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ABSTRACT

The 22 mitochondrial and ~45 cytosolic tRNAs in human cells contain several dozen different post-transcriptional modified
nucleotides such that each carries a unique constellation that complements its function. Many tRNA modifications are
linked to altered gene expression, and deficiencies due to mutations in tRNA modification enzymes (TMEs) are responsible
for numerous diseases. Easily accessible methods to detect tRNA hypomodifications can facilitate progress in advancing
such molecular studies. Our laboratory developed a northern blot method that can quantify relative levels of base modi-
fications on multiple specific tRNAs ~10 yr ago, which has been used to characterize four different TME deficiencies and is
likely further extendable. The assay method depends on differential annealing efficiency of a DNA-oligo probe to the mod-
ified versus unmodified tRNA. The signal of this probe is then normalized by a second probe elsewhere on the same tRNA.
This positive hybridization in the absence of modification (PHAM) assay has proven useful for i°A37, t°A37, m3C32, and
m?2G26 in multiple laboratories. Yet, over the years we have observed idiosyncratic inconsistency and variability in the
assay. Here we document these for some tRNAs and probes and illustrate principles and practices for improved reliability
and uniformity in performance. We provide an overview of the method and illustrate benefits of the improved conditions.
This is followed by data that demonstrate quantitative validation of PHAM using a TME deletion control, and that nearby
modifications can falsely alter the calculated apparent modification efficiency. Finally, we include a calculator tool for
matching probe and hybridization conditions.
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INTRODUCTION modifications (Suzuki et al. 2020). Some mt-tRNA modifica-
tions are not found on cy-tRNAs and vice versa (Suzuki et al.
2020). Inborn errors of tRNA hypomodification lead to nu-
merous pathological conditions of varying severity (Chujo
and Tomizawa 2021; Suzuki 2021). Sequence-specific
detection of the presence or absence of modifications on
specific tRNAs can be helpful in assessing the extent of sus-
pected or actual TME dysfunction (Abbott et al. 2014;
Yarham et al. 2014; Bednarova et al. 2017). This paper re-
views a method that can do so for a subset of common
modifications. Because it is applicable to modifications
that share a certain physiochemical characteristic, we will
first provide a general review of this aspect of the method
to aid understanding and its practical use.

Among all RNA species, the tRNAs are the most extensive
post-transcriptionally modified both in density (% modified
nucleotides) and diversity (different modifications), collec-
tively carrying >100 modified nucleotides (nt) (Vare et al.
2017; Krutyholowa et al. 2019; Suzuki 2021). Human cyto-
plasmic (cy) tRNAs carry as many as 17 modified nucleo-
tides, with an average of 13 per tRNA (Pan 2018). Each of
the ~45 major cy-tRNA species has unique identity with a
distinct combination of modified nucleotides. Each of the
22-human mitochondrial (mt) tRNAs carry three to nine
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tRNA modifications comprise a wide range of chemical
complexity. A relevant example is the diversity at position
37, 3’ to the anticodon. Several tRNAs carry tA37, while
others are modified with either N°-isopentenyladeno-
sine-37 (i°A37), a methyl addition on N' of G (m'G37), or
after deamination of adenosine to inosine to form m'l37,
others remain unmodified, and tRNAs™® carry wybutosine
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PHAM northern to readily detect tRNA modification

(yW37) whose synthesis requires sequential enzymatic ac-
tivities (Lorenz et al. 2017; Boccaletto et al. 2018).

The anticodon loop (ACL) which spans positions 32-38
is most variably modified due to positions 34 and 37
(Han and Phizicky 2018; Han et al. 2018), with wobble
base 34 being most diverse. Modifications to 34 and 37
are important for balance of accuracy, flexibility, and effi-
ciency of translation by controlling the thermodynamic
and spatial limits of codon-anticodon pairing in the ribo-
some (Vare et al. 2017). Modifications to nucleotide 34
are thought to promote correct pairing to codon position
3, especially important for wobble decoding (Agris et al.
2018). Conversely, modifications to 37 interfere with
Watson:Crick (W:C) bonding and are thought to maintain
the reading frame by preventing pairing with an upstream
base (Vare et al. 2017). These modifications are relevant to
the assay reviewed here, referred to as positive hybridiza-
tion in the absence of modification (PHAM), and can be
listed as i°A37, t°A37, m'G37, m'I37, and yW37, as well
as hypermodified forms, for example, mS2i®A37 resulting
from methylthiolation of i®A37 in mammalian but not yeast
mitochondria, and in bacteria (Wei et al. 2015; Lamichhane
et al. 2016). The PHAM method has also been applied to
N?,N®-dimethylguanosine-26 (m?#G26) and N*-methylcy-
tosine (M3C) at position 32 in tRNAgSe" Thrand Arg (31 other
locations), which also have this characteristic.

The anticodon stem-loop (ASL) directs “modification
circuits” in which a modification at one position is a pre-
requisite for a sequential modification at one or more
positions elsewhere in the ACL. Some of the known circuits
are disrupted by disease-causing mutations in TMEs (Guy
and Phizicky 2014; Guy et al. 2015; Li et al. 2020; for re-
view, see Barraud and Tisné 2019; and in Sokolowski
et al. 2017). The PHAM assay has been used to monitor
three ACL circuit modifications, i°A37, t°A37, and
m3C32, and to document heritable errors of metabolism
due to mutations to the TMEs involved in their synthesis
(Yarham et al. 2014; Edvardson et al. 2017; Lentini et al.
2020; Lentini etal. 2021). It was also used for another trans-
lationally active ASL modification, m*?G26, whose defi-
ciency also causes a human disease (Dewe et al. 2017).

Notable gel-based assays can distinguish between the
presence and absence of a particular modified nucleotide
in a tRNA-specific manner. The modified nucleotide,
queuosine (Q), has been targeted by multiple approaches
(Igloi and Késsel 1985; Zaborske et al. 2014; Wang et al.
2018; Matuszek and Pan 2019). Acryloylamino-phenylbor-
onic (APB) acid is used to exploit a chemical reactivity high-
ly limited to Q (Zaborske etal. 2014). APB interacts with Qin
tRNA, slowing its mobility in APB-gels (in addition to
above, also see Kessler et al. 2018; Cirzi and Tuorto
2021); in species in which Q is glycosylated, an adaptation
can be incorporated (Zhang et al. 2020). A unique tRNA-
specific approach was developed for northern blot detec-
tion of yW37 found on a single tRNA, the isoacceptor for

Phe (Nostramo and Hopper 2020). This exploits the specific
reactivity of yW with aniline followed by hydrolysis with mild
acid. Upon specific probing, tRNA”" that contains yW37
exhibits a distinctive cleavage pattern, whereas tRNA™"®
lacking yW37 remains full length (Nostramo and Hopper
2020).

Annealing of cellular RNA to DNA-oligo arrays was found
sensitive to certain modifications that interfere with base-
pairing, as discussed above for PHAM, and these were
verified using TME deletion strains (Hiley et al. 2005). Meth-
ylation of atoms normally involved in hydrogen bond forma-
tion that enable W:C base-pairing interferes with this, such
asm'A, m'G, m*C and m??G (Fig. 1A-C). These methylated
bases can be discerned by some reverse transcriptase (RT)-
mediated cDNA-based tRNA-seq methods (Ryvkin et al.
2013; Arimbasseri et al. 2015, 2016; Cozen et al. 2015;
Zheng et al. 2015; Clark et al. 2016; Gogakos et al. 2017;
Hrabeta-Robinson et al. 2017; Guo et al. 2020; Behrens
et al. 2021; for review, see Motorin and Marchand 2021).
In cDNA-seq methodologies, the RTs have trouble “identi-
fying” bases that are methylated/modified on atoms in-
volved in W:C hydrogen bond formation and a “mis”-
matched dNTP is “mis”-incorporated, sometimes with a
particular frequency or “signature” specific to a particular
RT (e.g., Supplemental Figures 2, 3 in Arimbasseri et al.
2015; Gogakosetal. 2017; Behrens etal. 2021). Mismatches
in cDNA hydro-tRNA-seq data at positions in specific tRNAs
known to be modified with m*?G26 and m3C32 were vali-
dated by their appearance as the correct sequence in S.
pombe strains deleted of the TME genes for trm1* and
trm 140", respectively, encoding the respective methyltrans-
ferases (Arimbasseri et al. 2015, 2016). Likewise, m'G9,
m??G26, and yW37-related mismatches in cDNA mim-
tRNA-seq data from S. cerevisiae were validated by the
trm10A, trm1A, and trm7A strains, respectively (Behrens
et al. 2021). Pretreatment of RNA samples with demethy-
lases convert mismatches in cDNA-seq data to the correct
nucleotides (Cozen et al. 2015; Zheng et al. 2015; Clark
et al. 2016; Behrens et al. 2021). Thanks to tRNA modifica-
tion databases, not only can mismatches in cDNA data be
“called” as modifications but they can also be used to sub-
stantially improve tRNA alignment to reference genomes
(Behrens et al. 2021). In this way, cDNA-tRNA-seq has
been advanced to reliably quantify relative tRNA abundanc-
es (Behrens et al. 2021). In any case, conventional methods
should validate or determine modifications at unexpected
mismatch positions in cDNA-based sequences (Helm and
Motorin 2017).

Not only base methylations, but a limited number of oth-
er modifications including to the ribose, can also be de-
tected by cDNA-seq approaches (Clark et al. 2016; Guo
et al. 2020), as well as inosine, which is misread as guano-
sine due to loss of hydrogen bonding by deamination of
adenosine (Arimbasseri et al. 2015). Still, the number of
modifications discernable by mismatches is limited, even
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FIGURE 1. Schematic structures of modifications that interfere with W:C base-pairing. (A) The schematics show canonical Watson:Crick (W:C)
base-pairing through hydrogen bonding between Adenine (A):Thiamine (T) and Guanine (G):Cytosine (C). The N and N° atoms of adenosine,
N'"and N? of guanosine, as well as N3and C°of cytosine, are indicated. (B) Schematic structures of N1—methy|—A (m'A), N7—methy|—G (m'G), show-
ing hydrogen bond disruption between A:T, G:C, respectively (compare with panel A). Inosine (I) and N'-methylinosine (m'l) are also shown. (C)
N3—methy|cytosine (m3C) and NZ,NZ—dimethylguanosine (Mm?2G) showing hydrogen bond disruption between G:C (compare panel A). (D) The
bulky, isopentenyl- and threonylcarbamoyl- groups attached to N® of adenosine-37 and another position-37 modification, wybutosine are shown.
(E) Nustration of PHAM assay results after separating total RNA from S. pombe yNB5 (tit1A) and yYH1 (tit1+) on a 10% TBE-Urea gel. Top left panel
is the ethidium bromide-stained gel prior to transfer. Middle and lower panels show the ACL probe and corresponding Body probe results for to
the same tRNA species (indicated to the left). On the right is the ACL probe oligo schematically indicated in red; it can bind efficiently only in the
absence of the modification (asterisk), as in the Tit1-deleted strain. The body probe oligo is schematically indicated in blue.

though this can be increased by examination of other pat-
terns in the cDNA data such as positional stops (Clark et al.
2016).

Certain base methylations to atoms involved in hydro-
gen bonding on the W:C face, for example, m°A and
m?G, do not lead to mismatches in cDNA tRNA-seq
data; methylation of the primary amines at N¢ of A and
N? of G leave one of the hydrogens available for hydrogen
bond formation. Even large modifications to N°A such as
i®A37 and t°A37 were not associated with mismatches in
the cDNA tRNA-seq data (Arimbasseri et al. 2015; Clark
et al. 2016) nor did they block RT unless hypermodified
(Behrens et al. 2021). Yet these have been very good can-
didates for PHAM (below).

RESULTS

General description of the PHAM method
and its application

High-throughput tRNA-seq methods can deliver informa-
tion on all cellular tRNAs and some modifications but re-
quires significant investment in bioinformatics and other
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resources. The PHAM blot method requires less invest-
ment and setup. It exploits the high sensitivity of DNA-
oligo probe annealing to a tRNA sequence due to im-
paired base-pairing caused by modification of the nucleo-
tide under study. A single PHAM blot can be used to
survey multiple specific tRNAs and can detect and quantify
some modifications that cDNA-seq methods cannot.

As illustrated in Figure 1A and D, the N° isopentenyl
group on adenine (i°A37) would limit W:C base-pairing.
As shown previously and illustrated in Figure 1E, presence
of i®A37 is discernable by the PHAM assay (Lamichhane
et al. 2011, 2013a,b, 2016; Yarham et al. 2014; Khalique
et al. 2020), and is also applicable to t°A37 (Rojas-Benitez
et al. 2015; Edvardson et al. 2017; Bacusmo et al. 2018;
Beenstock et al. 2020). The m®C32 and m?2G26 which
block the possibility for hydrogen bond formation for W:
C base-pairing (Fig. 1C) are also discernable by PHAM
(Arimbasseri et al. 2015; Bacusmo et al. 2018; Lentini
et al. 2020, 2021). Schematics for m"A and m'G which
also block hydrogen bond formation are shown along
with 1 and m'l (Fig. 1B).

tRNA isopentenyltransferase-1 (Tit1) is the TME respon-
sible fori°A37 formation. Figure 1E illustrates PHAM for cy-



PHAM northern to readily detect tRNA modification

tRNA™'GUA; the left shows RNA from two fission yeast
strains, Schizosaccharomyces pombe yNBS5 (tit1A, deleted
of the tit1" gene) and yYH1 (tit1™). The right side illustrates
that the ACL probe efficiently anneals to A37-unmodified
tRNAY'GUA from tit1A cells but not to i®A37-modified
tRNA™'GUA from tit1" cells. After initial probing, the
blot was stripped of ACL probe, rescanned to ensure
that the signal was efficiently removed, and reprobed
with a “body probe” (BP) to the T stem-loop region of
the cy-tRNA™'GUA showing more or less equal loading
(Fig. 1E, lower left panel).

We want to highlight that for i°A37, t°A37, m*?G26, and
m>C32, PHAM was used to document tRNA hypomodifi-
cation as a functional manifestation of newly described
TME deficiencies in human disease syndromes due to mu-
tations in TRITT (Yarham et al. 2014), OSGEP (Edvardson
et al. 2017), TRMT1 (Dewe et al. 2017), and DALRD3
(Lentini et al. 2020), respectively. In addition, a pathogenic
mutation at the 38 position of mt-tRNA**"UCN was shown
to result in tRNA-i®A hypomodification at position 37
(Yarham et al. 2014), consistent with the A36-A37-A38
recognition sequence of IPTases (Motorin et al. 1997).

A five-step outline with graphics and notes comprises
Figure 2. The major steps are: (i) RNA preparation/purifica-
tion; (i) polyacrylamide gel electrophoresis-northern blot-
ting; (iii) probing with a modification-detection DNA-oligo
followed by washing and exposure; (iv) blot stripping and

probing by a calibration DNA-oligo, washing and expo-
sure; and (v) quantification of hybridization band signals.
Steps 1 and 2 each take one day or more, whereas the oth-
er steps take longer depending on signal strength and ex-
posure times needed for quantifiable results.

Calculation of apparent modification
efficiency (AME) %

The following basic equation is used to convert quantified
data into AME % =[1—(ACL (test sample)/BP (test sam-
ple))/(ACL (background)/BP (background))] x 100, where
ACL = quantity of counts from the ACL probe, and BP =
quantity of counts from the BP (control) probe. See below
and figures for specific cases.

The PHAM method described with real data
to illustrate key points

Of the three points we want to convey in the next sections,
the first is the most important, (i) Different tRNAs exhibit
different response profiles to ACL probe washing at tem-
peratures above the incubation temperature (Ti). This led
to a protocol in which wash temperature must be empiri-
cally determined for each ACL probe the first time it is
used/tested for optimal performance and quantification.
The second and third points are (i) in general, mt-tRNAs

exhibit greater sensitivity to increas-

Outline Notes
Step 1:  Collect cells or tissue. Mammalian, yeast, bacterial or A minimum of 5 ug total RNA should be
Isolate and quantify other cells in culture, tissue. prepared.  Typically, one million
total RNA. ' mammalian  cells/sample or 10 ml
H yeast culture.
1
v
RNA samples are loaded on TBE-urea
Step2: Sample preparation. PlAGE After  electrophoresis, a
TBE-Urea PAGE. trlar_]gular' lower edge of gel under lane
Stain and photograph 1 s _sllced away  as marlfer for
gel. orientation later. Gel is washed in water
containing 0.01 ug/ml EtBr until urea
1 soaks out. Gel is photographed.
1
\4

Step 3:

Step 4:

Step 5:

FIGURE 2. Schematic outline representation of the PHAM method assay. See text for detailed

Transfer to membrane.
UV crosslink.
Bake under vacuum.

Prehybridization and hybridization.
Expose to phosphorlmager screen.
Scan by phosphorimager.

Quantification. 1

Strip blot to remove probe.
Rescan and check for probe removal.
Hybridization with new probe.

RNA is transferred to a positive-charge
nylon membrane followed by UV cross-
linking (254 nm) and baked at 80°C for
2 hrs (in vacuum oven). This fixes RNA
to the blot minimizing RNA loss during
hybridization and washings, extending
reuse for >10 reprobings.

Blot is incubated in prehybridization
solution for 21 hr prior to addition of 32P
labeled  oligo-DNA  probe  and
hybridization overnight followed by
sequential washing, and further
processing as detailed in the text.

The first probe is removed by
incubation of blot in stripping solution at
90°C (see text). Blot is rescanned to
ensure probe removal. Then a new
probe is annealed/hybridized.

protocol. A five-step protocol is outlined with brief descriptions (see text for details).

ing ACL probe wash temperatures
than cy-tRNAs, and (i) nearby modifi-
cations lead to false elevation of
the apparent modification efficiency
(AME) of the target nucleotide.

Other cautionary notes are worthy
of mention. The PHAM assay is based
on differential annealing efficiency of
a DNA-oligo to two or more sample
tRNAs that vary in their levels of mod-
ification at a particular position of in-
terest. Another DNA-oligo probe
that anneals to a different region of
the same tRNA serves as a control for
normalization/calibration. One should
be cautious as discussed above if the
target nucleotide is part of a modifi-
cation circuit, because of the possibil-
ity that another modification in the
region complementary to the probe
would alter annealing. Thus, one
should consider reviewing the known
circuits (Barraud and Tisné 2019) and
perhaps a specific appropriate control
experiment.

For probe design, the target nucle-
otide is generally opposite a central
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position in the oligo sequence. Supplemental Table S1isa
spreadsheet that can calculate the hybridization Ti for the
DNA-oligo ACL probe and body probe (BP) for the salt
conditions of the hybridization solution (2x SSC). In the
next section, we compare fission yeast S. pombe strains
that differ in the presence and absence of the tit1" gene
responsible for i®A37 formation.

Different tRNAs exhibit different profiles to ACL probe
washing at temperatures above Ti

Because each tRNA has a unique nucleotide sequence and
modification profile in an organism, the DNA probe an-
nealing can be different for each and may also vary among
species for similar tRNAs. The i®A37 AME for different
tRNAs were analyzed by PHAM at multiple increments of
wash temperatures above the Ti of the ACL probe.
Annealing of an ACL probe is diminished by modifica-
tion-induced loss of hydrogen bond formation and
possibly steric hindrance in the presence of i°A37. This
results in lower probe signal on the northern blot for
i®A37-modified tRNA relative to unmodified tRNA. The
goal below was to determine if wash temperature altered
differential ACL:BP signal ratio and therefore the calculat-
ed AME %, and importantly if it would be different for dif-
ferent tRNAs.

Two cy-tRNA substrates, tRNASAGA and tRNA™'GUA
were examined at increasing wash temperatures above
the Ti of the ACL probes, Ti +5°C, +10°C, +15°C, and
+17.5°C. The ACL Ti for tRNAS®"AGA =51.2°C, and for
tRNA™'GUA =54.3°C. These tRNAs carry i®A37 in yYH1
(tit1") cells but lack it in yNB5 (tit1A). Both probes anneal
better to tRNAs from tit1A than from tit1™ cells (Fig. 3A,B).

A cytRNASAGA B cy-tRNAYGUA
yNB5  yYH1 yNB5 yYH1
{tit1n)  (tit1+) {tit1a) (tit1+)
- (Tii5°C - |TiesC
o | WS ri0c L g| - Ti+10°C
Qo Qo
<a <a
<ziw Ti+15°C - Ti+15°C
Ti+17.5°C - Ti+17.5°C
Body Body - -
Probe - Probe

1 2 1 2

ACL Ti=51.2°C ACL Ti=54.3°C

As is routinely observed, probe annealing and signal
strength decreases as wash temperature increases, as ex-
pected (data not shown). Importantly, however, we ob-
served that the differences in changes for the two tRNAs
differed as the wash temperature increased, and with dif-
ferent optima (Fig. 3A,B). The AME in Figure 3C, based
on duplicate experiments also reflects the differential pat-
terns. The tRNAS*AGA showed a steeper incline than
tRNA™'GUA to the optimal temperature (Fig. 3C). More
important, wash temperatures of Ti +15°C or higher led
to higher AMEs in tit1" cells (Fig. 3C). This latter point
demonstrated a most relevant benefit in the case of mt-
tRNAs (see below and Discussion).

The data suggest that quantification of intermediate lev-
els of modification can be assessed when positive controls
are at ~90% and negative controls (0%-10%), the latter
based on TME deletion or persistent high efficiency knock-
down, because tRNA half-lives can be ~60 h (Abelson et al.
1974). Synthetic unmodified RNA could suffice as a null
control although its probe annealing efficacy may differ
from cellular tRNA that lack a modification due to a TME
deficiency. It may be useful to note alternative methods
for estimating TME deficiency, for example in patient cells
compared to control cells. A prior report set the quantifica-
tions of BP/ACL for control cells to 100% and compared
this to BP/ACL from patient cells (Yarham et al. 2014).

Mitochondrial tRNA-ACL probes may show wide range
or acute sensitivity to wash temperatures

While a larger number of modifications are found on cy-
tRNAs than on mt-tRNAs, some are unique to either, and
a small subset is found on both (Suzuki et al. 2020).

100 q ACLTi=51.2°C

ACL Ti=54.3°C

90 1 m Ti+15°C mTi+17.5°C

801 u Ti+15°C

S 701 Ti+10°CI
8 @ o0 Tit10°C ¢ u Ti+5°C
§$ w0 | m Ti+5°C

= 3

& 40 -

5

% o 30 4

20 A

yNBS5 (fit1a)  yYH1 (tit1+)
Ccy-tRNASerAGA

yNBS5 (tit1a)  yYH1 (tit1+)
cy-tRNATY"GUA

FIGURE 3. Different tRNAs exhibit different ACL probe wash profiles at temperatures above Ti. (A,B) PHAM northern blot assay of total RNA from
S. pombe yYH1 (tit1*) and yNBS5 (tit1A). The figures show signals from the i®A37-sensitive anticodon loop probe (ACL) probes specific to S. pombe
cy—tRNAserAGA (A), and cy-tRNATY'GUA (B) after washing at temperatures indicated to the right of the panels, where the Ti for each tRNA is pro-
vided below the panels. The T stem-loop body probe (BP) results are also shown. (C) Graphic display of quantification of AME based on duplicate
experiments for both tRNAs in A and B at different wash temperatures according to the equation: AME % =[1 — (ACL tit1*/BP tit1")/(ACL tit1A/BP
tit1A)] x 100. The graph shows the mean + standard deviation (error bars), N = 2 biological replicates.
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During our studies, we observed that some mt-tRNAs ex-
hibit a steep incline in response to wash temperature which
is observed in Figure 4 for S. pombe mt-tRNATPCCA. We
compared S. pombe mttRNATPCCA (ACL Ti=44.6°C)
and cy-tRNATPCCA (ACL Ti = 44.6°C), both of which carry
i°A37 in yYH1, tit1" and lack it in yNBS5, tit1A (Fig. 4A,B).
The mt-tRNA retained more ACL probe at lower tempera-
ture relative to the cy-tRNA, but it washed off as the tem-
perature was increased (Fig. 4A,B). Quantification of data
from duplicate experiments led to a greater range AME
% for the mt-tRNA at varying wash temperatures as com-
pared to the cy-tRNA (Fig. 4C).

We note that conditions previously reported for the
PHAM assay led to calculated AME for S. pombe mt-
tRNATPCCA at only ~25% using tit1A as negative control
(0% mod) (Fig. 4A; Lamichhane et al. 2013a,b, 2016).
Likewise, human mt-tRNAS®" YN gnd mt-tRNATP was cal-
culated at 50% and 40%, respectively and others lower,
while human cy-tRNAse'UGA was at ~95% (Lamichhane
et al. 2013b). Notably, AME here went to ~40% at Ti
+5°C for S. pombe mt-tRNACCA but to ~95% at Ti
+15°C (Fig. 4A,QC). Thus, Figure 4A-C demonstrate rela-
tively large differences between mt- and cy-tRNAs in re-
sponse to wash conditions. We have also observed
similar disparities for S. cerevisiae mttRNA™" and cy-
tRNA™Y'GUA and for human mt-tRNAs Ser (UCN) and Tyr
summary, the data indicate tRNA-specific sensitivities to
wash temperatures for some mt-tRNAs and suggest careful
monitoring using positive and negative controls as in
Figures 3, 4 to obtain optimal performance. In a later sec-
tion, we demonstrate PHAM performance to quantify in-
termediate levels of i°A37 modification.
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Nearby modifications may falsely alter the apparent
modification efficiency of a target nucleotide

If the target modification-sensitive probe is complementa-
ry to a second (nearby) modification that interferes with W:
C base-pairing, the second can offset the calculated AME.
To examine the effect of a second modification, m%2G26
on detection and quantification of the target modification
of interest, i®A37, we made use of three IPTases with differ-
ent activities for a tRNA substrate to reveal it to different
extents. While S. pombe Tit1 has relative high activity for
tRNATPCCA, S. cerevisiae Mod5 and human TRIT1 are
specifically less active for modification of this tRNA, which
unlike all other sense-decoding IPTase substrates has py-
rimidines in the 34 and 35 positions (Lamichhane et al.
2011; Khalique et al. 2020).

We designed two ACL probes to detect i®A37, one over-
lapping and the other nonoverlapping the G26 position of
cy-tRNATPCCA expressed from a plasmid in IPTase-delet-
ed (mod5A) MT8 cells, also expressing Tit1, Mod5 or TRIT1
(Fig. 5). ACL probe 1 (P1) is complementary to positions
24-46 of tRNAT™CCA, including G26 which is modified
to m??G26 in this tRNA species (Fig. 5A; Arimbasseri
et al. 2015). ACL probe 2 (P2) is complementary to posi-
tions 28-50, avoiding G26 (Fig. 5A). The control body
probe (BP) was to the T stem-loop region. As expected,
the probes detected no tRNA in cells lacking the cy-
tRNATPCCA expression plasmid (Fig. 5B, lane 1). ACL
probes P1 and P2 were comparably washed at Ti +10°C.
High signal with both ACL probes in MODS5 and TRIT1
cells reflects low i°A37 levels on cy-tRNATPCCA relative
to tit1" which as expected shows lower ACL signal (Fig.

100 - ACL Ti=44.6°C ACL Ti =45.2°C
90 | mTi+15°C
mTi+15°C
80 4 u Ti+10°C
. uTi+10°C
X 70 1 Ti+5°C
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= 50 - L ro
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© 40 -
QO
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10 4
0 A
yNB5 (tit1a)  yYH1 (tit1+) | yNB5 (tit1a) yYH1 (tit1+)

mt-tRNATPCCA cy-tRNATPCCA

FIGURE 4. ACL probes to mt-tRNAs can exhibit wide range or acute sensitivity to wash temperatures. PHAM northern blot assay of total RNA
from S. pombe yYH1 (tit1") and yNB5 (tit1A). (A) Signals from the i®A37-sensitive anticodon loop (ACL) probe specific to S. pombe mt-
tRNATPCCA. (B) The same blot was examined for ACL hybridization to cy-tRNATPCCA. The various wash temperatures are indicated to the right
of the panels, where the Ti for each tRNA is provided below the panels. T stem-loop body probe (BP) results are also shown. (C) Quantification was

done as for Figure 3, on triplicate results, N = 3 biological replicates.
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FIGURE 5. Nearby modifications may falsely alter the apparent modification efficiency of a target nucleotide. (A) Clover leaf model structure of
S. pombe cy—tRNATrF’CCA showing locations of the ACL probe-1 (P1) in red, complementary to positions G26-G46, and ACL probe-2 (P2) in blue,
complementary to positions G28-C48. The primary ACL modification-detection residue, A37, is indicated within a light blue circle, and the sec-
ond modiification site residue, G26 is indicated within a blue circle. The clover leaf model schematic was produced by tRNAscan-SE within
GtRNAdb 2.0 (Chan and Lowe 2015). (B) PHAM assay with total RNA from S. cerevisiae ABL8 (MOD5") and MT8 (Mod5A) cells transformed
with S. pombe cy-tRNATPCCA as one plasmid, together with an expression plasmid for S. cerevisiae Mod5, human TRIT1, S. pombe Tit1 or
PREP82X empty vector as indicated above the lanes. Hybridization results with ACL probe-1 (P1, upper panel), ACL probe-2 (P2, middle), and
body probe (BP, lower panel) are shown. (C) Quantification of AME was as for Figure 3 using the equation shown in the figure where # would

correspond to the lane in B to match panel C.

5B; Khalique et al. 2020). Visual inspection reveals that the
ACL signal ratios for MODA5:tit1" and TRIT1:tit1" are high-
erwith P2 than with P1 (Fig. 5B, compare lanes 2 &4, and 3
& 4). The P1 and P2 quantification data, each corrected by
the corresponding BP data led to substantial differences in
the calculated AMEs (Fig. 5C). This analysis provided evi-
dence that a nearby second modification can interfere
with the annealing of an overlapping complimentary
probe and falsely alter the calculated AME of the target nu-
cleotide. Use of IPTases with relatively low activity for cy-
tRNATPCCA suggest that such artifactual elevation of
AME may be enhanced at low levels of modification of
the principal target nucleotide. These data indicate that
it is important to design probes to avoid overlap of a sec-
ond modified nucleotide(s) with base-pair disrupting
characteristics.

Quantitative validation of PHAM using a yeast
TME deletion control

We did a mixing experiment, of S. pombe yYH1 (tit*) and
yNBS (tit1A RNAs, to examine quantitative performance of
the PHAM northern blot method. We quantified and calcu-
lated i®A37 AME % for cy-tRNAs **AGA and ™'GUA in
duplicate, of mixes of total RNAs purified from tit" and
tit1A, containing 0%, 25%, 50%, 75%, and 100% of each
as indicated above the lanes of Figure 6A and B. The blots
were hybridized, washed, stripped, processed, and quanti-
fied according to the PHAM protocol method. Figure 6A
and B shows one blot processed for both tRNAs. Figure
6A shows that as the fraction of modified tRNA increased
(tit*, from left to right), annealing of the ACL probe to
tRNAY'GUA decreased as the wash temperature increased,
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which resulted in higher AME approximating 90% with all
tit" RNA (Fig. 6C). The tRNA*AGA also showed decreased
ACL probe annealing with increasing tit” tRNA as wash tem-
perature increased (Fig. 6B, mature), also resulting in in-
creasing AME (Fig. 6D). This experiment demonstrated
the quantitative nature of the PHAM method.

For tRNASS'AGA, the substantial reduction of ACL signal
after the highest wash temperature revealed a reproduc-
ible appearance of an upper band, which unlike the lower
band, did not decrease as the fraction of tit" RNA in-
creased (Fig. 6B, ACL probe, bottom panel, left to right,
and data not shown). Inspection analysis of duplicate blots
suggest the following plausible explanation. The upper
band reflects a precursor-tRNA>AGA that has not ac-
quired i°A37 in tit" nor tit1A cells prior to its processing
to the mature size tRNA. Accordingly, the unmodified up-
per band would exhibit efficient ACL probe annealing rel-
ative to mature tRNA-i®A37. As S. pombe tRNA*AGA
genes do not contain introns, the upper band may reflect
a nuclear pre-tRNA>*"AGA isodecoder with a unique 3'-
trailer, for example, tRNA-Ser-AGA 1-3 (Chan and Lowe
2015).

DISCUSSION

PHAM is a relatively accessible and versatile method that
has been used in several laboratories to examine i°A37,
t®A37, m22G26, and m3C32 levels on numerous tRNAs
in 14 publications. Yet, during the use of the method in
our laboratory over the past several years, variability was
observed that we suspect is common due to the nature
of hybridization technology. It is typical for PHAM blot
data to compare signals from the ACL (or other target
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FIGURE 6. Quantitative validation of the PHAM method using a yeast TME deletion control. (A,B) PHAM assay results for cy-tRNA™"GUA and cy-
tRNASS"AGA on the same mixture of total RNAs purified from the yYH1 (tit1") and yNBS5 (tit1A) strains as indicated above the lanes. The various
wash temperatures are indicated to the right of the panels, where the Ti for each tRNA is provided below the panels. For B, we noted that as wash
temperature increased the ratio of an upper band to the main, mature tRNA band increased. As S. pombe tRNAS"AGA genes do not contain
introns, the upper band may reflect one or more nuclear unmodified pre-tRNAse'AGA isodecoders with a 3’ trailer. (C,D) Quantitation of
AMEs was calculated from duplicate experiments at each different wash temperature using the following equation: AME % =[1—(ACL tit1"/
BP tit1)/(ACL tit1A/BP tit1A)lx 100. N=2, error bars represent the SD. For C and D, linear regression using the trendline function of
Microsoft Excel revealed R? values of >0.985 for the lines representing Ti +17.5°C and Ti +15°C (not shown).

region) probe and the control probe, by visual inspection,
or accompanied by quantification and expressed as a ratio
or modification index, sometimes with inexplicable
variability for similar modification-sensitive probes for dif-
ferent tRNAs. Here we report that our attempts to under-
stand and minimize the variability led to an overall
improved method that more reliably produces optimal re-
sults. Most notably, we found that despite guidance by a
formula to estimate DNA-oligo melting temperature (T,)
and hybridization incubation (Ti) (Leonard Davis 1986),
when used on the heavily modified structured cellular
tRNAs, each probe-tRNA pair should be tested empirical-
ly, subjected to multiple increasing wash temperature in-
crements above the calculated Ti.

That the PHAM method is versatile refers to the multiple
times a blot can be used to obtain data for several different
tRNAs/modifications. In addition to the empiric conditions
that must be determined for each tRNA-probe pair the first
time characterized, other limitations apply. PHAM would
not be expected to locate positions of previously unknown
modifications. Also, although northern blotting normally
uses agarose gels for large RNAs, PHAM uses polyacryl-
amide-urea gels which yield high resolution separation.
Finally, PHAM alone does not identify a modification nor
is a standard for absolute quantification; other gold stan-
dard methods are available (see Helm and Motorin 2017).

Improved PHAM conditions revealed new findings
and clarified previous results

Although it might be suspected that a second modified
base that is complementary to an ACL probe would inter-
fere with annealing, it was not previously documented.
Our data suggest that the commonly modified m?2G26
found on many tRNAs (see Arimbasseri et al. 2015) can
lead to substantial false increases in calculated AMEs
when the target ACL nucleotide of interest is modified at
relatively low levels. This was important to demonstrate
because it suggests scrutiny when comparing samples,
for example, when a TME is partially inactivated to different
extents by different mutations. Thus, Figure 5 illustrated
and emphasized the importance of careful probe design.

Another advance revealed by data in this report is that
apparently similar tRNAs can respond very differently to
near identical washings. A comparison case was S. pombe
cy-tRNATPCCA and mt-tRNAPCCA whose sequences at
73 and 72 nt are also of the same clover-leaf architecture.
Although these tRNAs have ACLs of identical primary se-
quence and the respective ACL probes differ by <1°C in
Ti, their wash profiles differed significantly (Fig. 4).

The disparity for mt-tRNAs was important because it
helped clarify previous unresolved results. Attempts to
quantify i°A37 modification of S. pombe and human mt-
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tRNAs by PHAM led to calculated levels of ~25% and
~50% washing at Ti for mt-tRNAs, whereas cy-tRNAs
showed substantially higher levels (Lamichhane et al.
2013a,b, 2016), consistent with Figure 4. More specifically,
human mt-tRNAS®" VN 5nd mt-tRNATP were estimated at
50% and 40%, whereas mt-tRNA®Y® was <10% by PHAM,
the latter much lower than noted at 99% for mt-tRNA de-
termined by gold standard methods (Suzuki et al. 2020).
Although we have not systematically reexamined/quanti-
fied human mt-tRNAs, it was reassuring to find that the cal-
culated AME for S. pombe mt-tRNA"™ was increased to
95% after Ti +15°C (Fig. 4C). We suspect that the disparity
observed between responses of mt-and cy-tRNAs to ACL
probes of similar length and Ti, reflect overall general differ-
ences in flexibility/rigidity of their anticodon stem-loop
structures and consequent ability to stably pair with DNA-
oligo (Vare et al. 2017).

A third advance is that the PHAM assay was subjected to
a calibration analysis of its ability to estimate AME for tRNA
fractional i®A37 content by examining RNAs that con-
tained different relative amounts of modified and unmod-
ified tRNAs from yeast TME replete and deleted strains
(Fig. 6). This provides confidence in calculations of AME in-
cluding when the content of tRNA from the modified
source was as low as 25% (Fig. 6). This suggests that it
may be possible to monitor significant loss of other modi-
fications, for example, m'A at specific MRNA sites using
PHAM, although this remains to be determined.

Advancing molecular studies of TMEs and effects
on substrate-tRNA modifications

Deficiency in a TME can lead to differential effects on dis-
tinct tRNA substrates. The PHAM assay can be considered
as an alternative to LC-MS/MS and other methods (see In-
troduction) to detect i®A37, m*?G26, m*C32, and t°A37. It
has been used to document tRNA hypomodification re-
sulting from newly described TME deficiencies resulting
in human disease syndromes due to mutations in TRIT1
(Yarham et al. 2014), TRMT1 (Dewe et al. 2017), DALRD3
(Lentini et al. 2020), and OSGEP (KAE1/TCS3) (Edvardson
et al. 2017), respectively.

OSGEP is one of five subunits of the human KEOPS (ki-
nase, endopeptidase, and other proteins of small size) en-
zyme complex that catalyzes t°A37 synthesis on the
multitude of cy-tRNAs that decode ANN codons
(Edvardson et al. 2017). Not too long after the initial report
of neurodegeneration and evidence of kidney pathophys-
iology associated with kae T-mutations and hypomodifica-
tion of t°A37, it was reported that mutations in genes
encoding all four of the other KEOPS subunits lead to
Galloway-Mowat syndrome (Braun et al. 2017; Arrondel
etal. 2019). Yeast KEOPS is comprised of four subunits (ap-
parently lacking a Gon7 homolog) all of which contribute
to substrate tRNA binding, and mutations in each of which
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cause t°A37 hypomodification of multiple tRNAs as moni-
tored by PHAM (Beenstock et al. 2020).

A pathogenic mutation in a mt-tRNA sequence can lead
to hypomodification at another position, for example if it
alters a TME substrate recognition site, as was shown using
PHAM for the A38G mutation in mt-tRNAS®" YN resylting
in tRNA-i°A37 hypomodification (Yarham et al. 2014). It
seems reasonable to expect that the PHAM method can
be extended to molecular studies and other pathogenic
mutations, including those involved in tRNA modifications
that disrupt base-pairing, such as m'A, m'G, and yW.

MATERIALS AND METHODS

Protocol: total RNA isolation

Use a method applicable to the organism of choice. Importantly,
be aware that some RNA purification kits, methods and protocols
are mistakenly misnamed useful for “Total RNA,” which refers to
inclusion of rRNA versus purification of poly(A) and are oblivious
to—and designed to-exclude tRNAs and smaller species by pre-
cipitation with LiCl or sizing columns. A broad-use method for ex-
traction and purification from tissues or cells is one based on
guanidinium thiocyanate-acidic phenol (MacDonald et al. 1987;
Maraia 1991), which is similar to TRIzol/TriPure (Invitrogen/
Sigma)-based methods that use, for example, ammonium acetate
followed by alcohol precipitation to not exclude tRNAs (see
below).

Total RNA isolation from yeast

Here we used the acidic hot phenol method to isolate total RNA
from S. cerevisiae and S. pombe. Transfer an overnight yeast
culture to a 50 mL conical flask containing 10 mL of media at
OD¢oo~0.1 and grow to mid log phase (ODggg ~ 0.55) at 30°C
for S. cerevisiae, 32°C for S. pombe.

Transfer the culture to a 50 mL centrifuge tube and spin at 3000
rpm for 3 min at 4°C. Discard the supernatant and resuspend pel-
letin 1 mL ice cold ddH,O. Transfer the culture to a 1.5 mL micro-
centrifuge tube, and pellet by centrifugation at 8000 rpm for
1 min at 4°C. Discard the supernatant. Resuspend the cell pellet
in 400 pL TES solution (10 mM Tris-HCI pH 7.5, 10 mM EDTA,
0.5% SDS) followed by addition of 400 pL acid phenol (Sigma
P4682). Close the cap tightly. Vortex vigorously for 30 sec and in-
cubate in a shaker for 1 h at 65°C; alternatively, frequent brief vor-
texing can also be done.

Incubate on ice for 5 min and spin down at 12K rpm (benchtop
centrifuge, e.g., 12,000-16,000g) for 5 min at 4°C. Carefully trans-
fer the aqueous phase (top) to a clean, RNase-free 1.5 mL micro-
centrifuge tube (use extreme care to not approach, penetrate,
disturb, or aspirate any of the white interphase material). Add
400 pL acid phenol (Sigma P4682) to the separated aqueous
phase, vortex vigorously, incubate on ice for 5 min and centrifuge
at 12K rpm for 5 min at 4°C. Again, transfer the aqueous phase to
a clean, RNase-free 1.5 mL microcentrifuge tube, add 400 pL
chloroform, vortex vigorously and repeat the centrifugation
step. Transfer the aqueous phase to a clean, RNase-free 1.5 mL
microcentrifuge tube, add 40 pL of 3M sodium acetate pH 5.3,
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mix well and add 1-mL ice cold 100% ethanol, mix again and in-
cubate for >1 h, or overnight at —20°C. Centrifuge at 12K rpm for
5 min at 4°C. Visualize the pellet and wash it with 1 mL of ice cold
70% ethanol, vortex and centrifuge briefly at max speed. Visualize
the pellet, sharply invert the tube to decant the supernatant onto
paper towel. Air-dry the pellet for 10 min at room temperature. Be
careful to not over-dry, and do not use a vacuum dryer; if the pel-
let is too dry the RNA will not dissolve well.

Total RNA isolation from mammalian cells (see total
RNA isolation above)

Standard TRIzol/TriPure (Invitrogen/Sigma)-based methods can
be used. This protocol is for HEK293 cells cultured in media of
choice. Combining two wells of a six-well plate will yield more
than enough RNA to perform the PHAM assay. Harvest cells at
70%-80% confluency. Wash twice with 2 mL PBS per well fol-
lowed by addition of 500 L TriPure per well. Transfer all solution,
1 mL, to a 1.5 mL centrifuge tube. Add 200 pL chloroform (Sigma
2432) and shake vigorously for 15 sec, incubate at room temper-
ature for 2 min. Centrifuge at 12,000g for 15 min at 4°C.

Carefully transfer the (top) aqueous phase only to an RNase-
free 1.5 mL tube (use extreme care to not approach, penetrate,
disturb, or aspirate any of the white interphase material). Add
450 pL isopropanol to the isolated aqueous phase. Mix thorough-
ly by inversion several times, with intermittent vortexing. Incubate
at room temperature for 5 min and centrifuge at 12,000g, 4°C for
10 min. Visualize the pellet, then wash it at least three times with 1
mL 75% ethanol, vortexing each time shortly and centrifuging for
2 min at max speed between each wash. Visualize the pellet, and
sharply invert the tube to decant the supernatant onto paper tow-
el. Air-dry pellet for 10 min at room temperature. Be careful to not
over-dry; do not use a vacuum dryer (if the pellet is too dry the
RNA will not dissolve well).

At this point, it is important to minimize the time that purified
RNA will be in aqueous solution susceptible to hydrolysis/degra-
dation. Resuspend the pelletin 30 uL RNase-free ddH,0. Keep at
room temperature for 5 min, vortex once or twice very shortly and
spin down; make sure the pellet is completely dissolved. Remove
an aliquot to be used to quantify the RNA concentration and im-
mediately put the tube with the remainder of the RNA into a buck-
et of dry ice to rapid-freeze, then transfer to —80°C.

Protocol: northern blot prep, part 1; urea-denaturing
polyacrylamide gel electrophoresis of RNA

We use precast 10% TBE-Urea gels (Thermo Fisher,
EC68752BOX) run in XCell SureLock Mini-Cell (EI0001, Thermo
Fisher); however, other precast or homemade TBE-Urea gels
and running systems can be used. Slowly and carefully remove
the comb from the gel, noting any misshaped wells due to difficult
comb removal. Consider use of a soft, thin pipette tip with 1x TBE
to expunge loose polyacrylamide from the bottom of the wells
and to straighten walls of the wells. Pre-run in 1x TBE running
buffer at 180V for 30 min. During the pre-run, the 8M urea dena-
turant will diffuse from the gel into the wells; it is not necessary to
remove this denaturant; one can carefully load the sample under
it in the lowest part of the well. The sample will remain under the

urea layer (do not puncture or misshape the well as it will mis-
shape the bands).

RNA sample preparation, loading buffer, and gel loading

Add an equal volume of prewarmed 2x RNA RNase-free loading
dye (NEB B0363S, 95% formamide, 0.02% SDS, 0.02% bromo-
phenol blue, 0.01% Xylene cyanole, 1 mM EDTA) to 5 or 10 pg
of each total RNA sample and heat denature at 70°C for 3 min.
Load directly from the heat block to prevent renaturation by plac-
ing at the bottom of the well.

Load the gel by slow pipetting samples at the bottom of the
wells. Run at 180V until the xylene cyanole (XC, the upper dye)
reaches near but not run-off the bottom of the gel (~1.5 h). In
10% TBE-Urea PAGE, XC has mobility corresponding to a 55-nt
single stranded DNA.

Gel dismantling, RNA staining with ethidium bromide
and photo documentation

Put on clean gloves and wash in ddH,0. Whatever contacts the gel
surface from this point onward may transfer to the blot membrane
may affect the hybridization results. Be prepared to note and
keep track of the position of lane 1, so mark itimmediately after dis-
mantling the gel from the electrophoresis apparatus. With a clean
rinsed spatula/knife, slice off a substantial triangular lower gel seg-
ment under lane 1 as an important orientation marker to which a
similar triangle will be cut from the nylon blot membrane of match-
ing dimensions. Shake the gel in a substantial volume of ddH,O
containing <0.01 pg/mL EtBr for 5 min, followed by 3 x 10 min
washes with ddH;O. Take a high quality full-gel picture on a UV il-
luminator using minimal exposure time and intensity to avoid UV
damage to the RNA. Keep the gel wet until ready to transfer.

Protocol: northern prep part 2; transfer RNA to
membrane, mark-up, UV-crosslink, and vacuum dry

The key to obtaining clean results is preparation of a clean blot,
free of unwanted micro-debris and other *2P-ATP-interacting ma-
terial that may bond to the membrane as indelible sources of back-
ground noise for every probing. Good blots crosslinked and baked
can be useful for more than 10 tRNA ACL-BP probe cycles.

Transfer RNA from the gel using a semidry or wet transfer meth-
od to a positive charge nylon membrane (Gene Screen Plus,
PerkinElmer) that has been pre-cut fit with a triangle to match
that under lane 1 of the gel. Rinse the gel and set it on the transfer
stage using plenty of liquid to prevent it from getting stretched
and deformed and to ease away wrinkles. Rinse the gel surface
before placing a clean rinsed membrane on it. We find it useful
to stream transfer the buffer from a pipette over the gel surface
to clear away micro-debris, including tiny polyacrylamide parti-
cles, before putting the membrane on it. Ensure that the mem-
brane and gel are correctly situated/oriented according to the
proper function of the apparatus. Add a pre-wet filter paper
and remove air bubbles by rolling a plastic pipette over the as-
sembly. Add some buffer to make sure the conduction, and
thus the transfer, will be optimal. For semidry blotting, allow the
liquid between membrane and gel to absorb away.

After the transfer is complete, dissemble the blot, keeping track
of which side of the blot was in contact with the gel/RNA. Place
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the blot on a clean damp Whatman 3MM paper with its RNA sur-
face facing up, and write on it with a sharp point marker under
lane 1. Clean both sides of the membrane surface, including of
any polyacrylamide specs or micro-debris that may have attached
during transfer, prior to UV crosslinking. Quickly rinse the mem-
brane briefly in 2x SSC, allow it to drip damp, then UV crosslink
at 254 nm wavelength with the RNA side facing the UV source
(in a Stratalinker UV-1800, Stratagene) on auto-crosslink mode.
The membrane should be damp, not dry, during crosslinking. It
is important at this moment to note and document (mark it) which
side of the membrane has the RNA, because it will have signifi-
cant effects on the efficiencies of (i) UV crosslinking, (i) hybridiza-
tion, (iii) exposure to phosphorimager and/or X-ray film, thereby
affecting the resolution of the bands observed, reproducibility
of hybridization and quantification of one tRNA to the next, and
therefore the overall success of the experiment. If you have a
handheld UV lamp, you should verify that one side has RNA
and not the other (it should be apparent); this may also reveal ir-
regularities (bubbles) in the transfer. After letting the membrane
dry, label it on the side that contains the transferred RNA, along
the bottom edge with your initials, the date and other unique
identifying information, making an indelible impression with a
marker or ballpoint pen. Next, thoroughly dry the membrane,
preferably by baking at 80°C for 2 h under vacuum.

Protocol: blot prehybridization and hybridization;
setup

Except for the probe in the latter, prehybridization and hybridiza-
tion buffers are the same: 2x SSC +1x Denhardt’s solution +0.5%
SDS +100 pg/mL yeast total RNA (Invitrogen AM7118) from
Torula, related to S. cerevisiae. Note: do not use this RNA for anal-
ysis of S. cerevisiae RNA, it will decrease detection; use sheared
Salmon sperm DNA (Invitrogen AM9680).

We use dry ovens of two types for probe hybridization, with ro-
tating glass cylindrical sealed tubes (Techne Hybrigene), or with a
flat rocking platform that holds a container of choice. The advan-
tage of the rocking platform is the blot(s) can be more easily
placed into and removed from the container than from the cylin-
ders. This also helps avoid air bubbles and other irregularities/dif-
ficulties associated with cylinders such as placement of blots.
Also, membranes tend not to “free float” in the cylinders but rath-
er stick to the glass, sometimes trapping air bubbles. It is there-
fore very important to apply the membrane with the RNA side
surface facing the solution. If other options are unavailable, a wa-
ter bath can be used for hybridization; it is best if the blot is in a
watertight pouch using a plastic bag sealer and submerged
with shaking at the Ti °C.

Rehydrate the blot with 2x SSC buffer and transfer it into the
hybridization tube/container with the RNA side facing the solu-
tion. Add 14 mL prehybridization buffer and incubate at the
DNA-oligo probe-specified Ti for >1-2 h with optimal access of
all parts of the blot to the solution.

Blot hybridization

There is no need to discard the prehybridization buffer. The 2P
radioactive labeled DNA-oligo probe (below) that has been
heat denatured for 10 min at 65°C in 1 mL of hybridization buffer
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is added to the blot-incubation 14 mL solution and further incu-
bated for 8-16 h at Ti °C. When labeled to high specific activity
(below), DNA-oligo probes are used at 2 million cpm/mL of hy-
bridization solution. For 15 mL hybridization, incubate a 30 million
cpm 32P-DNA probe in 0.5-1 mL hybridization solution for 5 min
at 80°C just before adding this to the preheated hybridization sol-
ution already on the blot. Add the *2P-DNA probe solution to the
hybridization liquid while mixing rather than directly onto the
membrane.

Hybridization uses a large excess of probe and time, allowing
equilibrium annealing important for reproducible results and
quantification. Caution: Alteration of the recommended condi-
tions, including reduced probe amounts (below) and/or use to
quantify high abundance, for example, rRNAs, can fail due to
probe exhaustion/consumption and nonequilibrium conditions.
For quantification of high abundance rRNA, addition of a large ex-
cess of unlabeled DNA-oligo identical to the labeled probe is
suggested.

Initial washing at the Ti

The next day, preheat 2x SSC, 0.1% SDS and hold it at the Ti.
Carefully decant all the 3P hybridization solution to an appropri-
ately labeled holding container behind a plexiglass shield for pos-
sible reuse. Completely drain all remaining liquid from the
hybridization vessel to a radiation waste container. Using a flat
head, blunt end Millipore filter forceps, transfer the blot to a clean
tray with the RNA side up. It is useful to monitor washing of the
probe; examine the blot with a Geiger counter, noting approxi-
mate cpm on the 0.1x, 1x, or 10x meter, and the distance of
the recorder above the membrane and in the vicinity of expected
bands. Be sure that there is no contaminating source of radioac-
tivity nearby, including under the tray. Add 150 mL of room tem-
perature wash buffer (2x SSC, 0.1% SDS). Rinse the hybridization
vessel with wash buffer and decant in the radioactive waste. Add
wash buffer to the incubation vessel and place it back in the hy-
bridization oven to shake/rotate to clean the vessel further and
keep it at Ti. Decant the wash buffer on the blot in the radioactive
waste and wash the blot two more times for 5 min at room temper-
ature with 150 mL wash buffer, and perform a final wash of the blot
with 20 mL of the preheated wash buffer in the hybridization ves-
sel at Ti for 30 min. Repeat examination of the blot, RNA side up
with the Geiger counter, and note the cpm, which should have
decreased substantially.

Seal the blotin plastic, wrinkle-free, and with minimal liquid and
air bubbles, so the RNA side is visible and will be in close/direct
contact with a phosphorimager screen or X-ray film. If necessary,
place filler cardboard behind the blot to press it closely against
the screen for high resolution bands.

It is wise to obtain multiple exposures for long and short times.
When not in use, blots in sealed/wrapped plastic should be putin
a storage folder for protection from light, UV, and scratches/dam-
age to their surface, in the refrigerator, preferably in a hard note-
book, for reuse (subsequent probing).

Rewashing at temperatures above Ti

It is recommended that blots be rewashed at multiple increments
of 5°C and/or 2.5°C above the Ti with autoradiography after each
such wash is complete, until the majority of the signal is removed
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from the sample that represents the target modification-contain-
ing sample. Wet the blot with wash buffer at room temperature,
then discard. Pour 20 mL prewarmed wash buffer and incubate
for 30 min at the new wash temperature. In accordance with cal-
culations for DNA-oligo melting (Leonard Davis 1986), it should
be expected that exposure times be lengthened after increases
in wash temperature in order to achieve sufficient signal above
background useful for quantitative purposes. Use the Geiger
counter method to follow the progress of each subsequent wash.

Stripping blots for reuse

A general principle of strategy for the order of which probes to
use before others is to first examine tRNAs with probes expected
to give the weakest signals, that is, ACL probes followed by
sequential stringent washing against multiple different tRNAs,
less abundant before more abundant, before hybridizing with
body probes. This is because stronger signals due to more abun-
dant RNA are generally more refractory to stripping. The most
abundant RNAs including loading controls will last as the most en-
during, as the blot is sequentially stripped of its RNA and “wears
out” due to repeated reuse.

Protect the blot from unnecessarily harsh stripping. Use the
Geiger counter as a guide. Most conditions will require stripping
of a previously annealed probe, especially if it will block analysis
of the second probe. If the previous probe is to a different RNA
and is no longer visible, it does not necessarily need to be
stripped away. However, a preexposure of the blot before a
reprobing should always be done to ensure that no bands will
be present that may confound the new probing results. Also, if
a blot with efficiently annealed probe inadvertently dries, it may
become “fixed” to the tRNA and block subsequent reprobings.

To strip, pour preheated stripping buffer (0.1x SSC+0.1%
SDS), at 85°C-90°C, onto the blot with the RNA side up, and
shake with incubation for 10 min. Confirm removal of the 3?P la-
beled DNA probe using a phosphorimager for at least several
hours. Save the image, quantitate the signals, and calculate the
signal per pixel (“counts”) per minute of exposure time, which
may be important for later analysis.

Protocol: DNA-oligo probe 5’-end labeling
and purification

In an Eppendorf tube, mix: 10 uL desired DNA-oligo (1 pmol/pL)
(more than 10 pmol deceases specific activity of the probe), 3.3 pL
10x PNK buffer (final reaction volume is 33 pL), 1 of T4 PNK
(NEB), 5 pL 32pyATP (allow time to defrost, PerkinElmer,
BLUO02A001MC, 3000 Ci/mmol, at 3.3 pM); add H;O to final
volume of no more than 33 pL (final ATP concentration should
be >1 pM). Mix by pipetting up and down. Incubate at 37°C for
1-1.5 h. Stop the reaction by adding 4 pL of 0.5 M EDTA (pH 8.0).

Carefully apply the total mixture onto the center of a freshly
packed, that is, centrifuged Sephadex MicroSpin G-25 column
(GE Healthcare) that is in a 1.5 mL Eppendorf tube. Spin for
2 min at 750g in a microcentrifuge. The flow-through into the
Eppendorf has the labeled *2P-probe; the column retains the un-
incorporated *2P-yATP. Carefully measure and record with a
Geiger counter the relative amounts of 3?P-yATP in each: the
Eppendorf and the resin/column. Record the volume of the probe

liquid fraction recovered in microliters for future reference and
calculation of SA (specific activity).

If the flow-through in the Eppendorf tube has >70% of the total
32P_cpm, the separation of the labeled DNA-oligo from free 32P-
YATP was likely inefficient, that is, it contains free 3?P-yATP. Too
much free 32P-yATP can be a source of dirty hybridizations and
high blot background that cannot be washed away, obscuring
tRNA bands and making quantification difficult or impossible.
Therefore, repeat the purification by applying the flow-through
material onto one or two freshly prepared Sephadex MicroSpin
G-25 columns (overloading can lead to poor column
performance).

Determine specific activity (SA) of 32p_|abeled probe

Using appropriate scintillation fluid, measure the cpm of the
probe in the final flow-through using a scintillation counter. To
do this, also make duplicate 1/10th and 1/50th dilutions of the
probe, measure and convert to cpm/pL probe. This is used to cal-
culate SA.

Calculate SA based on the starting amount of oligo, that is, as-
sume 100% recovery, expressed as cpm/ug probe: SA=cpm/ug
probe for purposes below. Optimally, SA can be >10° cpm/ug
oligo DNA of ~24 nt, or10® cpm/pmole.

Guidelines for DNA-oligo probe design

Modification-sensitive probes are designed according to similar
principles; a near central position in the DNA-oligo targets the
modified nucleotide in the tRNA. DNA-oligo lengths are typically
20-25 nt depending on G+ C-content, which determines Ty,
(melting temperature), based on the formula: T, =[16.6 log(M)
+0.41(Pgc) +81.5—(675/L) - 0.65] (Leonard Davis 1986). Here,
M = molar concentration of Na*, to a maximum of 0.5 (2x SSC =
0.39 M Na*; saline-sodium citrate buffer=0.3 M NaCl, 30 mM
Na3CeHs07), Pgc = %G + C content, and L= nucleotide length of
the DNA-oligo (Leonard Davis 1986). The Ti is 15°C lower than
the T,

As discussed above, avoid covering a nearby nucleotide that is
part of a modification circuit and/or whose modification alters
base-pairing. Use similar guidance to design the body probe
(BP) used as a control. Distribution, frequencies and other infor-
mation about tRNA modifications can be found at http:/
genesilico.pl/trnamodviz (Machnicka et al. 2014).

An Excel file in the Supplemental Material (Supplemental Table
S1) will automatically calculate the Tm, Ti, and other information
after the 5'-to-3’ sequence of the DNA-oligo probe (complemen-
tary to the tRNA) is entered into the appropriate space in column
C. The file can also serve as an inventory of probe sequences.

Quantification of tRNA-detected bands
by DNA-oligo probes for calculation of AME

Scan blots using a phosphorimager (GE-Typhoon FLA 9500,
Storm, FujiFilm or similar equipment with a large dynamic range).
Quantify bands using Multi Gauge V3.0 (FujiFilm) or other appro-
priate (ImageQuant) software.
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in which the first author(s) of research-based papers in each is-
sue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Abdul Khalique is the first author of this paper, “A versatile
tRNA modification-sensitive northern blot method with en-
hanced performance.” Abdul is a visiting postdoctoral fellow
in the section of Molecular and Cellular Biology at the Eunice
Kennedy Shriver National Institute of Child Health and Human
Development, NIH, studying the molecular genetics of tRNA
modification and processing in humans and yeast.

What are the major results described in your paper
and how do they impact this branch of the field?

Three major points are described in the paper. (i) Different tRNAs
exhibit different response profiles to anticodon loop (ACL) probe
washing at temperatures above the incubation temperature (Ti).
This leads to a protocol in which the wash temperature must be
empirically determined for each ACL probe the first time it is
used/tested for optimal performance and quantification. i) In ge-
neral, mitochondrial tRNAs exhibit greater sensitivity to increasing
ACL probe wash temperatures than cytoplasmic tRNAs, and (iii)
nearby modifications lead to false elevation of the apparent mod-
ification efficiency (AME) of the target nucleotide. The PHAM
method has been used in many laboratories to examine and quan-
tify the t8A37, i°A37, m??G26, and m3C32 modification levels on
multiple tRNAs. Improved sensitivity would help to accurately
quantify the unmodified versus modified tRNA and better under-
stand the gene expression profile.

What led you to study RNA or this aspect of RNA science?

RNA is the central part of the central dogma that plays a very im-
portant role in gene expression regulation. In humans, <2% of
genes are coded into protein; however, many genes are tran-
scribed into RNA but function as regulatory molecules such as
noncoding small RNAs. The RNA field is largely unexplored due
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to its complex nature and difficulty in handling. More specifically,
tRNAs are highly modified, but the specific functions of this com-
plex modification mostly remain unknown. This led me to study the
complex nature of the tRNA and its role in gene expression and
develop a more accessible and easy method to study tRNA
modification.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

Yes. While | was optimizing the PHAM method with sequential
washing of the blots at temperatures above the incubation tem-
perature (Ti), | observed that the ACL probe that is targeted to
i®A37 and complementary to a second nearby modification, for ex-
ample, m?2G26, alters the calculated apparent modification effi-
ciency (AME); and that led to a substantial false increase in
AME. So, it is important to design such probes to avoid overlap
of a second modified nucleotide(s) with base-pair disrupting
characteristics.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

My father is a schoolteacher. When | was young, around 10 years
old, I used to go to his school on special occasions and roam
around the chemistry or biology labs. | remember one day some
of the senior graduate students were doing experiments in the lab-
oratory, where they were mixing two liquids in flasks to produce a
pink color; now | can recall it may have been an acid-base titration.
It was very fascinating and impressive, inducing my interest toward
science.

If you were able to give one piece of advice to your younger
self, what would that be?

There should be balance in professional and personal life. Choose
what you like the most and what you wanted to become if you have
the opportunities, but be aware that sometimes opportunities are
not exactly the same as you would have liked, so be patient, focus
and do the hard work, and one day you will get there.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

Yes, two persons have influenced me in my approach to science.
One of them is my mentor when | was doing graduate work and
the second one is my post-doc PI.

What are your subsequent near- or long-term career plans?

My long-term career plan is to become an independent research
scientist at a research institute or university.



