
The folA Gene from the Rickettsia endosymbiont of Ixodes 
pacificus Encodes a Functional Dihydrofolate Reductase 
Enzyme

James L Bodnar, Sergio Fitch, Allison Rosati, and Jianmin Zhong*

Department of Biological Sciences, Humboldt State University, 1 Harpst Street, Arcata, CA 
95521, USA

Abstract

Although nonpathogenic bacterial endosymbionts have been shown to contribute to their arthropod 

host’s fitness by supplying them with essential vitamins and amino acids, little is known about the 

nutritional basis for the symbiotic relationship of endosymbionts in ticks. Our lab has previously 

reported that Rickettsia species phylotype G021 in Ixodes pacificus carries all five genes for de 

novo folate synthesis, and that these genes are monophyletic with homologs from other Rickettsia 
species. In this study, the rickettsial folate synthesis folA gene, coding for dihydrofolate reductase, 

was PCR amplified, cloned into an expression vector, and overexpressed in E. coli. Bioinformatic 

analysis identified that the FolA protein of phylotype G021 has the conserved DHFR domain, 

NADP binding sites, and substrate binding sites of bacterial dihydrofolate reductase. SDS-PAGE 

results showed that recombinant rickettsial FolA protein was overexpressed in BL21(DE3) E. coli 
in its soluble form. Affinity chromatography was used to purify the protein, and in vitro enzyme 

assays were performed to assess the biochemical activity of dihydrofolate reductase. The specific 

activity of recombinant FolA from phylotype G021 was determined to be 16.1 U/mg. This study 

has revealed that Rickettsia species phylotype G021 of I. pacificus is capable of producing a 

functional enzyme of the folate biosynthesis pathway, addressing the nutritional interactions 

behind the symbiosis between Rickettsia species phylotype G021 and its host.
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Introduction

Among invertebrate animals, arthropods are especially prone to establishing symbiotic 

relationships with intracellular bacteria (Rio, et al., 2016; Zug and Hammerstein, 2015). 

These relationships contribute to the ecological success of arthropods by providing 

protection from natural predators (Tsuchida et al., 2010) and parasite induced mortality 

(Brownlie and Johnson, 2009), producing detoxifying enzymes for degradation of 

insecticides (Indiragandhi et al., 2007), increasing heat tolerance (Moran and Yun, 2015) and 

reproductive success (Himler et al., 2011), and conferring direct fitness benefits under 

conditions of nutritional stress (Brownlie and Johnson, 2009). There are many examples of 

nutrient provisioning by intracellular bacteria to arthropods with low nutrient diets 

(Baumann, 2005; Dale and Moran, 2006; Moran, 2006). In fact, the reduced genomes of 

arthropod symbionts have retained only the genes required for maintaining a symbiotic 

lifestyle: those involved in host fitness and indispensable molecular processes, such as DNA 

and protein synthesis (Dale and Moran, 2006; McCutcheon and Moran, 2011; Moran, 2006).

The western black-legged tick, Ixodes pacificus, is a vector of Borrelia burgdorferi and 

Anaplasma phagocytophilum, the causative agents of Lyme borreliosis and anaplasmosis, 

respectively, in the western United States and western Canada (Lane et al., 1994; Reubel et 

al., 1998; Richter et al., 1996). I. pacificus is an ectoparasite and relies on a strict host blood 

diet that contains very low concentrations of nutrients and essential vitamins (Rio et al., 

2016). I. pacificus feeds on vertebrate hosts three times in their life, each occurring before 

moving on to the next stage of the life cycle (Padgett and Lane, 2001). As revealed by the I. 
scapularis (a close relative of I. pacificus) genome project (NCBI Bioproject Accession 

number PRJNA34667), some of the genes required for synthesizing vitamins such as folate 

(vitamin B9) are not possessed by ixodid ticks. Remarkably, juveniles and adults of I. 
pacificus are capable of surviving for up to a year between blood meals (Padgett and Lane, 

2001).

Physiological changes occur in response to a blood meal including engorgement and 

molting. During the early phase of the blood meal, a period of intermolt growth is 

undertaken in which a new cuticle and visceral tissues are grown (Sonenshine, 1993). Based 

on this knowledge, research has been aimed at investigating the mechanisms by which the 

tick is capable of surviving on the limited nutrients available in blood, with such long 

periods between feedings, and growing new tissues before molting to the next life stage 

without an abundant vitamin source. A major obstacle in understanding tick biology is the 

paucity of information concerning the functions of endosymbiotic bacteria. For example, 

little light has been shed on the nutritive exchanges choreographing the symbiotic 

architecture of endosymbionts in ticks.

A novel species of endosymbiotic Rickettsia classified as Rickettsia species phylotype G021 

was discovered in I. pacificus ticks by PCR and sequencing. Phylotype G021 is grouped 

with the Spotted fever group rickettsiae with close relation to R. buchneri, R. akari, and R. 
australis (Phan et al., 2011). Our lab reported that each I. pacificus tick carries phylotype 

G021 (Cheng et al., 2013b), and that the bacterium is passed through inheritance and 

maintained through all four stages of tick development (Cheng et al., 2013a). Inferences 
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have been made regarding the virulence of Rickettsia species phylotype G021 based on the 

ubiquitous prevalence and the 100% efficiency of transovarial transmission and transstadial 

passage of this species in I. pacificus compared to its fellow Rickettsia species phylotype 

G022 in I. pacificus (Cheng et al., 2013a; Cheng et al., 2013b). The authors suppose that 

phylotype G021 is nonpathogenic, but further characterization is required. Thus far, no data 

has been shown that would suggest that Rickettsia species phylotype G021 induces 

pathogenic effects in vertebrates. Furthermore, the closely related R. buchneri in I. 
scapularis, and R. peacockii show no indications of pathogenicity in vertebrates (Felsheim et 

al., 2009; Kurtti et al., 2015; Weller et al., 1998).

Although the function of the Rickettsia species phylotype G021 in I. pacificus is unknown, 

recent metabolic reconstructions carried out in our lab showed that all five genes of the 

folate (vitamin B9) biosynthetic pathway exist in the genome of Rickettsia species phylotype 

G021, including folA, folC, folE, folkP, and ptpS (Hunter et al., 2015). These are the genes 

necessary to complete folate synthesis (Hanson and Gregory, 2002; Pribat et al., 2009). 

These data, along with the nutrient poor diet, nature of life cycle, and lack of folate 

biosynthesis capabilities of I. pacificus, are convincing evidence of nutrient provisioning by 

phylotype G021.

In this report, we used rickettsial FolA as an indicator into the nature of the symbiosis 

between phylotype G021 and I. pacificus ticks, specifically the rickettsial folate biosynthesis 

in I. pacificus. The ability of Rickettsia species phylotype G021 to synthesize the essential 

vitamin B9 has been determined through bioinformatic gene annotation followed by 

isolation and biochemical characterization of the recombinant FolA protein. If it can be 

demonstrated that Rickettsia species phylotype G021 does indeed generate functional folate 

biosynthesis enzymes, further research may be aimed at in vivo evaluation of the specific 

benefits received by the I. pacificus ticks harboring them.

Materials and Methods

Materials

N-[Tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid (TES) buffer was purchased 

from Acros Organics (Geel, Belgium). Dihydrofolic acid (DHF) and nicotinamide adenine 

dinucleotide phosphate (NADPH) were purchased from Sigma Aldrich (St. Louis, MO). 

BSA was purchased from Promega (Madison, WI).

Tick collection and DNA Extraction

Flat ticks collected from Humboldt county California (GPS coordinate: N 40 55.200 W 123 

50.400) in March 2012 were identified by light microscopy using key features of the Ixodes 
pacificus species according to the standard morphological key (Furman and Loomis, 1984). 

The ticks were ground with a pestle (Fisher Scientific, Tampa, FL) in liquid nitrogen and 

boiled in sealed Eppendorf tubes with a heating block at 100°C for 15 minutes in 100 μl of 

0.7 M ammonium hydroxide, followed by heating at 100°C for 10 minutes to remove the 

ammonia (Guy and Stanek, 1991). The extracted DNA was quantified using a Nanodrop 
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ND-1000 spectrophotometer at OD260 (Thermo Fisher Scientific, Waltham, MA) and stored 

at −20°C.

Amplification of the rickettsial folA gene by Polymerase Chain Reaction (PCR)

The complete coding sequence for the folA gene of phylotype G021 was amplified using 

PCR. Primers were designed using sequence data of the folA gene previously obtained in 

our lab (Hunter et al., 2015). The open reading frame (ORF) was amplified using the 

following primers: forward primer 5’-

GAATGACAAATGTCAAATGAAAAATAGAAAAATCATCGGTATAATGG -3’; reverse 

primer 5’-GATTGACACGAGTCTTACCTCCTTTTAGTAAATTTATAAATCTGATAATTA 

-3’ (Elim Biopharmaceuticals, Hayward, CA), both containing the PshAI restriction enzyme 

recognition site (shown underlined in bold). The amplification reaction contained 50 ng 

genomic DNA from I. pacificus, 1X EconoTaq Plus Green Master Mix (0.1 units/μl 

EconoTaq DNA polymerase, 50 mM Tris-HCL, pH 9.0, 50 mM NaCl, 0.1 mg/ml BSA, 200 

μM dNTPs, 1.5 mM MgCl2) (Lucigen, Middleton, WI), and 1 μM forward and reverse 

primers in 25 μl of total volume. The PCR cycling conditions consisted of a single cycle at 

94°C for 5 minutes, followed by 40 cycles of 94°C for 30 seconds, primer annealing at 

50.3°C for 1 minute and extension at 72°C for 1 minute 20 seconds. The PCR included a 

final extension cycle at 72°C for 7 minutes. The amplified product was subjected to 

electrophoresis in 1X TAE buffer (40 mM Tris, pH 8.6, 20 mM acetate, 1 mM EDTA) using 

a 1% agarose gel and visualized by ethidium bromide (0.5 μg/ml) staining. The gel image 

was documented using an AlphaImager HP (Alpha Innotech, San Leandro, CA).

Construction of expression plasmid and DNA sequencing

The pET-41a(+) expression vector (EMD Millipore, Billerica, MA) was used for cloning and 

subsequent protein expression. This plasmid expresses recombinant proteins under control 

of a T7 lac promoter for high levels of expression, attaches an N-terminal GST fusion tag for 

affinity purification, and has a kanamycin resistance gene for transformant selection.

The amplified rickettsial folA gene PCR product was gel purified and ligated into the 

linearized, dephosphorylated pET-41a(+) expression vector using T4 DNA ligase (New 

England Biolabs, Ipswich, MA). The ligation reaction was transformed into NovaBlue 

competent cells (EMD Millipore, Billerica, MA) according to the manufacturer’s protocol. 

Transformed cells were plated on LB–kanamycin (50 mg/L) and incubated overnight at 

37°C. Individual colonies were inoculated in LB broth plus 50 mg/L kanamycin. Plasmid 

DNA was then purified using the Wizard Plus SV Minipreps DNA Purification System 

(Promega, Madison, WI), according to the manufacturer’s centrifugation protocol. The 

purified clone DNA was quantified by Nanodrop at OD260 and stored at −20°C.

folA clone DNA was sequenced at Elim Biopharmaceuticals (Elim, Hayward, CA) with 

vector specific forward and reverse primers (Forward primer: 5’-

AAGAAACCGCTGCTGCTAAA - 3’; Reverse primer: 5’-

AAGCTTGTCGACGGAGCT-3’), whose sequences are located upstream and downstream 

of the target gene, respectively. Sequences were uploaded into CodonCode Aligner 

(CodonCode Corporation, Centerville, MA) and the sequences with the highest quality were 
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chosen for analysis. The GenBank accession number of the folA gene of phylotype G021 is 

KT225568.

To serve as a control for the subsequent in vitro enzymatic assay, the gltA gene of phylotype 

G021 was also PCR amplified and cloned in the pET-41a(+) expression vector. The 

construct was confirmed by DNA sequencing at Elim Biopharmaceuticals (Elim, Hayward, 

CA). The GenBank accession number of the gltA gene of phylotype G021 is ALS88439.

Bioinformatics

The correct ORF of the folA gene was identified by NCBI’s ORF Finder. Because the folA 
gene of phylotype G021 is located on an operon which begins with the adjacent folKP gene, 

the GenBank submissions previously generated in our lab for these genes were used to 

annotate key features of the genes (Hunter et al., 2015). A putative promoter for the folKP 
gene was predicted using Softberry’s BPROM (www.softberry.com) selecting 

oligonucleotides from the 5’ untranslated region (UTR) of the folKP gene. Prediction of 

ribosome binding sites was performed by “RBS Calculator” on https://salislab.net/software/. 

Expasy’s Translate Tool was used to covert the nucleotide sequence to its corresponding 

amino acids. The protein domains were identified using PROSITE (http://

prosite.expasy.org/) and NCBI CD-Search (https://www.ncbi.nlm.nih.gov/Structure/cdd/

wrpsb.cgi).

Induction and expression of recombinant GST-FolA fusion protein

The folA clone DNA was transformed into lon(-), ompT(-) BL21(DE3) strain E. coli 
competent cells (EMD Millipore, Billerica, MA) for protein expression according to the 

manufacturer’s protocol. A 200 ml starter culture was added to 800 ml of LB broth 

supplemented with 100 mg/L kanamycin and 0.05% glucose. The culture was grown at 37°C 

while shaking at 230 rpm until an optical density of 0.5 at 590 nm was reached. Isopropyl-

beta-D-thiogalactopyranoside (IPTG) (Gold Biotechnology, St. Louis, MO) was then added 

to a final concentration of 0.4 mM, and the culture was incubated at 30°C overnight on a 

shaker. To maintain strong selection for the clone within the culture, administration of excess 

kanamycin was delivered as follows: 1 volume immediately following IPTG addition, and 1 

volume at about 8 hours after induction. The cells were harvested by centrifugation for 5 

min at 10,000 X g, resuspended in phosphate buffered saline with 1 mM 

phenylmethylsulfonyl fluoride (PMSF) (Thermo Scientific, Waltham, MA), and chilled on 

ice. Cell resuspensions were lysed by sonication. Lysates were transferred to Eppendorf 

tubes and centrifuged at 16,100 X g for 30 minutes at 4°C. Supernatants were transferred to 

sterile conical tubes (Thermo Scientific, Waltham, MA) and purified immediately.

SDS-PAGE and Western blot analysis

Total protein expression for the recombinant GST-FolA fusion protein was assessed by SDS-

PAGE followed by Coomassie blue staining. 2% of the total of each protein sample, in SDS 

sample buffer (0.75 M Tris-HCl, pH 6.8, 40% glycerol, 0.002% Bromophenol blue, 8% 

SDS) with 5% β-mercaptoethanol (β-ME) (Fisher Scientific, Tampa, FL), was loaded onto a 

12% Criterion TGX precast polyacrylamide protein electrophoresis gel (Bio-Rad, Hercules, 

CA) and electrophoresed in SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, 
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pH 8.3) for 55 min at 200 V with a current of 55 mA. The gel was stained with Coomassie 

blue and visualized over transilluminating white light with an AlphaImager HP (Alpha 

Innotech, San Leandro, CA).

Verification of protein identity was achieved by Western blotting. In performing this, the 

above procedure for SDS-PAGE was followed, but immediately following electrophoresis, 

the proteins were transferred to a PVDF (polyvinyl difluoride) membrane (Bio-Rad, 

Hercules, CA), probed for 2 hours at room temperature with a 1:500 dilution of mouse 

monoclonal anti-GST antibody (Thermo Scientific, Waltham, MA), followed by incubation 

with Immun-Star Goat Anti-Mouse-Horse Radish Peroxidase (HRP) conjugated secondary 

antibody (Bio-Rad, Hercules, CA) at a 1:20,000 dilution for 1 hour at room temperature. 

Detection was performed using the chemiluminescence detection reagents Clarity Western 

ECL Substrates (Bio-Rad, Hercules, CA). The image was documented using the C-Digit 

digital imager (Li-Cor, Lincoln, NE).

Solubility Analysis

For the protein solubility analysis, induction conditions for recombinant FolA expression 

were held as described above. Cells were harvested by centrifugation, resuspended in PBS, 

pH 7.2, and lysed by sonication. The lysate fractions were separated by centrifugation at 

16,100 X g for 30 min at 4°C. The soluble fraction was transferred to a new tube. 5% of the 

total protein samples (soluble fraction and pellet) were loaded into a 12% Criterion TGX 

precast polyacrylamide protein electrophoresis gel (Bio-Rad, Hercules, CA) and 

electrophoresed by SDS-PAGE as described above. The gel was stained with Coomassie 

blue and visualized over transilluminating white light using an AlphaImager HP (Alpha 

Innotech, San Leandro, CA).

Purification of the recombinant rickettsial GST-FolA fusion protein

Soluble GST-FolA was purified by affinity column chromatography using the Amicon Pro 

Affinity Concentration Kit-GST (EMD Millipore, Billerica, MA) according to the 

manufacturer’s instructions. Briefly, the entire FolA-containing lysate supernatant was 

filtered with a 0.45 μm nitrocellulose filter (Corning, Corning, NY) and incubated with GST 

Bind Resin (EMD Millipore, Billerica, MA) on a column at room temperature for 2 hours 

with gentle agitation. The sample was centrifuged at 1,000 X g for 5 min to allow the sample 

to flow through the column. The resin was washed with 15 column volumes GST Bind/Wash 

Buffer (EMD Millipore, Billerica, MA) by centrifugation at 1,000 X g for 2 min. Finally, 

GST-FolA protein was eluted with 10 column volumes 1X elution buffer (50 mM Tris, pH 

8.0, 10.2 mM reduced glutathione) (EMD Millipore, Billerica, MA) supplemented with 1 

mM Triton X-100 (Thermo Fisher Scientific, Waltham, MA) by centrifugation at 4,000 X g 

for 20 min in a swinging bucket rotor. The concentration of eluted protein was quantified by 

Nanodrop at OD280 and stored at −80°C in 20% glycerol.

In vitro enzyme assay

Dihydrofolate reductase (DHFR) activity for purified recombinant rickettsial GST-FolA 

fusion protein was monitored for 10 min at 25°C by the decrease in absorbance at 340 nm 

associated with NADP+ formation (Hillcoat et al., 1967). The reaction consisted of 50 mM 
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TES buffer, pH 7.0, 1 mg/ml BSA, 75 mM β-ME, 0.1 mM DHF, 0.1 mM NADPH, and 

varying concentrations of the GST-FolA protein in a 96 well Costar clear UV microplate 

(Corning, Corning, NY) in a final volume of 200 μl. One unit of enzyme is defined as the 

amount that reduces 1 μmol of dihydrofolate per minute using a molar extinction coefficient 

of 12,300 M−1 (Hillcoat et al., 1967). The absorbance change was observed using a 

SpectraMax i3x (Molecular Devices, Sunnyvale, CA) plate reader. Affinity column-purified 

GST-GltA fusion protein and the reaction buffer of the assay served as two negative controls. 

The DHFR activity was measured three times for both purified GST-FolA or GST-GltA.

Results and Discussion

Our previous study reported that Rickettsia species phylotype G021 has the genetic capacity 

for de novo folate synthesis (Hunter et al., 2015). In this study, we have demonstrated the 

vitamin B9 synthesizing dihydrofolate reductase function of the FolA protein of phylotype 

G021 through performed in silico assessment of the protein structure and overexpression of 

the recombinant protein as well as characterization through in vitro enzyme assay.

To overexpress recombinant FolA protein in E. coli, full-length folA gene (642 base pairs, 

bp) of Rickettsia species phylotype G021 was amplified by PCR and cloned into the 

pET-41a(+) plasmid. Clones verified by PshA1 digestion were sequenced. Based on the 

sequencing results, the correct orientation of the folA gene in the vector was verified and the 

nucleotide sequence of the folA gene of phylotype G021 was confirmed (Hunter et al., 

2015).

folA is part of an operon downstream of folKP (Hunter et al., 2015). Therefore, the 

nucleotide sequences including the 5’ and 3’ untranslated regions (UTRs) of rickettsial folA 
and folKP were used to identify features for regulatory elements of the folA gene from 

Rickettsia species phylotype G021. The ORF and putative E. coli sigma-70-like promoter 

region for the operon were identified by bioinformatics approaches. The G + C content of 

the folA gene of phylotype G021 amounts to 30.22%. The putative ribosome binding site for 

the folate genes were AGCAGA and AGGAGA, for folA and folKP, respectively. The 

putative -35 and -10 regions of the E. coli sigma-70-like promoter, which is upstream of the 

folKP gene, are TTCAGG and TTTCTTTT, respectively, with 19 bp between the two 

regions. These sequences are positioned correctly when compared with the consensus E. coli 
-35 (TTGACA) and -10 (TATAAT) regions of the sigma-70-like promoters. These sequences 

also show homology to previously characterized rickettsial promoters (Cai et al., 1995; Cai 

and Winkler, 1993; Shaw et al., 1997). The ribosome binding site (or Shine-Delgarno 

sequence, SD) of the folA gene has two mismatches to the consensus sequence. Previous 

studies reported that 5'UTR of prokaryotic genes are highly diverse (Chang et al., 2006; 

Sakai et al., 2001). This is actually a common phenomenon, as many non-SD-led genes and 

leadless genes have been detected in the genomes of Archaea and Bacteria (Slupska et al., 

2001). In fact, less than 20% of genes from some microbial genomes were found to be SD-

led (Chang et al., 2006). It seems that the base-pairing between mRNA and 16S rRNA of the 

folA gene of phylotype G021 takes place in regions other than sites of SD – anti-SD base 

paring, indicating that Rickettsia species phylotype G021, similar to other prokaryotic 
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species, has great elasticity and variation to translation initiation (Jenner et al., 2005; Wu and 

Janssen, 1996).

We compared the FolA amino acid sequences of phylotype G021 with orthologs from other 

microbial organisms. By PROSITE and NCBI CD-Search, a dihydrofolate reductase 

(DHFR) domain was identified in the central region of the FolA protein from Rickettsia 
species phylotype G021. The DHFR domain is responsible for reducing dihydrofolate to 

tetrahydrofolate with NADPH as a cofactor. The NCBI CD-Search also identified ten 

NADPH and substrate binding sites of the FolA protein of phylotype G021, including 

alanine at residue 11, isoleucine at residue 18, arginine-lysine-tyrosine at residues 48–50, 

arginine at residue 69, and glycine-glycine-threonine-glutamic acid at residues 153–156. 

Alignments of the predicted FolA protein of phylotype G021 with DHFR proteins of several 

bacterial species showed that the ten NADPH and substrate binding sites are conserved 

among bacterial dihydrofolate reductases (Fig. 1). Among the ten NADPH and substrate 

binding sties, the glycine-glycine dipeptide at residues 153–154 is conserved among all 

known DHFR (Bolin et al., 1982; Roos, 1993). The glycine-glycine residues are connected 

with a cis-peptide bond in all DHFR proteins (Blakley, 1984). In addition, seven folate 

binding sites are also identified in the FolA protein of phylotype G021 by the NCBI CD-

Search, including isoleucine at residue 9, tryptophan at residue 26, glutamic acid at residue 

31, cysteine at residue 62, valine at residue 152, alanine at residue 158, and threonine at 

residue 173. Alignments of the predicted FolA protein of phylotype G021 with DHFR 

proteins of several bacterial species showed that the seven folate binding sites are conserved 

among bacterial dihydrofolate reductase (Fig. 1). Among the seven folate binding sties, 

tryptophan at residue 26 of the FolA protein of phylotype G021 belongs to the proline-

tryptophan dipeptide that is conserved in all dihydrofolate reductases (Bolin et al., 1982).

The amino acid sequence alignment indicates that the DHFR domain is widely distributed 

among bacteria. Surprisingly, both Salmonella phage Felix01 and Pseudomonas phage 

phiKZ, in addition to bacterial species, possess the conserved DHFR domain of 

dihydrofolate reductase. This result indicates that the folA gene of phylotype G021 could be 

obtained by phage-mediated horizontal transfer events (Fig. 1). Being an obligate 

endosymbiont undergoing reductive genomic evolution, phylotype G021 would tend to lose 

identifiable functional domains over time for proteins that are not necessary for survival or 

maintenance of its endosymbiosis. The fact that the FolA protein of phylotype G021 

contains the conserved DHFR domain and NADPH and substrate binding sites indicates a 

strong selective pressure for maintaining the function of this protein. Also, the loss of this 

gene altogether in several closely related bacterial species indicates that there may be a 

general trend toward losing this gene. Taken together, the obligate endosymbiotic nature of 

phylotype G021, the lack of folates in mammalian blood, and the maintained DHFR domain 

and NADPH and substrate binding sites of the FolA protein of phylotype G021, provide 

preliminary evidence to support our hypothesis that this symbiosis between phylotype G021 

and I. pacificus is sustained through indispensable nutritional interactions.

The recombinant GST-FolA fusion protein of Rickettsia species phylotype G021 was 

expressed using BL21(DE3) E. coli in LB broth. Whole-cell protein expression was 

determined by SDS-PAGE and Coomassie blue staining. Early log-phase addition of 0.4 mM 
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IPTG with overnight induction at 30°C proved to be effective conditions for producing 

recombinant GST-FolA protein. Also, three administrations of kanamycin provided 

sufficient selection during overexpression. SDS-PAGE analysis of the expression of GST-

FolA showed that the recombinant protein was observed in the correct theoretical locations 

on the gel: 56 kilodaltons (kDa) for the GST-FolA fusion protein compared to 35 kDa for the 

GST protein alone. The uninduced control lanes gave no corresponding bands (Fig. 2a). 

Using the Western blot assay, the specific recombinant GST and GST-FolA fusion proteins 

were identified. The sizes of the GST proteins were also confirmed. No bands corresponding 

to the recombinant proteins were observed in any of the uninduced negative controls (Fig. 

2b).

Protein solubility during expression of the GST-FolA fusion protein of Rickettsia species 

phylotype G021 was determined following induction with IPTG. E. coli cells were first 

lysed by sonication, insoluble and soluble fractions of E. coli cells were separated by 

centrifugation and analyzed for the presence of the overexpressed GST-FolA protein by 

SDS-PAGE. Using the above parameters of overexpression, the majority (~80%) of the GST-

FolA protein was present in the soluble fraction, though some GST-FolA protein was 

detected in the insoluble pellet (Fig. 2c). For overproduction and purification of the 

recombinant FolA protein, 200 ml culture volumes, grown overnight in 250 ml flasks while 

shaking at 165 rpm, were harvested by centrifugation, lysed, and fractionated. We can only 

postulate that the atypically high culture-to-flask volume ratio leading to the best FolA 

expression involves decreased toxicity of the protein under the conditions used in the E. coli 
expression system. Also, the possibility exists that more anaerobic conditions are necessary 

to produce this protein using this system. Soluble recombinant FolA was purified by affinity 

chromatography. SDS-PAGE results showed one predominant band with a molecular mass 

of 56 kDa in the pure eluate (Fig. 2d). It was estimated that the affinity chromatography 

yield about 2.5 mg of over 90% pure GST-FolA per liter of culture.

To verify the functionality of the Rickettsia species phylotype G021, the GST-FolA protein 

was assayed for enzyme activity. Purified GST-FolA was assayed at 25ºC as previously 

reported (Hillcoat et al., 1967; Sirawaraporn et al., 1993; Zywno-Van Ginkel et al., 1997). 

The FolA enzyme assay used for detecting its dihydrofolate reductase activity is based on 

the conversion of dihydrofolate to tetrahydrofolate, resulting in the oxidation of NADPH to 

NADP+, which was can be monitored on a kinetic plate reader by measurement of the 

absorbance at 340 nm. At 25ºC, a linear decrease in absorption over a 10 minute time period 

was observed (Fig. 3a). Using a molar extinction coefficient of 12,300 M−1 cm−1, the 

conversion of DHF and NADPH to THF and NADP+ was determined. The specific activity 

of the GST-FolA enzyme was found to be 16.1 U/mg, with a unit being defined as the 

amount of enzyme that reduces 1 μmol of DHF/min (Fig. 3b). The specific activity of 16.1 

U/mg for the FolA protein of phylotype G021 is within the same range of activity as other 

folate producing bacteria such as Mycobacterium avium (1.2 U/mg), and Bacillus cereus 
(11.1 U/mg) (Joska and Anderson, 2006; Zywno-Van Ginkel et al., 1997). To rule out the 

possibility that the pure elute contained a small amount of dihydrofolate reductase from E. 
coli, we expressed recombinant GST-GltA fusion protein of phylotype G021 in E. coli and 

purified the GST-GltA protein under the same conditions as the GST-FolA fusion protein. 

Bodnar et al. Page 9

Ticks Tick Borne Dis. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We found that there was relatively no detectable decrease in absorbance at 340 nm for both 

negative controls (150 μg GltA, and no enzyme) in the in vitro enzyme assay (Fig. 3a).

This study continues an earlier project (Hunter et al., 2015) to determine the role of 

Rickettsia species phylotype G021 as a potential mutualist in the Lyme borreliosis vector, I. 
pacificus, evaluating the putative nutritional benefit received by ticks harboring phylotype 

G021. It is also noteworthy that the bacterial microbiome of I. pacificus (Swei and Kwan, 

2017), other than the genus of Rickettsia, also have the capacity of producing folate and 

other nutrients. Surprisingly, not all vitamins are indispensable for the growth of bacteria in 

ticks. B. burgdorferi does not have the genes for de novo biosynthesis of thiamin, which is a 

cofactor required for the oxydative decarboxylation of pyruvate. However, the growth of B. 
burgdorferi is not affected by thiamin deprivation in vitro and in vivo (Zhang et al., 2016), 

indicating the existence of evolutionary constraints in the adaptive evolution dynamics 

between bacteria and tick hosts (Howick and Lazzaro, 2014.). The genetic capacity of 

bacteria is known to differ among bacterial species in ticks; such differences may play 

important roles in the evolution of the tick hosts (Zhang et al., 2016; Hunter et al., 2015).

The described work uses molecular biology and biochemistry to narrow the gap of 

knowledge in interactions involving bacteria-tick relationships, particularly folate production 

by phylotype G021. With the genetic capacity of de novo biosynthesis of folate (Hunter et 

al., 2015), the production of a functional dihydrofolate reductase enzyme, the predominant 

infection in the midgut and ovary tissues of I. pacificus (Phan et al., 2011; Bagheri et al., 

2017), and the increased bacterial burden in I. pacificus following a blood meal (Cheng, et 

al., 2013a), Rickettsia species phylotype G021 may significantly contribute to its host’s 

physiological homeostasis.

Conclusions

This research has helped increase our understanding of tick physiology, the biosynthesis of 

folate from Rickettsia species phylotype G021 in ticks, and the nutritional interactions of the 

symbiosis between phylotype G021 and I. pacificus. Our description of a functional folate 

biosynthesis protein from Rickettsia species phylotype G021 allows us to make inferences 

about the role of phylotype G021 in I. pacificus ticks. Although our ability to detect enzyme 

activity in a recombinant rickettsial folate biosynthesis protein awards phylotype G021 the 

capacity for folate biosynthesis, we need to bear in mind the in vitro context of the tests 

reported here. Future studies will be needed to further characterize this endosymbiont. 

Indeed, in vitro and in vivo analyses, such as infecting pure tick-cell culture lines with the 

isolate of Rickettsia species phylotype G021 and monitoring developmental and 

transcriptional effects, and analyzing folate levels between flat and engorged ticks, should 

prove quite rewarding in our understanding of this symbiosis.
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Figure 1. 
Amino acid sequence alignment for dihydrofolate reductase (DHFR) from Rickettsia species 

phylotype G021 and other bacteria as well as phage species, including Campylobacter jejuni 
(GenBank accession number CAC19929), Chlamydophila caviae GPIC (AAP05737), 

Ruminiclostridium thermocellum ATCC 27405 (ABN52458), Enterococcus faecalis 
(WP_049097722), Escherichia coli (WP_063844334), Lactobacillus johnsonii NCC 533 

(WP_011162224), Lactococcus lactis subsp. Lactis (EHE92570), Mycoplasma penetrans 
(WP_011077508), Pseudomonas phage phiKZ (NP_803570), Rickettsia conorii str Malish 7 

(WP_010976722), Salmonella enterica subsp. Enterica (WP_032490189), Salmonella phage 

FelixO1 (NP_944929), and Streptococcus agalactiae (ODG94437). The first 205 (of 213) 

amino acids of Rickettsia species phylotype G021 FolA protein, and the corresponding 

amino acids from the other species listed, are shown. Residues for NADPH and substrate 

binding sites in DHFR enzymes are labeled with asterisks. The folate binding sites are noted 

with hashtags.
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Figure 2. 
Overexpression, soluble expression, and purification of recombinant GST-FolA fusion 

protein of Rickettsia species phylotype G021 in E. coli (DE3). 2A) Overexpression of 

recombinant GST-FolA fusion protein of Rickettsia species phylotype G021 in E. coli 
(DE3). The expression of GST proteins (GST-FolA or GST) was induced by adding 0.4 mM 

IPTG into E. coli cultures, which were incubated at 30°C overnight. Coomassie blue staining 

of total protein expression, resolved on a 12% polyacrylamide gel. The location of the 

overexpressed GST-FolA is labeled as a star. (+) = induced by 0.4 mM IPTG at 30°C; (−) = 

uninduced negative control; kDa = kilodaltons. 2B) Western blot of GST-FolA fusion protein 

using mouse monoclonal anti-GST antibody, visualized on a PVDF membrane with 

chemiluminescent detection. 2C) Soluble expression of recombinant GST-FolA of Rickettsia 
species phylotype G021. Recombinant GST-FolA is expressed at its correct theoretical 

location (53 kDa). After the induction period, cells were harvested by centrifugation and 

lysed by sonication. The lysate fractions were separated by centrifugation. The soluble 

fraction and pellet were subjected to SDS-PAGE on a 12% polyacrylamide gel, stained with 

Coomassie blue, and visualized using transilluminating white light. 2D) The purity analysis 

of the GST-FolA protein by SDS-PAGE. GST-FolA fusion protein was purified using on-

column affinity chromatography. Whole cell extract after induction, flow through, wash 

fraction, and pure eluate were analyzed for purity by SDS-PAGE followed by Coomassie 

blue staining and transilluminating white light.
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Figure 3. 
Enzyme activity assays of GST-FolA of Rickettsia species phylotype G021. The 

dihydrofolate reductase activity of the GST-FolA protein was monitored at 25ºC for 10 min. 

The absorbance change at 340 nm was observed using a SpectraMax i3x plate reader. 3A) 

The graph represents the FolA specific activity assay. 150 μg GST-FolA or GST-GltA 

protein was used in the enzymatic assay. GST-GltA and buffer only serve as two controls for 

the assay. 3B) This graph represents the determination of the optimum enzyme concentration 

for the specific activity assay. 125 μg, 150 μg, and 175 μg GST-FolA were used in the 

enzymatic assay.
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