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ABSTRACT 

Trypanosomatids, including the human infectious parasites Trypanosoma brucei, Trypanosoma 

cruzi and Leishmania possess a unique DNA modification in their genomes. This DNA 

modification, known as base J, is synthesized in a two-step process in which specific thymines 

are hydroxylated to form hmU, then subsequently glucosylated to form base J. While the 

hydroxylases involved in the first step have been characterized, previous attempts to identify the 

glucosyltransferase has been unsuccessful.  This elusive glucosyltransferase has now been 

identified and is known as the base J-associated glucosyltransferase, or JGT.  Here we 

demonstrate the involvement of JGT in base J synthesis.  The deletion of both alleles of JGT 

from the genome of T. brucei generates a cell line that completely lacks base J.  Reintroduction 

of the JGT in the JGT-/- background stimulates base J synthesis.  In an in vitro assay, 

recombinant JGT utilizes UDP-glucose to transfer glucose to hmU in the context of dsDNA.  

Further in vitro characterization of JGT demonstrates its ability glycosylate hmU within any 

sequence with no significant change in Km or kcat, suggesting that JGT possesses no DNA 

sequence specificity.  The identification of this unique enzyme and its characterization as a DNA 



sequence non-specific enzyme has led to the development of a technique using JGT to map the 

location of hmU throughout the genome.  JGT can specifically convert hmU to base J in a 

genomic sample and the resulting base J can be enriched using an anti-base J antibody pull-

down.  This technique could be used to map the genomic location of hmU and may help to shed 

light on the potential functional of this oxidized DNA base. These findings presented here have 

ultimately led to the identification of a novel glucosyltransferase, a greater understanding of the 

synthesis of base J in trypansomatids, and the development of a technique that can be used to 

increase our understanding of epigenetic DNA modifications. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Kinetoplastids are a group of single-celled flagellate protozoan, a number of 

which cause serious disease in humans and other animals (1).  The most common human 

diseases caused by kinetoplastids include African sleeping sickness, caused by an 

infection with the parasite Trypanosoma brucei; Chagas disease caused by infection with 

Trypanosoma cruzi; and Leishmaniasis, caused by infection from different species of 

Leishmania (1).  It is estimated that half a billion people are at risk of contracting 

diseases caused by these organisms and that more than 20 million people are currently 

infected, resulting in more than 100,000 deaths per year (1).  There are currently no cures 

for these diseases and drug treatments are often toxic, difficult to administer, and have 

varying levels of success (1).  

Each of these parasites is transmitted to a human host by an arthropod vector.   T. 

brucei it is transmitted by a tsetse fly, T. cruzi is vectored by a Triatomine insect, and 

Leishmania is passed to humans through the bite of a sandfly (1,2).  These organisms 

must be able to respond to environmental changes associated with transmission, from an 

insect vector to human host, including changes in pH, temperature, osmolarity, oxygen 

availability, and nutrients, and initiate differentiation to new developmental stages (2).  

Their ability to respond to environmental cues and to adapt their gene expression to new 

situations is critical for their survival. 
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Transcriptional regulation is an important contributor to the control of gene 

expression in eukaryotes; however, it was thought that kinetoplastids do not regulate the 

expression of genes at the transcriptional level (2).  Instead it is thought that regulation of 

gene expression in kinetoplastids is primarily through post-transcriptional mechanisms 

(2,3). Regulation of gene expression in kinetoplastids through post-transcriptional 

mechanisms is a consequence of their unusual genome arrangement.  These organisms 

are unique from other eukaryotes in that their genes are organized into large polycistronic 

transcription units (PTUs) (2-4) (Figure 1.1A).  Adjacent PTUs may be located on the 

same DNA strand, arranged in a head to tail fashion, or on different strands with two 

PTUs either diverging or converging (5).  These sites where two PTUs converge is 

known as a convergent strand switch region (cSSR) and sites where two PTUs diverge is 

known as a divergent strand switch region (dSSR) (5) (Figure 1.1A).  These PTUs 

contain tens-to-hundreds of functionally unrelated genes (2,3,5).  The genes within a PTU 

are transcribed by RNA polymerase II (Pol II), yielding a polycistronic precursor mRNA 

(2,3) (Figure 1.1B).  This polycistronic precursor mRNA is then processed into individual 

mRNA transcripts by trans-splicing, in which a 39nt spliced leader (SL) sequence is 

added to the 5’ end, followed by polyadenylation of the 3’ end (2,3) (Figure 1.1B).  

Because the genes within a PTU are transcribed at roughly the same rate, the expression 

of each individual transcript may be regulated post-transcriptionally (2). 

The data suggesting that regulation of gene expression in kinetoplastids is entirely 

through post-transcriptional mechanisms has recently been challenged by the discovery 

of multiple epigenetic marks enriched at sites of transcription initiation and termination 

throughout the genome (6,7).  One such modification, known as base J, is a 
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hypermodified DNA base that consists of a glucosylated thymidine (8).  Base J represents 

a unique DNA modification unlike any that as been described in other eukaryotes.  The 

unique nature of this modification and its role in gene expression in these organisms 

could provide us with more information about how DNA modifications and the enzymes 

that generate them play a role in epigenetics.  Not much is known about the regulation of 

gene expression at the level of transcription in kinetoplastids.  Research into how base J 

plays a role in these processes may yield information into control of transcription in these 

organisms and open up avenues for better genetic tools and a better understanding of 

polycistronic transcription.  In addition to base J being a unique modification, the 

enzymes that synthesize it also deserve attention.  Understanding the enzymes involved 

in base J synthesis and their regulation is critical in furthering our understanding of the 

role base J plays in the regulation of gene expression in these parasites.  Here, a review of 

our current knowledge of base J, its function, and the enzymes involved in its synthesis 

will be presented. 

 

BASE J 

Base J (ß-D-glucopyranosyloxymethyluracil) is a hypermodified thymine residue 

that accounts for about 1% of thymines in the nuclear genome (9).  The presence of this 

modified base was first indicated through analysis of T. brucei variant surface 

glycoprotein (VSG) expression sites (8).  Within the bloodstream of a human host, T. 

brucei evades immune destruction through antigenic variation of the VSG protein on 

their cell surface (10).  There are over 2,000 complete and partial VSG genes that exist 

within the T. brucei genome, however only one VSG is expressed at any given time (10) 
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(Figure 1.2B).  The expressed VSG is located within a specialized subtelomeric 

transcription unit known as an expression site (ES), and while multiple ESs exist, only 

one of these ESs is active and all others are silent (10) (Figure 1.2A and 1.2B).  Several 

reports observed that silent VSG genes were only partially digested by certain nucleases. 

However, upon ES activation, the VSG gene became fully digestible (11,12).  Because 

certain DNA modifications can block DNA digestion by nucleases (13), it was 

hypothesized that a DNA modification was present on silent ES, but not active ones.   

Attempts were then made to identify this potential DNA modification within the 

genome.  Nucleotide post-labeling combined with two-dimensional thin layer 

chromatography revealed the presence of two modified DNA bases (14).  One of these 

modified bases was identified as hydroxymethyluracil (hmU), however the other 

modified DNA base did not co-migrate with any known nucleotide (14).  Mass 

spectrometry, chromatography, nuclear magnetic resonance spectroscopy, and other 

biochemical analyses later identified this unknown DNA base as ß-D-

glucopyranosyloxymethyluracil and was named base J (14).  No other DNA 

modifications have been identified within the trypanosome genome.   

Base J has since been found in all kinetoplastids analyzed thus far including the 

human pathogens T. cruzi, several species of Leishmania, in the insect parasite Crithidia 

fasciculate, and in the fish parasite Trypanoplasma borreli.  Base J has also been found in 

related organisms such as the marine flagellate Diplonema and in the unicellular algae 

Euglena gracilis (15,16).  The presence of base J has not been identified in a variety of 

other protozoa, fungi, or in vertebrates (15).   
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LOCALIZATION OF BASE J 

Base J is located at specific sites throughout the kinetoplastid genome.  Base J is 

predominately present in repetitive sequences, such as telomeric repeats (15,17) (Figure 

1.3A).  The high degree of J modification in telomeric repeats has been shown for all 

kinetoplastids analyzed thus far (15).  In T. brucei, base J localizes to subtelomeric 

regions at expression sites, which are important for VSG switching, as mentioned 

previously (18) (Figure 1.2A and 1.3B).  Base J is enriched within other repetitive 

sequences throughout the T. brucei genome including the 50 and 70bp repeats within 

these expression sites and within gene sequences that exist in tandem arrays, including 

ribosomal RNA and SL RNA genes (19) (Figure 1.3B).  In Leishmania about 98% of 

base J is restricted to telomeric repeats; none of the subtelomeric repeats possessed 

detectable amounts of base J (20).  In T. cruzi, however, substantial amounts of non-

telomeric base J have been found (21).  This non-telomeric base J is localized to tandem 

gene arrays, in the subtelomeric repeat sequences, and in subtelomeric glycoprotein gene 

families implicated in pathogenesis (21).   

Base J is not restricted to just telomeric and subtelomeric repetitive sequences, 

however.  Recently, genome-wide enrichment of base J containing sequences and high-

throughput sequencing revealed small amounts of base J at chromosomal internal regions 

in T. brucei (22).  This chromosomal internal base J is specifically localized to dSSRs 

and cSSRs, which are sites of transcription initiation and termination, respectively (22) 

(Figure 1.3A).  This enrichment of base J at dSSRs and cSSRs has also been shown for 

both T. cruzi and Leishmania as well (23-25).  Not every SSR in the genome contains 
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base J.  For example, in T. brucei only 50% of dSSRs and 60% of cSSRs are modified 

(22) and in L. major 64 out of 65 cSSRs are modified (23).           

Base J modification in vivo is not only restricted to particular DNA sequences, but 

also to which Ts are modified within a given sequence.  Nearest neighbor TLC analysis 

indicated sequence specific synthesis of J in telomeric repeats where only the second T in 

the top strand (GGTTA) is modified (17).  A technique recently developed known as 

single-molecule, real-time (SMRT) sequencing, allows for strand-specific detection of 

modified bases in DNA with single base resolution (26).  SMRT sequencing of episomes 

containing the telomeric repeat sequence from Leishmania confirm that only particular Ts 

within this sequence are base J modified (27).	
  	
  	
  	
  	
  	
  	
  	
    

It is unclear what determines the specific localization of base J throughout the 

genome.  From analysis of DNA sequences known to contain base J, no consensus 

sequence or motif has emerged.  There is a need to understand what regulates specific 

localization of base J within the genome and to determine the requirements for J insertion 

into a particular DNA sequence.  A better understanding of the synthesis of this DNA 

modification and the enzymes involved is crucial for understanding the regulation and 

sequence specificity of base J insertion.  

 

BASE J SYNTHESIS 

Indirect evidence indicates that base J is synthesized in a two-step pathway (8).  

In the first step specific thymidines in the genome are hydroxylated, forming 5-

hydroxymethyluracil (hmU) (Figure 1.4A).  In the second step, a glucose moiety is added 

to the hmU intermediate forming base J (Figure 1.4A).  Several lines of evidence support 
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this hypothesis of base J synthesis.  First, the specific localization of base J in the 

kinetoplastid genome suggests that thymidines are modified in DNA instead of being 

synthesized at the nucleotide level and then incorporated in to the genome during DNA 

replication (15,22).  Second, when T. brucei is grown in the presence of hmU, it is 

randomly incorporated into the genome and subsequently converted to base J (28,29).  

Furthermore, the expression of the mammalian base excision DNA repair enzyme 

SMUG1 leads to T. brucei cell death by excessive DNA repair (30). Third, it is known 

that hmU is freely accessible in the genome as detected by thin layer chromatography and 

by mass spectrometry (9). 

 It is now known that the first step of base J synthesis is carried out by either of 

two thymidine hydroxylase (TH) enzymes, J-binding protein 1 (JBP1) or J-binding 

protein 2 (JBP2) (29,31).  JBP1 and JBP2 generate the intermediate hmU within the 

genome (29,31), which then becomes the substrate for a glucosyltransferase (Figure 

1.4A).  The glucosyltransferase involved in the second step of base J synthesis has only 

recently been identified (32-34) and will be discussed in greater detail in subsequent 

chapters.        

 

J-Binding Protein 1 

JBP1 was first identified by its ability to bind to base J containing DNA substrates 

(35,36).  Nuclear extracts from C. fasciculata were incubated with synthetic base J-

containing duplex DNA and protein bound to base J was detected by gel-shift assay (35).  

The 90kDa protein was then purified by J-DNA affinity chromatography, subjected to 

MS analysis, and the corresponding gene was identified (35).  This gene and its T. brucei 
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and L. tarentolae homologues were then cloned, expressed in E. coli, and recombinant 

protein was also capable of binding J-containing duplex DNA (35).  This base J binding 

protein eventually became known as JBP1 and was unlike any known protein identified 

at the time (35).     

The ability of JBP1 to bind base J is dependent on the J-DNA binding domain in 

the C-terminal half of the protein (31,37-39) (Figure 1.4B).  Gel shift assays using 

recombinant JBP1 and double stranded DNA (dsDNA) substrates revealed that JBP1 

binds specifically to J-containing DNA and with high affinity (10-140nM) (37).  Optimal 

DNA binding requires at least five base pairs flanking J (37).  The protein does not bind 

to single-stranded DNA (ssDNA) containing base J or to free base J (37).  No significant 

binding to unmodified dsDNA was observed with gel-shift assays (37), however a more 

sensitive fluorescence anisotropy approach revealed JBP1 can bind unmodified dsDNA 

albeit with ~100-fold less affinity than J –DNA (40). 

DNA footprinting analysis indicate that JBP1 does not make any sequence-

specific contacts with the bases surrounding base J and should therefore be able to 

recognize J within any sequence context (41).  However it was discovered that JBP1 

binds to J within the telomeric repeat sequence with higher affinity than other non-

repetitive sequences (37).  The preference of JBP1 for repetitive sequences correlates 

with the high level of J-modification in the repetitive telomeric and subtelomeric 

sequences. 

The crystal structure of the J-binding domain revealed a novel helix-turn-helix 

(HTH) fold termed a ‘helical bouquet’ (39).  Within the recognition helix of the HTH 

motif there resides a single aspartate residue responsible for J binding and JBP1 function 
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in vivo (39).  Inactivation of the N-terminal TH domain did not affect J-binding (42).  

Based on recent fluorescent polarization measurements, JBP1 binds J-DNA and then 

undergoes a conformational change (43).  It is thought that this conformational change 

upon J-binding allows the TH domain to come into proximity to DNA (43).   

 

J-Binding Protein 2 

 An in silico search for additional JBPs in the T. brucei genome identified a 

protein with homology to the N-terminus of JBP1 now known as JBP2 (44) (Figure 

1.4B).  Despite the name, JBP2 does not bind the modified base directly, but is able to 

bind chromatin in a base J independent manner, presumably via the C-terminal 

SWI2/SNF2 chromatin-remodeling domain (22,44) (Figure 1.4B).  Mutation of key 

residues within the ATPase region of the SWI2/SNF2 ablates JBP2 function in vivo (44), 

however it is unknown if ATP hydrolysis is required for JBP2 to bind/remodel chromatin 

to stimulate hydroxylation.  It is also not known if the recognition of chromatin by JBP2 

is dictated by DNA sequence or structure, or by interactions with other epigenetic marks 

such as histone variants.  Further work is needed to fully understand the role this domain 

plays in base J synthesis and the requirements for proper functioning.          

 

Thymidine Hydroxylase Activity of the JBPs 

Both JBP1 and JBP2 contain a TH domain at the N-terminus that has led to the 

designation of these enzymes as belonging to the TET/JBP subfamily of dioxygenases 

that require Fe2+ and 2-oxoglutarate (2-OG) for activity (29,31,42,45-47) (Figure 1.4B).  

Members of this family are typically identified based on a structural level by the presence 
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of a “jelly roll” β-helix sheet that contains four key conserved residues involved in the 

binding of Fe2+ and 2-OG and are essential for catalytic activity (48,49).  Mutation of 

these key residues in both JBP1 and JBP2 inhibits enzyme function, and affects base J 

synthesis in vivo (42).  Deletion of either JBP1 or JBP2 from bloodstream form T. brucei 

results in a 20- and 8- fold reduction in the levels of base J, respectively.  The 

simultaneous deletion of both JBP1 and JBP2 yields a cell line (JBP null) that is unable to 

synthesize base J unless cells are fed hmU.   

To further characterize the JBPs as Fe2+/2-OG-dependent dioxygenases, an in 

vitro TH assay was developed using recombinant JBP1 (42).  In vitro JBP1 hydroxylates 

thymidine in the context of dsDNA and this hydroxylation activity was dependent on 

Fe2+, 2-OG, and O2, as expected for this class of enzymes (42).  The N-terminal TH 

domain of JBP1 was sufficient for full activity in vitro (42).  Mutation of residues 

involved in coordinating Fe2+ inhibited iron binding and the formation of hmU (42).  A 

well-characterized inhibitor of dioxygenases, dimethyloxalylglycine (DMOG) inhibited 

the TH activity of the JBPs both in vitro and in vivo (42).  These data confirm the identity 

of JBP1 and JBP2 as the thymidine hydroxylases catalyzing the first step of base J 

synthesis. 

 

JBPs in vivo 

While both JBP1 and JBP2 stimulate thymidine hydroxylation in vivo, each 

operates optimally under different chromatin environments (22).  Re-expression of JBP2 

into JBP null T. brucei stimulated J synthesis within the telomeres whereas JBP1 

stimulates J synthesis primarily at genome internal sites (22).  Optimal levels and 
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localization of base J only occurred upon re-expression of both JBP enzymes (22).  

Presumably this functional difference is due to the distinct C-terminal domains of each 

protein (35,38,39,44,50).  It is thought that the ability of JBP1 to bind J residues in the 

genome may enhance TH activity (35,38,39,43,50).  JBP1 may play a J-propagation 

function, binding to base J and spreading base J into adjacent regions.  Thus, JBP1 is able 

to maintain and propagate J in a site-specific manner.  JBP2 can bind chromatin 

independent of base J, presumably due to its SWI2/SNF2 domain (44,51).  JBP2 may 

recognize specific regions of chromatin where it can remodel chromatin and allow the 

TH domain access to thymidine residues in DNA.  However, the requirements for JBP 

mediated formation of hmU in specific regions of the genome remains unclear.   

The ability to delete both JBP enzymes from T. brucei is consistent with the non-

essential nature of base J in this organism (29). While deletion of either JBP1 or JBP2 in 

T. cruzi (24), and JBP2 in L. tarentolae (52,53), results in similar reductions in J levels as 

seen in T. brucei mutants, attempts to delete both JBPs have been unsuccessful, leading 

to the idea that base J is essential in these organisms. It is also possible that the JBP 

enzymes carry out essential functions in addition to J synthesis. Inhibiting the JBP 

enzymes in vivo through the use of DMOG can reduce the levels of base J to extremely 

low levels without affecting cell growth (54).  This result suggests there are alternative 

functions of JBP enzymes outside of base J synthesis and would explain the inability to 

generate a JBP null in T. cruzi and Leishmania.    
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The Base J-Associated Glucosyltransferase 

Attempts to identify the glucosyltransferase (GT) involved in the synthesis of 

base J had been unsuccessful until a recent bioinformatic study identified a possible 

candidate GT in trypanosomatids (32). Examining biochemical pathways for DNA 

modifications, Iyer et al. identified a GT-A-like glucosyltransferase with an operonic 

association to a JBP-related gene within several phage genomes (32). The authors 

postulated that because operons contain functionally related genes, these TET/JBP-

associated glycosyltransferases may glycosylate substrates generated by the JBP-like 

enzymes (32). Multiple sequence alignments showed that the TET/JBP-associated 

glycosyltransferases, including the kinetoplastid homologs, possess many of the 

structural elements and catalytic residues characteristic of the Rossmannoid nucleotide-

diphospho-sugar binding fold typical of the GT-A/fringe superfamily (32). 

The candidate GT proposed in this study has since been confirmed as the GT 

involved in the synthesis of base J in kinetoplastids, called the base J-associated 

glucosyltransferase (JGT) (33) (Figure 1.4C).  Recombinant JGT utilizes UDP-glucose to 

transfer glucose onto double stranded DNA substrates containing hmU in vitro (33).  In 

vivo, deletion of both JGT alleles in T. brucei results in a complete loss of base J from the 

genome (33,34).  These studies not only confirm its identity as a GT and the two-step 

base J synthesis model, but also indicate it is the only GT catalyzing the second step of 

base J synthesis.   

The recent identification of the glucosyltransferase involved in base J synthesis 

has increased our understanding of base J synthesis and now allows further investigation 

into base J function in kinetoplastids.  More in depth discussion of the identification and 
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characterization of this unique enzyme is presented in subsequent chapters (Chapters 2 

and 3).  

  

Developmental Regulation of Base J Synthesis 

Base J synthesis is developmentally regulated in T. brucei (18).  Base J is only 

detectable in the DNA of bloodstream form parasites, but is not present in the DNA of 

insect form parasites.  Analysis of the two life cycle stages revealed that the 

developmental regulation of base J synthesis is controlled at both steps of base J 

synthesis.  Insect form parasites down-regulate the production of both TH enzymes (JBP1 

and JBP2) and the GT enzyme (JGT).  However, hmU feeding or overexpression of JBP2 

in insect form T. brucei results in base J synthesis in the genome (29,55).  Therefore, 

developmental regulation of base J synthesis may be governed by the TH enzymes 

involved in the first step of base J synthesis.   

Unlike T. brucei, both T. cruzi and Leishmania possess base J in both their insect 

and mammalian lifecycles, however, there appears to be some degree of developmental 

regulation of base J synthesis between the two lifecycles.  In L. donovani and T. cruzi, 

there is an approximately 2-fold more base J in the DNA of bloodstream form parasites 

compared to insect form parasites (15,21).  The specific localization of base J throughout 

these lifecycle stages and potential functional role for regulation of base J synthesis 

throughout different developmental stages is unknown.    
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FUNCTION OF BASE J 

Because the identity of the enzymes involved in the first step of base J synthesis 

are known and well characterized, we have been able to exploit this step in the pathway 

to study the function of base J in these organisms.  Although the entire picture of the 

functional roles of base J is still unclear it is becoming more evident that base J plays a 

role in the regulation of transcription in kinetoplastids.            

 

Trypanosoma brucei 

T. brucei utilizes VSGs on their cell surface to evade the host immune system by 

means of antigenic variation (10).  The expression of VSG genes must be tightly 

controlled, with only one VSG expressed at a time and other VSG genes kept 

transcriptionally silent (10) (Figure 1.2B).  As mentioned previously, in T. brucei base J 

is found at silent VSG expression sites and absent from the active VSG expression site 

(18) (Figure 1.3B).  The association of base J with silent expression sites in BSF T. 

brucei led to the hypothesis that base J plays a role in the regulation of antigenic 

variation.  However, no direct evidence has been put forth to support this idea.    

Recent work suggests that, base J localizes at transcription termination sites 

within gene clusters in T. brucei (54).  Loss of base J through inhibition of the JBPs led to 

read-through transcription at specific sites within the gene cluster and an increased 

expression of downstream genes, suggesting a role for base J in the regulation of 

transcription termination (54) (Figure 1.5C).  While base J localizes to transcription 

termination sites where two PTUs converge, loss of this mark did not result in read-

through transcription into the opposing gene cluster (54).  These data suggests that in T. 
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brucei base J plays a role in the transcription termination at sites within a PTU and 

regulating the expression of specific genes downstream of that site, but is not required for 

termination within a cSSR.  

 

Trypanosoma cruzi 

In T. cruzi we are unable to generate a cell line that lacks both JBP1 and JBP2, 

however knockouts of the individual enzymes can be generated yielding cells that have 

reduced levels of base J (24).  Loss of base J at transcription initiation sites led to an 

increased rate of RNA Polymerase II (Pol II) transcription and global changes in gene 

expression (24,25).  Additionally these cells had increased host cell invasion efficiency 

and delayed egress as compared to wild type (WT) cells (24).  The loss of base J at 

transcription termination sites did not result in any detectable defects in transcription 

termination, however (24,25).  It was later shown that JBP1 knockout T. cruzi exhibited 

decreased nucleosome abundance, increased Pol II occupancy, and increased histone 

H3/H4 acetylation at sites of transcription initiation, all indicative of active transcription 

(25) (Figure 1.5A).  These data support the claim that base J increases active chromatin 

marks and plays a role in regulating transcription initiation in T. cruzi.   

 

Leishmania 

In Leishmania reduction in base J levels has been accomplished through deletion 

of the JBP2 enzyme; attempts to create a JBP1 knockout cell line have been unsuccessful 

(52,53).  Deletion of JBP2 from L. tarentolae lead to read-through of Pol II transcription 

termination sites with generation of antisense RNAs corresponding to the adjacent PTU 
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(23) (Figure 1.5B).  When JBP2 knockout L. tarentolae is treated with the thymidine 

analog bromodeoxyuridine (BrdU), the levels of base J are further reduced, leading to 

exacerbated read-through and cell death (23).  In L. major, reduction of base J following 

DMOG treatment results is a similar read-through at transcription termination sites 

throughout the genome, however DMOG treatment did not result in cell death (54).  In 

Leishmania, base J is likely to play a role in the regulation of Pol II transcription 

termination within cSSRs, preventing transcription into the adjacent PTU, unlike what 

was seem in T. brucei (23,54,56).  Like T. brucei, base J is also found within gene 

clusters in L. major (54,56).  DMOG treatment of L. major lead to a loss of base J at 

these sites resulting in read-through transcription past the termination site and increased 

expression of downstream genes (56) (Figure 1.5C).  Therefore, base J not only regulates 

transcription termination within cSSRs but also within gene clusters, and suppresses  

expression of specific genes throughout the genome.  

 

SIMILAR DNA MODIFICATIONS AND DNA MODIFYING ENZYMES 

DNA modifications are widespread in nature and have been found in eukaryotes, 

prokaryotes, and in bacteriophages (57,58).  Nucleic acids can carry diverse 

modifications and have been shown play a critical role in a variety of cellular processes 

(58).  The discovery of base J in kinetoplastids has added to this an understanding of a 

novel epigenetic mark and a description of the unique enzymes involved in its synthesis.  

While base J is, with few exceptions, found only in kinetoplastids, oxidized and 

glycosylated DNA bases have been described in other organisms.  The enzymes involved 
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in the synthesis of these oxidized and glycosylated bases share many features to the 

enzymes involved in the synthesis of base J. 

 

TET Enzymes 

One of the best-studied DNA modifications is methylated cytosine. 

Methylcytosine (mC) is an important epigenetic mark within the mammalian genome that 

regulates gene expression of many biological processes (59).   It is generally considered a 

repressive mark as the presence of methylated cytosines at a promoter region is directly 

connected with transcriptional repression of a gene (60).  The presence of mC at 

particular regions of the genome is a dynamic and reversible process (61).  Programmed 

alterations in the methylation landscape are crucial for regulation of genes during 

development (61).  mC can be removed through a passive demethylation mechanism 

through cell replication or through an active demethylation pathway catalyzed by the ten 

eleven translocation (TET) enzymes (62).  The TET enzymes are mC hydroxylases, 

which catalyze the iterative oxidation of mC to hydroxymethylcytosine (hmC), 

formylcytosine (fC), and carbosylcytosine (caC) (46,63,64).  fC and caC can then be 

excised by a thymine DNA glycosylase (TDG) followed by base excision repair (BER) to 

replace mC with an unmodified cytosine (C) (64,65).   

      The TET enzymes perform a similar hydroxylation function to that of the JBP 

enzymes and belong to the TET/JBP superfamily of Fe2+/2-OG-dependent dioxygenases 

(46,47).  In fact, the TET enzymes were first identified based on homology to the JBP 

enzymes from T. brucei (46).  The mammalian TET family contains three members, 

TET1, TET2, and TET3 all of which contain a conserved C-terminal catalytic domain 
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(47).  TET1 and TET3 also have a CXXC domain, which is capable of binding mC and 

hmC (66).  in vitro, recombinant full-length TET proteins and TET catalytic domains are 

able to convert 5mC to 5hmC in a Fe2+, 2-OG, and O2 dependent manner (66).  Ectopic 

expression of TET proteins in vivo reduces mC levels and increases levels of hmC and 

this activity is ablated upon mutation of critical residues within the active site (62).       

Increasing evidence has supported the notion that TET enzymes and mC 

derivatives play important roles in development.  TET proteins are implicated in several 

stages of mouse development, particularly those in which global changes in methylation 

status take place, particularly the zygote, blastula, and primordial germ cells (62,66).  

Mice deficient in individual TET enzymes or combinations thereof display embryonic 

abnormalities and combined deficiency of all three TET enzymes in mESCs completely 

depletes hmC levels, impairs differentiation and does not support embryogenesis (66-72).  

Emerging evidence suggests that, in conjunction with interacting proteins, the TET 

oxidation products hmC, fC, and caC may themselves have unique epigenetic regulatory 

functions in development (73).  While the TET enzymes, and the DNA modifications that 

they generate may be important for development it is unclear the exact mechanism, 

however it is speculated that they may play an epigenetic role in the regulation of gene 

transcription (73).  

 

T4 β-Glucosyltransferase  

The genome of the T4 bacteriophage also possesses hmC, which can further be 

modified by the attachment of glucose to form β-glycosyl-5-hydroxymethylcytosine 

(74,75).  Incorporation of hmC into the phage DNA blocks cleavage by many bacterial 
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restriction endonucleases and glucosylated hmC further blocks attack by hmC-specific 

nucleases (76,77).  Glucosylation of hmC has also been implicated in gene expression by 

influencing transcription (78).  The T4 β-glucosyltransferase (β-GT) catalyzes the 

transfer of glucose from UDP-glucose onto hmC in duplex DNA to form glycosylated 

hmC (79).  Like the generation of hmC by the TETs is similar to the generation of hmU 

by the JBPs, the T4 β-GT carries out a similar function of the glucosyltransferase 

involved in base J synthesis, by transferring glucose onto an oxidized DNA base.   

The β-GT was the first GT x-ray crystal structure to be solved and is a founding 

member of the GT-B structural fold family of GTs (80).  The GT-B fold consists of two 

domains with similar Rossman topology where the nucleotide-sugar substrate binds 

primarily to the C-terminal domain and the acceptor substrate binds to the N-terminal 

domain (80,81).  As seen in other DNA modifying and repair enzymes, β-GT utilizes a 

base-flipping mechanism, rotating the sugar-phosphate backbone around the flipped-out 

target base allowing it to enter into the enzyme’s activate site (82).  

 

CONCLUSION 

Base J represents a unique DNA modification unlike any that have been described 

in other organisms.  The unique nature of base J modification and its role in gene 

expression in kinetoplastids could provide us with more information about how DNA 

modifications and the enzymes that generate them play a role in epigenetics.  Not much is 

known about the regulation of gene expression at the level of transcription in 

kinetoplastids.  Research into how base J plays a role in these processes may yield 

information into control of transcription in these organisms and open up avenues for 
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better genetic tools and an understanding of polycistronic transcription in general.  In 

addition to base J being a unique modification, the enzymes that synthesize it also 

deserve attention.  The JBPs, either themselves or through the aid of other proteins are 

capable of directing synthesis of base J at specific regions of the genome by 

hydroxylating thymidines.  It was due in part to the discovery of the T. brucei JBPs that 

the identification of the mammalian homologues, the Ten Eleven Translocation (TET) 

proteins that hydroxylate methylcytosines within the mammalian genome, was made 

possible, an example of how discovery of kinetoplastid proteins impact other systems.  

Furthermore, the synthesis of base J represents a unique pathway only found in 

kinetoplastids, making it a potential drug target for treatment of these diseases.  Research 

into this unique pathway may yield drug or peptide inhibitors specific to the enzymes of 

base J synthesis with little side effects to the host.  Continued research into base J 

synthesis and function will provide insight into epigenetic regulation of transcription in 

kinetoplastids, may increase our overall knowledge of DNA modifying enzymes, and 

could become an attractive drug target to treat diseases caused by kinetoplastids.  
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FIGURES 

 

 

FIGURE 1.1. Genome Organization and Gene Expression in Kinetoplastids.  A.  

Genes are arranged into large polycistronic transcription units (PTUs) containing 

functionally unrelated genes.  Adjacent PTUs can either converge or diverge from one 

another.  Sites where two PTUs converge are known as convergent strand switch regions 

(cSSRs) and sites where two PTUs diverge are known as divergent strand switch regions 

(dSSRs), which are sites of transcription termination and initiation, respectively.  B. RNA 

polymerase II transcription proceeds through a PTU, generating a polycistronic precursor 

mRNA which is then processed into individual transcripts through processes such as 

trans-splicing and poly-adenylation.        
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FIGURE 1.2. T. brucei VSG Expression Sites.  A. In a VSG expression site, the VSG 

gene is the last one in the large polycistronic transcription unit and is located within ~2kb 

of the telomeric repeats. A stretch of 70bp repeats is located upstream of the VSG gene 

followed by a number of expression site associated genes (ESAGs).  Upstream of the 

promoter is a stretch of 50bp repeats.  B. Only one of several VSG expression sites is 

actively transcribed while the rest are silent.  
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FIGURE 1.3. Localization of Base J. A. Base J is localized to specific sites throughout 

the genome.  Base J is found at divergent and convergent strand switch regions (dSSRs 

and cSSRs), which are sites of transcription initiation and termination, respectively.  The 

telomeric repeats are also modified with J.  B.  In T. brucei, base J is located in the 

inactive VSG expression site but is absent from the active one.  Base J is found in the 

50bp repeats upstream of the expression site and in the telomeric repeats independently 

of the transcriptional status of the expression site. 
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FIGURE 1.4. Base J Synthesis. A. Base J is synthesized in a two-step process.  First 

thymine residues in the context of DNA are hydroxylated by the two thymidine 

hydroxylases J-binding protein 1 (JBP1) and J-binding protein 2 (JBP2) to form 

hydroxymethyluracil (hmU).  Second, hmU becomes the substrate for a 

glucosyltransferase known as the base J-associated glucosyltransferase (JGT) which 

transfers a glucose onto hmU to form base J.  B. Diagram of domains within JBP1 and 

JBP2.  JBP1 and JBP2 both contain a N-terminal thymidine hydroxylase (TH) domain.  

JBP1 possesses a J-binding domain within the C-terminal half of the protein, while JBP2 

possesses a SWI2/SNF2 chromatin-remodeling domain.  C. Diagram of the catalytic GT-

A domain within JGT.       
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FIGURE 1.5. The role of base J in transcriptional regulation.  A. Loss of base J from 

transcription initiation sites leads to decreased nucleosome abundance, increased marks 

of histone H3 and H4 acetylation, increased RNA Pol II occupancy, and increased 

transcript abundance of genes within the PTU.  B. Loss of base J from transcription 

termination sites leads to read through transcription past the transcription stop sites within 
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a convergent strand switch region and continues into the flanking polycistronic 

transcription unit.  C. Loss of base J from sites within a polycistronic transcription unit 

leads read through transcription and an increased expression of downstream genes. 
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FIGURE 1.6. Oxidative and glycosylated DNA modifications in other systems.  A. 

Iterative mC oxidation and demethylation pathways.  Methylated cytosines (mC) are 

generated by DNA-methyltransferases (DNMTs) which can be oxidized by the ten-eleven 

translocation (TET) proteins to generate hydroxymethylcytosine (hmC), formylcytosine 

(fC), and carboxylcytosine (caC).  mC, hmC, fC, and caC can be lost through passive 

demethylation by loss of maintainence during cell division.  Active demethylation occurs 

when fC and caC are excised by thymine-DNA glycosylase (TDG) and replaced with 

cytosine (C) following base excision repair.  B. The β-glucosyltransferase from T4 phage 

transfers a glucose moiety onto hydroxymethylcytosine in DNA.    
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CHAPTER 2 

IDENTIFICATION OF THE GLUCOSYLTRANSFERASE THAT CONVERTS 

HYDROXYMETHYLURACIL TO BASE J IN THE TRYPANOSOMATID 

GENOME1 
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ABSTRACT 

O-linked glucosylation of thymine in DNA (base J) is an important regulatory epigenetic 

mark in trypanosomatids. β-D-glucopyranosyloxymethyluracil (base J) synthesis is 

initiated by the JBP1/2 enzymes that hydroxylate thymine, forming 5-

hydroxymethyluracil (hmU). hmU is then glucosylated by a previously unknown 

glucosyltransferase. A recent computational screen identified a possible candidate for the 

base J-associated glucosyltransferase (JGT) in trypanosomatid genomes. We demonstrate 

that recombinant JGT utilizes uridine diphospho-glucose to transfer glucose to hmU in 

the context of dsDNA. Mutation of conserved residues typically involved in 

glucosyltransferase catalysis impairs DNA glucosylation in vitro. The deletion of both 

alleles of JGT from the genome of Trypanosoma brucei generates a cell line that 

completely lacks base J. Reintroduction of JGT in the JGT KO restores J synthesis. 

Ablation of JGT mRNA levels by RNAi leads to the sequential reduction in base J and 

increased levels of hmU that dissipate rapidly. The analysis of JGT function confirms the 

two-step J synthesis model and demonstrates that JGT is the only glucosyltransferase 

enzyme required for the second step of the pathway. Similar to the activity of the related 

Ten-Eleven Translocation (TET) family of dioxygenases on 5mC, our studies also 

suggest the ability of the base J-binding protein enzymes to catalyze iterative oxidation of 

thymine in trypanosome DNA. Here we discuss the regulation of hmU and base J 

formation in the trypanosome genome by JGT and base J-binding protein.  
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INTRODUCTION 

Trypanosomatids, including the human pathogens Trypanosoma brucei, 

Trypanosoma cruzi , and Leishmania  species, possess a unique DNA modification within 

their genome known as β-D-glucopyranosyloxymethyluracil (base J) (1,2). Base J is a 

hypermodified thymine residue that accounts for about 1% of thymines in the genome 

and is predominately present in repetitive sequences, such as telomeric repeats (2,3). In 

addition, base J is also found at chromosome-internal regions that coincide 

with sites of RNA polymerase II (Pol II) transcription initiation and termination (4). The 

loss of base J from these chromosome-internal regions in T. cruzi leads to more open 

chromatin and increased Pol II occupancy, ultimately leading to changes in gene 

expression and parasite virulence (5,6). Loss of base J in Leishmania tarentolae leads to 

transcription termination defects and generation of antisense RNAs corresponding to 

downstream genes (7). These data strongly support that base J represents a novel 

epigenetic marker involved in regulating Pol II transcription and gene expression. 

Understanding the enzymes involved in base J synthesis and their regulation is critical in 

furthering our understanding of the role base J plays in the regulation of gene expression 

in these parasites. 

Indirect evidence, reviewed in Ref. 8, indicates a two-step pathway for the 

synthesis of base J (Figure 2.1A) (8). The first step of the pathway involves the 

hydroxylation of thymine in DNA by a thymidine hydroxylase enzyme, forming 5-

hydroxymethyluracil (hmU). A glucose moiety is then attached to this intermediate, 

presumably by a glucosyltransferase enzyme, to form base J. Although the GT has not 

been identified, two thymidine hydroxylase enzymes (JBP1 and JBP2) involved in the 
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first step of base J synthesis have been characterized (9,10). Both JBP1 and JBP2 contain 

a thymidine hydroxylase domain at the N terminus that has led to the designation of these 

enzymes as belonging to the TET/base J-binding protein (JBP) subfamily of 

dioxygenases that require Fe2+ and 2-oxoglutarate for activity (11-15).  JBP1 has a J-

DNA binding domain in the C-terminal half of the protein (9,16-18).  JBP2 does not bind 

the modified base directly, but is able to bind chromatin in a base J-independent manner, 

presumably via the C-terminal SWI2/SNF2 domain (10). Although both JBP1 and JBP2 

stimulate de novo thymidine hydroxylation in vivo, the ability of JBP1 to bind J-DNA is 

thought to play a role in J propagation/maintenance (10,14,19). Deletion of either JBP1 or 

JBP2 from the bloodstream form T. brucei results in a 20- and 8-fold reduction in the 

levels of base J, respectively (9,14,20). The simultaneous deletion of both JBP1 and JBP2 

yields a cell line that is unable to synthesize base J unless cells are fed hmU (14). Finally, 

using recombinant protein produced in Escherichia coli, we demonstrated that JBP1 

stimulates the hydroxylation of thymidine in the context of dsDNA in a Fe2+, 2-

oxoglutarate-, and O2 –dependent manner (15). These data confirm the identity of JBP1/2 

as the thymidine hydroxylases catalyzing the first step of base J synthesis and that this 

step is independent from the subsequent step of glucose conjugation. 

As reviewed in Borst and Sabatini (8), attempts to identify the GT involved in the 

synthesis of base J have been unsuccessful. However, a recent bioinformatic study 

identified a possible candidate GT in trypanosomatids (21). Examining biochemical 

pathways for DNA modifications, Iyer et al. (21) identified a GT-A-like 

glucosyltransferase with an operonic association to a JBP-related gene within several 

phage genomes. The authors postulate that because operons contain functionally related 
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genes, these TET/JBP-associated glycosyltransferases glycosylate substrates generated by 

the JBP-like enzymes. Multiple sequence alignment showed that the TET/JBP-associated 

glycosyltransferases, including the kinetoplastid homologs, possess many of the 

structural elements and catalytic residues characteristic of the Rossmannoid nucleotide-

diphospho-sugar binding fold typical of the GT-A/fringe superfamily (21). We now show 

the first functional analysis of the T. brucei TET/JBP-associated glycosyltransferase 

homolog and refer to it as base J-specific GT (JGT). Our in vitro assays show that 

recombinant JGT utilizes UDP-Glc to transfer glucose to dsDNA substrates containing 

hmU. Mutation of conserved residues in the catalytic domain of the GT-A fold in JGT 

impairs DNA glucosylation. In vivo, deletion of both JGT alleles in T. brucei results in 

the complete loss of base J. Reintroduction of an ectopically expressed, HA-tagged JGT 

in the JGT KO restores base J synthesis. RNAi knockdown of JGT led to a sequential 

reduction in base J and increased levels of hmU and 5-formyluracil (fU) in the T. brucei 

genome in a time-dependent manner. The analyses of JGT function in vivo not only 

confirm its identity and the two-step base J synthesis model but also indicate that it is the 

only GT catalyzing the second step of base J synthesis. These studies also suggest the 

ability of the JBP enzymes to convert hmU to fU. Here we discuss the regulation and 

consequence of the oxidation and glucosylation of hmU in the trypanosome genome by 

JBP and JGT. 
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MATERIALS AND METHODS 

Trypanosome Cell Culture and Generation of T. brucei Transfectants 

The bloodstream form T. brucei cell line strain 427 and the 90–13 RNAi cell line 

were cultured in HMI9 medium supplemented with 10% heat-inactivated fetal bovine 

serum and 10% serum plus as described previously (10). 90-13 cells were cultured in the 

presence of 2.5µg/ml neomycin and 5µg/ml hygromycin to maintain the intergrated genes 

for T7 RNA polymerase and the tetracycline repressor, respectively. Transfections of 

bloodstream form T. brucei were essentially carried out as described previously (14).  

 

Generation of the JGT Knockout 

Constructs used to generate JGT knockout lines contain either a hygromycin 

phosphotransferase (Hyg) gene (pTub-Hygro) or a blasticidin S deaminase (BSR) gene 

(pTub-Blast). The T. brucei JGT-flanking regions used to target each allele were PCR-

amplified from T. brucei 427 genomic DNA. The 611-bp fragment corresponding to the 

5’ flank was PCR-amplified using the sense primer 5’-

GCGGCCGCCGGCACTGACGATCTTACAT-3’ (the NotI site is underlined) and the 

antisense primer 5’-GGATCCCACATAATATAGCGCCACACATTC-3’ (the BamHI 

site is underlined). The resulting PCR products were cloned into the pTub-Hygro and 

pTub-Blast vectors digested with NotI and BamHI. The 595-bp fragment corresponding 

to the 3’ flank was PCR-amplified using the sense primer 5’-

AAGCTTTGCAGATGGCGTGTTTCT-3’ (the HindIII site is underlined) and the 

antisense primer: 5’-CTCGAGACGTGTGCCTAATACACTTACC-3’ (the XhoI site is 

underlined) and cloned into the pTub-Hygro construct. For the pTub-Blast construct, the 
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3’ flank was generated using the sense primer 5’-

GGGCCCTGCAGATGGCGTGTTTCT-3’ (the ApaI site is underlined) and 

the antisense primer 5’-GGGCCCAAGCTTACGTGTGCCTAATACACTTACC-3’ (the 

ApaI site is underlined). The resulting PCR product was cloned into the ApaI digested 

pTub-Blast vector. The pJGT-Tub-Hygro knockout construct was digested with NotI and 

XhoI, and the pJGT-Tub- Blast knockout construct was digested with NotI and HindIII 

prior to transfection. Transfectants were selected for resistance at 5µg/ml hygromycin and 

5µg/ml blasticidin. Two rounds of transfection were used to replace both JGT alleles. The 

correct integration of the KO constructs and deletion of the JGT ORF was confirmed by 

PCR. 

 

 

Re-expression of HA-tagged JGT 

To allow ectopic expression of HA-JGT fusion, we utilized a modified ptub-phleo 

construct (22) that contains the enhanced green fluorescent protein ORF cloned between 

the tubulin flanking sequences. A 2012-bp PCR product corresponding to the T. brucei 

JGT ORF was PCR-amplified using the sense primer 

CCTGCAGGATGGCTTACCCATATGATGTTCCAGATTACGCTGGAGGTCCAAG 

GAGGGGAAG (the SbfI site is underlined and sequence coding for the HA tag is shown 

in boldface) and the antisense primer GGCGCGCCTTAGTCTGCCTGCGACCCTCC 

(the AscI site is underlined) and cloned into the ptub- GFP vector digested with SbfI and 

AscI. Insertion of the HAJGT PCR product in the place of EGFP now allows expression 

of HA-JGT N terminus fusion protein after integration into the tubulin array. The final 
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construct (HA-JGT-tub-phleo) was digested with XbaI and XhoI before electroporation, 

and transformants were selected for resistance to 2.5µg/ml phleomycin. 

 

JGT RNAi 

To allow Tet-inducible ablation of the T. brucei JGT mRNA, the pZJM-JGT RNA 

interference construct was generated by inserting a 524-bp portion of the JGT ORF into 

the XhoI and HindIII sites of the RNAi vector pZJM (23). A 524-bp fragment of the 

coding sequence of the JGT gene (tb427.10.6900) was amplified from T. brucei  427 

genomic DNA using the sense primer CTCGAGGTGAATGTGTATGCCAACGC (the 

XhoI site is underlined) and the antisense primer 

AAGCTTTTGTTCTGCTGGCAGATGTC (the HindIII site is underlined) and cloned 

into the XhoI- and HindIII-digested pZJM vector. The resulting construct, pZJM-JGT, 

was digested with NotI prior to transfection. Transfectants were selected for resistance at 

2.5µg/ml phleomycin. 

 

Determination of the Genomic Level of J  

To quantify the genomic J levels, DNA was isolated and utilized in the anti-J 

DNA immunoblot assay as described previously (24). Briefly, serially diluted genomic 

DNA was blotted to nitrocellulose, followed by incubation with anti-J antisera. Bound 

antibodies were detected by a secondary goat anti-rabbit antibody conjugated to HRP and 

visualized by ECL. The membrane was stripped and hybridized with a probe for the β-

tubulin gene to correct for DNA loading. 
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Quantitative Reverse Transcription PCR  

Total RNA was obtained using Qiagen RNeasy kits according to the instructions 

of the manufacturers. First-strand cDNA was synthesized from 1µg of total RNA using 

an iScript cDNA synthesis kit (Bio-Rad) according to the instructions of the 

manufacturer. Heat-inactivated cDNA reaction mixtures were finally treated with RNase 

H at 37°C for 45 min. Quantification of selected genes was performed on an iCycler with 

an iQ5 multicolor realtime PCR detection system (Bio-Rad). The reaction mixture 

contained 5pmol of forward and reverse primer, 2µl iQ SYBR Green Super Mix (Bio-

Rad), and 2µl of template cDNA. Standard curves were prepared for each gene using 5-

fold dilutions of a known quantity (250 ng/µl) of genomic DNA from WT T. brucei  

DNA. The quantities were calculated using iQ5 optical detection system software. Each 

sample was normalized to enolase mRNA. The primer sequences utilized in this analysis 

were as follows: JGT, 5’-CCTGACTGAGAACCCTTACTTC-3’ (sense) and 5’- 

GGCACGTGTGACCATATACA-3’ (antisense); JBP1, 5’-

GTGTCCTAGCTGTGCTCAAA-3’  (sense) and 5’-

CAGGTGCGTATCGAAGAGTAAG-3’ (antisense); JBP2, 5’-

CCTTCCACCTTTGTGTATTCCT-3’ sense) and 5’-

CAACCGTCTCCTTCCTTGATAC-3 (antisense); enolase, 5’ -

GGCCTGCAACTCTCTTCTAC-3’  (sense) and 5’-CATCACTGACCAGCCATTCT-3’  

(antisense). 
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Preparation of Recombinant JGT  

The open reading frame of T. brucei JGT (Tb927.10.6900 TriTrypDB) was 

codon-optimized for E. coli expression and cloned into pET16b expression vector by 

GeneArt. The codon-optimized JGT nucleotide sequence is available upon request. The 

final construct was Tb-JGT-pET16b. Expression and purification of the N-terminal His10 

-tagged Tb-JGT was performed with BL21-Codon-Plus(DE3)-RIL-competent cells 

(Agilent). Briefly, freshly transformed bacterial cell cultures were induced at A600nm 

 0.4–0.6 with 1mM isopropyl 1-thio-β-D-galactopyranoside for 16 hours at 16°C. Cell 

pellets were washed in 50mM  HEPES (pH 7.5), 300mM NaCl, 10mM β-

mercaptoethanol, and 100mM PMSF and then flash-frozen and stored at -70°C until 

purification. Cells were lysed and sonicated in lysis buffer (50mM HEPES-NaOH (pH 

7.5), 300mM NaCl, 10mM β-mercaptoethanol, and 10% glycerol) with protease 

inhibitors (aprotinin, leupeptin, pepstatin, PMSF, and EDTA-free complete protease 

inhibitor; Roche). Cell lysates were clarified at 31,000xg for 20 min at 4°C. Recombinant 

JGT was affinity-purified with Talon resin (CloneTech) at 4°C for 1 hour, washed with 

600mM NaCl lysis buffer in a batch, and eluted by gravity column with 150mM  

imidazole lysis buffer. Purified protein was concentrated by Centricon (Millipore) and 

visualized by colloidal blue-stained SDS-PAGE and anti-His Western blot analysis. JGT 

concentration was estimated on the basis of mass spec analysis indicating the ratio of JGT 

and DnaK in the purified sample and comparison to BSA standards on Coomassie-stained 

SDS-PAGE.  

Mutagenesis of the T. brucei JGT was achieved using the Q5 site-directed 

mutagenesis kit (New England Biolabs). As a template for the PCR Tb-JGT-pET16b 
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construct, the following primer pairs were used: r(80)a, 5’-

GAGCAAAGGTgcaTTTTATCATGAACGTGGC-3’ (forward) and 5’-

GGAACAAAAATCGGAACAG-3’  (reverse); d241a, 5’-  

TGGGTTATGGcTGATGATATCG- 3’  (forward) and 5’-

ATACCACTGTGCTGCATG-3’  (reverse); and d243a, 5’- 

ATGGATGATGGcTATCGCCAAATTTTTC-3’ (forward) and 5’-

AACCCAATACCACTGTGC-3’  (reverse). Nucleotides shown in lowercase indicate 

altered amino acids to yield a point mutation. The mutated construct was verified by 

DNA sequencing and utilized as described above for expression and purification. 

 

In Vitro Glucosylation Assay  

A standard glucosylation assay consisted of 88µM UDP-[3H]glucose (specific 

activity 45Ci/mmol), ~0.05µM recombinant JGT, and 100µM  DNA containing four hmU 

residues in buffer (50mM  potassium acetate, 20mM Tris acetate, 10mM manganese 

acetate, and 1mM DTT (pH 7.9)). Reaction mixtures were incubated at 37°C for 30 min, 

and the reaction was stopped by addition of 10µl of 400µM cold UDP-glucose and flash-

freezing in liquid nitrogen for processing. The reaction mixtures were thawed and applied 

immediately to a 2.5-cm DE81 membrane (GE Healthcare, catalog no. 3658-325) under 

air pressure using a vacuum manifold. The filters where then washed in 3 x 2ml of 0.2M 

ammonium bicarbonate, 3 x 2 ml of water, and 3 x 2 ml of 100% ethanol. Membranes 

were air-dried and placed in scintillation vials containing 5mL of scintillation fluid. The 

solution was mixed, and tritium incorporation was measured for 1 min. All glucosylation 

reaction values were corrected for nonspecific binding of UDP-[3H]glucose to the filters. 
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Background values were determined using reactions performed in the absence of enzyme 

but in the presence of UDP-[3H]glucose. Oligos modified with hmU (H) 

(ACCCHAACCCHAACCCHAACCCHA) and an unmodified (thymidine) control 

(ACCCTAACCCTAACCCTAACCCTA) were hybridized to complementary oligo 

(TAGGGTTAGGGTTAGGGTTAGGGT), synthesized by Integrated DNA Technologies 

to generate hmU modified and unmodified dsDNA substrates, respectively. DNA 

duplexes were made by boiling complementary oligos for 10 min and allowing them to 

cool overnight.  

 

Western Blotting 

Proteins from 3x107 cell equivalents were separated by SDS-PAGE 8% gel, 

transferred to nitrocellulose, and probed with anti-HA antibody (Santa Cruz 

Biotechnology, catalog no. SC-805) (1:1000 dilution), anti-histone H3 (Abcam, catalog 

no. ab8580) (1:2500 dilution) or anti-JBP2 antibody, as described previously (19). Bound 

antibodies were detected by a secondary goat anti-rabbit antibody conjugated to HRP and 

visualized by ECL.  

 

 

Detection of Base J, hmdU, and fdU by Mass Spectrometry 

To minimize artificial DNA oxidation, a modified procedure was used to isolate 

total genomic DNA for LC/MS analysis. Briefly, T. brucei cells were pelleted, washed in 

1X PBS, and then resuspended in lysis buffer (1% SDS, 25mM EDTA, 0.4 M NaCl, 

50mM Tris-HCl (pH 7.9), and 400µg/ml proteinase K) and incubated at 37 °C overnight. 
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5 M NaCl was then added and centrifuged to remove protein and cell debris, and DNA 

was precipitated with cold 100% ethanol. Purified genomic DNA from the indicated 

trypanosome cell lines was digested to nucleosides and subjected to LC/MS analysis.  

Briefly, DNA was digested to nucleosides as described previously, and isotopically 

labeled 5-hydroxymethyl-2’-deoxyuridine (hmdU) was added to the final mixture (25). 

Prior to digestion, single-stranded oligodeoxynucleotides housing 5-((β-D-

glucopyranosyloxy)-methyl)-cytidine (glc-hmdC) was added to the sample to provide a 

surrogate internal standard for LC-MS/MS quantification of 5-((β-D-glucopyranosyloxy)-

methyl)-uridine (dJ). The target nucleosides, dJ, glc-hmdC, and hmdU, were enriched via 

offline HPLC and collected separately for subsequent LCMS/MS measurement. LC-

MS/MS analysis of dJ and glc-hmdC was conducted on an LTQ XL linear ion trap mass 

spectrometer equipped with a nanoelectrospray ionization source coupled to an EASY-

nLC II system (Thermo Fisher Scientific, San Jose, CA). The enriched fraction 

containing hmdU was separated on an Agilent 1200 capillary HPLC, and the eluent was 

directed to an LTQ linear ion-trap mass spectrometer (ThermoFisher Scientific, San Jose, 

CA) following procedures reported previously (25). For LC-MS/MS/MS quantification of 

fdU in the genome, 250fmol of [1,3-15N2 -2’-D]-5-fdU was added to the enzymatic 

digestion mixture of 1µg of genomic DNA. The chemical synthesis of the labeled 5-

hmdU and 5fdU standards is described in Ref. 26 (26). To improve the detection limit of 

fdU in positive-ion electrospray ionization (ESI)-MS, the digested DNA was then 

derivatized with Girard reagent T to form a hydrazone conjugate harboring a precharged 

quaternary ammonium moiety, as reported previously (27). The nucleoside mixture 

containing unlabeled and isotope-labeled fdU-GirT hydrazone was subsequently 
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extracted with chloroform to remove the enzymes, and the aqueous layer was subjected to 

LC-MS/MS/MS analysis.  

 

Microscopy  

The detection of HA-JGT expressed in the T. brucei JGT-/- was performed by 

anti-HA immunofluorescence analysis. Cells were fixed in 1% paraformaldehyde for 5  

min on ice and then washed in HMI9 medium (without serum additives). Samples were 

applied to slides and allowed to air-dry. Slides were then blocked in 20% FBS in PBS for 

30 min. Slides were incubated with anti-HA antibody (Covance, catalog no. MMS-101R) 

(1:100 dilution), followed by Alexa Fluor 594 goat anti-mouse antibody (Invitrogen, 

catalog no. A21125) (1:500 dilution). Images were acquired using an Axio observerZ1 

equipped with an Axiocam MRm camera controlled by Axiovision version 4.6 software.  

 

RESULTS 

JGT Is a Glucosyltransferase Utilizing UDP-Glucose to Transfer Glucose to hmU  

The putative base J-specific GT encoded in the trypanosomatid genome contains 

many of the structural elements and catalytic residues characteristic of the Rossmannoid 

nucleotide-diphospho-sugar binding fold typical of the GT-A/fringe superfamily (21) 

(Figure 2.1B). Common features of the GT-A domain that are found in JGT include a 

positively charged residue (Arg-80) and a “DXD” (here DDD) motif that are typically 

involved in nucleotide sugar binding (28-30) To test whether the JGT protein possessed 

glucosyltransferase activity, the T. brucei JGT was cloned and expressed in E. coli to 

produce recombinant protein with an N-terminal histidine tag (Figure 2.1C). Using the 
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purified recombinant enzyme fraction, we are able to show that JGT is able to utilize 

UDP-glucose to transfer glucose onto dsDNA substrates containing hmU (Figure 2.1D). 

We see little transfer using the same DNA substrate with unmodified Thr residues instead 

of hmU. Alanine substitution of Arg-80, Asp-241, and Asp-243 (within the DXD motif) 

caused a significant reduction in in vitro GT activity (Figure 2.1E). Alanine substitution 

of equivalent conserved (Asp) residues in other GTs resulted in similar reductions in 

activity (31,32). Thus, elimination of one critical residue may not necessarily result in the 

complete loss of substrate binding. These data not only demonstrates that the JGT 

possesses glucosyltransferase activity but that UDP-glucose is the sugar donor and that 

hmU modified DNA is a substrate for the enzyme. JGT is also predicted to be an 

inverting enzyme consistent with the structure of base J.  

 

JGT Is the Glucosyltransferase Involved in Base J Synthesis in Vivo  

To investigate whether JGT is involved in the synthesis of base J, we deleted both 

alleles of JGT from bloodstream form T. brucei. Loss of JGT mRNA was confirmed 

using quantitative reverse transcription PCR analysis (Figure 2.2A). J levels in the 

genomic DNA of JGT-/+ and JGT-/- cells were examined using an anti-base J dot blot. 

Although the deletion of one allele decreased the levels of J in the genome, the deletion 

of both alleles of JGT resulted in the complete loss of J synthesis (Figure 2.2B), as 

confirmed by LC-MS/MS analysis (Figure 2.2C and Figure 2.3). In this regard, we 

observed a peak in the selected ion chromatograms for monitoring the m/z 420è304 

transition for glc-hmdC and the m/z  421è125, 143 transition for dJ (Figure 2.3). The 

former transition is due to the cleavage of the N-glycosidic linkage in the [M+H]+ ion of 
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glc-hmdC (m/z 420). The collisional activation of the [M+H]+ ion (m/z 421) of dJ again 

leads to the facile cleavage of the N -glycosidic bond to yield the ion of m/z 305, which 

can further eliminate a glucose or part of the glucose (C6H10O5) to give fragment ions of 

m/z 125 and 143, respectively. To confirm that the reduction and loss of base J was 

caused by the loss of the JGT protein, an HA-tagged version of JGT was re-expressed in 

the JGT-/- cell line from the tubulin locus (Figure 2.2A and 2.2D). Upon re-expression, 

JGT localizes to the nucleus (Figure 2.2E) and restores J synthesis (Figure 2.2B). Taken 

together, these results clearly identify that JGT is the GT involved in the synthesis of base 

J in T. brucei.  

According to the two-step model of base J synthesis (Figure 2.1A), the GT 

modifies hmU generated by the thymidine hydroxylase (JBP1/2). We have shown here 

that JGT can utilize hmU-DNA in vitro (Figure 2.1D). Therefore, we might expect an 

increase in hmU levels in the genome upon loss of JGT in vivo.  However, unexpectedly, 

we did not detect an increase but, rather, a slight decrease in hmU levels in JGT-/- 

compared with WT T. brucei (Figure 2.2C). One possible explanation is that JGT loss 

leads to altered levels or activity of JBP1/2. Although we lack antisera against JBP1, we 

detected no change in JBP2 levels upon deletion of JGT by Western blot analysis (data 

not shown). Although it is possible that JGT somehow stimulates JBP hydroxylase 

activity, a more feasible explanation for the lack of hmU accumulation upon the loss of 

GT is that the intermediate is subsequently shunted to the formation of additional base 

analogs. The mammalian JBP/TET enzymes (TET1–3) function in the demethylation 

pathway in which 5-methylcytosine can be hydroxylated iteratively to 5-

hydroxymethylcytosine (hmC), 5-formylcytosine, and 5-carboxycytosine (33,34). 
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Potentially, JBP1/2 function in a similar manner, and accumulation of hmU in 

trypanosome DNA is prevented via conversion to fU and 5-carboxyluracil. To test this 

hypothesis and more closely investigate the role of the JGT in base J biosynthesis, we 

took advantage of the inducible RNAi system in T. brucei. As expected, RNAi-mediated 

ablation of JGT results in decreasing levels of base J over an ~3-day time period (Figure 

4A–C).  LCMS/ MS/MS analyses indicated an initial increase in hmdU during the RNAi 

time course, followed by decreased levels by day 3.5 (Figure 4C). These results indicate 

that hmU does increase following the loss of JGT but that it is rapidly lost. The detection 

of a slight increase in fdU is consistent with the loss of hmdU occurring via conversion to 

fU (and other analogs).  

 

DISCUSSION 

Functional studies have established base J as an important regulatory epigenetic 

mark in trypanosomatids. Therefore, characterization of the enzymes and mechanisms 

regulating the modification of specific thymidine residues within key regulatory regions 

along the chromosome is critical for understanding the control of trypanosome gene 

expression.  

Several lines of evidence support the hypothesis that base J is synthesized in DNA 

in two separate steps, as depicted in Figure 1A. The specific localization of J within the 

kinetoplastid genome provides the strongest evidence that thymidine residues are 

modified in DNA rather than being synthesized and then incorporated during DNA 

replication (2, 4). In contrast, when trypanosomes are grown in the presence of hmU, it is 

incorporated randomly into DNA and then converted to J. Furthermore, the expression of 
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the mammalian base excision DNA repair enzyme SMUG1 leads to T. brucei cell death 

by excessive DNA repair, indicating that hmU is a freely accessible intermediate in J 

biosynthesis (35). The hmU intermediate is also detectable in trypanosome DNA by thin 

layer chromatography (15) and mass spectrometry.  We have recently shown the ability 

of JBP1 to oxidize Thr residues in dsDNA in vitro and regulate J synthesis in a DNA 

replication-independent manner in vivo (14, 15). We now provide conclusive evidence 

for the two-step base J biosynthesis mechanism by identifying the base J-associated GT 

and demonstrating its ability to specifically modify hmU residues in dsDNA substrate in 

vitro and regulate base J synthesis in vivo.  In contrast with the first step involving two 

distinct hydroxylases, JGT is the only glucosyltransferase involved in the second step of 

base J synthesis.  

Glycosyltransferases catalyze the transfer of monosaccharide primarily from an 

activated sugar donor (UDP sugars) to various substrates, including carbohydrates, 

proteins, and glycoproteins (36). Because they are central to all biosynthetic processes 

involving sugars, GTs are important targets for the development of novel drugs to help 

combat cancer as well as microbial infections (including parasitic diseases). JGT 

represents a unique glucosyltransferase in that it targets chromatin bound DNA and is 

localized to the nucleus. To date, no other enzyme with similar substrate (DNA) 

specificity has been described in eukaryotes. Interestingly, a mammalian homologue of 

JGT called GREB1 has also been identified in the aforementioned bioinformatic study 

(21). GREB1 is an estrogen-responsive gene that has a largely unknown function but has 

been implicated in the proliferation of estrogen receptor-positive breast cancer cells 

(37,38). GREB1 localizes to the nucleus and has been found bound to chromatin, 
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presumably functioning as a transcriptional co-activator of estrogen receptor-mediated 

transcription (39). On the basis of the characterization of JGT presented here, an 

interesting possibility is that hmC present in the mammalian genome, generated by the 

TET enzymes, can be glucosylated by GREB1.  

Glucosyltransferases that modify hmC have been described in other organisms, 

namely the β-glucosyltransferase present in T-even bacteriophages. T4 β-

glucosyltransferase catalyzes the transfer of a glucose residue from UDP-glucose onto 

hmC, converting it to β-glycosyl-5-hydroxymethylcytosine (40,41). The resulting 

hypermodified base prevents the phage DNA from being degraded by bacterial restriction 

enzymes (42,43). T4 β-glucosyltransferase was the first GT x-ray crystal structure to be 

solved, in 1994, and is a founding member of the GT-B structural fold family of GTs 

(44). Despite the broad similarity in substrate, JGT is predicted to have a GT-A structural 

fold, suggesting that there is no ancestral kinship between these two enzymes. A better 

understanding of GT enzymes, including JGT, and their mechanism of action in vivo and 

in vitro is essential for rational drug design as well as increasing our knowledge regarding 

overall glycosylation machinery. The identification of a novel nuclearly localized GT in 

early-branching eukaryotes will provide a critical boost in this direction. Structure-

function studies are underway to fully characterize the JGT enzyme. Of particular interest 

is clarifying the function of regions of JGT outside of the GT-A domain (see Figure 1B).  

Metazoan TET proteins serially oxidize 5-methylcytosine to hmC, 5-

formylcytosine, and 5-carboxycytosine, which function as stable epigenetic marks or as 

potential intermediates in the DNA demethylation pathway (33, 34). In a recent study, we 

reported a reverse-phase HPLC coupled with tandem mass spectrometry (LC-MS/MS) 
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method for the accurate detection of the nucleosides dJ and hmdU in T. brucei DNA.  As 

shown here, this method has indicated that a low but detectable level of fdU is present 

along with hmdU in the genome of T. brucei. This provided the first indication that JBP 

enzymes may catalyze three similar, iterative catalytic/oxidation cycles of thymine in 

trypanosome DNA. The in vivo analysis of JGT function in T. brucei further supports this 

hypothesis. We have demonstrated previously that both JBP1 and JBP2 can stimulate de 

novo synthesis of hmU, which is subsequently converted to base J (9, 14, 24). Upon loss 

of JGT activity, we would expect de novo activities of JBP1/2 to modify the same sites as 

in WT cells but without having the hmU converted to J. Trypanosomatids lack DNA 

glycosylases (i.e. SMUG1) that recognize 5-hmU in DNA, and no activity against 5-hmU 

was detected in T. brucei extracts (35,45). Therefore, even in the absence of any 

propagation activity of JBP1 (because of the loss of base J), we would expect an 

increased level of hmU in the JGT KO genome.  However, we were able to observe the 

transient nature of thymine modifications because base J synthesis was inhibited in a time 

dependent manner. During the time course of the RNAi ablation of JGT, the levels of 

hmU rise initially but then decrease concomitantly with an apparent small rise in fU 

levels. Although we have not ruled out the possibility that JGT somehow directly 

regulates JBP function, the results support the idea that, in the absence of JGT, sustained 

hmU accumulation is prevented by subsequent conversion to fU (and possibly 5-

carboxyluracil) by JBP1/2.  

In vitro studies of JBP1 function support the hypothesis that JBP enzymes act as 

TET enzymes by performing iterative hydroxylation reactions on modified substrates. 

Not only is JBP1 able to bind hmU-modified DNA (17), but detection of hmU formation 
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by JBP1 in vitro peaks early during the reaction but then decreases over time. Although 

we acknowledge that further work is needed to conclusively demonstrate JBP-stimulated 

conversion of hmU to fU and 5-carboxyluracil, the data thus far allow us to propose a 

model where JBP and JGT compete for hmU substrate in the trypanosome genome for 

conversion to base J or additional base analogs (fU and 5-carboxyluracil).  

The ability to genetically segment the base J synthesis pathway at the 

hydroxylation step and the glucosylation step provides the tools to specifically study 

these epigenetic markers. Interestingly, 5-formylcytosine and 5-carboxycytosine can 

significantly reduce the kinetics of yeast RNA polymerase II transcription, suggesting 

that these modifications play a role in splicing and termination (46). The coregulation of 

base J and hmU synthesis by JGT and JBP enzymes in trypanosomatids is intriguing 

because the studies demonstrating the role of base J in Pol II transcription were 

performed by halting hmU synthesis via altering JBP function (5–7). Future experiments 

utilizing the JGT KO cell line will allow us to address the specific role of hmU, fU, and 

base J in regulating Pol II kinetics and trypanosomatid gene expression. Finally, the 

ability to delete JGT or both JBP thymidine hydroxylases from T. brucei is consistent 

with the non-essential nature of base J in this organism (4, 14, 15). Although deletion of 

either JBP1 or JBP2 in T. cruzi and JBP2 in L. tarentolae results in similar reductions in J 

levels as seen in the T. brucei mutants, attempts to delete both JBPs have been 

unsuccessful, leading to the idea that base J is essential in these organisms (5, 20, 47) 

(5,20,47). However, chemical inhibition of JBP enzymes via a specific inhibitor 

(dimethyloxoglycine) reduces base J to extremely low levels without affecting cell 

growth (15). Therefore, it is possible that JBP1/2 have additional functions outside of 
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base J synthesis, explaining the apparent essential nature of these genes. With the identity 

of JGT, we can now directly address this conundrum in Leishmania major and T. cruzi. 
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FIGURES 

 

FIGURE 2.1.  JGT is an hmU-DNA glucosyltransferase. A. Proposed mechanism of 

base J synthesis. As described in the text, base J synthesis is proposed as a two-step 

process in which thymines in DNA are first hydroxylated by the thymidine hydroxylases 

JBP1 and JBP2 to form hmU.  JBP1 and JBP2 are members of the Fe2+/2-oxoglutarate 

dioxygenase family that utilize oxygen and 2-oxoglutarate as cosubstrates and release 

CO2 and succinate as byproducts. The intermediate hmU is then glycosylated by a 

glucosyltransferase, forming base J. Presumably, the glucose donor in the second step is 

UDP-glucose. B. Schematic of the T. brucei (Tb) JGT protein depicting the GT domain, 

with the general topology shown above. Conserved residues characteristic of GT-A fold 

are shown below (adapted from Ref. 21). C. SDS-PAGE of purified JGT. Coomassie-

stained gel (left panel) and anti-His Western blot analysis (right panel) are shown. LC-
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MS indicates that affinity purification using Talon resin resulted in copurification of JGT 

and two E. coli molecular chaperones (DnaK and GroEL). GroEL and DnaK are common 

contaminants of GT enzymes following expression in E. coli (48). Because DnaK runs at 

the same location as JGT on the SDS-PAGE gel, protein concentration was measured 

using a combination of SDS-PAGE and a bovine serum albumin standards and anti-His 

Western blot analysis as described under “Experimental Procedures.” The Western blot 

analysis indicates that the lower molecular weight proteins are degradation products of 

JGT. D, in vitro GT reaction. Recombinant JGT and UDP-[3H]glucose were incubated 

with 20-nt-long, double-stranded DNA substrate containing four hmU molecules (ds 

hmU) or unmodified thymidines (ds T), as described under “Experimental Procedures.” 

CPM , counts per million, indicative of the transfer of glucose to DNA, were read for 

each sample. All experiments were performed in triplicate, and error bars are 

representative of mean ±S.D. E. equal amounts of recombinant WT JGT and r80a, d241a, 

and d243a point mutant JGT were assayed for transfer of [3H]glucose from UDP-glucose 

to hmU-DNA as described above. The results are mean ±S.D. of triplicates and expressed 

as percent activity relative to the WT control reaction. Bottom panel, anti-His western 

blot analysis demonstrating that equal amounts of WT and mutant JGT enzyme were 

included in each assay.  
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FIGURE 2.2. JGT is involved in the synthesis of base J. A. Relative expression of JGT 

mRNA levels. RNA was isolated from WT, JGT-/+, JGT-/-, and JGT-/- expressing an 

HA-tagged version of JGT (+JGT), and levels of JGT were measured by quantitative 

reverse transcription PCR as described under “Experimental Procedures.” B. Anti-base J 

dot blot. DNA isolated from the indicated cell lines was serially diluted 2-fold and 

analyzed by anti-base J dot blot. The membrane was then hybridized with a radioactive 

tubulin probe to control for DNA loading. JBP-/- refers to the J null cell line that has all 

four alleles for JBP1 and JBP2 deleted from the genome (14). C. Quantitation of the 

levels of nucleosides dJ and hmdU by nano LC-MS/MS and LC-MS/MS/MS. Genomic 

DNA of the WT, JBP-/-, and JGT-/-cell lines was analyzed by tandem mass spectrometry 
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as described under “Experimental Procedures.” D. Anti-HA Western blot analysis of cell 

lysates from WT, JGT-/-, and JGT-/- cell lines expressing an HA-tagged version of JGT. 

E. Anti-HA IFA of +JGT cells. The analysis of the untransfected JGT-/- cells is provided 

as a negative control.  
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FIGURE 2.3. Representative LC-MS/MS results for the quantification of dJ. Shown 

are the selected ion chromatograms for monitoring the indicated transitions for the 

surrogate internal standard (A, glc-hmdC) and the analyte (B, dJ). The red and black lines 

represent samples from JGT KO and wild-type T. brucei cells, respectively.  
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FIGURE 2.4. RNAi knockdown of JGT leads to a decrease of base J and changes in 

hmU and fU. A. Relative expression of JGT mRNA levels using quantitative RT-PCR in 

JGT RNAi cells with our without tetracycline 36 h after induction. B. Anti-base J dot 

blot. DNA isolated from the indicated cell lines was serially diluted by 2-fold and spotted 

onto a nitrocellulose membrane to measure base J levels as described under 

“Experimental Procedures.” The membrane was then hybridized with a radioactive 

tubulin probe to control for DNA loading. 90-13, RNAi cell line untransfected with the 

JGT-pZJM construct; -Tet, uninduced JGT RNAi cells; +Tet, induced with tetracycline 

for the indicated days. C. Genomic DNA isolated from JGT RNAi cells uninduced (-Tet) 

and at the indicated days following induction with tetracycline was analyzed by LC-

MS/MS as described under “Experimental Procedures.” We detected a slight increase in 
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levels of fdU in the tetracycline-induced samples compared with the uninduced samples 

(day 1.5, p = 0.5751; day 3.5, p = 0.1872). 
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CHAPTER 3 

BASE J GLUCOSYLTRANSFERASE DOES NOT REGULATE THE SEQUENCE 

SPECIFICITY OF J SYNTHESIS IN TRYPANOSOMATID TELOMERIC DNA2 
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2Bullard, W., Cliffe, L., Wang, P., Wang, Y., and Sabatini, R. 2015. Mol Biochem 

Parasit, 204, 77-80. Reprinted here with premission of publisher.	
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ABSTRACT 

Telomeric DNA of trypanosomatids possesses a modified thymine base, called base J, 

that is synthesized in a two-step process; the base is hydroxylated by a thymidine 

hydroxylase forming hydroxymethyluracil (hmU) and a glucose moiety is then attached 

by the J-associated glucosyltransferase (JGT). To examine the importance of JGT in 

modifying specific thymine in DNA, we used a Leishmania episome system to 

demonstrate that the telomeric repeat (GGGTTA) stimulates J synthesis in vivo while 

mutant telomeric sequences (GGGTTT, GGGATT, and GGGAAA) do not. Utilizing an 

in vitro GT assay we find that JGT can glycosylate hmU within any sequence with no 

significant change in Km or kcat, even mutant telomeric sequences that are unable to be 

J-modified in vivo. The data suggests that JGT possesses no DNA sequence specificity in 

vitro, lending support to the hypothesis that the specificity of base J synthesis is not at the 

level of the JGT reaction. 
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SHORT COMMUNICATION 

Trypanosomatids, including the human pathogens Trypanosoma brucei, Trypanosoma 

cruzi, and Leishmania, possess a unique DNA modification within their genomes known as base 

J (1) and (2). Base J (β-d-glucopyranosyloxymethyluracil) is a hyper-modified thymine residue 

predominately present in repetitive sequences, such as telomeric repeats (2,3). While the function 

of base J in telomeric repeats is unknown, base J is also found at chromosome-internal regions at 

regions flanking polycistronic transcription units called divergent strand switch regions (dSSRs) 

and convergent strand switch regions (cSSRs), which are sites of RNA polymerase II (Pol II) 

transcription initiation and termination, respectively (4). The loss of base J from these 

chromosome-internal sites led to alterations in transcription initiation and termination, and 

corresponding changes in gene expression (5-7). While it is clear that base J represents a novel 

epigenetic mark involved in regulating Pol II transcription and gene expression, little is 

understood about what regulates the specific localization of base J in the genome. 

Base J is synthesized in a two-step process. First, thymine residues in the context of DNA 

are hydroxylated by a thymidine hydroxylase (TH) forming 5-hydroxymethyluracil (hmU). A 

glucose moiety is then attached to hmU by a glucosyltransferase (JGT), to form base J. Two TH 

enzymes, JBP1 and JBP2, have been identified in trypanosomatids (8-11). While both JBP1 and 

JBP2 stimulate de novo thymidine hydroxylation in vivo, the ability of JBP1 to bind J-DNA is 

thought to play a unique role in J propagation/maintenance (10,12-14). The simultaneous 

deletion of both JBP1 and JBP2 from T. brucei yields a cell line that is unable to synthesize base 

J, unless cells are fed hmU (9). Studies such as these unambiguously identified JBP1/2 as the 

thymidine hydroxylases catalyzing the first step of base J synthesis as well as confirm that this 

step is independent from the subsequent step of glucose conjugation during base J synthesis. The 



	
  

 79 

glucosyltransferase involved in the second step of base J synthesis, base J associated GT (JGT), 

has recently been identified (15,16). Using recombinant protein we demonstrated that JGT 

utilizes UDP-glucose to transfer glucose to dsDNA substrates containing hmU (15). In vivo, 

deletion of both JGT alleles in T. brucei results in complete loss of base J synthesis in the 

genome (15,16). These studies further confirm the two-step mechanism of J synthesis and 

indicate JGT is the only glucosyltransferase involved, catalyzing the final step of base J 

synthesis. 

Despite the recent genome-wide data sets of DNA Jaylation patterns, and elucidation of 

the J-biosynthetic pathway, the rules that govern the establishment of DNA J patterns in 

trypanosomatids remain undefined. It is unclear what determines the specific localization of base 

J synthesis into specific sequences in the genome. While no consensus sequence or motif is 

evident from the genome-wide J analysis thus far, it is clear that, for at least the telomeric 

repeats, there is a sequence specificity component where in the top strand (GGGTTA), only the 

second T is modified (17,18). 

To gain systematic insight into the constraints that define endogenous Jaylation patterns, 

we integrated different DNA elements into episomes in L. major. To examine the ability of 

specific sequences to stimulate de novo J synthesis, DNA fragments were cloned into a PSP72 

vector containing a hygromycin resistance gene and then transfected into Leishmania major and 

grown as episomes (Figure 3.1A). The episomes were then purified from L. major, digested with 

EcoRI and HindIII, and J synthesis assayed by anti-J IP-qPCR. This set up allows us to control 

for chromosomal environment and potential indirect effects such as those mediated by 

transcription. Furthermore, this approach allows us to measure the contributions of DNA 

sequence in establishing Jaylation patterns. To determine if the episome system would mimic the 
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specificity of J synthesis in vivo, sequences representing J positive and J negative regions of the 

L. major genome were cloned into the PSP72 vector and assayed for base J synthesis after 

growth in L. major. Initially, this included J positive and J negative SSRs. Approximately 1 kb 

genomic fragments representing a cSSR that normally contains base J (cSSR+) and a cSSR that 

lacks base J (cSSR-) were cloned into the PSP72 vector (6). A similar approach was employed 

for dSSRs that do and do not contain J in vivo. In both cases, only the sequences that contain J in 

vivo are able to stimulate de novo J synthesis when cloned in the episome (Figure 3.1B and 

3.1C). Thus, even when present outside of their normal chromatin context, i.e. within an episome 

instead of within the genome, DNA sequence specificity of J synthesis is maintained. This was 

also seen using a similar approach in L. tarentolae (17). 

To further address the DNA sequence specificity, we assayed the telomeric repeat 

sequence in the episome system. A plasmid was generated that contains six copies of the WT 

telomeric repeat sequence (GGGTTA) and transfected into L. major. As expected, WT telomeric 

repeat sequence (GGGTTA) was able to stimulate J synthesis (Figure 3.1D). However, mutated 

telomeric sequences (GGGTTT, GGGATT, or GGGAAA) were unable to support J synthesis 

(Figure 3.1D). These data demonstrate that some aspect of J synthesis is DNA sequence specific, 

at least within telomeric DNA. 

Taken together, these findings indicate that DNA Jaylation is largely regulated by cis-

acting sequences and is thus genetically encoded. A functional role for interplay between DNA 

methylation and chromatin has been well established, making it possible that chromatin could be 

a determining factor in establishing global J patterns in trypanosomes. While these findings do 

not exclude the possibility that chromatin structure or other associated proteins are crucial in 
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mediating local DNA Jaylation, they do show that local DNA sequence is a primary determinant 

of target specification for DNA Jaylation in trypanosomatids. 

The current hypothesis is that the key regulatory step of J synthesis is the first step 

catalyzed by JBP1 and JBP2. Bypassing this first step, via feeding cells hmU, leads to J synthesis 

in regions of the genome that do not normally contain base J (9,19). This suggests that, 

regardless of where hmU is present, JGT will convert it to base J in a promiscuous (non-

sequence-specific) manner. Thus, it follows that the specificity of base J localization is due to the 

JBP enzymes generating hmU at only specific sites throughout the genome; however, no direct 

evidence has confirmed this hypothesis. To address this, we tested synthetic telomeric DNA 

substrates in an in vitro GT assay to determine whether JGT can explain the sequence specificity 

of J synthesis in vivo. We took advantage of active recombinant JGT and an in vitro 

homogeneous bioluminescent UDP detection assay (UDP-Glo) that can detect the activity of 

glycosyltransferases that utilize UDP-sugars and release UDP as a product (see materials and 

methods). Using this assay we show that JGT is specific for hmU-containing dsDNA substrates 

and has no activity with unmodified dsDNA substrates (Figure 3.2B), consistent with assays 

directly measuring the transfer of glucose to DNA (Figure 3.2A), validating our use of UDP-Glo 

for further in vitro GT experiments. 

To address sequence specificity, recombinant JGT was incubated with dsDNA substrates 

that correspond with the WT telomeric sequence (GGGTTA) as well as mutated sequences 

(GGGTTT and GGGATT) with an hmU positioned on the second T in the G-rich strand (WT2, 

TTT, ATT; Table 3.1). Michaelis-Menten curves were generated for each substrate (Figure 3.2B 

and data not shown) and hmU DNA kinetic parameters were determined (Table 3.1). We found 

no significant difference in either affinity (Km), p value > 0.05 or turnover (kcat), p value > 0.01 
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of the JGT when incubated with WT or mutated telomeric sequences. We also find no significant 

difference in affinity or turnover for WT telomeric sequences with hmU modification at different 

positions, including the first T on the G-strand that is not modified in vivo (WT1), or for hmU 

within a random (non-telomeric) DNA sequence (Random; Table 3.1). These data indicate that 

JGT is DNA sequence non-specific and thus, the enzyme presumably does not contribute to the 

telomeric DNA sequence specificity of J synthesis we characterized in vivo. 

These studies pave the way for the elucidation of the underlying molecular mechanisms 

involved in regulating J synthesis in vivo. While the results described here strongly support the 

importance of the first step of J synthesis, further work is required to fully understand the 

formation of hmU on specific sequences by the JBPs. Similar analysis of JBP catalysis, as we 

performed here for JGT, will help to shed light on primary DNA sequence requirements for hmU 

formation. In vitro analysis of the sequence specificity of the JBPs has, however, proven to be 

quite difficult. Currently, we are only able to express recombinant protein for JBP1. All attempts 

to express JBP2, the key de novo J synthesis enzyme, have failed. While we have had success 

demonstrating dioxygenase activity of JBP1 in vitro, the reaction is extremely inefficient (20). 

Until we have a clear and robust assay for both hydroxylases, we are unable to fully characterize 

the contribution of this first step in determining the sequence specificity of J synthesis. 

 

MATERIALS AND METHODS 

Leishmania major Cell Culture and Generation of Transfectants  

L. major promastigotes were cultured in MI99 media supplemented with 10% heat 

inactivated fetal bovine serum as described previously (21).  
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Generation of Plasmids 

A 1560bp fragment from a cSSR on chromosome 28 that lacks base J (region 590974-

592533kbp), a 1920bp fragment from a cSSR on chromosome 5 that possesses base J (region 

361977-363896kbp), a 993bp dSSR on chromosome 15 that lacks base J (region 87359-

88351kbp), and a 600bp fragment from a dSSR on chromosome 1 that possesses base J (region 

78216-78815kbp) were generated by PCR amplification from L. major genomic DNA.  Base J 

localization within the L. major genome is based upon J IP-seq (6) and confirmation by J IP-PCR 

analysis (7). Primers used to amplify the SSRs are available upon request. Fragments were then 

cloned into a TA 2.1 vector, grown in bacteria, and then extracted from bacteria using a Qiagen 

Midi Prep Kit and digested with HindIII and XbaI and gel purified. The insert DNA segment was 

then subcloned into HindIII and XbaI digested Leishmania expression vector PSP7Z α-neo-α.  

The 6x repeated telomeric sequences were synthesized by GENEART and cloned in the DNA 

vector pMA-RQ before being subcloned into HindIII and XbaI digested PSP72 α-neo-α. 

 

Transfection of Plasmids into L. major and Isolation of Plasmids  

Transfections of L. major promastigotes were essentially carried out as previously 

described (21).  After transfection, cells were grown overnight prior to selection with neomycin 

(20µg/mL). The L. major cells were kept under selection to obtain stable cell lines. Isolation of 

the plasmids from L. major transfectants was performed using Qiagen midi prep DNA kit. 

 

Quantification of J Levels on Plasmids  

To quantify the levels of base J on plasmids extracted from Leishmania, DNA was 

digested with EcoRI and HindIII and utilized in anti-J immunoprecipitation (IP) and quantitative 
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PCR (qPCR) analysis as described previously (4).  %IP was calculated relative to input DNA.  

Quantification was performed on an iCycler with an iQ5 multicolor real-time PCR detection 

system (Bio-Rad Laboratories, Hercules, CA, USA).  The reaction mixture contained 5 pmol 

forward and reverse primers to the α-Tubulin IR, 2x iQ SYBR green super mix (Bio-Rad 

Laboratories, Hercules, CA, USA), and 2 µL of template DNA. 

 

Preparation of Recombinant JGT 

Expression and purification of the N-terminal 10xHis-tagged Tb-JGT was performed 

with BL21-CodonPlus (DE3)- RIL competent cells as previously described with minimal 

changes (15). JGT was eluted from the Talon resin with increasing concentrations of imidazole 

elution buffer (50 mM HEPES, pH 7.5, 300 mM NaCl, 10mM β-mercaptoethanol, 5% glycerol, 

10 -250 mM imidazole).  Imidazole fractions 120 -250 mM were pooled and diluted 1:5 in 

dilution buffer (50 mM HEPES, pH 7.5, 50 mM NaCl, 10% Glycerol) and concentrated with 

10,000 MWCO Centricon and visualized by blue silver-stained SDS PAGE and anti-His Western 

blot.  The amount of recombinant JGT was estimated based on mass spectrometric analysis and 

visualization of Coomassie stained gel with BSA standards as previously described (15). 

 

Generation of DNA Substrates for GT Assay  

Unmodified oligodeoxyribonucleotides used in this study were purchased from Integrated 

DNA Technologies (Coralville, IA, USA). The 36mer hmU-bearing oligo was synthesized by 

TriLink Biotechnologies (San Diego, CA) and possesses the sequence 

CTATACCTCCTCAACTTCTGATCACCGTCTCCGGCG with an hmU at the position of the 

bold T (hmU substrate).  A matching unmodified 36mer oligo was also synthesized (T substrate). 
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The 15mer hmU-bearing oligos used to generate the substrates in Table I, were synthesized 

following previously published procedures and the identity of the modified 

oligodeoxyribonucleotide was confirmed by electrospray ionization-mass spectrometry (ESI-

MS) and tandem MS (MS/MS) analysis (22).  DNA duplexes were prepared by annealing 

complementary oligodeoxyribonucleotides in annealing buffer [100 mM potassium acetate; 30 

mM HEPES, pH 7.5] by boiling for 10 min and allowing to cool overnight. 

 

Radiolabeled in vitro Glucosylation Assay 

A standard glucosylation assay consisted of 88µM UDP-[3H]glucose (specific activity 

45Ci/mmol), 50µM recombinant JGT and 50µM DNA in GT buffer [50mM potassium acetate, 

20mM Tris acetate, 10mM manganese acetate, and 1mM DTT (pH 7.9)]. Reaction mixtures were 

incubated at 37°C for 30 minutes and the reaction was stopped by addition of 10µL of 400µM 

cold UDP-glucose and flash freezing in liquid nitrogen for processing.  The reaction mixtures 

were thawed and applied immediately to a 2.5cm DE81 membrane (GE Healthcare, catalog no. 

3658-325) under air pressure using a vacuum manifold.  The filters were then washed in 3 x 2mL 

of 0.2M ammonium bicarbonate, 3 x 2mL of water, and 3 x 2mL of 100% ethanol.  Membranes 

were air-dried and placed in scintillation vials containing 5mL of scintillation fluid.  The solution 

was mixed, and tritium incorporation was measured for 1 minute.   

 

UDP-Glo in vitro Glucosylation Assay 

A standard glucosylation assay consisted of 1 mM UDP-glucose, 50 µM recombinant 

JGT and 50µM DNA in GT buffer [50 mM potassium acetate, 20 mM Tris acetate, 10mM 

manganese acetate, and 1 mM DTT (pH 7.9)]. Reaction mixtures were incubated at 37°C for 30 
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minutes.  UDP-Glo Glycosyltransferase Assay (Promega, WI, USA) was used to analyze the 

amount of GT activity (cleaved UDP) according to the manufacturer’s instructions.  Reactions 

were stopped by addition of equal volume of UDP-Glo/Nucleotide Detection Reagent solution.  

Reactions were then transferred into a 384-well plate and incubated at room temperature for 1 

hour.  Plates were read using a Promega Glo-Max multi detection system luminometer plate 

reader.  

 

Kinetic Assays 

To determine the optimal enzyme concentration and reaction time, varying 

concentrations of recombinant JGT was incubated with a fixed concentration of DNA substrate 

and UDP-glucose.  The glucosylation reaction remained linear with enzyme concentration 

between 5 and 50µM and 1-7 min.  From these data, we chose an optimal enzyme concentration 

of 18µM and reaction time of 3 minutes at 37°C.  Initial velocity studies with 5-hmU containing 

DNA substrates were performed by varying the concentration of DNA (0.19-25µM) while the 

UDP-glucose and JGT concentrations were kept at 1mM and 18µM respectively in the reaction 

mixture. Reactions were stopped by addition of equal volume of UDP-Glo/Nucleotide Detection 

Reagent solution.  Reactions were then transferred into a 384-well plate and incubated at room 

temperature for 1 hour.  Plates were read using a Promega Glo-Max multi detection system 

luminometer plate reader.  The amount of product formed was estimated based on a standard 

curve of varying amounts of UDP.  All kinetic data generated was then analyzed using GraphPad 

Prism and fit to the Michaelis-Menten equation.  Kinetic constants are reported for each DNA 

substrate along with their standard error.  Statistical analysis was performed for Km and kcat 

values using a T test; P-values are as follows for Km data: WT2 = 1.000, WT1 = 0.983, WT3 = 
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1.000, TTT = 0.593, ATT = 0.148, Random = 0.172; P-values for kcat data: WT2 = 1.000, WT1 

= 0.365, WT3 = 0.012, TTT = 0.018, ATT = 0.116, Random = 0.035. 
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TABLES 

 

TABLE 3.1. Oligonucleotides used as substrates for glucosyltransferase assay. Bold T 

indicates the position of an hmU modification. Glucosylation reactions were conducted with 

hmU DNA substrate concentration of 0, 0.195, 0.391, 0.781, 1.563, 3.125, 6.25, 12.5, and 25µM 

and fixed enzyme and UDP-glucose concentrations of 18µM and 1mM, respectively. UDP 

cleaved is plotted vs. substrate concentration and nonlinear regression was performed to 

determine kinetic parameters. 

 

 

 

 

 

 

 

 

 

Substrate Sequence kcat (s-1) Km (µM) kcat/Km  
(µM-1 s-1) 

WT2 
5’-TTAGGGTTAGGGTTA-3’ 
3’-AATCCCAATCCCAAT-5’ 0.485 ± 0.022 0.519 ± 0.109 0.933 

WT1 
5’-TTAGGGTTAGGGTTA-3’ 
3’-AATCCCAATCCCAAT-5’ 0.451 ± 0.025 0.523 ± 0.137 0.862 

WT3 
5’-TTAGGGTTAGGGTTA-3’ 
3’-AATCCCAATCCCAAT-5’ 0.675 ± 0.037 0.519 ± 0.134 1.302 

TTT 5’-TTTGGGTTTGGGTTT-3’ 
3’-AAACCCAAACCCAAA-5’ 0.703 ± 0.052 0.412 ± 0.149 1.705 

ATT 5’-ATTGGGATTGGGATT-3’ 
3’-TAACCCTAACCCTAA-5’ 0.566 ± 0.034 0.267 ± 0.089 2.116 

Random 5’-GTACGAGTCGAGTCA-3’ 
3’-CATGCTCAGCTCAGT-5’ 0.580 ± 0.021 0.313 ± 0.059 1.854 
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FIGURES 

 

FIGURE. 3.1. Specific DNA sequences promote base J synthesis in vivo.    

A. Schematic of the plasmids containing strand switch regions and telomeric repeats. Fragments, 

indicated by the grey box, corresponding to ∼1 kb regions from SSRs and telomeric repeats were 

cloned into the XhoI (X) and HindIII (H) restriction site of the PSP72 Vector before transfection 
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into wild type L. major. The hygromycin resistance gene (Hyg) proves a selectable marker after 

transfection. Plasmids were digested with EcoRI (E) and HindIII (H) and J levels stimulated by 

the cloned DNA fragment was determined by anti-J IP-qPCR as described in Supplementary 

materials and methods. Solid line below tub IR indicates region amplified in qPCR. B-D. The 

percent IP of J-containing DNA from an empty PSP72 vector, and PSP72 vector containing a 

SSR fragment and telomeric repeats. %IP was calculated relative to input DNA. B. Convergent 

SSR that lacks base J (cSSR-) or contains base J (cSSR+) in the normal genomic context. C. 

Divergent SSR that lacks base J (dSSR-) or contains base J (dSSR+) in the normal genomic 

context. D. % J DNA IP resulting from 6copies of the wild type GGGTTA telomeric sequence; 

GGGTTT(TTT), GGGATT(ATT),GGGAAA(AAA). Experiments were performed in triplicate 

and error bars are representative of standard error. 
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FIGURE 3.2. JGT is specific for hmU containing DNA but does not possess sequence 

specificity. A. Radiolabeled in vitro glucosyltransferase reaction. Recombinant JGT and UDP-

[3H] glucose was incubated with 36nt long dsDNA substrates listed in Supplementary material 

and methods containing one hmU modification (hmU) or unmodified dsDNA (T). CPM (counts 

per minute), indicative of the transfer of glucose to DNA, were read for each sample. Experiment 

was performed in triplicate and error bars are representative of standard error.  B. UDP-Glo in 

vitro glucosyltransferase reaction. Recombinant JGT was incubated with 36nt long dsDNA 

substrates listed in Table 1 containing one hmU modification (hmU) or unmodified dsDNA (T). 

The amount of UDP Cleaved, indicative of the transfer of glucose to DNA, was estimated from a 

standard curve of UDP for each sample. Experiment was performed in triplicate and error bars 

are representative of standard error. C. Representative substrate−velocity curve of recombinant 

JGT. Recombinant JGT activity with the 15nt long hmU-containing ds DNA substrate (WT 

substrate) listed in Table 1. Glucosylation reactions were conducted with hmU DNA substrate 

concentrations of 0, 0.195, 0.391, 0.781, 1.563, 3.125, 6.25, 12.5, and 25µM and fixed enzyme 

and UDP-glucose concentrations of 18µM and 1mM, respectively. Kinetic experiments were 

performed in triplicate and error bars are representative of standard error. UDP cleaved is plotted 

vs. substrate concentration, and nonlinear regression was performed to determine kinetic 

parameters. 
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CHAPTER 4 

A METHOD FOR THE EFFICIENT AND SELECTIVE IDENTIFICATION OF 5-

HYDROXYMETHYLURACIL IN GENOMIC DNA3 
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3Bullard, W., Kieft, R., and Sabatini, R. 2016. Submitted to Nucleic Acids Research.	
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ABSTRACT 

Recently, 5-hydroxymethyluracil (5hmU) was identified in mammalian genomic DNA as an 

oxidative product of thymine by the ten-eleven translocation (TET) proteins. While the 

biological role of this modification remains unclear, identifying its genomic location will assist 

in elucidating function. Here we present a rapid and robust method to selectively tag and enrich 

genomic regions containing 5hmU. This method involves the selective glucosylation of 5hmU 

residues by the base J glucosyltransferase from trypanosomes creating 

glucosylhydroxymethyluracil (base J). The base J can then be efficiently and selectively pulled 

down by antibodies against base J or by J-binding protein 1. DNA that is enriched is suitable for 

analysis by quantitative PCR or sequencing. We utilized this tagging reaction to provide proof of 

concept for the enrichment of hmU containing DNA from a pool that contains modified and 

unmodified DNA. Furthermore, we demonstrate that the base J pull-down assay identifies hmU 

at specific regions of the trypanosome genome involved in transcriptional repression. The 

method described here will allow for a greater understanding of the functional role and dynamics 

of hmU in biology. 
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INTRODUCTION 

5-Methylcytosine (5mC) is an important epigenetic mark within the mammalian genome, 

regulating gene expression during many biological processes.  It is generally considered a 

repressive mark as the presence of methylated cytosines at a promoter region is directly 

connected with transcriptional repression of a gene (1).  The presence of 5mC at particular 

regions of the genome is a dynamic and reversible process.  The dynamic nature of DNA 

methylation is crucial for regulation of genes during development (2).  5mC can be removed 

through a passive demethylation mechanism by loss through cell replication, or through an active 

demethylation pathway catalyzed by the ten-eleven translocation (TET) enzymes (3).  The TET 

enzymes are mC hydroxylases, which catalyze the iterative oxidation of mC to 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) (4-6).  

5fC and 5caC can then be excised by a thymine DNA glycosylase (TDG) followed by base 

excision repair (BER) to replace mC with an unmodified cytosine (C) (6,7).  Deletion of the TET 

proteins lead to reduced 5hmC levels in mammalian genomes and defects in gene expression 

patterns. For example, mice deficient in individual TET enzymes display embryonic 

abnormalities (8-12) and combined deficiency of all three TET enzymes in mouse embryonic 

stem cells (mESCs) completely depletes hmC levels, impairs differentiation and does not support 

embryogenesis (13). In addition, knockdown of TET1 in embryonic stem cells (ESCs) leads to a 

loss of 5hmC at specific promoters and a corresponding increase in 5mC at transcriptional start 

sites of genes regulated by TET1 (14).  In conjunction with interacting proteins, the TET 

oxidation products hmC, fC, and caC may themselves have unique epigenetic regulatory 

functions, presumably via regulating gene transcription (15).   
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Studies have recently revealed that the TET enzymes not only oxidize 5mC, but are also 

capable of oxidizing thymidine (T) to form hydroxymethyluracil (5hmU) (16).  Isotope tracing 

and quantitative mass spectrometry studies indicate the majority of hmU within mESCs is 

produced by the mammalian TET proteins with very little 5hmU generated through 5hmC 

deamination or radical oxygen species (ROS) (16).  Thus, the majority of hmU in the genome is 

matched (hmU:A) and not mismatched (hmU:G). Furthermore they found that the levels of hmU 

change throughout mESC differentiation, suggesting that like the other TET generated DNA 

modifications, hmU may serve as an important epigenetic mark (16). Presence of hmU in DNA 

has been shown to perturb DNA-protein interactions and transcription factor binding in vitro 

(17). To further explore the function of hmU it will be important to localize hmU derived from 

TET hydroxylation.  Therefore, an efficient and robust method for determining the position of 

hmU within eukaryotic genomes is required.   

New techniques were recently developed for determining the genome-wide distribution 

of 5hmC utilizing T4 phage β-Glucosyltransferase (βGT) to glucosylate 5hmC, which can be 

enriched by a specific protein (e.g. JBP1) or can be chemically modified further with biotin 

labeling allowing efficient pull-down using streptavidin (18-22). The addition of the glucose 

moiety also allows single-base-resolution (SMRT) sequencing methods for mapping hmC (23). 

While 5hmC and 5hmU are structurally similar, βGT is unable to modify matched hmU:A (24). 

Matched hmU, however, is present in trypanosomatid genomic DNA is converted to β-D-

glucosyl-hydroxymethyluridine (base J), by the base J specific glycosyltransferase (JGT) (25,26) 

(Figure 4.1A).  We have demonstrated that recombinant JGT glucosylates hmU in a DNA 

sequence independent manner (27), prompting us to design a similar strategy for selectively 

labeling hmU and mapping its location within mammalian genomes (Figure 4.1B). In the first 
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scheme, JGT is utilized to install a modified N3-glucose into the hydroxyl group of hmU 

followed by incorporation of the biotin linker through click chemistry and capture of hmU-

containing DNA fragments via streptavidin pull down. Alternatively, the hmU-containing DNA 

fragments can be captured by immunoprecipitation using the base J specific antibody (28-31) or 

by using the base J binding protein (JBP1) (18-20,31,32). The enriched fragments can be applied 

to deep sequencing to map the location of hmU. The resulting glucosylated hmU (base J) could 

also be directly mapped using SMRT-sequencing (33). 

Base J has been shown to regulate transcription initiation and termination at specific sites 

along the trypanosomatid genome (30,31,34-36). Specific thymines in the genome are somehow 

targeted and modified to base J in a two-step reaction (37). The thymine base in DNA is first 

oxidized by one of the thymidine hydroxylases (TH), JBP1 and JBP2, to generate hmU (38,39). 

JGT then transfers glucose from UDP-glucose onto hmU forming base J (25).  While both JBP1 

and JBP2 contain a TH domain at the N-terminus that has led to the designation of these 

enzymes as belonging to the TET/JBP subfamily of dioxygenases (4,38-42), JBP1 has a novel C-

terminal domain that allows it to bind J-DNA (32,43-45). While both JBP1 and JBP2 stimulate 

de novo thymidine hydroxylation in vivo, the ability of JBP1 to bind J-DNA allows the enzyme 

to stimulate additional hmU synthesis (and J) in the genome (39,46,47). Analysis of J synthesis 

in vivo and JGT function in vitro has indicated that JGT is a DNA sequence non-specific enzyme 

and anywhere hmU is located in the trypanosome genome it will be converted to J (27,39). 

Therefore, it is believed that the JBP enzymes regulate the specific localization of base J in the 

trypanosomatid genome. In order to test this hypothesis and the new hmU mapping procedure, 

we utilized the glucose tagging/J enrichment method to map the location of hmU in the 
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Trypanosoma brucei genome. We demonstrate that hmU synthesized by the JBP enzymes is 

localized at specific sites of the genome where base J is known to function. 

 

MATERIALS AND METHODS 

Trypanosome Cell Culture  

The bloodstream form T. brucei cell lines were cultured in HMI9 medium supplemented 

with 10% heat-inactivated fetal bovine serum and 10% serum plus as described previously (46).  

Isolation of Genomic DNA  

T. brucei genomic DNA was isolated as described previously (29).  Genomic mESC 

DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit following the 

manufacturer’s instructions (Qiagen).  All buffers were supplemented with the antioxidants 3,5-

di-tert-butyl-4-hydroxytoluene, deferoxamine mesylate salt, and tetrahydrouridine at a 

concentration of 200µM to reduce DNA deamination and oxidation (48).  Amount and purity of 

DNA was determined by using Nano-Drop® ND-1000 Spectrophotometer. 

Preparation of Recombinant JGT  

Expression and purification of the N-terminal 10xHis-tagged T. brucei-JGT was 

performed with BL21-CodonPlus (DE3)-RIL competent cells as previously described (25) with 

minimal changes. JGT was eluted from the Talon resin with imidazole elution buffer [50mM 

HEPES, pH 7.5, 300mM NaCl, 10mM β-mercaptoethanol, 5% glycerol, 300mM imidazole].  

The eluted protein was diluted 1:5 in dilution buffer [50mM HEPES, pH 7.5, 50mM NaCl, 10% 

Glycerol], concentrated with 10,000 MWCO Centricon and visualized by blue silver-stained 

SDS PAGE and anti-His Western blot.   
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Generation of DNA Substrates  

 Unmodified oligonucleotides used in this study were purchased from Invitrogen.  The 

15bp hmU and hmC-containing oligos used in the gel-shift assay were synthesized by TriLink 

Biotechnologies (San Diego, CA) and possess the sequence TTAGGGTXAGGGTTA with either 

an hmU or hmC at the position of the bold X.  The 36bp hmU and hmC-containing oligos used in 

the filter binding assays were synthesized by TriLink Biotechnologies (San Diego, CA) and 

possess the sequence CTATACCTCCTCAACTTCXGATCACCGTCTCCGGCG with either an 

hmU or hmC at the position of the bold X.  DNA duplexes were prepared by annealing 

complementary oligos in annealing buffer [100mM potassium acetate, 30mM HEPES (pH 7.5)] 

by boiling for 10 minutes and allowing to cool overnight.  

 

mC, hmC, and hmU modified and unmodified 75bp DNA substrates used in the anti-base 

J immunoprecipitations were generated using PCR.  Modified deoxynucleotide triphosphates 

(dNTPs) were purchased from TriLink Biotechnologies and each modified dNTP completely 

replaced its respective unmodified dNTP in a PCR reaction mix.  PCR reactions were performed 

using Promega GoTaq® DNA Polymerase (Promega in Green GoTaq® Reaction Buffer 

(Promega) using the following thermocycling conditions: 95°C 30 seconds, (95°C 15 seconds, 

68°C 15 seconds) for 30 cycles, and 68°C for 5 minutes.  Template DNA sequence possessed the 

sequence 5’-

GCTATCACAGTCCTGCGCTGAGATACGAGTTGCTGCCTTGGTGCACTTAGAGGTCAT

GAGAAGGTTTACTGCCCG-3’ with underlined portions representing the primer annealing 

sites.   
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in vitro Glucosyltransferase Reactions  

Filter Binding Assay.  JGT glucosylation reaction consisted of 100µM UDP-[3H]glucose, 

~0.05µM recombinant JGT, and 100µM DNA in JGT reaction buffer [50mM potassium acetate, 

20mM Tris acetate, 10mM manganese acetate, and 1mM DTT (pH 7.9)] in a 50µL reaction 

volume.  Reactions were incubated at 25°C for 1 hour. βGT reactions consisted of 100µM UDP-

[3H]glucose, 5 units recombinant βGT (New England Biolabs), and 100µM DNA in T4 βGT 

reaction buffer [50mM potassium acetate, 20mM Tris acetate, 10mM magnesium acetate, and 

1mM DTT (pH 7.9)] in a 50µL reaction volume. Reactions were incubated at 25°C for 1 hour.  

Reaction mixtures were applied directly to a 2.5cm DE81 membrane (GE Healthcare) 

under vacuum.  The filters were then washed 3 times with 2mL 0.2M ammonium bicarbonate, 3 

times with water, and 3 times in 100% ethanol.  Membranes were air-dried and placed in 

scintillation vials containing 5mL of scintillation fluid.  The solution was mixed, and tritium 

incorporation was measured for 1 minute.  Reaction values were corrected for non-specific 

binding of UDP-[3H]glucose to the membrane.  Background values were determined using 

reactions performed in the absence of enzyme but in the presence of UDP-[3H]glucose. 

 

Gel Shift Assay. 15bp hmU or hmC containing oligonucleotides were radioactively labeled using 

T4 polynucleotide kinase (New England Biolabs) and [γ32P]-ATP.  The labeled oligonucleotide 

was then gel-purified and annealed with a non-labeled 27bp complimentary oligonucleotide.  

Radiolabeled dsDNA substrates were then incubated with JGT or T4 β-GT enzyme and either 

UDP-glucose or UDP-6-N3-Glucose (Active Motif, catalog #55020) in an in vitro 

glucosyltransferase reaction.  JGT glucosylation reaction consisted of 321µM UDP-glucose, 

~0.05µM recombinant JGT, and 0.5pmol DNA in JGT reaction buffer [50mM potassium acetate, 
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20mM Tris acetate, 10mM manganese acetate, and 1mM DTT (pH 7.9)] in a 50µL reaction 

volume.  Reactions were incubated at 25°C for 1 hour. βGT reactions consisted of 321µM UDP-

glucose, 7.5 units recombinant βGT (New England Biolabs), and 0.5pmol DNA in T4 βGT 

reaction buffer [50mM potassium acetate, 20mM Tris acetate, 10mM magnesium acetate, and 

1mM DTT (pH 7.9)] in a 50µL reaction volume. Reactions were incubated at 25°C for 1 hour. 

1pmol of unlabeled DNA was added to all reactions to help minimize any DNase activity. 

Biotinylation reactions were then carried out according to the manufacturers instructions in the 

Hydroxymethyl Collector™ Kit (Active Motif, catalog #55013).  Samples were then mixed with 

2X formamide loading buffer and electrophoretically separated on a 20% polyacrylamide/7M 

urea gel in 1X TBE Buffer.  The gel is fixed, dried and visualized by autoradiography 

 

J-DNA enrichment  

Base J immunoprecipitations were performed as previously described (28-30,49).  

Briefly, 25µL protein G beads were pre-blocked with 5µL 10mg/mL BSA and 5µL yeast tRNAs 

for 15 minutes.  A 500µL IP reaction containing blocked beads, 1-3µg DNA, 5µL 10mg/mL 

BSA, 5µL yeast tRNAs, and 10µL rabbit α-base J serum were set up for each sample. Genomic 

DNA samples were sonicated to 0.5-3kb range prior to J-IP.  IP reactions, performed in 

triplicate, were incubated at room temperature for 1.5 hours with rotation.  DNA was eluted from 

beads by the addition of 400µL TE Buffer, 4µL 10mg/mL Proteinase K and 4µL 10% SDS and 

incubation at 37°C for 30 minutes. A phenol-chloroform extraction was then performed on each 

sample and DNA was precipitated with the addition of 800µL 100% Ethanol, 12µL 5M NaCl, 

and 4µL 20mg/mL glycogen.    
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Glucosylation and hmU pull down. 

Spike DNA hmU enrichment assay. To determine the specificity of hmU pull-down method, JGT 

reactions were performed on a mixture of DNA containing 5ng modified or unmodified 75bp 

DNA substrate in 1µg sonicated genomic JGT KO DNA.  DNA from this reaction was subjected 

to the J-IP protocol described above.  The amount of hmU-DNA pull-down was determined by 

quantitative PCR (qPCR) analysis.  %IP was calculated relative to input DNA.  Quantification 

was performed on an iCycler with an iQ5 multicolor real-time PCR detection system (Bio-Rad 

Laboratories, Hercules, CA, USA).  The reaction mixture contained 5pmol forward and reverse 

primers, 2x iQ SYBR green super mix (Bio-Rad Laboratories, Hercules, CA, USA), and 2µL of 

template DNA.  Primers used in qPCR analyses are listed in supplementary table S1. qPCR 

cycling conditions: 95°C 5 minutes, (95°C 15 seconds, 60°C 30 seconds, 72°C 30 seconds) for 

40 cycles, and 95°C for 1 minute.  Each standard curve generated had an R2 value of at least 

0.98, slope of -3, y-intercept of 23, and an efficiency of ~90-100%. 

 

Genome-wide mapping of hmU. To determine the location of hmU throughout the T. brucei 

genome, JGT reactions were performed on JGT KO and JBP1/2 KO T. brucei genomic DNA.  

Reactions (50ul) containing 3µg of genomic DNA, 100µM UDP-glucose, ~0.05µM JGT and 

JGT reaction buffer [50mM potassium acetate, 20mM Tris acetate, 10mM manganese acetate, 

and 1mM DTT (pH 7.9) were incubated at 25°C for 1 hour. Reactions were then Proteinase K 

treated, phenol-chloroform extracted, and ethanol precipitated. 3µg of the purified glucosylated 

DNA was then utilized in a J-IP reaction as described above.  Due to the low levels of hmU in 

the JGT KO and JBP1/2 KO genomes, 5 IP reactions were performed for each replicate and 
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pooled at the final step. The amount of hmU-DNA pull-down was determined by qPCR as 

described above.   

  

DNA Dot Blots  

To quantify the levels of hmU after in vitro JGT reactions, anti-base J immunoblots were 

performed as described previously (29). Briefly, genomic DNA was serially diluted, treated with 

1X volume of 0.6M Sodium Hydroxide for 15 minutes, and then treated with 2X volumes cold 

2M Ammonium Acetate for 5 minutes.  DNA was then blotted onto a nitrocellulose membrane, 

followed by incubation with anti-base J antisera.  Bound antibodies were detected using a 

secondary goat anti-rabbit antibody conjugated to HRP and visualized by ECL. The membrane 

was then stripped of antibody.  As a loading control, mESC blots were stained with a solution of 

0.02% methylene blue in 0.3M Sodium Acetate, pH 5.2.   

 

RESULTS 

JGT is an hmU-specific glucosyltransferase 

We first wanted to determine if JGT is specific for hmU and if there is any activity on 

other TET oxidation products, specifically hmC. As expected, and consistent with previous 

results (25,27), we see that JGT is capable of glucose transfer onto double stranded DNA 

(dsDNA) substrates containing matched hmU (hmU:A) (Figure 4.2A). The other natural, but 

minor, form of hmU in mammalian genomic DNA is such that it is paired with G as a result of 

deamination of hmC (50,51). We now report that JGT has the ability to also modify substrates 

containing mismatched hmU:G (Figure 4.2A). JGT does not, however, show any activity on 

hmC containing dsDNA substrate (Figure 4.2A). In contrast, βGT is a glucosyltransferase that 
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acts on it primary substrate hmC, with some low level activity on hmU, but only when mis-

paired to guanine (hmU:G) (24) (Figure 4.2B).  βGT has no detectable activity on matched hmU 

DNA substrate. These data demonstrate that JGT has the unique ability to modify matched hmU 

in DNA, with no activity towards the other TET oxidation product, hmC. 

 

Selective enrichment of hmU DNA using JGT and base J immunoprecipitation 

Techniques to map hmC within genomes have relied on using βGT transfer of an azide-

modified glucose onto hmC followed by biotin conjugation and streptavidin pull-down. As 

shown in Figure 4.3A, βGT is able to utilize UDP-6-N3-Glc to transfer azido-glucose to hmC 

modified DNA substrate with high efficiency. However, repeated attempts with JGT have 

indicated the inability of the enzyme to utilize this modified glucose donor (Figure 4.3B). Since 

βGT and JGT belong to different glycosyltransferase structural fold families, GT-B and GT-A 

respectively (25,52,53), it is not surprising that the protein domain and specific interactions 

involved in binding UDP-glucose might be different between the two enzymes. Until we are able 

to synthesize other azido-linked Glc donors we will be unable to evaluate other potential 

substrates for use in chemical labeling of hmU modified DNA.  

While JGT is unable to utilize UDP-6-N3-Glc, the enzyme is able to utilize unmodified 

glucose donor to convert hmU in DNA up to 95% efficiency (Supplementary Figure S4.1). The 

resulting base J-DNA can be selectively enriched using base J antisera (28,30,49) or JBP1 (18-

20,31,32). Both enrichment methods have been utilized in high-throughput sequencing of base J 

in trypanosomatid genomes (30,31). To examine whether this labeling method can discriminate 

between hmU and other modifications in a biological sample, we spiked in a 75bp dsDNA 

substrate with unmodified bases (T) or containing the modified bases 5hmU, 5mC or 5hmC into 
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trypanosome genomic DNA lacking base J and performed the JGT reaction and base J 

immunoprecipitation. The enrichment (%IP) of each substrate was analyzed by quantitative PCR 

(qPCR) (Figure 4.4). A significant enrichment of hmU was observed. No enrichment was 

observed for T, 5mC or 5hmC substrates. hmU enrichment is dependent on the JGT reaction, 

indicating both the strict dependence of this method on JGT and the specificity of the base J IP. 

These data demonstrate that incubation of hmU DNA with JGT followed by base J 

immunoprecipitation allows selective and efficient enrichment of hmU. 

To begin to assess the feasibility of using this approach on biological samples, we 

performed JGT conversion of hmU in genomic DNA from mouse embryonic stem cells 

(mESCs).  Genomic DNA was sonicated into small fragments (500-3000bp), treated with JGT in 

the presence of UDP-glucose to yield base J.  Because of the efficiency of this reaction, this 

method ensures selective modification of most (if not all) hmU in genomic DNA.  The 

conversion of hmU to base J allows accurate quantification of the amount of hmU in a genome 

using J antisera and HRP.  Quantification of hmU levels using this approach indicate 

approximately 2-fold more hmU within the R1 mESC line than in the 2i mESC line 

(Supplementary Figure S4.2), which is consistent with previous quantitative mass spectrometry 

analyses (16).  Taken together, these results demonstrate our ability to modify and measure hmU 

specifically in synthetic DNA oligonucleotides, PCR amplified DNA, and native genomic DNA. 

 

Mapping of hmU within the T. brucei genome 

Figure 4.4 demonstrates the ability to specifically enrich for a short hmU modified DNA 

substrate from a pool of DNA, however we would like to use this technique to enrich and map 

hmU-containing DNA within a genome.  As a proof of principle, we performed JGT labeling and 
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J enrichment of genomic DNA from trypanosomes, subjecting the enriched fragments to qPCR 

analysis to allow identification of hmU-containing genomic regions. To do this, we took 

advantage of two different T. brucei cell lines which are devoid of base J; JBP1/2 KO and JGT 

KO. According to the J-biosynthesis model, hmU will be specifically localized in the genome of 

the JGT KO similar to base J profile in wild type (WT) trypanosomes, albeit at lower levels, due 

to JBP oxidation of thymidine (25,27). In contrast, the JBP1/2 KO lacks both of the thymidine 

hydroxylase enzymes involved in the first step of J-biosynthesis. Thus, the presence of hmU in 

this genome would presumably be due to damage during the genomic DNA isolation procedure 

and localized non-specifically. WT T. brucei genomic base J pull-down provides a positive 

control for J localization studies.   

 Base J is localized to particular sites within the trypanosome genome, including silent 

sub-telomeric localized variant surface glycoprotein (VSG) genes and RNA polymerase II (Pol 

II) transcription start sites and termination sites (30).  In agreement with previous studies, we 

observed enrichment of base J in WT T. brucei at a silent VSG gene (VSG 224) versus a genome 

internally localized gene, ASF1 (Figure 4.5A). The no antibody control illustrates the strict 

dependence of the enrichment on base J antisera (Figure 4.5A). In the JGT KO genome we 

observed a similar specific enrichment of hmU that is dependent on the in vitro JGT reaction and 

no hmU detected in the JBP1/2 KO genome (Figure 4.5A). Further analyses also reveal that hmU 

is localized within regions involved in Pol II transcription termination (Figure 4.5B) and 

initiation (Figure 4.5C) with a profile identical to base J localization in the WT genome. No hmU 

is detected in these regions of the JBP1/2 KO genome. These data indicate that even with low 

levels of hmU in the JGT KO genome, ~25 hmU modifications per 106 nucleosides (25), this 
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method allows genome profiling of hmU. These observations also provide the first direct 

evidence that the JBP’s dictate the specific localization of hmU (and J) in the T. brucei genome. 

 

DISCUSSION 

Here, we have developed a method to detect 5hmU that takes advantage of JGT-mediated 

glucosylation. This method ensures that only 5hmU-containing genomic regions will be 

precipitated and identified in subsequent assays. Given that JGT specifically catalyzes the 

glucosylation of 5hmU and JBP1 and J-antibody specifically recognizes the resulting 

glucosylated hmU base, the DNA pulled down is highly enriched in the 5hmU modification. The 

enriched DNA is then ready for analysis by real-time quantitative PCR or sequencing by any 

method, including high-throughput sequencing. Our method can be applied, with few exceptions, 

to any eukaryotic genome. There is no evidence for glucosylated DNA in mammalian genomes 

and, other than kinetoplastids, only Diplonema and Euglena have been shown to have base J 

(54,55). Background precipitation without JGT also provides a negative control. Furthermore, 

base J has been detected in synthetic DNA substrates using SMRT technology (33). Thus, our 

method has the potential to provide single-base resolution detection of 5hmU in a genome. 

This report is, to our knowledge, the first assessment of the location of matched hmU in 

any genome. With the JGT tagging and enrichment procedure presented here, we observed hmU 

present at regions of the T. brucei genome where base J has been shown to regulate Pol II 

transcription and gene expression (30,35). The localization of hmU synthesized by the JBP 

enzymes at known base J sites, provides strong support for the specificity of J biosynthesis being 

regulated by the initial oxidation of specific thymines in the DNA rather than any bias by JGT. 
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 We have demonstrated the ability of the JGT-mediated glucosylation method to detect 

and quantify levels of hmU in eukaryotic genomes, including mESCs. Future experiments will 

utilize this protocol for epigenetic profiling of hmU in mESC genomic DNA. While the majority 

of hmU in the genome is generated by the TET enzymes, a small portion of hmU is generated 

through deamination of cytosine yielding hmU:G mispairs (16). This mispaired hmU within the 

genome is rapidly removed by base excision repair and replaced with a non-modified cytosine 

base (50,51). Therefore, it is thought that hmU generated in this way does not contribute 

significantly to the steady state levels of hmU within the genome (16). While JGT can modify 

both matched and mismatched hmU, mismatched hmU can be identified by C-to-T mutation 

around the identified peaks following deep sequencing. In fact, the C-to-T mutation sites around 

the peak would both validate the hmU peak and mark the exact location of mismatched hmU 

site. These studies highlight the potential use of this method in mapping hmU localization and a 

powerful tool for probing the function of this newly discovered TET oxidation product.  
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FIGURES 

 

Figure 4.1. Selective labeling and enrichment of 5hmU in genomic DNA using JGT. (A) The 

hydroxyl group of 5hmU in duplex DNA can be glycosylated by JGT to form B-D-

glucosylhydroxymethyluridine (glucosyl-5hmU), also called base J. (B) Overview of the 

selective labeling and enrichment strategy for 5hmU. Scheme 1. JGT is utilized to selectively 

label 5hmU in genomic DNA with N3-glucose. After addition of the biotin tag through click 

chemistry, the hmU-containing DNA fragments can be enriched by streptavidin-coupled beads 

allowing detection and sequencing. Scheme 2. JGT is utilized to selectively label 5hmU with 

glucose allowing subsequent affinity purification using the base J-binding protein (JBP1) or 

antisera against base J. The glucosylated base can also be directly sequenced using SMRT-

sequencing technology. 
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Figure 4.2.  DNA substrate specificity of JGT. (A) Recombinant JGT or (B) T4 βGT and 

UDP-[3H]glucose incubated with 36nt-long, dsDNA substrate containing one hmU or hmC 

molecule, as described in the materials and methods section. The modified base within the 

dsDNA substrate was present in the context of a matched base pair (hmU:A, hmC:G) or 

mismatched base pair (hmU:G). CPM, counts per minute, indicative of the transfer of glucose to 

DNA was measured for each sample. All experiments were performed in triplicate and error bars 

are representative of standard error.    
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Figure 4.3. JGT is unable to utilize UDP-6-N3-glucose. Denaturing polyacrylamide gel 

electrophoresis (PAGE) for monitoring the reaction mixtures of DNA substrates treated with (A) 

T4 βGT or (B) JGT and UDP-glucose or UDP-6-N3-glucose (azido-UDP-glucose).  15nt-long 

32P labeled dsDNA substrate containing either an hmU or hmC were incubated with the indicated 

GT enzyme and nucleotide sugar as described in the materials and methods. The addition of a 

glucose moiety to the DNA substrate results in a visible shift on PAGE, with an even greater 

shift upon subsequent addition of biotin. No enzyme control indicates DNA substrate incubated 

without the addition of the corresponding GT enzyme.  
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Figure 4.4. Enrichment test of the 5hmU pull-down assay. The 75nt long DNA containing T, 

hmU, hmC or mC was added to trypanosome DNA as spike-in controls and the JGT reaction and 

J-IP was performed as described in the materials and methods. hmU DNA substrate analyzed 

without the JGT reaction (hmU no JGT) is provided as a negative control. %IP was calculated 

relative to input DNA.  
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Figure 4.5. Mapping hmU in the T. brucei genome. Genomic DNA from the JGT KO and JBP 

1/2 KO T. brucei cell lines was incubated with JGT and UDP-glucose and J-DNA was enriched 

by anti-J IP. Anti-J IP of wild type (WT) T. brucei DNA was used as a control to demonstrate the 

normal distribution of base J. qPCR analysis of J IP for the indicated regions of the genome was 

performed as described in material and methods. %IP was calculated relative to input DNA. (A) 

Analysis of base J and hmU at the silent 224 VSG (VSG) and the ASF1 gene. Specificity of the 

anti-J IP reaction is indicated by the %IP in wild type DNA with and without addition of the J 

antisera. Specificity of the hmU mapping method is indicated by the %IP with and without in 

vitro JGT incubation in JGT KO and JBP1/2 KO DNA. (B and C) hmU profile at a transcription 

termination site and a transcription initiation site. Above, diagram of a transcription termination 

site for two convergent polycistronic units of chromosome 10 (region 2500-2530kbp) (B) and a 

transcription start site for divergent units on chromosome 10 (region 1620-1640kbp) (C). Boxes 
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represent genes on the top and bottom DNA strand, arrows indicate direction of transcription. 

Location of qPCR primers spanning the known peak of base J in Wild Type cells is indicated. 

%IP was calculated relative to input DNA and normalized to the minus base J antisera (Wild 

Type) or minus JGT control (JGT KO and JBP1/2 KO). 
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SUPPLEMENTARY TABLES AND FIGURES 

Primers Sense Antisense 

ASF1 5’-CTTTCGTGTGGGTCGGTAGT-3’ 5’-CCCCTAACACTTCCTGCGTA-3’ 

VSG 224 5’-CGATGACGTCAATCCAGATG-3’ 5’-CCGTTGGTGTCGTGTCTTC-3’ 

cSSR - 1 5’-GTATCACCACAGCCCGAACT-3’ 5’-GGCAACCGAAAACAAAGAAA-3’ 

cSSR - 2 5’-AATTCGCCTACTGTCCATGCCGAT-3’ 5’-TGTGCAGAACGCACATAAGGCAAC-3’ 

cSSR - 3 5’-GGTAAAGCTGGCGAAGTTGAAGGT-3’ 5’-TTTCTTCCGGACACTCGCGATCAT-3’ 

cSSR - 4 5’-GGCCTTTATCCGCCGAAATTGGTT-3’ 5’-CACTTTGTGGTGAATCAGCGGCAT-3’ 

cSSR - 5 5’-AACAACAGACTAATGGCGGG-3’ 5’-TCGATGAATCTGCGCACTAC-3’ 

dSSR - 1 5’-CCCAATTTCACGGAAGAAAA-3’ 5’-CTTGTGGACACGTGACTGCT-3’ 

dSSR - 2 5’-CGACCCAGCATAATGTTCCT-3’ 5’-GGAAAGTGGACCGTTTTGAA-3’ 

dSSR - 3 5’-AAGCGGCGTCATTATTTGCAGACG-3’ 5’-ATTGCTTCCACACCAACCAACGAC-3’ 

dSSR - 4 5’-TTCACGTGAGAGGTGCATTCCAGT-3’ 5’-ACCATGCCGAATTCAGTTGTACCG-3’ 

dSSR - 5 5’-CACCCAATCCGTCATTCCACATCA-3’ 5’-ACAGTCACAGCTCTCCTTCTCACA-3’ 

dSSR - 6 5’-TTCGTGTCAACAGGAGGTGCACTA-3’ 5’-ACAGATGCCGTAGGTTCATTCGGT-3’ 

 

Supplementary Table S4.1.  Sequences of qPCR primers used in T. brucei genomic analysis. 
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Supplementary Figure S4.1. Conversion of hmU to base J.  JGT and UDP-glucose were 

incubated with 15nt-long 32P labeled DNA substrate containing an hmU as described in the 

materials and methods and product visualized in PAGE as in Figure 4.3. No enzyme control 

indicates DNA substrate incubated without the addition of JGT enzyme. 
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Supplementary Figure S4.2. Quantitation of 5hmU in mESC genomic DNA.  Genomic DNA 

isolated from two mESC lines (R1 and 2i) was incubated with JGT and UDP-glucose, spotted 

onto nitrocellulose in a two fold dilution series and levels of glucosyl-hmU detected by base J 

antisera. The dependence of the assay on the JGT labeling reaction is indicated below each blot 

by lack of signal from the highest DNA concentration assayed without the addition of JGT (-

JGT). Methylene blue staining of the blot controls for DNA loading. 
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CHAPTER 5 

CONCLUSIONS AND DISCUSSION 

Kinetoplastids, including the human pathogens Trypanosoma brucei, Trypanosoma cruzi, 

and Leishmania possess a unique DNA modification known as base J that regulates gene 

expression. Base J is synthesized in a two-step pathway in which a thymidine in DNA is 

hydroxylated by the thymidine hydroxylases (TH) JBP1 or JBP2 to form 5-hydroxymethyluracil 

(hmU). A glucose moiety is then attached to the hmU intermediate by a glucosyltransferase to 

make base J. Understanding the enzymes involved in base J synthesis is critical to fully 

understand the impact of base J on gene expression in kinetoplastids.   

While the JBP enzymes involved in the first step of base J synthesis have been identified 

and well characterized, the identity of the GT involved in the second step remained unknown, for 

many years. Consequently, we have been unable fully understand the synthesis of base J, its 

regulation, and the role this pathway plays in the regulation of transcription and gene expression 

in kinetoplastids.   

 

IDENTIFYING THE BASE J GLUCOSYLTRANSFERASE 

The identity of the elusive GT was first proposed from a bioinformatic study examining 

biochemical pathways for DNA modifications, where Avarind et al. identified a possible 

candidate protein that may be the glucosyltransferase involved in the synthesis of base J in T. 

brucei (1).  We recently provided strong evidence showing that the candidate T. brucei protein is 

the GT involved in the synthesis of base J and is referred to as the base J associated GT, or JGT 
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(2,3) (Chapter 2).  Using purified recombinant JGT we demonstrate that this protein utilizes 

UDP-glucose to transfer glucose onto double stranded DNA substrates containing hmU in vitro 

(2) (Chapter 2).  Mutation of conserved residues in the catalytic domain of the GT-A fold 

impairs DNA glucosyltransferase activity (2) (Chapter 2).  In vivo, deletion of both JGT alleles 

in T. brucei results in a complete loss of base J from the genome (2,3) (Chapter 2). Ectopic 

expression of an introduced HA-tagged JGT gene in a JGT-/- background restores base J 

synthesis (2) (Chapter 2). These studies not only confirm its identity as a GT and the two-step 

base J synthesis model, but also indicate it is the only GT catalyzing the second step of base J 

synthesis. 

The glucosyltransferase involved in the synthesis of base J is a unique glycosyltransferase 

not only in that it is localized to the nucleus, but also that it is capable of modifying DNA; no 

other enzyme with similar substrate specificity has yet to be described in eukaryotes. A better 

understanding of GT enzymes, including the JGT, and their mechanism of action in vivo and in 

vitro is essential for rational drug design as well as increasing our knowledge regarding overall 

glycosylation machinery. The identification of a novel nuclear-localized GT in early branching 

eukaryotes could also help in the discovery of other novel glycosyltransferases. Interestingly, a 

mammalian homologue of JGT was also identified in the aforementioned bioinformatics study, 

called GREB1 (1). GREB1 is an estrogen responsive gene that has a largely unknown function 

but has been implicated in the proliferation of estrogen-receptor positive breast cancer cells (4,5).  

GREB1 localizes to the nucleus and has been found bound to chromatin, presumably functioning 

as a transcriptional co-activator of estrogen receptor-mediated transcription (6).  Based on our 

characterization of JGT, an interesting possibility is that hmC present in the mammalian genome, 

generated by the TET enzymes, can be glucosylated by GREB1. 
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EXPLORING THE FUNCTIONAL ROLES OF THE JBP ENZYMES  

 With the discovery of JGT, we now have the ability to genetically segment the base J 

synthesis pathway into the hydroxylation step and the glucosylation step. While the loss of JBP 

leads to loss of base J, it also leads to the loss of hmU from the genome. With the identification 

of the JGT we can now differentiate between phenotypes due to the loss of base J versus the loss 

of hmU. Using the JGT we will be able to explore possible functions of hmU in the kinetoplastid 

genome. The presence of hmU within a DNA sequence has been show to perturb certain DNA-

protein interactions, for example transcription factor-DNA interactions (7). The function of hmU 

in the T. brucei genome remains to be discovered.    

 The JBP enzymes may also be able to generate additional DNA modifications throughout 

the genome in addition to hmU. Like the mammalian TET enzymes, which can iteratively 

hydroxylate 5-methylcytosine to 5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC) and 5-

carboxycytosine (caC) (8-10), the kinetoplastid JBPs may be able to function in a similar 

manner, converting 5hmU to 5-formyluracil (fU) and 5-carboxyluracil (caU) (2).  These 

additional DNA modifications could themselves have some functional role within the cell. fC 

and caC has been shown to significantly reduce the kinetics of yeast RNA polymerase II 

transcription (11) and in mESCs fC and caC can recruit specific proteins, including transcription 

regulators (12). This data suggests that oxidized DNA bases may have regulatory functions 

within the genome (13).  Further work will be needed to conclusively demonstrate JBP-mediated 

conversion of hmU to fU and caU and what function, if any, these modifications may have. 	
  

Elucidating the function of base J in regulating transcription and gene expression utilized 

cell lines with reduced base J levels following deletion of the TH enzymes (JBP1 or JBP2). The 

ability to delete JGT or both JBP genes from T. brucei is consistent with the non-essential nature 
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of base J in this organism. While deletion of either JBP1 or JBP2 in T. cruzi, and JBP2 in L. 

tarentolae, results in similar reductions in J levels as seen in T. brucei mutants, attempts to delete 

both JBPs have been unsuccessful, leading to the idea that base J is essential in these organisms. 

It is also possible that the JBP enzymes have additional functions outside of J synthesis, 

explaining the essential nature of the genes. Further studies analyzing the essential nature of the 

JGT in L. major and T. cruzi will allow direct testing of this hypothesis and will determine if 

base J is essential in these organisms. To determine the essential nature of this enzyme the loss or 

retention of an episomal copy of JGT will be tracked after deletion of both endogenous JGT 

alleles.         

 

SPECIFICITY OF BASE J LOCALIZATION 

While the pathway of J biosynthesis is now well understood, little is known about how J 

synthesis is regulated in the trypanosomatid genome. Genome-wide analysis of J localization in 

T. brucei and L. major indicates that J is present throughout the genome at specific regions, 

including SSRs involved in Pol II transcription (14,15).  It is unclear what determines the 

localization of base J synthesis into specific sequences in the genome. While no consensus 

sequence or motif is evident from the genome-wide J analysis thus far, it is clear that, for at least 

the telomeric repeats, there is a sequence specificity component where in the top strand 

(GGGTTA) only the second T is modified (16,17). 

One hypothesis is that the first step of J synthesis, catalyzed by JBP1 and JBP2, is the key 

regulatory step of J synthesis. Bypassing this first step, via feeding cells hmU, leads to J 

synthesis in regions of the genome that do not normally contain base J (18,19).  These results 

support the idea that JGT will convert hmU to base J regardless of where hmU is located in the 
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genome and that JGT acts in a non-sequence-specific manner.  Accordingly, the specificity of 

base J localization may be due to the JBP enzymes generating hmU at only specific sites 

throughout the genome.  However, no direct evidence has confirmed this attractive hypothesis.  

To address this hypothesis and better understand the specificity of base J synthesis, an episome 

system in Leishmania was utilized to identify DNA sequences that will or will not promote base 

J synthesis in vivo. Using this system it was demonstrated that the telomeric repeat (GGGTTA) 

stimulates J synthesis in vivo while mutant telomeric sequences (GGGTTT, GGGATT, and 

GGGAAA) do not (20) (Chapter 3). Utilizing an in vitro GT assay, we find that JGT can 

glycosylate hmU within any sequence with no significant change in Km or kcat, even mutant 

telomeric sequences that are unable to be J-modified in vivo (20) (Chapter 3). The data suggests 

that JGT possesses no DNA sequence specificity in vitro, lending support to the hypothesis that 

the specificity of base J synthesis is not at the level of the JGT reaction.  Taken together, it the 

JBP enzymes may regulate the specific localization of base J in the trypanosomatid genome.   

 To further test the hypothesis that the JBPs control the specificity of base J insertion, a 

technique was developed to map hmU, the hydroxylation product of the JBPs, within the genome 

of T. brucei.  This technique relies on the conversion of hmU in genomic DNA to base J using 

the JGT in an in vitro reaction (Chapter 4).  The resulting base J can then been enriched using the 

base J specific antibody (Chapter 4). The enriched DNA fragments can then be subjected to 

qPCR analysis using primers to map hmU at specific sites throughout the genome.  This 

technique was applied to genomic DNA from JGT knockout (JGT KO) and JBP1/2 knockout 

(JBP1/2 KO) T. brucei cell lines (Chapter 4).  It would be expected that in the JGT KO cell line, 

JBP1 and JBP2 would continue to generate hmU within the same sites that J is located in WT 

cells. Ablation of the JBP enzymes involved in generating hmU within the genome would result 
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in the loss of specifically localized hmU.  Analysis of sites known to contain base J within the 

WT genome revealed a specific enrichment of hmU in the JGT KO genome, but no specific 

enrichment in the JBP1/2 KO genome (Chapter 4).  This data provides the first direct evidence 

that the JBPs dictate the specific localization of hmU, and thus base J, in the T. brucei genome. 

While the results described here strongly support the importance of the first step of J 

synthesis, further work is required to fully understand the formation of hmU at specific 

sequences by the JBPs.  Once we have a robust in vitro assay for the JBP enzymes, similar 

analysis of JBP catalysis, as we performed for JGT, will help to shed light on primary DNA 

sequence requirements for hmU formation. Experiments to identify JBP1 and JBP2 associated 

factors may also help to explain the specificity of hmU formation in vivo. Immunoprecipitation 

of endogenously tagged JBP1 or JBP2 followed by mass spectrometry will reveal JBP-associated 

proteins.     

 

DETECTION OF HYDROXYMETHYLURACIL IN GENOMIC DNA 

Hydroxymethyluracil (hmU) is an oxidized DNA base found in the genomes of many 

organisms. In mammalian genomes, hmU was originally considered to be DNA damage 

produced from the oxidation of thymine by radical oxygen species (ROS), however, recent work 

using mouse embryonic stem cells (mESCs) suggests that hmU can also be generated though 

enzymatic oxidation of thymine by the ten-eleven translocation (TET) enzymes (21). The 

function of this enzymatically generated hmU and its location throughout the mESC genome is 

unknown.  Studying this TET generated hmU in mESCs had been impeded by the fact that there 

had been no methods developed to map hmU within a genome.  Therefore, we developed a 

technique to map the location of hmU within a genome using the JGT to convert hmU to base J 
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and enrichment is achieved through base J immunoprecipitation. As mentioned previously, this 

technique was applied to the JGT KO and JBP1/2 KO genomes with specific enrichment of 

hmU-DNA (Chapter 4). With few exceptions, this technique can be performed on any genome.  

Although the function of hmU within the mESC genome is unknown, it is postulated that 

like the other TET generated DNA bases, hmU helps regulate development. Proteins that 

specifically recognize hmU have been identified, including transcription factors and several 

proteins involved in chromatin remodeling (21). In order to determine the function of this newly 

discovered TET oxidation product, it is crucial to map the location of hmU genome wide. As 

described in chapter 4, our method can be applied to the mESC genome, in conjunction with 

sequencing, to map hmU and potentially shed light on the function of TET-generated hmU.      

 

SUMMARY 

 Studies of base J had long been impeded without the identity of the glucosyltransferase 

involved in the second step of its synthesis.  The identification of the glucosyltransferase 

required for the second step in J synthesis has increased our knowledge of base J synthesis and 

has expanded the tools available to study this DNA modification in kinetoplastids.  The 

discovery of this unique enzyme doesn’t only impact the kinetoplastid field, but also represents a 

contribution to our understanding of glucosyltransferases and DNA modifying enzymes, and has 

potential application in the field of developmental biology. Overall, the identification and 

characterization of JGT has made and will continue to increase our overall understanding of 

DNA modifications and DNA modifying enzymes. 
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