Journal of Chromatography B, 923-924 (2013) 74-82

Contents lists available at SciVerse ScienceDirect

Journal of Chromatography B

journal homepage: www.elsevier.com/locate/chromb

Evaluating the reproducibility of quantifying modified nucleosides
from ribonucleic acids by LC-UV-MS

Susan P. Russell, Patrick A. Limbach*

@ CrossMark

Rieveschl Laboratories for Mass Spectrometry, Department of Chemistry, PO Box 210172, University of Cincinnati, Cincinnati, OH 45221-0172, United States

ARTICLE INFO ABSTRACT

Article history:

Received 31 July 2012

Accepted 11 February 2013
Available online 18 February 2013

Post-transcriptional chemical covalent modification of adenosine, guanosine, uridine and cytidine occurs
frequently in all types of ribonucleic acids (RNAs). In ribosomal RNA (rRNA) and transfer RNA (tRNA)
these modifications make important contributions to RNA structure and stability and to the accuracy
and efficiency of protein translation. The functional dynamics, synergistic nature and regulatory roles
of these posttranscriptional nucleoside modifications within the cell are not well characterized. These
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HPLC chromatography method used to isolate and quantitatively characterize modified nucleosides in tRNA
and rRNA when nucleoside detection is performed using ultraviolet and mass spectrometric detection
(UV and MS, respectively). Despite the analytical challenges of sample isolation and dynamic range,
quantitative profiling of modified nucleosides obtained from bacterial tRNAs and rRNAs is feasible at
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relative standard deviations of 5% RSD or less.
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1. Introduction

Chemical modification of RNA occurs post-transcriptionally in
all types of RNA. Currently there are 109 known structurally
unique RNA nucleoside modifications, which include base or ribose
methylation, isomerization of uridine to pseudouridine, thiola-
tion, alkylation, acetylation and complex hypermodifications [1].
In tRNA, post-transcriptional modifications in the anticodon region
directly influence decoding [2,3] and reading frame maintenance
[4-6]. Modifications have also been shown to contribute to recogni-
tion of the correct aminoacyl synthetase for each tRNA [7]. In tRNA,
modification status varies depending on cellular conditions such as
temperature, nutrient availability, growth phase, growth rate and
cell cycle progression [8-14]. Some studies suggest definite mod-
ification networks exist for the control or adaptation to changing
cellular conditions and tRNA degradation [8-10]. The synergistic
nature of these modifications and the mechanisms of dynamic con-
trol of RNA modification have not been explored, primarily due
to lack of methods to quantitatively evaluate the global degree of
modification in cellular RNA.

Post-transcriptional RNA modifications are located in function-
ally important regions such as the peptidyl transferase center of
the ribosome and the anticodon of transfer RNA [11,12]. Several
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studies have shown ribosome function can also be attributed to
specific rRNA modifications [13-20]. RNA modifications outside
the functional centers are important in maintaining tertiary struc-
ture, for example, by contributing rigidity through enhanced base
stacking or increasing flexibility [21] in the RNA biopolymer. The
effects of the absence or presence of most individual modifications,
especially outside of the functional center, is not easily evaluated,
rarely results in any observable phenotype and often does not
appear to affect function. However, combinations of modification
deficiencies in rRNA will negatively impact cell growth, ribosome
production and translation [15,19,22-24]. Characterization of
modification status of large RNA molecules requires enzymatic
hydrolysis of tRNA or rRNA to yield individual nucleosides. The
extent of variation in the identity and relative quantities of mod-
ified nucleosides present in this complete profile under different
cellular conditions is a valuable measure of global modification
status that can be used to assess the dynamic nature of RNA
modification.

For the analysis of modified nucleosides a separation technique
such as HPLC, UPLC, GC or CE is usually combined with UV or mass
spectrometry (MS)-based detection [25,26]. Reversed phase HPLC
with UV detection is the most commonly used method for the
quantitation of modified nucleosides during modification profiling
[27]. The aromatic nature of nucleosides yields characteristic UV
spectra, which along with relative retention time determined by
suitable reference standards can be used for positive identification.
A more powerful approach for nucleoside identification is to couple
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reversed phase HPLC to electrospray ionization mass spectrom-
etry (ESI-MS). During ESI-MS, the glycosidic bond between the
nucleobase and ribose of the nucleoside fragments easily yielding
the characteristic protonated molecular ion of the nucleoside and
a protonated nucleobase ion. Further tandem mass spectrometry
(MS/MS) via collision-induced dissociation (CID) of the nucleobase
ionyields ring opening of the base and produces fragments contain-
ing even greater structural detail. Accurate mass measurements
of molecular ions, base ions and fragments made with high reso-
lution mass spectrometers can also be used to confirm nucleoside
identity. The MS data along with retention time and UV absorbance
characteristics further confirm nucleoside structure [28].

Increasingly, LC/MS is being used for the quantitative analysis of
modified nucleosides in urine [29,30]. Recently, quantitative stud-
ies of urinary nucleosides have used MS/MS techniques based on
the known fragmentation behavior of nucleosides to monitor mul-
tiple molecular ion to nucleobase ion transitions (multiple reaction
monitoring, MRM) of several nucleosides known to be present [30].
This type of MS/MS scan is both selective and sensitive, albeit some-
what limited in the number of nucleosides that can be characterized
in one experiment.

The reproducibility of LC/UV and various LC/MS techniques for
the quantitative analysis of urinary nucleosides has been reported
[29-34]. Those methods were characterized using a set of urinary
nucleoside standards and yielded reproducibilities in the range of
1-15%RSD using either UV or MS as the detector. When quantifying
biologically isolated urinary nucleosides with UV detection, repro-
ducibility ranges from a low of 1% RSD for well-behaved urinary
nucleosides to as high as 30-35% RSD for poorly behaved urinary
nucleosides. Among the various MS/MS techniques used for quan-
tification, Wang et al. characterized nine urinary nucleosides with a
reproducibility ranging from 5 to 16% RSD using selected ion mon-
itoring MS [33]. More recently, Teichert et al. used constant neutral
loss scans to quantify 35 urinary nucleosides with reproducibilities
ranging from 6 to 50% RSD [34].

The significant differences between quantifying urinary nucle-
osides and modified nucleosides present within cellular RNAs arise
from the multi-step procedures required for rRNA and tRNA isola-
tion from cells and the presence of large amounts of unmodified
(major) nucleosides generated after enzymatic digestion of those
isolated RNAs. Despite these challenges, similar LC/MS methods
have been used extensively in the identification and structural
characterization of post-transcriptional modifications in tRNA and
rRNA. The total census of modifications present in tRNA and rRNA
of several different organisms have been determined using LC/MS,
often with on-line UV detection as well [35-39]. Recently, accu-
rate relative and absolute quantification of modified nucleosides
has been demonstrated through the use of stable-isotope label-
ing [40-42]. Although the use of stable-isotope labeling can yield
accurate and precise measurements on the number of modified
nucleosides present in the sample, it cannot be used in a general
strategy for total nucleoside analysis unless the specific modifica-
tions are limited to those with stable-isotope analogs [40,41] or the
organism can easily be cultured in labeled media [42].

Additional analytical challenges faced during the quantitative
analysis of modified nucleosides in tRNAs and rRNAs are dynamic
range and specificity of analysis. For example, in the bacterial ribo-
some of Escherichia coli, only 11 nucleotides are modified of the
total 1542 nucleotides present in 16S RNA of the small subunit;
similarly, only 23 nucleotides are modified of 2904 nucleotides in
the large subunit 23S RNA. Because modification occurs at very
low levels, 0.03-0.06% of total nucleotides, an analytical method
must be capable of detecting such low levels of modified nucle-
osides in a background of the significantly more abundant major
(unmodified) nucleosides. While such a dynamic range is typically
not too challenging for modern LC/MS approaches, it does place

significant strains on the upfront chromatographic separation of
modified nucleosides.

In this work, we have explored the overall utility of reversed
phase HPLC separation of modified nucleosides in an analytical
method using LC/MS and LC/UV for both total nucleoside identifi-
cation and quantitation. One particular interest of this study was to
characterize the reproducibility of these methods when attempting
to quantify modified nucleosides from RNA isolated from replicate
biological samples. To date there have been no reports describ-
ing the reproducibility of results one would obtain from isolating
tRNAs and/or rRNAs and quantifying their constituent modified
nucleosides generated by total nucleoside digestion across multiple
samples. Large variability in method precision diminishes the sig-
nificance of the results, and if the variability is too great important
differences could be missed. By establishing the overall method and
sample variability for measuring modified nucleosides from tRNA
and rRNA without resorting to stable isotope labeling methods,
we are now able to define the statistical significance of changes in
modification status when comparing biological systems of varying
environmental or physiological cellular conditions, which should
enable future studies aimed at measuring relative changes in mod-
ification profiles under these experimental conditions.

2. Experimental
2.1. Materials

Culture media used was Bacto tryptone and Bacto yeast extract
from Becton, Dickinson & Co (Sparks, MD). Lysozyme (from chicken
egg), urea, ethanol, isopropanol, sucrose, Tri-Reagent, Nuclease
P1, nucleoside test mix, ammonium chloride, ammonium acetate,
acetic acid, Tris-HCl, potassium chloride, magnesium acetate,
and sodium citrate used in buffers were purchased from Sigma
(St. Louis, MO). Sodium chloride, ammonium bicarbonate and
EDTA were obtained from Fisher Scientific (Fairlawn, NJ). RNase
free DNase was purchased from Promega (Madison, WI). Phe-
nol/chloroform/isoamylalcohol (25:24:1) solution was obtained
from Ambion (Austin, TX). Nucleobond AXR-80 gravity flow
columns were purchased from Machery-Nagel (Bethlehem, PA).
Snake venom phosphodiesterase I was purchased from Worthing-
ton Biochemicals (Lakewood, NJ) and antartic phosphatase from
New England Biolabs (Ipswich, MA). Nanopure water (18 Mohms)
from a Barnstead (Dubuque, IA) filtering system was autoclaved
and used in all buffers and solutions.

2.2. Escherichia coli culturing

An Innova 4000 incubator from New Brunswick Scientific (Edi-
son, NJ) was used for culturing. RNA concentration and cell density
measurements were made on a Shimadzu Biospec 1601 UV/Vis
spectrometer (Columbia, MD) at 260 nm and 600 nm, respectively.
A Sorvall RC5C preparative centrifuge was used to pellet bacterial
cells. A Beckman Coulter Optima L-XP ultracentrifuge (Fullerton,
CA) was used for ribosome subunit separation and pelleting.

Bacterial cultures were prepared by inoculating 100 mL of Luria
Broth with a small aliquot of E. coli MRE 600 stock culture and incu-
bating at 37 °C for 16 h with agitation. This culture was then added
to 900 mL of fresh Luria Broth and incubated at 30 °C until mid-log
phase (OD 0.5-0.7 at 600 nm). Cells were harvested by centrifuga-
tion at 10,000 x g for 15 min at 4 °C and washed with buffer (20 mM
Tris—HCI, 10.5 mM magnesium acetate, 0.5 mM EDTA, pH 7.5).

2.3. Isolation and purification of RNA

Procedures used for isolation of ribosomes and ribosomal sub-
units were adapted from previously described standard protocols
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[43]. The bacterial cells were physically lysed in a French press
at 12,000 psi (American Instrument Co., Silver Spring, MD) and
cell debris removed via centrifugation. The cell lysate was treated
with RNase-free DNase (2.5 units DNase/g of cell). Crude ribosomes
were isolated via centrifugation through a 1.1 M sucrose cushion.
The resulting 70S pellet was resuspended in a low magnesium
buffer (20 mM Tris-HCl at pH 7.6, 10.5 mM magnesium acetate, and
30mM ammonium chloride) and allowed to dissociate into 50S
and 30S subunits overnight at 4°C. The subunits were separated
through a 0-45% sucrose gradient by centrifugation on a Beckman
L-XP ultracentrifuge at 19,000 rpm for 17 h in a SW28 rotor. The 30S
and 50S subunit fractions were collected, pooled and pelleted via
centrifugation at 48,000 rpm for 18 h. Subunits were resuspended
in 20mM Tris-HCI, 10.5 magnesium acetate, 30 mM ammonium
chloride, pH 7.6 and stored at —80°C.

Two methods were used to isolate 16S rRNA. In the first,
ribosomal subunits were deproteinized using phenol/chloroform
extraction followed by ethanol precipitation. Alternatively, ribo-
somal proteins were denatured with 6 M urea and the 16S RNA
was purified using a Nucleobond (Machery-Nagel) ion exchange
column. Denatured subunits were loaded onto the column in a
solution of 500 mM potassium chloride, 100 mM tris acetate (pH
6.3) and 15% ethanol then washed with the same solution. A solu-
tion of 800 mM potassium chloride, 100 mM tris acetate (pH 6.3)
and 15% ethanol was used for a second wash followed by elution of
rRNA with 1.5 M potassium chloride, 100 mM tris acetate (pH6.3)
15% ethanol. Isopropanol was used to precipitate the rRNA and the
pelleted rRNA was resuspended in autoclaved water.

For tRNA isolation, lysozyme (1 mg/mL) was used for cell lysis.
Total tRNA was isolated by guanidinium thiocyanate-phenol-
bromochloropropane extraction. rRNA was separated from tRNA
in a solution of high salt concentration and stepwise precipita-
tion with isopropanol. Salts and phenol were removed using the
Nucleobond ion exchange column as described above. Buffer con-
centrations were lower for tRNA purification: loading buffer, wash
buffer and elution buffers were 200 mM, 400 mM and 750 mM
potassium chloride, respectively.

2.4. Enzymatic digestion of RNA

Prior to enzymatic digestion of the RNA to nucleosides, the RNA
was denatured at 100 °C for 3 min then chilled in an ice water bath.
To lower the pH, 1/10 volume 0.1 M ammonium acetate (pH 5.3)
was added. For each 0.5 AU of RNA, 2 units Nuclease P1 was added
and incubated at 45°C for 2 h. The pH was readjusted by adding
1/10 volume of 1.0 M ammonium bicarbonate, then 0.002 units of
snake venom phosphodiesterase was added and incubated at 37 °C
for 2 h. Finally, 0.5 units of antartic phosphatase was added and
incubated at 37 °C for 60 min. The nucleoside digests were stored
at —80°C [44].

2.5. LC-UV and LC-MS conditions

Analysis of the nucleoside test mix and nucleoside digests
of RNA by analytical HPLC were done using a Hitachi D-7000
HPLC equipped with a diode array detector. A 4.6 mm x 250 mm
Supelcosil LC-18-S 5 wm particle reversed phase column with a
4.0 mm x 20 mm Supelguard LC-18-S guard column was used at a
flow rate of 2.0 mL/min and temperature controlled at 30 °C. Mobile
phases used were 250 mM ammonium acetate, pH 6.0 (Buffer A)
and 40% aqueous acetonitrile (Buffer B). A multilinear gradient was
used with only minor modification from that described previously
[28].

Analysis of the nucleoside test mix and nucleoside digests
of RNA by narrow bore HPLC were done using a Hitachi D-
7000 HPLC system. A 2.1 mm x 250 mm Supelcosil LC-18-S (5 pwm

particle) reversed phase column was used at a flow rate of
300 pL/min and either a temperature controlled 30°C or a room
temperature of approximately 20°C. Mobile phases used were
5mM ammonium acetate, pH 5.3 (Buffer A) and 40% aqueous ace-
tonitrile (Buffer B). The gradient used was the same as for analytical
HPLC, with slight adjustments for column size differences. The col-
umn eluent was split immediately post column, 1/3 to a Thermo
LTQ-XL ion trap mass spectrometer and 2/3 to a Hitachi D-7400 UV
detector set at 260 nm.

A Thermo LTQ-XL ion trap mass spectrometer equipped with
an ion max electrospray source was used for the LC/MS identifi-
cation of nucleosides. Mass spectra were recorded in the positive
ion mode over an m/z range of 105-510 with a capillary tempera-
ture of 275 °C, spray voltage of 3.7-4.0 kV and sheath gas, auxiliary
gas and sweep gas of 45, 25 and 10 arbitrary units, respectively.
Data dependent MS/MS of each of the two most intense ions were
recorded throughout the LC/MS run.

3. Results and discussion

3.1. Nucleoside quantitation: technical reproducibility

The LC/MS methods used here are based on several well-
established methods for the identification of post-transcriptional
modifications in enzymatic digests of RNA [27,28]. In this work
the instrumental and biological reproducibility were determined
for the quantitative analysis of modified nucleosides in enzymatic
digests of tRNA and rRNA. The reproducibility was evaluated using
reversed phase analytical (4.6 mm x 250 mm) and narrow bore
columns (2.1 mm x 250 mm), both frequently used for the analy-
sis of nucleosides in RNA [10,24,37,39]. The analytical column has
greater loading capacity, does not require a low volume detector
flow cell and needs less equilibration time between runs than the
narrow bore column. The analytical column is useful in the anal-
ysis of nucleoside digests of rRNA where it is necessary to load a
larger amount due to the dynamic range requirements, for exam-
ple,in 16S RNA where only 11 of the 1542 nucleotides are modified.
The advantages of the narrow bore column are reduced solvent
consumption, increased sensitivity and greater compatibility with
electrospray ionization due to the lower flow rate and smaller col-
umn volume. The narrow bore column is most often used when
MS-based nucleoside identification is required. The analysis con-
ditions were the same for both columns except different HPLC
instruments were used and the mobile phase flow rate and con-
centration of ammonium acetate were reduced as required for
compatibility with the electrospray process.

Before examining multiple biological samples, the techni-
cal precision of the basic HPLC method under several common
instrumental configurations was evaluated by performing repli-
cate analyses of a commercially available nucleoside test mix
over multiple days. Such information is important to identify
whether differences in instrumental configurations would affect
subsequent measurements of biological samples and to identify
the reproducibility baselines prior to analyzing biological sam-
ples. The test mix contained 12 nucleosides found frequently in
RNA: pseudouridine (W), cytidine (C), uridine (U), 2-thiocytidine
(s2C), 3-methylcytidine (m3C), 5-methylcytidine (m>C), 2'-O-
methylcytidine (Cm), 1-methyladenosine (m'!A), inosine (I),
5-methyluridine (m°U), guanosine (G), and 7-methylguanosine
(m7G). The identification of nucleosides in the test mix was based
on relative retention times and either UV absorbance characteris-
tics (ratio of absorbance at 260/280 nm) for the analytical column
or ESI-MS spectral characteristics for the narrow bore column.

A representative UV chromatogram of the test mix separated
on the analytical column is shown in Fig. 1. The instrumental
analysis reproducibility, determined as the variability in peak areas
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Fig. 1. UV chromatogram of nucleoside test mix, 4.6 mm x 250 mm/LC-18S col-
umn, 30°C, 250 mM ammonium acetate pH 6.0 (A) 40% acetonitrile in water (B),
2.0mL/min. UV detection @ 260 nm.

Table 1
Reproducibility of UV peak area and retention time for analysis of modified nucle-
osides in standard test mix, 4.6 mm x 250 mm column used (n=4).

Peak Nucleoside % RSD peak area  Avg.t, (min) % RSD ¢,
1 Pseudouridine 2.9 3.4 2.8
2 Cytidine 3.6 4.6 1.7
3 Uridine 3.4 6.2 2.0
4 2-Thiocytidine 34 7.3 2.0
5 3-Methylcytidine 3.1 9.1 3.2
6 5-Methylcytidine 43 9.5 2.7
7 2'-0-methylcytidine 3.2 115 23
8 5-Methyluridine 3.1 12.8 1.8
9 Inosine 3.6 135 1.7

10 Guanosine 33 14.4 1.5

11 7-Methylguanosine 3.1 15.0 1.8

12 N6-methyladenosine 3.5 24.6 1.6

and retention times, is summarized in Table 1. Replicate injections
(n=4)yielded relative standard deviations (expressed as a percent-
age, % RSD) for peak areas with a range of 2.9-4.3% RSD and an
average of 3.4% RSD, regardless of the amount of any individual
nucleoside injected. Reproducibility of nucleoside retention times
was between 1.5% and 3.2% with an average of 2.1% RSD for the
analytical column.

A similar evaluation of the reproducibility of the narrow bore
column was performed. Two different temperatures, 20°C and
30°C, were used for the analysis of nucleosides in the RNA
hydrolysates to enable separate optimization for tRNA and rRNA
nucleosides, respectively. Fig. 2 contains representative UV chro-
matograms for the nucleoside test mix, with variability in peak
areas and retention times summarized in Table 2 (analysis at 20 °C)
and Table 3 (analysis at 30 °C). Peak area RSDs were statistically no
different for the narrow bore column at these two temperatures
(0.8-5.5% RSD at 20°C and 1.0-5.8% RSD at 30°C, F-test <19.6).

Table 2
Reproducibility of UV peak areas and retention times for modified nucleoside in
standard test mix, 2.1 mm x 250 mm column used, 20°C.

Peak Nucleoside % RSD UV peak area % RSD t,
1 Pseudouridine 0.8 1.5
2 Cytidine 2.7 3.2
3 Uridine 4.3 29
4 2-Thiocytidine 3.1 3.1
5 5-Methylcytidine 1.0 3.8
6 3-Methylcytidine 5.5 3.6
7 2'-0-methylcytidine 4.1 2.7
8 1-Methyladenosine 4.1 14
9 Inosine 1.9 13

10 5-Methyluridine 3.2 1.3

11 Guanosine 2.0 1.2

12 7-Methylguanosine 3.0 1.0

13 3-Methyluridine 1.0 0.8

14 N6-methyladenosine 0.9 0.4
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Fig. 2. UV chromatogram of nucleoside test mix, 2.1 mm x 250 mm/LC-18S column,
30°C, 5mM ammonium acetate pH 5.3 (A) 40% acetonitrile in water (B), 0.3 mL/min.
UV detection @ 260 nm. (a) 20°C and (b) 30°C.

Table 3

Reproducibility of UV and MS peak areas and retention times for modified nucle-
osides (both molecular ion [MH*] and base ion [BH,"]) in standard test mix,
2.1 mm x 250 mm column used, 30°C.

Peak  Nucleoside/base (m/z) % RSD UV % RSD % RSD MS

peak area tr peak area
1 Pseudouridine (245) 3.0 0.2 5.3
(209) 3.7
2 Cytidine (244) 3.0 0.2 5.8
(112) 6.3
3 Uridine (245) 34 0.2 11.6
(113) 1.9
4 2-Thiocytidine (260) 43 0.6 1.3
(128) 1.2
5 5-Methylcytidine (258) 3.0 0.8 4.8
(126) 8.5
6 3-Methylcytidine (258) 3.6 0.9 13
(126) 4.8
7 2'-0-methylcytidine (258) 1.0 1.1 7.7
(112) 44
8 1-Methyladenosine (282) 2.0 0.7 1.2
(150) 6.0
9 Inosine (269) 19 0.7 3.6
(137) 10.7
10 5-Methyluridine (259) * 1.4 74
(127) 7.8
11 Guanosine (284) 3.2 0.3 5.6
(152) 5.9
12 7-Methylguanosine (298) 5.8 0.2 4.7
(166) 8.2
13 3-Methyluridine (259) 5.8 0.3 5.2
(127) 124
14 N6-methyladenosine (282) 5.1 0.8 2.2
(150) 1.0

* denotes peaks not well resolved.
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Variability in retention time was greater (0.4-3.8% RSD) for repli-
cate analyses performed at 20°C than analyses run at 30°C
(0.2-1.1% RSD), likely due to better thermostatting at 30 °C. Reten-
tion time differences between the analytical and narrow bore
columns can be attributed to the difference in dead volumes and
gradient delays in the two different instruments used and the lower
flow rate used (300 pwL/min). The method precision reported as per-
cent relative standard deviation in peak areas of the standard test
mix here is similar to the method precision reported in studies of
modified nucleosides in urine [30,33,34,45].

Analytically useful differences in modified nucleoside retention
and separation were observed during the temperature studies. The
major difference in separation of tRNA vs. rRNA nucleosides arises
from the similar retention times for 7-methylguanosine and guano-
sine. 7-Methylguanosine has been detected in E. coli rRNA, although
it is a rare modification, whereas this modification is much more
common in tRNAs. The large dynamic range between these two
nucleosides in rRNA digests requires chromatography at the higher
temperature (30 °C) to improve their separation. Improved separa-
tion of 3-methyl- from 5-methylcytidine as well as 5-methyluridine
from inosine was noted when the chromatography was performed
at 20°C. Because tRNAs contain these modified nucleosides, subse-
quent experiments probing the biological reproducibility of tRNA
analyses was performed at 20°C.

To compare the precision of quantitative measurements of
nucleosides using UV detection with mass spectrometry detection,
MS peak areas were also determined for each of the nucleosides
in the test mix by extracted ion chromatograms (XICs) for each
nucleoside molecular ion (MH*) and base ion (BH,*). Because
nucleosides containing an N—C glycosidic bond can fragment easily
during ESI-MS, leading to the formation of the BH,* ion, peak areas
for both ions were measured. Pseudouridine contains a more stable
C—C bond rather than the C—N glycosidic bond and does not frag-
ment to yield a base ion. However, pseudouridine fragments easily
forming a characteristic electrospray spectra with an abundant ion
atm/z 209, which results from the elimination of 2 water molecules
[46] and this ion was measured.

For MS detection, the average percent RSD in peak areas for
the ions measured was 5.9% RSD (Table 3). Variability in MS peak
areas in this study ranged from 1.0 to 12.4%, which is compara-
ble that reported for similar MS studies of modified nucleosides
present in urine [30,33,34,45]. The relative standard deviations
are slightly higher for the MS peak areas of most nucleoside ions
when compared to the UV peak areas. In addition, differences
between molecular ion and base ion precisions are noted for sev-
eral of the test mix components (e.g., uridine, inosine). Because the
experimental conditions utilized source-induced fragmentation to
generate the base ions, there is no optimization of fragmenta-
tion during the chromatographic run to generate both molecular
and base ion signals. For some nucleosides, the glycosidic bond
fragments easily leading to higher base ion abundances than molec-
ular ion abundances, whereas in other nucleosides the ratio skews
toward molecularions over base ions. Method optimization, includ-
ing using only MS/MS responses [35], may yield improved precision
for these measurements.

As mass spectra were collected in full scan mode over the m/z
range 103-510 in the ion trap, interfering ions may be present that
could be contributing to variability in MS peak area measurements.
Smaller variations in peak areas may be obtained in more selective
analyses such as selected reaction monitoring (SRM), if the inter-
fering ion has a similar mass to the nucleoside molecular or base
ion [35]. The SRM approach has been used previously for the anal-
ysis of urinary nucleosides resulting in reported precisions of less
than 15% RSDs [30].

Two nucleosides not listed as components of the test mix
were identified by ESI-MS and found to be N®-methyladenosine
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Fig. 3. Modified nucleosides in Escherichia coli total tRNA. 1, dihydrouridine
(D). 2, pseudouridine (¥). 3,5-carboxymethoxyuridine (cmo®U). 4,3-(3-amino-
3-carboxypropyl)uridine (acp*U). 5,5-methylaminomethyluridine (mnm°U).
6,2-thiocytidine (s2C). 7,2'-0-methylcytidine (Cm). 8,5-carboxyl-
methylaminomethyl-2’-0O-methyluridine (cmnm®Um). 9,5-methylamino-
methyl-2-thiouridine (mnm’s?U). 10,5-methyluridine (m°U). 11, inosine
0. 12,4-thiouridine (s*U). 13,7-methylguanosine (m’G). 14,2'-0-
methyluridine (Um). 15,2’-O-methylguanosine (Gm). 16,1-methylguanosine

(m'G). 17, N*-acetylcytidine (ac*C). 18, queuosine (Q). 19, lysidine
(K2C). 20, N6-threonylcarbamoyladenosine  (t®A). 21,  N-methyl-N6-
threonylcarbamoyladenosine  (m®tSA).  22,2-methyladenosine  (m2A). 23,

N6-methyladenosine (mfA). 24, N-isopentenyladenosine (i°A). 25,2-methylthio-
N¢-isopentenyladenosine (ms?i®A) (*unknown).

(m®A) and 3-methyluridine (m3U). 1-methyladenosine undergoes
a Dimroth rearrangement to form N®-methyladenosine that is 90%
complete at pH 11 and 50% complete at pH 7 [47]. The presence
of N6-methyladenosine is most likely due to this rearrangement
because 1-methyladenosine was not found in the older nucleoside
test mix used in analyses using the analytical column. The forma-
tion of 3-methyluridine is likely an unintended synthesis product
of 5-methyluridine.

3.2. Biological reproducibility

Having established the technical reproducibility for LC/UV and
LC/MS detection of modified nucleosides, we next sought to
determine the biological variability associated with measuring
modified nucleosides present in tRNAs and rRNAs. To conduct
these measurements, separate cultures of E. coli were grown and
the appropriate RNAs were isolated. Except where noted, identical
growth and isolation protocols were followed, and any variability
associated with the isolation steps will be reflected in the overall
variability of the measured nucleoside abundances.

3.2.1. Transfer RNA

Determining the amounts of the various modified nucleosides to
be expected in unfractionated tRNA is not a straightforward task. E.
coli contains 26 different modified nucleosides (names and abbrevi-
ations found in Fig. 3) distributed unevenly among the 46 different
tRNAs [48,49]. Some modifications such as pseudouridine and 5-
methyluridine are common to all the tRNAs. Other modifications
are present in the majority but not all tRNAs, for example D, s*U,
m’G and Gm. Several modifications, mnm>U, Cm, mnm?°s2U, I, ac*C,
mOt6A, mOA, i®A occur in only one or a few specific tRNAs. Most
modifications are specific to one location within the tRNA sequence
with the exception of dihydrouridine and pseudouridine, which
are located at several different positions within the same tRNA.
All tRNAs contain pseudouridine at position 55, but several tRNAs
contain additional pseudouridines. The D loop and stem domain of
tRNA often contain more than one dihyrouridine.

Not surprisingly, the different tRNA species are not present in
equal abundance within the cell. The relative abundance of the
individual tRNAs is thought to be correlated to the frequency with
which the cognate codon occurs on the mRNA. Several different
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Table 4

Reproducibility of UV and MS peak areas for modified nucleosides (both molecular ion [MH*] and base ion [BH,*]) in E. coli tRNA. Pooled percent relative standard deviations
are for 3 or 4 replicate analyses within three separate cultures. For MS peak area % RSD 4 replicate analyses were performed on tRNA isolated from a single culture.

Peak Nucleoside t; (avg)(min) t:% RSD UV peak area% RSD pooled [MH*]/[BH,"|m/z MS peak area% RSD (n=4)
1 D 4.1 3.8% 247/115 4.7%[4.5%
2 v 4.2 2.4% 4.4% 245209 6.0%/5.1%
3 cmo®U 4.5 3.4% 319/187 4.4%(5.6%
4 acp’U 7.6 4.7% 346/214 2.4%1.0%
5 mnm°>U 8.1 7.3% 288/156 8.7%/nd
6 s2C 9.7 6.7% 6.5% 260/128 3.0%/3.1%
7 Cm 15.7 7.1% 9.2% 258/112 7.2%[9.2%
8 cmnm®Um 17.9 7.4% 346/200 3.1%/nd
9 mnm?sU 18.6 7.2% 304/172 5.6%/nd

10 m°U 19.3 5.0% 2.6% 259/127 5.6%/9.9%

11 1 19.9 6.5% 269/137 9.3%[7.9%

12 stU 22.0 5.2% 261/129 1.0%/2.7%

13 m’G 226 3.5% 6.1% 298/166 3.5%[4.6%

14 Um 23.1 4.1% 259/113 5.2%/10.6%

15 Gm 26.1 1.9% 298/152 *[12.0%

16 m'G 26.4 1.8% 5.8% 298/166 *11.4%

17 actC 27.0 1.8% 8.4% 286/154 10.9%/5.5%

18 Q 27.8 1.6% 4.6% 410/295 5.9%/[5.7%

19 k?C 289 2.0% 372240 7.8%(nd

20 t5A 303 1.7% 413/281 5.2%[1.3%

21 mbt°A 34.2 1.5% 4.4% 427/[295 5.9%/3.6%

22 m2A 349 1.5% 5.0% 282/150 4.6%[7.5%

23 mSA 355 1.4% 3.7% 282/150 6.3%/8.1%

24 i°A 49.1 0.3% 5.7% 336/204 6.7%/nd

25 ms?i’A 57.6 0.3% 4.4% 382/250 6.6%/5.0%

* denotes isobaric molecular ion and “nd” denotes base ion not detected in MS analysis.

codons can specify the same amino acid, and these synonymous
codons do not occur with equal frequency in the mRNA pool. In a
set of synonymous codons, one dominates in frequency and this
codon is read by the most abundant tRNA isoacceptor. Codon bias
varies among species [50] varies with cellular conditions such as
amino acid availability [51] and is correlated with growth rate
[52-54]. Thus the complexity and large dynamic range in the analy-
sis of modified nucleosides present in total tRNA nucleoside digests
result from both the differences of frequency in occurrence of spe-
cific modifications in the 46 tRNAs and the effects of codon bias
which is reflected in the differential expression of individual tRNAs.

Data obtained from the analysis of modified nucleosides present
in E. coli tRNAs is presented in Table 4 with a corresponding repre-
sentative chromatogram shown in Fig. 3. These data were obtained
using the narrow bore column following the tRNA isolation and
enzymatic digestion protocols described in the Experimental sec-
tion. Three or four replicate tRNA isolations from three separate cell
cultures were analyzed. For each analysis, 25 g of total unfraction-
ated tRNA was enzymatically digested to nucleosides and injected
on column. All of the 25 known modified nucleosides present in
E. coli tRNA have been identified in this analysis using the combina-
tion of retention time, UV and MS characteristics (Fig. 3). However,
only a subset of modifications is adequately chromatographi-
cally resolved to obtain UV peak area measurements. The relative
amounts of each nucleoside present were calculated based on peak
area measurements using N®-threonylcarbamoyladenosine as an
internal reference peak. This was used to eliminate differences in
injection volume and slight variations in tRNA concentration. The
variability of these relative amounts calculated as percent rela-
tive standard deviation is reported for this subset of modifications
in Table 4 and ranged from 2.6 to 9.2% RSD. UV peak area mea-
surements were not obtained for dihydrouridine because it does
not possess a chromophore and thus will not be detected by UV
absorbance. Other nucleosides, such as mnm>U, cmnm®Um and
k2C, are found only in low abundance tRNAs and thus were present
in very small amounts and only detected by MS.

The variability in MS peak areas measured for both the molecu-
lar [MH*] and base ions [BH,*] are also reported and ranged from

1to 12% RSD. The MS peak area data is obtained from four separate
tRNA isolations from one culture. For pseudouridine, the molecu-
lar ion and the characteristic ion of m/z 209 formed from water
loss were measured. For a few nucleosides, such as cmnm®Um,
mnm?s2U, k2C and i®A, base ions arising from in-source fragmen-
tation were not detected in the XICs. However, the base ions were
detected in the MS/MS analysis. For the isobaric nucleosides Gm
and m'G, only the MS peak area of the base ions were measured. The
variability shown here for the analysis of modified nucleosides in
tRNA is similar to the variability reported for modified nucleosides
present in urine for both UV and MS detection [30,33,34,45].

3.2.2. Ribosomal RNA

Quantitative measurements of modified nucleosides in rRNAs
present an analytical challenge due to the dynamic range of
nucleoside quantities, especially for bacterial rRNAs. The biolog-
ical variability was determined by analyzing multiple enzymatic
digests of 16S rRNA isolated from four different cell cultures using
the same conditions as for analysis of the nucleoside test mix.
Dimethyladenosine was chosen as an internal reference peak for
the calculation of relative amounts of modified nucleosides present
since it was baseline resolved, similar in size to other modified
nucleosides and present in all 16S digests. An internal reference
peak for calculation of relative amounts of modified nucleosides
present was used to diminish the effect of variations in the initial
amount of digested RNA loaded onto the column for each replicate
analysis. Although we sought to load 100 g of digested RNA, the
precision and accuracy of this measurement may be limited due to
the presence of varying amounts of phenol and large serial dilutions
used for UV measurements.

Variability was first examined by loading 100 g of total 16S
rRNA nucleoside digest on the analytical column with UV detection
(n=3). Peak area and retention time variability are summarized in
Table 5 with a representative chromatogram shown in Fig. 4a. The
identities of the major and modified nucleosides present are based
on UV spectra and comparison of retention times of nucleosides
in the test mix and retention time data [28]. Pseudouridine was
not well resolved from a large solvent front in many of the digests
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Table 5

Biological Reproducibility for analysis of modified nucleosides in E. coli 16S rRNA, 4.6 mm x 250 mm column used. Amounts of modified nucleosides present are based on UV
peak areas relative to m®;A. Percent relative standard deviations in parentheses are for three replicate analyses within each separate culture.

Nucleoside Culture 1 Culture 2 Culture 3 Average % RSD (pooled)
v NA

m>C 0.457 (8.9%) 0.465 (4.1%) 0.424 (4.2%) 0.449 6.2%

m’G 0.319 (8.9%) 0.339 (7.4%) 0.349 (8.5%) 0.336 7.5%

dG 0.415 (6.5%) 0.444 (3.6%) * 0.430 5.2%

m3U 0.443 (3.6%) 0.484 (3.4%) * 0.464 3.5%

m*Cm 0.293 (12.6%) 0.250 (9.4%) 0.247 (5.2%) 0.245 10.7%

m?G 1.699 (3.0%) 1.71 (3.2%) 1.633 (2.6%) 1.681 3.0%

m6,A 1.00 1.00 1.00 1.00

* denotes peaks not well resolved.

analyzed on the analytical column, thus it was not included in
the culture to culture reproducibility data. The large peak present
at 25min in the chromatogram originates from the phenol used
to extract ribosomal proteins, which is incompletely removed in
the subsequent chloroform extraction and ethanol precipitation
of the RNA. This interference is often reported in other HPLC
analyses of 16S rRNA [24], and while not an issue in the detection

of modifications in E. coli rRNA this peak elutes where many
modified adenosines elute and may prevent their detection in RNA
from other organisms.

Because of the potential interference of the phenol-associated
peak and due to the success of the Nucleobond-based purifica-
tion that was used for tRNA isolations, subsequent studies avoided
phenol-chloroform purification of 16S rRNA. The effect of this
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Fig. 4. (a) UV chromatogram of E. coli 16S RNA nucleoside digest, 4.6 mm x 250 mm/LC-18S column, 30°C, 250 mM ammonium acetate pH 6.0 (A), 40% acetonitrile in water
(B), 2.0 mL/min, UV detection @ 260 nm. (b) UV chromatogram of E. coli 16S RNA nucleoside digest, 2.1 mm x 250 mm/LC-18S column, 30°C, 5mM ammonium acetate pH
5.3 (A), 40% acetonitrile in water (B), 0.3 mL/min, UV detection @ 260 nm.
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Table 6

Biological reproducibility for analysis of modified nucleosides in E. coli 16S RNA, 2.1 mm x 250 mm column used. Amounts of modified nucleosides present are based on UV
peak areas relative to m®;A. Percent relative standard deviations in parentheses are for four replicate analyses within each separate culture.

Nucleoside Culture 4 Culture 5 Culture 6 Culture 7 Average % RSD (pooled)
v 0.497 (3.9%) 0.458 (2.9%) 0.474 (6.1%) 0.466 (2.6%) 0.474 4.1%

m>C 0.545 (2.6%) 0.542 (1.0%) 0.533 (1.9%) 0.544 (1.6%) 0.541 1.8%

m’G 0.762 (6.5%) 0.731 (6.9%) 0.800 (21%) 0.816 (16.8%) 0.777 14.9%

m3U 0.554 (4.0%) 0.555 (4.7%) 0.559 (5.7%) 0.573 (3.6%) 0.560 4.6%

m*Cm 0.510 (3.7%) 0.519 (4.0%) 0.514 (6.9%) 0.515 (6.7%) 0.515 5.4%

m?G 1.929 (8.7%) 1.918 (9.1%) 1.761 (17.5%) 1.877 (13.5%) 1.871 15.6%

mb,A 1.00 1.00 1.00 1.00 1.00

change in protocol is easily illustrated in Fig. 4b, which is a rep-
resentative UV chromatogram of the 16S RNA enzymatic digest
analyzed using the narrow bore column. Not only is the phenol-
related peak absent, but the ion exchange cartridge separated the
DNA more effectively than the phenol extraction thus dG and dA
are not present, and the decrease in the solvent front improves res-
olution of pseudouridine enabling higher quality measurements of
its abundance in the sample.

For both the analytical column and the narrow bore column the
relative amount present of each nucleoside and corresponding %
RSD was calculated for replicate analyses within each of the differ-
ent cell cultures and is shown in parentheses (Tables 5 and 6). The
overall biological variability for measurement of each nucleoside
was then calculated using the calculated pooled standard devi-
ations for the nucleoside measurements in each of the different
cell cultures. The relative standard deviation in peak areas of the
modified nucleosides present in 16S RNA ranged from 3.0 to 10.7%
(Table 5) when analyzed using the analytical column. Retention
time variability was less than 5% for all modified nucleoside peaks.
The reproducibility of peak areas of modified nucleosides in 16S
RNA digests as determined on the narrow bore column ranged from
1.8% to 15.6% as shown in Table 6.

The differences in measured amounts of nucleosides (normal-
ized to N6,N6-dimethyladenosine) reported in Tables 5 and 6 likely
arise due to both instrumental considerations as well as differences
in sample preparation. The rRNA digest analyzed on the 2.1 mm
column and prepared using the same sample purification proto-
col used for tRNAs was free of the interferences from phenol and
DNA nucleosides. Additionally, this sample purification protocol
maintains the pH at 6.3, whereas the more conventional phe-
nol/chloroform sample purification protocol is performed under
more acidic conditions. These results illustrate that the use of solid-
phase sample purification and narrow bore chromatography should
be preferred for comparative studies on modified nucleosides in
rRNA based on both the improved chromatography and the abil-
ity to measure more modified nucleosides as interferences such as
phenol are eliminated.

Although the goal of this work was not to obtain abso-
lute quantitative measurements of levels of modified nucleosides
in rRNA, the data in Table 6 agree well with anticipated
amounts of these modified nucleosides. A 16S rRNA con-
tains one residue each of pseudouridine, 7-methylguanosine,
3-methyluridine and N4,2’-O-dimethylcytidine. Two residues of 5-
methylcytidine and N6 N6-dimethyladenosine and three residues
of N%2-methylguanosine are present in 16S rRNA. The obtained
data, normalized against N6 N6-dimethyladenosine, is consistent
with these expected ratios: pseudouridine, 3-methyluridine and
N4,2’-0-dimethylcytidine yield peak areas approximately half
that for NS N®-dimethyladenosine. N2-methylguanosine and 7-
methylguanosine are slightly higher than their expected ratios,
while 5-methylcytidine is less than its expected ratio.

As these ratios were obtained from UV data, these particular
ratios must also incorporate differences in molar absorptivities at
260 nm to more accurately report the absolute quantities of each

Table 7

Estimation of relative amounts of modified nucleosides in E. coli 16S RNA from data
in Table 6 where molar absorptivity differences are considered. Molar absorptivities
from Ref. [55].

Nucleoside Average peak Molar Relative peak areas
areas (Table 6) absorptivities based on ¢
(e x1073)
'4 0.474 8.3 0.35
m°C 0.541 6 0.50
m’G 0.777 11 0.46
m3U 0.560 8.5 0.35
m*Cm 0.515 10 0.42
m2G 1.871 10 1.80
mb,A 1.00 12 1.00

modified nucleoside in the sample. Table 7 incorporates previ-
ously reported molar absorptivities [55] and demonstrates that
the data obtained here are in good agreement even when differ-
ences in UV absorbance among the various modified nucleosides
are taken into account. Most importantly, the relative amounts of
each modification are reasonable given the assumption that the
16S rRNA analyzed here is modified stoichiometrically, and the
combination of the reasonable experimental precision with real-
istic relative amounts of modifications allows this method to be
used for future quantitative comparisons of changes in nucleoside
composition.

4. Conclusions

LC/MS methods for the quantitative analysis of biomolecules
enable a wide range of applications in a variety of fields. Surpris-
ingly, although LC/UV and LC/MS analyses of modified nucleosides
obtained from tRNAs and rRNAs are well represented in the liter-
ature, before now there have been no investigations that establish
whether the reproducibility of LC/MS would be sufficient for its
use in characterizing changes to modified nucleoside abundance
as a function of environmental, physiological or other factors. The
results obtained here when measuring modified nucleosides from
cellular RNAs are comparable to those obtained via similar LC/UV
and LC/MS analyses of urinary nucleosides [30,33,34,45]. Although
the dynamic range is not as large in the analysis of urinary nucleo-
sides and fewer steps are involved in the isolation procedures, both
analyses seek to compare the total profile and determine statisti-
cally significant differences in amounts of nucleosides present in
different biological conditions.

Modified nucleosides in tRNAs and, especially, rRNAs may also
prove useful when characterizing the extent of drug resistance for
certain bacteria/antibiotic combinations. For example, it is known
that 16S rRNA methylation is a common mechanism by which
pathogenic bacteria develop resistance to common aminoglyco-
sides [56-58]. Analytical methods such as LC/MS that can detect
changes in methylation status, including the specific type of meth-
ylation, would be attractive options for examining the progression
of antibacterial resistance within rRNA. In addition, the ability to
monitor changes in tRNA modified nucleoside abundance provide
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new and unique insights into the regulatory pathways involved in
controlling protein translation under a variety of environmental
conditions [35]. Based on the findings presented here, quantita-
tive profiling of modified nucleosides from tRNAs and/or rRNAs
is feasible, and with reproducibilities of 5% RSD or less for well-
behaved modified nucleosides, this method can expand the range
of biological investigations that one wishes to conduct into RNA
modification.
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