis was performed primarily on CalRT-34, it should apply to CalRT-33 as 

well. 

 

CalRT Thermal Stability 

Because CalRT is from a thermophilic bacterium, I predicted that it would be 

thermostable and remain soluble at elevated temperatures. It is possible that 

crystallization trays may be placed at elevated temperatures for crystal growth. It is 

therefore important to know the stability of CalRT-34 at elevated temperatures. A 

Commassie-stained SDS-PAGE gel showed that most of the CalRT-34 remained 

soluble when heated at 50 °C for 20 min but this stability began to fade as CalRT-34 

was heated at 60 °C for 20 min.  

 

Figure 3.17. Qualitative study of CalRT-34 thermal stability.  Sample labels are as 
follows: 10’, sample was heated for 10 min; 20’, sample was heated for 20 min. 
 
 

To generate quantitative data about the thermal stability of the CalRT 

truncations, I performed an analysis on CalRT-33 using circular dichroism (CD). By 

performing a wavelength scan from 195 to 260 nm, CalRT-33 was found to have a 

maximal signal at 218 nm (Fig. 3.18). To measure the protein’s thermal stability, I 
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followed the ellipticity at this wavelength while heating the protein sample. As the 

protein becomes unstable it loses its secondary structure and the signal begins to 

dampen. The signal at 218 nm began to decrease at 60 °C. When the temperature was 

subsequently decreased, the signal at 218 nm did not return. This indicates that the 

unfolding of CalRT-33 is not a reversible phenomenon. I concluded that CalRT-33 is 

stable at temperatures up to 60 °C.  

 

 
Figure 3.18. Quantitative study of CalRT-33 thermal stability using circular dichroism. Top 
left: CalRT-33 wavelength scan. Top right: CalRT temperature melt. Bottom left: bRT wavelength 
scan. Bottom right: bRT temperature melt. 
 
 

As a comparison for temperature stability, the CD experiment was additionally 

performed using bRT. bRT is from a mesophilic organism and is not expected to 

possess any thermal stability properties. A maximal signal was seen at 221 nm when a 
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wavelength scan was performed on bRT. When the ellipticity was followed at this 

wavelength, the signal showed that bRT began to lose its secondary structure at 35 °C 

and it was not reversible. As expected, bRT does not possess thermal stability 

properties. 

 

Crystallization  

 One aim of this project was to determine the structure of CalRT by X-ray 

crystallography. I set up crystallization trials with CalRT-33 in buffer C with 0 mM 

(NH4)2SO4 at 8 mg/mL using the hanging drop vapor diffusion method. Unfortunately, 

none of the conditions yielded protein crystals. In 20 % of the conditions tested, 

CalRT-33 precipitated. Additionally, the crystals that did form were shown to be salt 

crystals. 

 

Future Directions 

The question of whether full-length CalRT and CalAvd interact can be 

investigated further by performing an in vitro pull-down assay. In order to do this, 

each protein must be purified individually. There is evidence that full–length HiPP-

CalRT (45.2 kDa) can be purified when expressed in the absence of CalAvd (Fig. 

3.19). Additionally, His-tagged CalAvd (16.2 kDa) can be purified (Fig. 3.20)  
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Figure 3.19. Purification of HisPP-CalRT without CalAvd. (A) Coommassie-stained SDS-
PAGE gel. (B) Anti-His-tag western blot. Sample labels are as follows: UI, uninduced; I, induced; P, 
insoluble portion following bacterial lysis; S, soluble portion following bacterial lysis; UB, unbound; 
W, wash; ; E2, elution fraction 2; E3, elution fraction 3; E3-7, combined elutions that contained CalRT. 
 
 

Cal Avd contained an  N-termial His-tag followed by a PreScission protease 

site; This construct is referred to as HisPP-CalAvd. HisPP-CalAvd was coexpressed 

with untagged CalRT. HisPP-CalAvd was purified in buffer D which does not contain 

(NH4)2SO4. The purified protein from SEC had a large absorbance at 260 nm (Fig. 

3.20). As noted above, this indicates the association of nucleic acids with the protein. 

In the future, the purification of CalAvd should be performed in buffer C, which 

contains (NH4)2SO4, so that the association of nucleic acids is lower.  

 

Figure 3.20.  HisPP-CalAvd purification. (Top) SEC elution profile chromatogram. The 
eluted protein has a high absorbance at 260 nm. (Bottom) Coommassie-stained SDS-PAGE gel. The 
SEC elutions are pure. Sample labels are as follows: M, marker; S, soluble portion following bacterial 
lysis; UB, unbound; W, wash; E, nickel elution; PP, after PreScission protease treatment; numbers 
correspond to SEC fractions (top). 
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Closing Remarks 

The ultimate goal in the investigation of DGR reverse transcriptases is to 

determine their protein structure in order to understand their function. This would help 

to characterize a clade of RTs that little is known about. In this chapter of the thesis I 

contributed to this goal. I identified Caloramator australicus as a thermophilic 

bacterium with a DGR. I developed a means to express and purify a truncated version 

of the C. australicus reverse transcriptase. I showed that CalRT-33 is thermostable but 

does not form a stable complex with the accessory variable determinant. Lastly, I 

identified future directions for the study of DGR reverse transcriptases from 

thermophilic organisms. 
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