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Abstract

β-D-glucosyl-5-hydroxymethyluracil (base J) is a hyper-modified nucleobase found in the nuclear

DNA of kinetoplastid parasites. With replacement of a fraction of thymine in DNA, J is localized

primarily in telomeric regions of all organisms carrying this modified base. The biosynthesis of J

occurs in two putative steps: First, a specific thymine in DNA is recognized and converted into 5-

hydroxymethyluracil (5-HmU) by J-binding proteins (JBP1 and JBP2); a glucosyl transferase

(GT) subsequently glucosylates the 5-HmU to yield J. Although several recent studies revealed the

roles of internal J in regulating transcription in kinetoplastids, functions of telomeric J and proteins

involved in J synthesis remain elusive. Assessing the functions of base J and understanding fully

its biosynthesis necessitate the measurement of its level in cells and organisms. In this study, we

reported a reversed-phase HPLC coupled with tandem mass spectrometry (LC-MS/MS) method,

together with the use of a surrogate internal standard (β-D-glucosyl-5-hydroxymethyl-2′-

deoxycytidine, 5-gHmdC), for the accurate detection of β-D-glucosyl-5-hydroxymethyl-2′-

deoxyuridine (dJ) in Trypanosoma brucei DNA. For comparison, we also measured the level of

the precursor for dJ synthesis, i.e. 5-hydroxymethyl-2′-deoxyuridine (5-HmdU). We found that

base J was not detectable in the JBP-null cells while it replaced approximately 0.5% thymine in

wild-type cells, which was accompanied with a markedly decreased level of 5-HmdU in JBP1/

JBP2-null strain relative to the wild-type strain. These results provided direct evidence supporting

that JBP proteins play an important role in oxidizing thymidine to form 5-HmdU, which facilitated

the generation of dJ. This is the first report about the application of LC-MS/MS for the

quantification of base J. The analytical method built a solid foundation for dissecting the

molecular mechanisms of J biosynthesis and assessing the biological functions of base J in the

future.
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Introduction

β-D-glucosyl-5-hydroxymethyluracil (base J) is the first hyper-modified base discovered in

eukaryotic DNA [1]. Over the past two decades, this unique modified base has been found

within members of unicellular kinetoplastids family, such as Trypanosoma and Leishmania

species [2], and in the related unicellular flagellate protist Euglena gracilis [3], where it

replaces a fraction of thymine in the genome. In contrast to its discovery in unicellular

protozoa, base J was not detectable in animals, plants, or fungi tested, nor in a range of other

simple eukaryotes [2]. In all kinetoplastid flagellates analyzed, base J is localized primarily

in telomeric repeat regions (telomeric J) [4-6] and with a small portion present in other

repetitive DNA sequences [7] and in sequences between transcription units (internal J) [8,9].

In the parasite Trypanosoma brucei, it also appears in the sub-telomeric variant surface

glycoprotein (VSG) gene expression sites that are involved in producing a VSG coat on cell

surface to evade host immune response [10]. The restricted presence of J in the genome of

kinetoplastids but not other higher eukaryotes renders base J, and perhaps J biosynthesis, a

potential target for parasite-specific chemotherapy [11].

Indirect evidence indicates that biosynthesis of J involves two steps, which starts with de

novo hydroxylation of a specific thymidine residue to 5-hydroxymethyl-2′-deoxyuridine (5-

HmdU) [11]. The intermediate 5-HmdU is then converted to β-D-glucosyl-5-

hydroxymethyl-2′-deoxyuridine (dJ) by a yet unidentified glucosyl transferase (GT) [11].

Two enzymes involved in catalyzing the oxidation of thymidine were identified in

trypanosomes, namely, J-binding proteins 1 and 2 (JBP1 and JBP2) [9]. Both of them

contain a N-terminal thymine hydroxylase (TH) domain [12], but only JBP1 can bind to J in

DNA via a particular J-binding domain in its C-terminal half [13]. On the other hand, JBP2

contains a SWI2/SNF2 domain homologous to ATPase/DNA helicases, which has been

thought to be important for its activity [14]. Recently, the JBP proteins have been grouped

together with mammalian TET proteins into the new TET/JBP subfamily of Fe(II)- and 2-

oxoglutarate (2OG)-dependent dioxygenases [15]. Being able to oxidize 5-methylcytosine

(5-mC) to 5-hydroxymethylcytosine (5-HmC) in mammalian DNA [16], TET enzymes are

identified as the only homologue of JBP1/2 TH domain in eukaryotes and may play a very

important role in active cytosine demethylation in mammals [17].

While much is known about J biosynthesis, the function of base J has long been elusive.

However, ice was broken when recent studies showed that J is an epigenetic factor

regulating transcription in kinetoplastids. Unusual for eukaryotes, the protein-coding genes

in kinetoplastids are arranged in polycistronic gene clusters transcribed by RNA polymerase

II (RNAP II) [18]. Genome-wide analysis in trypanosomes revealed an enrichment of

internal J at chromosomal regions flanking polycistronic transcription [8]. In JBP1/2-

knockout Trypanosoma cruzi, the loss of J leads to a major increase in transcription

initiation and a loose chromatin structure at divergent transcription start regions [19].

Differently, loss of internal J, following the deletion of JBP proteins in Leishmania, resulted

in massive readthrough at RNAP II transcriptional termination sites [20]. Although J may

assume different functions in different species, the underlying mechanisms could be similar

as more repressive chromatin structures are created with the synthesis of J. Furthermore,

given the predominant presence of J at telomeric repeats among kinetoplastids analyzed,
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questions regarding whether J has a telomeric function were addressed, but remained

unresolved thus far [11].

To help further dissect the functions of J and verify its presence in other organisms, highly

sensitive and accurate detection methods are required. So far several analytical techniques

have been employed for detecting base J, including 32P-postlabeling [21], two-dimensional

thin-layer chromatography [3], immunoprecipitation experiments [10], immunoblots and

Southern blots [6]. These methods, however, are limited by their relatively low sensitivity or

accuracy and their failure to provide any structural information about J. van Leeuwen et al.

[21] studied the efficiency of postlabeling, and found that it could only recover 50% of the

total J owing to the poor digestion of this bulky DNA modification during analysis. The

following production of rabbit polyclonal antisera against protein-coupled J-

deoxyribosemonophosphate (dJMP) raised the sensitivity of J detection [2], but the yield

was limited and it was difficult to generate more antisera [11]. Since the first application of

mass spectrometry techniques in nucleic acid research, HPLC coupled with tandem mass

spectrometry (LC-MS/MS) has become one of the standard methods for quantifying DNA

modifications [22]. For instance, an LC-MS/MS coupled with the stable isotope-dilution

method allowed for the examination of the roles of repair proteins in removing bulky DNA

lesions from mammalian genome [23]. It has also been extensively used for the analysis of

5-mC and its oxidation products, which may be involved in epigenetic regulation of a broad

range of biological processes and diseases [24]. LC-MS/MS, however, has not been

employed for base J detection in any organisms. Herein, we sought to develop a bio-

analytical method by using a surrogate internal standard (β-D-glucosyl-5-hydroxymethyl-2′-

deoxycytidine, 5-gHmdC) and LC-MS/MS for the accurate measurement of dJ in wild-type

T. brucei and the isogenic strain that is JBP-null. For comparison, we quantified the levels of

5-HmdU in these strains simultaneously.

Experimental Section

Materials

All chemicals and enzymes, unless otherwise noted, were purchased from Sigma-Aldrich

(St. Louis, MO) and New England Biolabs (Ipswich, MA). Erythro-9-(2-hydroxy-3-

nonyl)adenine (EHNA) hydrochloride was from Tocris Bioscience (Ellisville, MO).

[1,3-15N2-2′-D]-5-HmdU were previously synthesized [25,26].

Preparation of Standard

Single-stranded oligodeoxyribonucleotide (ODN, 5′-ATGGCGXGCTAT-3′) housing a 5-

hydroxymethyl-2′-deoxycytidine (5-HmdC) at the X position was incubated with uridine

diphosphate (UDP)-glucose and T4 phage β-glucosyltransferase (β-GT) to generate the

corresponding 5-gHmdC-containing ODN. The desired ODNs were purified on HPLC and

its identity verified by MS and MS/MS. The J-containing ODN was prepared and

characterized in a similar fashion.

Liu et al. Page 3

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



DNA Extraction and Enzymatic Digestion

Blood stream form T. brucei cell line 221a of strain 427 (Wild-type and JBP-null) were

cultured as previously described [27]. Total genomic DNA was isolated as described [28].

To the resulting DNA sample (1 μg) were added 100 fmol of the aforementioned 5-gHmdC-

containing ODN, which was the surrogate internal standard for LC-MS/MS analysis, and a

cocktail of enzymes including nuclease P1, phosphodiesterases 1 and 2, and alkaline

phosphatase, as described previously [29]. To inhibit adenine deaminase during digestion,

EHNA was also added to the digestion mixture until its final concentration reached 2.5 mM.

To the resultant nucleoside mixture was then added 2 pmol [1,3-15N2-2′-D]-5-HmdU, and

the enzymes in the digestion mixture were removed by chloroform extraction. The target

nucleosides, dJ, 5-gHmdC, and 5-HmdU, were enriched via off-line HPLC.

HPLC Enrichment

The enrichment was performed on a Beckman HPLC system with pump module 125 and a

UV detector (module 126). An Aeris WIDEPORE C18 column (4.6 × 250 mm, 3.6 μm

beads, 200 Å pore size, Phenomenex, Torrance, CA) was used. An isocratic elution of 10

mM ammonium formate (pH 8.5) was employed at a flow rate of 0.8 mL/min. The HPLC

fractions for dJ and 5-gHmdC were collected together, whereas the fraction for 5-HmdU

was collected separately for subsequent LC-MS/MS analysis.

Mass Spectrometric Analysis

LC-MS/MS measurement of dJ 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). Samples were automatically loaded onto

a home-made trapping column (150 μm × 40 mm) packed with Magic AQ reversed-phase

C18 material (5 μm beads, 120 Å pore size, Michrom BioResources, Auburn, CA) at a flow

rate of 3 μL/min and eluted to an in-house packed Magic C18 AQ column (75 μm × 200

mm, 5 μm beads, 300 Å pore size). A solution of 0.1% (v/v) formic acid in water (solution

A) and a solution of 0.1% (v/v) formic acid in acetonitrile (solution B) were used as mobile

phases. The modified nucleosides were separated with a gradient of 40 min 0-10% B and at

a flow rate of 300 nL/min. The temperature for the ion transport tube was maintained at

275°C, the activation Q was 0.25, and activation time was 30 ms. In the positive-ion mode,

the spray, capillary and tube lens voltages were 2.0 kV, 12 V and 100 V, respectively.

The enriched fractions containing 5-HmdU were separated on an Agilent 1200 capillary

HPLC using a 0.5 × 250 mm Zorbax SB-C18 column (5 μm beads, 80 Å pore size, Agilent

Technologies, Santa Clara, CA). The eluent was directed to an LTQ linear ion-trap mass

spectrometer (Thermo Fisher Scientific, San Jose, CA) following the previously reported

procedures [30].
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Results and Discussion

The use of a 5-gHmdC-containing ODN as a surrogate internal standard for base J
quantification

LC-MS/MS coupled with the isotope-dilution technique constitutes the most reliable

analytical method for the quantification of modified nucleosides in cellular and tissue DNA

[31]. Although synthetic methods were previously developed for the synthesis of dJ and for

its incorporation into ODNs [32-34], the methods involve a multi-step synthesis and are not

readily amenable for the preparation of stable isotope-labeled dJ. Thus, we decided to take

an alternative approach for the LC-MS/MS quantification of dJ in cellular DNA, where we

employed a 5-gHmdC-bearing single-stranded ODN as a surrogate internal standard. In this

context, it is important to note that 5-gHmdC is absent in genomic DNA of T. brucei, as

revealed by LC-MS/MS analysis. We synthesized the 5-gHmdC-containing ODN using T4

phage β-GT following previously published procedures [35]. In this vein, the T4 β-GT-

catalyzed glucosylation of 5-HmdC has been utilized for the measurement of global 5-

HmdC levels in vivo [35-37]. In our method, the 5-gHmdC-carrying standard ODN was

digested together with DNA isolated from T. brucei prior to HPLC enrichment, which

corrects for incomplete release of dJ from DNA during enzymatic hydrolysis and potential

loss of the analyte during other stages of sample preparation process, thereby providing

more accurate quantification of dJ.

The identity of the standard ODN was verified by ESI-MS and MS/MS analyses (Figure

S1A and S1B). The MS/MS of the [M-3H]3- ion (m/z 1283.5) yielded typical [an-base] and

wn series ions [38]. In particular, we observed a 481.5-Da difference between the w5 (m/z

1556.1) and w6
2- (m/z 1018.3) ions. This mass difference is consistent with the residue mass

of a 5-gHmdC monophosphate, thereby supporting the presence of this modified nucleotide

at the 7th position counting from the 5′ terminus of the ODN. The similar conclusion can be

drawn from the mass difference between the [a7-X]2- (m/z 994.8) and [a8-G]2- (m/z 1235.8)

ions.

Analytical strategy for simultaneous quantification of dJ and 5-HmdU

To improve the detection sensitivity of dJ and 5-HmdU in isolated cellular DNA, we

employed off-line HPLC enrichment to remove the unmodified nucleosides and buffer salts

employed in the enzymatic digestion. An example HPLC trace is shown in Figure 1, where

the three modified nucleosides, 5-HmdU, 5-gHmdC and dJ, eluting at 11 min, 28 min, and

30 min, respectively, were well resolved from each other and from the canonical 2′-

deoxyribonucleosides and residual ribonucleosides. In this vein, the amounts of RNA

contamination in the DNA samples were corrected based on the peak areas of the 2′-

deoxyribonucleosides and ribonucleosides found in the chromatograms for the HPLC

enrichment, as described previously [30].

To achieve unambiguous identification and quantification of dJ, we subjected the dJ- and 5-

gHmdC-containing fractions to nano-scale LC (nanoLC)-MS2 analysis on an LTQ linear

ion-trap mass spectrometer. As displayed in Figure 2A and 2B, a peak was observed in the

selected-ion chromatogram (SIC) for monitoring the m/z 420 → 304 transition for 5-gHmdC
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or m/z 421 → 125, 143 transition for dJ. Relative to offline-HPLC enrichment, a much

slower gradient was employed to online-HPLC separation in order to avoid the interference

between surrogate standard and analyte, the molecular weights of which differ by only 1-Da.

The identities of the components eluting at 11 min and 20 min were further confirmed to be

5-gHmdC and dJ from MS/MS measurements. The chemical structures and the proposed

major fragmentation pathways for the [M+H]+ ions of 5-gHmdC and dJ found in MS/MS

are depicted in Scheme 1. Upon collisional activation, the N-glycosidic linkage in the [M

+H]+ ion of 5-gHmdC (m/z 420) was cleaved readily to produce the most abundant product

ion of m/z 304 in MS/MS (Figure 2C). Further collisional activation of the ion of m/z 304

led to the generation of three major fragment ions (m/z 124, 142, and 286) in MS3, as a

consequence from neutral losses of glucose, part of glucose [C6H10O5], and H2O,

respectively (see inset of Figure 2C). Likewise, collisional activation of the [M+H]+ ions of

dJ (m/z 421) yielded fragment ions of m/z 305, emanating from the elimination of a 2-

deoxyribose moiety, and m/z 125, 143, and 287, which are attributed to the subsequent

losses of glucose, C6H10O5, and H2O from base J portion (Figure 2D). Apart from these

fragment ions, the MS/MS of the [M+H]+ ion of dJ gave additional fragment ions that are

ascribed to the partial losses of the glucosyl unit on J, i.e., the ions of m/z 205, 223, 241, and

259 (Figure 2D). Because the fragmentation behaviors differed between 5-gHmdC and dJ,

we selected unique transitions for monitoring the surrogate internal standard (5-gHmdC, m/z

420 → 304) and the target analyte (dJ, m/z 421 → 125, 143), which allows for unequivocal

identification and reliable quantification of base J in cellular DNA.

A calibration curve was constructed for the quantification of dJ under identical conditions as

described for sample analysis (See Experimental Section and Figure S2). Along this line,

known amounts of the dJ-containing ODNs and 100 fmol of 5-gHmdC-harboring ODN were

digested together with calf thymus DNA at the same amount as the genomic DNA, and then

enriched via offline-HPLC. The addition of calf thymus DNA to the calibration mixture

serves to mimic the digestion conditions for genomic DNA. This, together with the analysis

of 5-gHmdC- and dJ-containing HPLC fractions under the same LC-MS/MS conditions,

facilitated the accurate quantification of dJ. It is worth noting that, from the calibration

curve, over 100-fold difference was found for the efficiencies in the formation of the ion of

m/z 304 for 5-gHmdC and those for the formation of the ions of m/z 125 and 143 for dJ. At

least two factors may account for this difference. First, the ion of m/z 304 is the only product

ion found in the MS/MS of the [M+H]+ ion of 5-gHmdC, whereas a large number of

fragment ions are observed in the MS/MS of the [M+H]+ ion of dJ (Figure 2C and 2D).

Second, a previous study by Liguori and coworkers [39] suggested that the proton affinity of

2′-deoxyuridine is significantly lower than that of 2′-deoxycytidine. Therefore, the

glucosylated 5-HmdC may possess a higher proton affinity than glucosylated 5-HmdU,

which may contribute to the more facile ionization of the former nucleoside. In spite of this

difference, according to the data gained on three separate days, we obtained excellent

linearity for the calibration curve (R2 = 0.998).

Because the sensitivity for the detection of 5-HmdU is better in the negative- than the

positive-ion mode, we quantified 5-HmdU by using LC-MS3 in the negative-ion mode, as

previously reported [30]. The co-elution of 5-HmdU analyte and standard (Figure 3A and
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3B), together with their identical fragmentation patterns (Figure 3C and 3D), provides solid

evidence for the identification of the component and leads to accurate quantification of 5-

HmdU.

Quantification of dJ and 5-HmdU in T. brucei

With the use of this method, we measured simultaneously the levels of dJ and 5-HmdU in T.

brucei. To our knowledge, this is the first rigorous quantification of base J and its

intermediate product 5-HmU in the genome of kinetoplastids. It is worth noting that the

employment of nanoLC coupled to mass spectrometer decreases the amount of DNA

required for J detection (∼200 ng for wild-type cells), while in the meantime the detection

sensitivity is improved by at least 10 fold relative to the use of regular ESI and a capillary

HPLC operating at a flow rate of 8 μL/min. The limit of quantitation (LOQ) and limit of

detection (LOD), which referred to the amounts of dJ giving rise to signal-to-noise ratios of

10 and 3, were 46.8 fmol and 15.6 fmol, respectively. This level of sensitivity renders the

method highly powerful for the detection of J in cellular DNA, which will be very useful for

dissecting the roles of various protein factors in J biosynthesis and for interrogating the

biological functions of base J.

Our quantitative result revealed that the level of dJ in T. brucei genome was ∼1500

modifications per 106 nucleosides (Figures 2 and 4A). Based on the peak areas of the four

natural 2′-deoxyribonucleosides found in the HPLC trace with consideration of their

extinction coefficients at 260 nm, the percentage of thymidine was quantified to be

approximately 29.1%. Thus, the level of dJ represented 0.53% of dT in the wild-type strain,

which is consistent with the levels reported previously [3,4]. Conversely, J was not

detectable in the JBP-null strain (Figure 4A). To confirm that this observation was based on

the absence of J but not due to the limit of detection, we increased the amount of DNA used

for the analysis by 40 fold. However, there was still no signal exhibited in SICs for the

analyte (data not shown). A remarkable difference in the SICs for monitoring dJ in wild-type

and mutant T. brucei was displayed in Figure 2B. Similarly, we found that the level of 5-

HmdU in the wild-type strain was 42.5 modifications per 106 nucleosides, while it was

present at a level that is 3.2 times lower in the JBP-null strain (13.3 modifications per 106

nucleosides, Figures 3 and 4B).

The significant decreases in the levels of dJ and 5-HmdU in JBP-null T. brucei are in

keeping with the important roles of JBP proteins in the biosynthesis of 5-HmU and J. In this

study, we found that the level of 5-HmdU in JBP-null cells was approximately one third of

that in wild-type cells. However, considering the LOD and the amount of DNA used for

detection, base J, if exists, would be present in the mutant strain at a level that is at least

12,500 times lower than that in the wild-type strain. This is in line with the previous

observation that deletion of both JBP1 and JBP2 results in lack of base J in cells [9]. The

absence of base J in JBP-null background is primarily attributed to the lack of JBP-mediated

biosynthesis of the precursor of base J (i.e., 5-HmU). In this vein, all available evidence now

supports that base J synthesis is initiated by JBP1- and JBP2-mediated de novo oxidation of

dT to 5-HmdU [40-43]. Additionally, it was hypothesized that JBP1 can bind to the initially

synthesized J via its specific J-binding domain and then oxidize adjacent thymidines
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followed by GT-catalyzed glucosylation [11]. Therefore, the lack of local amplification of J

synthesis may also contribute to the absence of J in the trypanosome.

In the presence of 5-HmU, the biosynthesis of J may potentially enter into the second stage

where a glucose moiety is transferred onto 5-HmU by the putative GT [11]. Thus, one may

expect that some of the 5-HmU may be converted to base J in the JBP-null background.

Several factors may account for our observation of the absence of base J, but the presence of

a significant level of 5-HmdU in the JBP-null T. brucei. First, JBPs and putative GT may

function together as a protein complex, the loss of function of one (JBPs) may compromise

the expression and/or the function of the other (GT). Second, there could be other enzymes

involved in the oxidation of thymine to 5-HmU in T. brucei and the resulting 5-HmU may

not be converted to base J. Moreover, some of the 5-HmdU detected in wild-type and JBP-

null T. brucei may arise from oxidatively induced DNA damage. Further studies are

necessary for a better understanding of this observation.

Taken together, the mass spectrometry-based analytical method developed in this study

provides the first accurate and simultaneous measurements of dJ and its intermediate

product 5-HmdU in kinetoplastid flagellates. Our results are consistent with the important

roles of JBP proteins in J synthesis. It can be envisaged that the analytical method will be

generally applicable for examining the roles of other proteins involved in J synthesis, such

as the putative GT that has not yet been identified. Additionally, being the only hyper-

modified base discovered in eukaryotic genome, J has been found in unicellular

kinetoplastids but not in animals. Given that TET enzymes are the only homologue of

JBP1/2 in mammals, it is still an open question whether hyper-modifications, such as J

derivatives, are synthesized in higher organisms. In this context, the sensitive method

reported here could be adapted readily for exploring the potential presence of other hyper-

modifications and their biological functions in other eukaryotes.
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J β-D-glucosyl-5-hydroxymethyluracil

dJ β-D-glucosyl-5-hydroxymethyl-2′-deoxyuridine

5-gHmdC β-D-glucosyl-5-hydroxymethyl-2′-deoxycytidine

5-HmU 5-hydroxymethyluracil

5-HmdU 5-hydroxymethyl-2′-deoxyuridine

JBP J-binding protein

TH thymine hydroxylase

GT glucosyl transferase

ODN oligodeoxyribonucleotide

ESI-MS electrospray ionization-mass spectrometry

MS/MS tandem MS

Liu et al. Page 11

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
A representative HPLC trace for the off-line enrichment of 5-HmdU, 5-gHmdC, and dJ from

the enzymatic digestion mixture of genomic DNA isolated from wild-type T. brucei.
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Figure 2.
Representative LC-MS/MS results for the quantification of dJ. Shown in left panels are the

selected-ion chromatograms for monitoring the indicated transitions for the surrogate

internal standard (5-gHmdC, A) and the analyte (dJ, B), and solid and dashed lines represent

samples from wild-type and JBP-null T. brucei, respectively. Right panels give the MS/MS

for 5-gHmdC (C) and dJ (D), and the inset (C) gives the MS/MS/MS for 5-gHmdC.

Liu et al. Page 13

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Representative LC-MS/MS/MS results for the quantification of 5-HmdU. Shown in left

panels are the selected-ion chromatograms for monitoring the indicated transitions for

unlabeled 5-HmdU (A) and isotope-labeled 5-HmdU (B), and solid and dashed lines

represent samples from wild-type and JBP-null T. brucei, respectively. Right panels give the

MS/MS/MS for 5-HmdU (C) and labeled 5-HmdU (D).
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Figure 4.
Frequencies of dJ and 5-HmdU in T. brucei DNA (n=3). The data represent the mean and

standard deviation of the measurement results. The p values were calculated using unpaired

two-tailed t test.

Liu et al. Page 15

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Scheme 1.
Chemical structures of the modified nucleosides measured in this study and the cleavages

for the formation of major fragment ions observed in the MS2 of the [M+H]+ ion of 5-

gHmdC and dJ as well as in the MS3 of the [M-H]- ion of 5-HmdU. The sites of 15N and

deuterium (D) are indicated in the structure of the isotope-labeled 5-HmdU.
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