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ABSTRACT

With the rapid growth of synthetic messenger RNA
(mRNA)-based therapeutics and vaccines, the de-
velopment of analytical tools for characterization
of long, complex RNAs has become essential.
Tandem liquid chromatography—-mass spectrometry
(LC-MS/MS) permits direct assessment of the mRNA
primary sequence and modifications thereof without
conversion to cDNA or amplification. It relies upon
digestion of mRNA with site-specific endoribonu-
cleases to generate pools of short oligonucleotides
that are then amenable to MS-based sequence anal-
ysis. Here, we showed that the uridine-specific hu-
man endoribonuclease hRNase 4 improves mRNA
sequence coverage, in comparison with the bench-
mark enzyme RNase T1, by producing a larger pop-
ulation of uniquely mappable cleavage products. We
deployed hRNase 4 to characterize mRNAs fully
substituted with 1-methylpseudouridine (m'¥) or 5-
methoxyuridine (mo®U), as well as mRNAs selec-
tively depleted of uridine—two key strategies to re-
duce synthetic mRNA immunogenicity. Lastly, we
demonstrated that hRNase 4 enables direct assess-
ment of the 5’ cap incorporation into in vitro tran-
scribed mRNA. Collectively, this study highlights the
power of hRNase 4 to interrogate mRNA sequence,
identity, and modifications by LC-MS/MS.

INTRODUCTION

Significant advances in mRNA synthesis and delivery tech-
nologies have enabled the development of a breadth of
mRNA-based vaccines and therapeutics that show promise
to prevent or ameliorate diverse human disease conditions
(1). RNA modifications are key to the efficacy of expression
of in vitro transcribed (IVT) therapeutic mRNAs. The in-
corporation of specific modified uridine nucleotides, includ-
ing pseudouridine (¥), Nl-methylpseudouridine (m'W)
and 5-methoxyuridine (mo°U) have been shown to reduce

immunogenicity and enhance translation and stability of
exogenously delivered mRNAs (2-7). Furthermore, enzy-
matic capping or template-directed introduction of variants
of a 7-methylguanosine 5'-triphosphate (m’Gppp) 5'-cap is
critical for mRNA stability and translation (8). Of note,
the U.S. Food and Drug Administration approved mRNA-
based COVID-19 vaccine BNT162b2, whose primary se-
quence is known, is fully substituted with m'¥ and incor-
porates a 3’-O-Me-m’G(5)ppp(5')Am 5'-cap variant (9).
Analytical tools that directly assess the fidelity and in-
tegrity of the primary sequence of an IVT mRNA of in-
terest are critical in all phases of research, development,
and production of therapeutic mRNAs. Tandem liquid
chromatography—mass spectrometry (LC-MS/MS) is com-
monly used for verifying the identity, sequence, and pu-
rity of synthetic RNA oligonucleotides, as well as for de-
termining the presence and position of RNA modifica-
tions (10). However, the characterization of full-length mR-
NAs by LC-MS/MS is technically challenging and has
been hindered by a lack of robust analytical and computa-
tional tools. Instead, borrowing concepts from shotgun pro-
teomics, mRNAs are digested with one or more site-specific
endoribonucleases and the resulting cleavage products are
separated by LC and analyzed by multistage MS (11-13).
Among the endoribonucleases that have been successfully
utilized for characterization of long RNAs (>200 nt) in-
clude RNase T1 (G-specific), MC1 (U-specific), Cusativin
(C-specific), Colicin ES (‘GU’-specific) and Escherichia coli
MazF (‘ACA’-specific) (13-17). Coupling endoribonucle-
ase digestion workflows to LC-MS/MS presents several
fundamental obstacles. First, the RNA secondary struc-
ture can interfere with the activity of a particular endori-
bonuclease. Second, endoribonucleases often produce a
mixture that may contain 2’,3’-cyclic-phosphorylated, 3'-
phosphorylated, and 2’,3’-hydroxylated digestion products,
which convolutes and reduces the sensitivity of the analy-
sis by mass spectrometry. Third, there are a limited num-
ber of commercially available endoribonucleases with dis-
crete recognition and cleavage specificities that have been
fully characterized, are robust and sufficiently pure to gen-
erate reliable and reproducible oligonucleotide products for
downstream analysis. Fourth, the activity of many endori-
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bonucleases is impaired by the presence of RNA modifica-
tions.

Moreover, two competing challenges exist regarding the
cleavage specificities of endoribonucleases for the analysis
of long RNAs. Endoribonucleases that cleave RNA at a sin-
gle nucleotide (e.g. RNase T1) produce predominantly short
cleavage products, which are often not uniquely mappable,
thereby complicating annotation of oligonucleotide identity
and reducing overall sequence coverage (13,17). Whereas
endoribonucleases that cleave RNA at dinucleotide or trin-
ucleotide sites (e.g. Colicin E5 and E. coli MazF) produce
many lengthier cleavage products (>40 nt), which exhibit
complex mass fragmentation profiles that are challenging
to interpret (13). Thus, the use of combinations of endori-
bonucleases with distinct specificities, in parallel digestions,
is a common practice to achieve adequate coverage of long
RNA sequences by LC-MS/MS (13,17).

In this study, we describe the application of human
RNase 4 (hRNase 4) to LC-MS/MS analysis of IVT
mRNAs. hRNase 4 is one of the eight members of the
human RNase A superfamily of endoribonucleases (18).
Although the precise biological functions of hRNase 4
are not well understood, the hRNase 4 gene is present
within a transcriptional regulatory unit together with an-
giogenin (hRNase 5) (19)—an angiogenic and neuropro-
tective factor with associations to the pathology of amy-
otrophic lateral sclerosis (20). Interestingly, like angio-
genin, initial studies suggested that hRNase 4 can in-
duce angiogenesis and stimulate neuronal differentiation
(21), and may play a role in anti-viral response (22). No-
tably, the endoribonuclease activity of hRNase 4 is bet-
ter understood. hRNase 4 is a uridine-specific endori-
bonuclease with a preference to cleave RNA after uri-
dine residues prior to purines (UR, wherein R = A or G)
(23,24). Here, we demonstrate that hR Nase 4, whose cleav-
age specificity lies between that of mono- and dinucleotide-
specific endoribonucleases, provides higher mapping cov-
erage in comparison with other RNases used to date in
LC-MS/MS-based mRNA sequencing workflows, includ-
ing coverage of long mRNAs (>4000 nt). Furthermore,
we show that hRNase 4 tolerates various uridine nucle-
obase modifications and thus can be utilized to character-
ize mRNAs fully substituted with 1-methylpseudouridine
(m!'W) and 5-methoxyuridine (mo’U). Lastly, we leverage
hRNase 4 to identify the presence of a 7-methylguanosine
5'-triphosphate 2’-O-methyladenosine (m’GpppAm) cap
structure on an IVT mRNA. hRNase 4 is a new addition to
the enzymatic toolkit for RNA analysis by mass spectrom-
etry and provides opportunities to further expand coverage
of the RNA sequence and modification status.

MATERIALS AND METHODS

Materials

All reagents were from New England Biolabs (NEB), Ip-
swich, MA, USA, unless otherwise specified. Oligonu-
cleotides were obtained from Integrated DNA Technolo-
gies (IDT), Coralville, IA, USA; from TriLink BioTech-
nologies, San Diego, CA, USA; or from Bio-Synthesis Inc.,
Lewisville, TX, USA. The RNA oligonucleotide pools used
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in this study are described in Supplementary Table S1 (mul-
tiplexed pool comprising all possible dinucleotide combi-
nations at least once) and Supplementary Table S3 (multi-
plexed pool comprising uridine modifications).

Expression and purification of hRNase 4

Recombinant wild type hRNase 4 was periplasmically
expressed as an MBP fusion protein containing an N-
terminal signal peptide (61.7 kDa) (Supplementary Fig-
ure S1A) according to a protocol adapted from (16).
Expression of hRNase 4 was induced with 10 pM
IPTG from a periplasmic hRNase 4-containing plas-
mid in T7 Express lysY Competent E. coli [MiniF lysY
(CamR)/thuA2 lacZ: T7 genel [lon] ompT gal sulAll
R(mer-73::miniTn10-TetS)2 [dem] R(zgb-210::Tn10-TetS)
endAl A(mecrC-mrr)114::IS10] (NEB #C3010I) for 16 h
at 16°C. The cells were lysed by sonication in lysis buffer
(20 mM Tris—-HCI pH 7.5, 200 mM NaCl, 1| mM DTT)
and protease inhibitors (1 mM PMSE, 0.5 nM leupeptin,
2.75 mM benzamidine, 2 nM pepstatin), followed by the re-
moval of cell debris by centrifugation at 21 000 x g for 1
h. The enzyme was purified from the crude extract using 10
ml BioRad Econo-Pac disposable chromatography columns
(Bio-Rad Laboratories, Hercules, CA, USA) packed with
1.5 ml Amylose Resin (NEB #E8021). The flow rate dur-
ing loading, washing, and elution was regulated to ~0.8
ml/min using a Discofix® 1-way stopcock. After elution
in elution buffer (EB1; 20 mM Tris—-HCI pH 7.5, 250 mM
NaCl, 5 mM mercaptoethanol, 20 mM maltose), the pro-
tein was loaded onto a His GraviTrap Talon column (Cy-
tiva, Marlborough, MA, USA), equilibrated with binding
buffer (20 mM Na,HPO,4 pH 7.5, 0.5 M NaCl, 5 mM mer-
captoethanol, 5 mM imidazole). hRNase 4 was eluted in
two 3 ml fractions with elution buffer (20 mM Na, HPO,
pH 7.5, 0.5 M NaCl, 5 mM mercaptoethanol, 0.5 M imi-
dazole). The enzyme-containing fraction was dialyzed with
200 mM NH4OAC, pH 5.5, | mM DTT, and after dialysis
supplemented with an equal volume of 100% glycerol. The
hRNase 4 concentration (77 pg/ml, 1.31 wM) in the stor-
age buffer (100 mM NH4OAC, pH 5.5, 0.5 mM DTT, and
50% glycerol) was determined by gel quantification using a
BSA standard curve.

Multiplexed assays to assess endoribonuclease cleavage
specificity

The multiplexed assay to assess the dinucleotide cleavage
specificity of hRNase 4 was performed as described in (16)
with minor modifications. A series of 10-, 20- and 40-fold
dilutions of purified hRNase 4 was prepared in NEBuffer
1 (10 mM Bis—Tris—propane-HCI pH 7, 10 mM MgCl,, 1
mM DTT). 2 ul of each hRNase 4 dilution were incubated
with an oligonucleotide pool containing all possible din-
ucleotide combinations (25 pmol of each oligonucleotide)
(Supplementary Table S1) in NEBuffer 1 at 37°C for 1 h in
a 20 .l reaction volume with shaking at 300 rpm. Compar-
ative experiments were performed in absence of the endori-
bonuclease or utilizing 2 wl of a 50-fold dilution of RNase
T1 (1000 U/pl, Thermo Fischer Scientific, Waltham, MA,
USA) in NEBuffer 1 at 37°C for 30 min. Each reaction mix-
ture was subsequently filtered utilizing a Ultrafree MC-GV
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0.22 um spin column (Millipore Sigma, Burlington, MA,
USA) at 13400 rpm for 5 min. The resultant digestion prod-
ucts were characterized by LC-MS/MS.

For analysis of the cleavage sensitivity of hRNase 4 to
different uridine modifications, a pool of oligonucleotides
(25 pmol of each oligonucleotide) was prepared wherein
each oligonucleotide contains one putative hR Nase 4 cleav-
age site consisting of a uridine or modified uridine (Um,
v, m°U, m°Um, s*U, D or m!W) followed by an adeno-
sine residue (Supplementary Table S3). The oligonucleotide
pool was incubated with 2 pl of either a 1:5 dilution of
hRNase 4 or a 1:50 dilution of MC1 in NEBuffer 1 at 37°C
for 1 hin a 20 wl reaction volume with shaking at 300 rpm.
Each reaction mixture was subsequently filtered utilizing a
Ultrafree MC-GV 0.22 um spin column (Millipore Sigma)
at 13 400 rpm for 5 min. The resultant digestion products
were characterized by LC-MS/MS.

Computational prediction of mRINA sequence coverages

Computational prediction of mRNA sequence cover-
age was performed by prediction of the theoretical
digestion products for each endoribonuclease utilizing
an in-house script (GitHub: https://github.com/ewolf-42/
mRNA-Analysis-with-hRNase4). For this analysis, one
thousand mRNA sequences were randomly selected from
a database of annotated human mRNA sequences (NCBI
Reference Sequence Database, RefSeq (25)). Each of those
sequences was completely cleaved in-silico utilizing the en-
doribonuclease cleavage specificities listed in Supplemen-
tary Table S2. Only contiguous cleavage products between
4 and 40 nucleotides (nt) in length were considered for
downstream analysis. Each cleavage product with a unique
monoisotopic mass was annotated as ‘uniquely mappable’
and cleavage products with a non-unique monoisotopic
mass were annotated as ‘isomeric’. Cleavage products with a
non-unique sequence were excluded from downstream anal-
ysis. The predicted coverage for each mRNA sequence was
calculated by summing the lengths of the cleavage product
produced by each endoribonuclease and then dividing it by
the mRNA length, using either all cleavage products or only
the uniquely mappable cleavage products.

mRNA synthesis

mRNAs were synthesized by in vitro transcription (IVT) re-
action utilizing the HiScribe™ T7 High Yield RNA Syn-
thesis Kit (NEB # E2050S) with the respective linearized
plasmid DNA templates. Template sequences can be found
in Supplementary Table S4. A 20 pl solution of 1 pg of
linearized DNA template, 10 mM of each ribonucleic acid
triphosphate (NTP), 2 pl of T7 RNA Polymerase Mix
in 1x T7 Reaction Buffer was incubated at 37°C for 2
h. Following incubation, 10 pl of 10x DNase I Reac-
tion Buffer (I1x Reaction Buffer: 10 mM Tris-HCl pH
7.6, 2.5 mM MgCl,, 0.5 mM CaCl,) and 2 pl of DNase
I (or 1 pl DNase Turbo, Thermo Fisher Scientific) were
added to the mixture. The solution was incubated at 37°C
for 15 min to digest the template DNA strand utilized
for mRNA synthesis. Alternatively, Turbo DNase (Thermo
Fisher Scientific) was added directly to the reaction and
incubated at 37°C for 30 min for DNA digestion. Af-
ter DNase digestion, the mRNA was purified utilizing
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Monarch® RNA Cleanup Kit (500 wg) (New England Bi-
olabs, Cat # T2050S). RNA quantities were determined on
a Nanodrop (Thermo Fischer Scientific) UV spectropho-
tometer. For transcription of m'¥ and mo’U-modified
mRNA, uridine-triphosphate was substituted with m!Ww-
triphosphate or mo®U-triphosphate (TriLink BioTechnolo-
gies) in each IVT reaction, other procedures were identi-
cal to described above. Co-transcriptional m’GpppAm cap-
ping was performed utilizing the CleanCap® AG system
(TriLink BioTechnologies) (26).

mRNA endoribonuclease digestion

Each mRNA (3-10 pg; see Supplementary Table S4) was
mixed in a denaturing solution of 3 M urea in NEBuffer
1. To denature mRNA structure, the sample was incubated
at 90°C for 10 min and quickly cooled to room tempera-
ture. The cooled mRNA solution was diluted threefold in
NEBuffer 1. For hR Nase 4 digestion, between 1 and 3 .l of
hRNase 4 and 160 units of T4 PNK (New England Biolabs)
were added to the diluted mRNA mixture and incubated at
37°C for 2 h with shaking at 300 rpm. For RNase T1 di-
gestion, 1 pl of RNase T1 (Thermo Fischer Scientific) was
added to the diluted mRNA mixture and incubated at 37°C
for 1 h with shaking at 300 rpm. The resultant digests were
filtered utilizing a Ultrafree MC-GV 0.22 pm spin column
(Millipore Sigma) at 13 400 rpm for 5 min.

RNA oligonucleotide LC-MS/MS

LC-MS/MS was performed according to a protocol mod-
ified from (16). Ultra-high-performance liquid chromatog-
raphy (UHPLC) separation of RNA oligonucleotides was
performed on a Thermo Scientific Vanquish Horizon UH-
PLC system equipped with a DNAPac™ RP Column
(2.1 x 50 mm, 4 mm) at 70°C utilizing a 25-min 5-35%
gradient of solvent A (1% hexafluoroisopropanol (HFIP),
0.1% N,N-diisopropylethylamine (DIEA), 1 pnM EDTA)
and increasing solvent B (80% Methanol, 0.075% HFIP,
0.0375% DIEA, 1 .M EDTA) at a 300 pl/min flow rate.
High-resolution mass spectrometry was performed on a
Thermo Scientific Q Exactive Plus orbitrap mass spectrom-
eter operating under negative electrospray ionization mode
(-ESI). Tandem mass spectrometry (MS/MS) analysis was
performed in data-dependent acquisition mode (ddMS?).
Oligonucleotide MS'mass data was collected at a resolution
of 70 000 (FWHM) at m/z 200. The top-5 masses in each
oligonucleotide MS' mass spectrum (with dynamic exclu-
sion) were subjected to HCD-fragmentation at a resolution
of 35 000 (FWHM) and a normalized collision energy of
20%.

Oligonucleotide MS' mass data analysis

Oligonucleotide MS' mass data was charge deconvoluted
utilizing ProMass HR (Novatia LLC) and the Avalon
peak picking algorithm (Thermo Fischer Scientific). Pro-
Mass HR employs a ‘ZNova’ deconvolution algorithm for
charge-state deconvolution, which is based on the ‘com-
ponent deconvolution’ approach as described in (27). For
analysis of uniquely mapped cleavage products, the decon-
voluted masses were compared with the predicted masses
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obtained from theoretical digestion of each mRNA se-
quence with the endoribonuclease using a mass difference
cutoff of 10 ppm and a maximum of one missed cleavage. In
the case of multiple masses matching to a single sequence,
the intensity was summed for downstream analysis.

For mRNA identity analysis, deconvoluted masses de-
tected in each experiment were compared to those of cleav-
age products obtained from a complete theoretical diges-
tion of the RefSeq database of human transcripts supple-
mented with a target mRNA(s)-of-interest. A 5-ppm mass
difference cutoff was set for each comparison. Both unique
mappable and isomeric products were included in all calcu-
lations. The ‘identity score’ for each transcript was defined
as the product of the fraction of total spectral intensity ex-
plained by the matched cleavage products and the fraction
of theoretical cleavage products detected in the mass spec-
trum. mRNA identity analysis was performed utilizing an
in-house script that is available at (Github: https://github.
com/ewolf-42/mRNA-Analysis-with-hR Nase4). Signal-to-
noise ratios (S/N) were computed for each digest from the
identity score of the known mRNA input divided by the
standard deviation of the identity scores of all other human
transcripts.

For the analysis of mRNA 5 m’GpppAm capping, the
theoretical masses of 5" terminal EPO mRNA hRNase 4
cleavage products with up to two missed cleavages from the
5" end were compared to the deconvoluted oligonucleotide
MS! mass data from each experiment. Variable addition of
monophosphate, diphosphate, triphosphate, methyl guano-
sine triphosphate and dimethyl guanosine triphosphate
masses were included to identify putative capped 5’ terminal
cleavage products.

MS/MS data analysis

Tandem MS/MS data analysis was performed utilizing the
Nucleic Acids Search Engine (NASE) (28) in Open-MS
(version: 2.6.0) (29). Precursor and fragment ion mass cut-
offs of 3 ppm were utilized. Na*/K* adduct precursor
masses, and 0 to +4 precursor isotopes between the charge
states —1 to —20 were considered for analysis. Fragment ions
as defined by (30) (a-B, a, b, ¢, d, w, X, y and z) were con-
sidered for analysis of tandem mass spectra. MS/MS data
were searched against theoretical digests of the appropri-
ate mRNA sequence with either RNase T1 or hRNase 4
with up to two missed cleavages. Only 3’-phosphorylated
or 2/,3'-hydroxylated cleavage products were considered in
RNase T1 or hRNase 4/T4 PNK digests, respectively. For
comparative analysis of digestion with hRNase 4 in the
presence or absence of T4 PNK, 3'-phosphorylated, 2’,3'-
cyclicphosphorylated and 2’,3’-hydroxylated cleavage prod-
ucts were all considered. A target/decoy false discovery rate
(FDR) utilizing shuffled oligonucleotides of 5% was ap-
plied. Exact duplicate oligonucleotides were removed for
downstream sequence coverage calculations.

RESULTS

hRNase 4 cleaves RNA primarily after U prior to purines

To investigate the utility of hRNase 4 for RNA LC-
MS/MS workflows, we expressed and purified a recom-
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binant maltose binding protein (MBP)-tagged hRNase 4
(MBP-hRNase 4) fusion protein, according to a previously
described E. coli expression platform (16) (Supplementary
Figure S1A). To confirm the reported uridine specificity
(UR) of hRNase 4 (23), we assessed its cleavage pattern in a
multiplexed pool of oligonucleotides containing all possible
dinucleotide combinations (present at least once) flanked
by a poly-adenosine backbone (Supplementary Table S1)
(16). We benchmarked our approach by incubating the mul-
tiplexed oligonucleotide pool with the well-characterized
guanosine-specific endoribonuclease RNase T1 (31). Con-
sistent with the expected guanosine specificity, we observed
robust cleavage of all oligonucleotides in our pool contain-
ing at least one guanosine residue (Supplementary Figure
S1B).

To test the specificity of recombinant hRNase 4, we in-
cubated the multiplexed oligonucleotide pool with a dilu-
tion series of the enzyme (Figure 1A). We observed cleav-
age of most oligonucleotides containing at least one uri-
dine residue, with clear exception of the ‘UC’-containing
sequence (Figure 1B; see Supplementary S1C for a repre-
sentative chromatogram). To better define the specificity of
hRNase 4, we examined each of the individual 5" and 3’
cleavage products (Figure 1C and D). The 5’ cleavage prod-
ucts predominantly exhibited a 3’ terminal uridine (Figure
1C) and were a mixture of 2',3'-cyclic-phosphorylated and
3’-phosphorylated species (Supplementary Figure S1D),
with the former being more predominant at low hRNase 4
concentrations. Notably, some very low levels of 5 cleav-
age products with a 3’-terminal cytidine were detected
(10- to 50-fold lower relative abundance), particularly at
higher hR Nase 4 concentrations (Figure 1C). Lastly, we ob-
served 3’ cleavage products predominantly with a 5’ termi-
nal adenosine and to a lesser extent a 5’ terminal guano-
sine, confirming previous reports that hR Nase 4 preferably
cleaves uridine prior to purine residues (Figure 1D), and
further indicating that the addition of an MBP tag has no
effect on hR Nase 4 specificity.

We then compared in silico how the UR cleavage speci-
ficity impacts the sequence coverage of long RNAs relative
to that of other endoribonucleases previously used in LC—
MS/MS workflows (see Supplementary Table S2 for a list
of the endoribonucleases used in this study). To this end,
we performed a theoretical digestion of 1000 randomly se-
lected human mRNA transcript sequences (<5 kB) utiliz-
ing the reported specificity for each endoribonuclease. Sub-
sequently, we calculated the predicted transcript sequence
coverage considering all possible cleavage products gener-
ated ranging from 4 to 40 nt in length (this oligonucleotide
range was chosen because it is amenable for both oligonu-
cleotide MS' mass and MS/MS analyses) and excluding
any cleavage products with non-unique sequences. hR Nase
4 produced the largest number of RNA cleavage products
with a unique monoisotopic mass (hereafter referred to as
‘uniquely mappable’) among all entered endoribonucleases,
thus resulting in the highest theoretical sequence coverage
(Figure 1E). While in practice the actual sequence cover-
age may vary as the cleavage efficiency depends on the reac-
tion conditions (such as buffer composition, pH, salt con-
centration, temperature, incubation time, and enzyme con-
centration), the presence of secondary structures and/or
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Figure 1. hRNase 4 cleaves RNA primarily downstream of U and upstream of purines. (A) A schematic of the multiplexed assay to assess hRNase 4
dinucleotide cleavage specificity by LC-MS/MS. (B) The mean log; fold intensity change for each input oligonucleotide in a multiplexed oligonucleotide
pool (Supplementary Table S1) after incubation with a dilution series of hRNase 4 relative to experiments performed in the absence of the enzyme. Results
are from two independent experiments. (C) The mean total intensity of 5’ cleavage products normalized to the number of possible sites produced upon
incubation of the multiplexed oligonucleotide pool with a dilution series of hRNase 4 binned by the 3’ terminal nucleotide (3’-N). Error bars represent
standard deviation from two independent experiments. (D) The mean total intensity of 3’ cleavage products normalized to the number of possible sites
produced upon incubation of the multiplexed oligonucleotide pool with a dilution series of hRNase 4 binned by the 5" terminal nucleotide (5’'-N). Error
bars represent standard deviation from two independent experiments. (E) The distribution of sequence coverages of total and uniquely mappable cleavage
products between 4 and 40 nt in length obtained from complete theoretical digestion of 1000 randomly selected human mRNAs (RefSeq) of less than 5
kB in size. The cleavage specificities of the endoribonucleases used in this study are listed in Supplementary Table S2.
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RNA modifications, and the quality of the endoribonucle-
ase preparation (such as the presence of contaminating nu-
cleases or absence of cofactors), hRNase 4 appeared espe-
cially suitable for analysis of mRNA and other long RNA
substrates.

hRNase 4 improves mRNA sequence validation by LC-
MS/MS

To assess the experimental utility of hRNase 4 for mRNA
analysis, we first developed a method that streamlines the
digestion process and reduces the complexity of the product
oligonucleotides prior to downstream LC-MS/MS anal-
ysis (Figure 2A). This method involved heat denaturing
the mRNA in the presence of urea to relax any secondary
structures, followed by a 3-fold dilution to reduce the con-
tent of the denaturing agent, and subsequent treatment
(without any purification steps) with hRNase 4 and T4
polynucleotide kinase (T4 PNK). T4 PNK is capable of
dephosphorylating both 2’,3'-cyclic-phosphorylated and 3'-
phosphorylated oligoribonucleotides, and in the absence of
ATP does not produce 5'-phosphorylated products (32). We
found that hRNase 4 and T4 PNK can be used concur-
rently in the same reaction buffer with up to 1 M urea with-
out significant loss of activity (data not shown). Addition
of T4 PNK to the digestion reaction resolved the mixture
of phosphorylated products by yielding uniformly hydroxy-
lated oligonucleotide termini (Supplementary Figure S2A).

We applied our method to a 1,766 nt IVT mRNA en-
coding firefly luciferase (fLuc). Complete digestion of fLLuc
mRNA with hRNase 4 was computationally predicted to
yield a maximum of ~82% coverage using uniquely map-
pable oligonucleotides compared to ~39% with RNase T1
(Figure 2B). fLuc mRNA was experimentally digested with
either hRNase 4 supplemented with T4 PNK (as shown in
Figure 2A) or RNase T1, then analyzed by high-resolution
orbitrap-based LC-MS/MS. We first analyzed the cleav-
age products matching the deconvoluted masses detected
by oligonucleotide MS! mass analysis, considering cleav-
age products with a maximum of one missed cleavage event
(see Materials and Methods for details). hRNase 4 pro-
duced a substantially higher number of longer, uniquely
mapping cleavage products in comparison with RNase T1
(Supplementary Figure S2B and C). Consistent with our
computational prediction, this resulted in a higher fraction
of the fLuc mRNA sequence that was uniquely mapped
with cleavage products from hRNase 4 reaction (~78%) rel-
ative to those from RNase T1 (~40%) (Supplementary Fig-
ure S2D and E). It is noteworthy that such high mapping
coverage is primarily attributable to oligonucleotides result-
ing from complete fLuc mRNA digestion with hRNase 4,
i.e. with no missed cleavages (Supplementary Figure S2F).
Oligonucleotide products resulting from a single missed
cleavage event were observed at a reduced intensity and fre-
quency relative to those from a complete digestion (Supple-
mentary Figures S2G and H). Most missed cleavage events
were observed at ‘UG’ sites (Supplementary Figure S2I),
which is in line with the slight preference of hRNase 4 for
cleavage at “UA’ relative to ‘UG’ sites (Figure 1D).

Given the robust sequence coverage obtained for fLuc
mRNA with hRNase 4, we asked whether the profile of
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deconvoluted masses could be utilized as a ‘mass finger-
print’ to verify the identity of a given mRNA in the con-
text of a larger sequence database. Briefly, we compared
each mass profile against the mass profiles obtained from
a complete theoretical digestion of all annotated human
transcripts from the RefSeq database, supplemented with
the fLuc mRNA sequence. The product of the proportion
of total intensity explained by cleavage products and the
proportion of all cleavage products identified from each
transcript was calculated, hereafter referred to as the ‘iden-
tity score’ (see Materials and Methods for details). Using
this approach, fLuc mRNA exhibited the highest identity
score in a search of all deconvoluted oligonucleotide MS!
masses generated by either hRNase 4 or RNase T1 against
the ‘spiked’ database, consistent with the high specificity
of both endoribonucleases (Figure 2C). The identity score
background was higher for RNase T1 resulting in a lower
signal-to-noise ratio, likely due to a higher proportion of
shared cleavage products among transcripts relative to those
of hRNase 4.

Next, we sequenced the oligonucleotide products in each
experiment by tandem MS/MS utilizing high-energy col-
lisional dissociation (HCD) to generate high resolution
fragments of intact precursor ions. To identify candidate
oligonucleotide sequences mapping to each MS/MS spec-
tra, we searched the data using the Nucleic Acid Search
Engine (NASE) in OpenMS (28) with a 5% false discov-
ery rate (FDR) cutoftf and considering cleavage products
with a maximum of two missed cleavage events (see Meth-
ods for details). A similar number of sequenced cleavage
products were identified in hRNase 4 and RNase T1 di-
gests (Figure 2D). Consistent with the results from oligonu-
cleotide MS! mass analysis, the sequenced cleavage prod-
ucts that were identified following digestion with hR Nase 4
were longer (Figure 2E) and led to a higher coverage of the
fLuc mRNA sequence (~71%) than those identified with
RNase T1 (~53%) (Figure 2F and G). It is worth noting
that there was a slight decrease in RNA sequence cover-
age with hRNase 4 through fragmentation analysis (~71%)
(Figure 2F and G) compared to oligonucleotide MS! mass
analysis (~78%) (Supplementary Figures S2D and E). This
could be attributed to a subset of cleavage products that
either were too long for interpretation by the NASE al-
gorithm, not selected for fragmentation, or not otherwise
identified by MS/MS-based oligonucleotide sequencing.

To verify that the improvement in fLuc sequence cov-
erage upon digestion with hRNase 4 in combination with
T4 PNK was primarily due to the activity of the endori-
bonuclease, we performed a series of fLuc mRNA digestion
experiments in the presence and absence of T4 PNK. Co-
incubation of T4 PNK with hRNase 4 simplified the mix-
ture of diversely phosphorylated cleavage products (Sup-
plementary Figure S2J) and improved the quality of spec-
tra sequenced by MS/MS (NASE score) (Supplementary
Figure S2K). However, no difference in the overall se-
quence coverage was observed between digestions in the
presence and absence of T4 PNK (Supplementary Fig-
ure S2L). Taken together, the activity and specificity of
hRNase 4 are primarily responsible for rendering a pop-
ulation of longer and uniquely mappable cleavage prod-
ucts, and thus substantially improving mRNA sequence
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Figure 2. hRNase 4 improves mRNA sequence validation by LC-MS/MS. (A) A schematic of the digestion method combining hRNase 4 and T4 PNK
to characterize mRNA by LC-MS/MS. (B) A sequence coverage map of the uniquely mappable and isomeric cleavage products greater than 4 nt from
complete theoretical digestion of fLuc mRNA with hRNase 4 and RNase T1. (C) A search of the deconvoluted oligonucleotide MS' masses detected
in hRNase 4 and RNase T1 digests of fLuc mRNA against predicted cleavage product masses from annotated human transcripts (RefSeq database)
supplemented with the fLuc mRNA (see Materials and Methods). The mean identity score from three fLuc mRNA digestions is reported for each transcript.
The mean signal-to-noise ratio (S/N) of the fLuc mRNA sequence score relative to all other transcripts is reported at the top of each graph. (D) The mean
total number of tandem MS/MS spectra mappable to hR Nase 4 or RNase T1 fLuc mRNA cleavage products as determined by NASE (5% FDR). Error bars
represent standard deviation from three independent experiments. (E) The length distribution of the sequenced cleavage products detected by NASE from
digestion of fLuc mRNA with either hRNase 4 or RNase T1. The total number of distinct oligonucleotides detected from three independent experiments
are reported above each boxplot. (F) A sequence coverage map of positions in the fLuc mRNA detected in at least two independent digestions with either
hRNase 4 or RNase T1. The percent sequence coverage is reported above each map. (G) The mean fractional coverage of fLuc mRNA sequence obtained
from hRNase 4 or RNase T1 sequenced cleavage products. Error bars represent standard deviation from three independent experiments.

coverage by both oligonucleotide MS! mass analysis and sessed the cleavage of a multiplexed pool of oligonucleotides

fragmentation-based oligonucleotide sequencing. (with a poly-AG backbone), each containing one putative
hRNase 4 cleavage site consisting of a modified uridine fol-

C . . lowed by an adenosine residue (Figure 3A) (see Supplemen-
hII{Nase 4 dlsscrlmlnates between mRNAs fully modified with tary Table S3 for oligonucleotide sequences). hR Nase 4 ef-
m'¥ and mo”U ficiently cleaved oligonucleotides containing uridine nucle-
One of the primary advantages of LC-MS/MS for char- obase modifications ¥, m'W¥ and dihydrouridine (D), and
acterization of mRNA is the capability to directly detect ~ to a lesser extent 4-thiouridine (s*U) and 5-methyluridine
and map RNA modifications. Prophylactic and therapeutic (m°U) (Figure 3A). hRNase 4 did not cleave oligonu-
mRNAs are often fully substituted with modified uridines, cleotides containing uridine ribose modifications, includ-
such as m!' W or mo’U, to reduce their immunogenicity and ing 2'-O-methyluridine (Um) and 5.,2’-O-dimethyluridine
improve stability and translation properties (2-7). To test (m’Um) (Figure 3A), which is consistent with the forma-
the sensitivity of hRNase 4 to uridine modifications, we as- tion of a 2',3'-cyclic-phosphate ester intermediate during
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Figure 3. hRNase 4 discriminates between mRNAs modified with m'W and mo®U. (A) The mean log2 fold intensity change of oligonucleotides in a
multiplexed pool comprising uridine modifications (Supplementary Table S3) after incubation with either hRNase 4 or MCl relative to the corresponding
conditions in the absence of an endoribonuclease. Results are from two independent experiments. (B) (Left) A search of the deconvoluted oligonucleotide
MS! masses detected in hRNase 4 or RNase T1 digests of U-, m!W- or mo®U-modified EPO mRNA against predicted cleavage product masses from
annotated human transcripts (RefSeq database) supplemented with the EPO mRNA (see Methods). U-, m! W- or mo’ U-modified RNA sequences were
utilized for each corresponding search. The mean identity score was calculated from two independent experiments as described in Figure 2C. (Right) The
mean signal-to-noise ratio (S/N) of the score of each U-, m! W- or mo’ U-modified EPO mRNA sequence relative to all other transcripts. (C) The mean total
number of sequenced cleavage products in hRNase 4 or RNase T1 digests of U-, m' W- or mo®U-modified EPO mRNA (5% FDR). Cleavage products are
grouped by true (green) and false (red) assignments to a modified EPO mRNA. Error bars represent standard deviation from two independent experiments.
(D) A sequence coverage map of positions in the U-, m! W- or mo®U-modified EPO mRNA detected in two independent digestions with either hR Nase
4 or RNase T1. The percent sequence coverage is reported above each map. (E) The mean fractional coverage of the U-, m! W- or mo? U-modified EPO
mRNA sequences obtained from hRNase 4 or RNase T1 sequenced cleavage products. Error bars represent standard deviations from two independent

experiments.

the ribonuclease-catalyzed RNA hydrolysis (Supplemen-
tary Figure S1D). Notably, MC1, which is another uridine
specific ribonuclease (14,16,17), did not cleave the m'W-
modified oligonucleotide, but cleaved oligonucleotides con-
taining Um and m>Um (Figure 3A). While not surpris-
ing, given that MCI1 cuts prior to uridine residues (and
thus is not likely affected by the presence of uridine 2'-O-
methylation), these results highlight the need for a breadth
of endoribonucleases to interrogate RNA substrates har-
boring different modifications.

Next, we tested whether hRNase 4 could be utilized to
characterize and discriminate between IVT mRNAs fully
substituted with m'¥ or mo°U. To this end, we chose
an 800 nt mRNA encoding Erythropoietin (EPO) as a
model substrate, which has been previously employed for
proof-of-concept mRNA-based interventions to treat ane-
mia (33,34), as well as for mRNA LC-MS/MS sequence
validation (13). EPO mRNA fully substituted with m'Ww,
mo°U or U was digested with either hRNase 4 or RNase T1,
and the resulting products were analyzed by LC-MS/MS.

EPO mRNA cleavage products from both hRNase 4 and
RNase T1 reactions yielded an oligonucleotide MS! mass
fingerprint that was uniquely identifiable in the context of
a human transcriptome database (Figure 3B). Next, we
searched the tandem MS/MS data from each digest for
putative hRNase 4 and RNase T1 cleavage products from
U, m!¥ or mo’U substituted EPO mRNA sequences. The
vast majority of cleavage products detected in each exper-
iment were correctly assigned to the appropriate modified
substrates (Figure 3C). Concordant with our previous ob-
servations, hRNase 4 improved the sequence coverage of
modified or unmodified EPO mRNAs (m'W¥: 81.6%, mo°U:
75.6%, and U: 73.1%) relative to RNase T1 (m'W: 57.5%,
mo’U: 57.3% and U: 47.6%) (Figure 3D and E). Similarly,
an even greater gain in sequence coverage was seen through
oligonucleotide MS! mass analysis of uniquely mappable
sequences (Supplementary Figure S3A). Interestingly, an
increase in the number of cleavage products with one missed
cleavage was observed for m' W-modified mRNA substrates
(Supplementary Figure S3B), possibly due to m' W-induced
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Figure 4. hRNase 4 discriminates between uridine-depleted mRNAs. (A) (Top) A schematic of the three uridine-depleted cLuc mRNAs used in this
study. (Bottom) A table of the percent identity between the three uridine-depleted cLuc mRNAs (Clustal Omega). (B) A search of the deconvoluted
oligonucleotide MS! masses detected in hRNase 4 digests of the three uridine-depleted cLuc mRNAs against predicted cleavage product masses from
annotated human transcripts (RefSeq database) supplemented with each uridine-depleted cLuc mRNA. The mean identity score was calculated from two
independent experiments as described in Figure 2C. The mean signal-to-noise ratio (S/N) of the score of each uridine-depleted cLuc mRNA sequence
relative to all other transcripts is reported at the top of each graph. (C) The mean total number of sequenced cleavage products in hR Nase 4 digests of three
uridine-depleted cLuc mRNAs (5% FDR). Cleavage products are grouped by true (green) and (red) false positive assignments to uridine-depleted cLuc
mRNAs. Error bars represent standard deviation from two independent experiments. (D) The distribution of search engine (NASE) scores of true (green)
and false (red) assigned cleavage products to each uridine-depleted cLuc mRNA detected in two independent digestions with hRNase 4. (E) A sequence
coverage map of positions in each uridine-depleted cLuc mRNA from two independent digestions with hRNase 4. The percent sequence coverage of true
(green) and false (red) assigned cleavage products are reported above each map.

stabilization of mRNA secondary structures (35) and/or a
slight reduction of hR Nase 4 activity at m' W sites.

hRNase 4 discriminates between uridine-depleted mRNAs

In addition to uridine modification, a complementary strat-
egy to reduce the immune response to exogenously deliv-
ered mRNAs is to selectively deplete the number of uridines
present within an mRNA sequence, referred to as “uridine-
depletion” (36). We tested whether hRNase 4 could dis-
criminate between three 1,703 nt mRNA sequences derived
from cypridina luciferase (cLuc) that were selectively de-
pleted of uridine in particular sub-regions (Figure 4A and
Supplementary Table S4). Despite the similarity among
these sequences, the oligonucleotide MS! masses generated
from each hR Nase 4 digested uridine-depleted cLuc mRNA
could be correctly annotated, with the matching uridine-

depleted cLuc mRNA exhibiting the highest identity score
(Figure 4B).

Next, we examined the tandem MS/MS data of each
digested uridine-depleted cLuc mRNA. Most of the se-
quenced oligonucleotides were correctly attributed to the
appropriate uridine-depleted cLuc mRNA sequence (Fig-
ure 4C). In addition, incorrectly assigned oligonucleotides
were of substantially lower NASE spectral score (Figure
4D) and spectral counts (Supplementary Figure S4). Ro-
bust sequence coverage of oligonucleotides associated with
the correct uridine-depleted substrate were obtained in each
hRNase 4 digest (cLucU1: 79.7%; cLucU?2: 74.8%; cLucU3:
76.9%) (Figure 4E). Notably, other uridine-depleted sub-
strates exhibited some sequence coverage most of which was
primarily due to overlapping cleavage products between the
uridine-depleted cLuc mRNAs (Figure 4E). Collectively,
these results demonstrate that hR Nase 4 can distinguish be-
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Figure 5. Characterization of a 4187 nt mRNA encoding the BNT162b2 sequence with hRNase 4. (A) (7op) A schematic the BNT162b2 mRNA sequence
unmodified or modified with m!W. (Bottom) A search of the deconvoluted oligonucleotide MS! masses detected in hRNase 4 or RNase T1 digests of
U- or m! W-modified BNT162b2 mRNA against predicted cleavage product masses from annotated human transcripts (RefSeq database) supplemented
with the BNT162b2 mRNA sequence. The mean identity score was calculated from two independent experiments as described in Figure 2C. The mean
signal-to-noise ratio (S/N) of the BNT162b2 mRNA sequence score relative to all other transcripts is reported at the top of each graph. (B) A sequence
coverage map of positions in the U- or m!' W-modified BNT162b2 mRNA sequence detected by NASE in two independent digestions with hR Nase 4 or
RNase T1. The percent sequence coverage is reported above each map. (C) The mean fractional coverage of the U- or m! W-modified BNT162b2 mRNA
sequence obtained from hRNase 4 or RNase T1 sequenced cleavage products. Error bars represent standard deviations from two independent experiments.

tween mRNA substrates with high confidence, even among
highly similar sequences.

Characterization of the BNT162b2 vaccine sequence using
hRNase 4

Achieving robust sequence coverage of long mRNA se-
quences (>4000 nt) by LC-MS/MS analysis is challenging
because of the increased sequence complexity and redun-
dancy of resulting cleavage products (13). We tested whether
we could assess the identity, sequence, and modifications
of a 4187 nt mRNA encoding the primary sequence (with-
out the poly-A tail) of the BNT162b2 COVID-19 vaccine
(9). Unmodified or m'W-modified BNT162b2 was digested
with either hRNase 4 or RNase T1 and analyzed by LC-
MS/MS. Notably, an increased ratio of hRNase 4 (up to
threefold) was necessary to achieve robust digestion of mod-
ified BNT162b2, possibly owing to its slightly reduced activ-
ity towards m'W¥ and an increased stabilization of mRNA
structure, as noted earlier. Both hRNase 4 and RNase T1
yielded a population of cleavage products that permitted
unique identification of the BNT162b2 primary sequence

by oligonucleotide MS' mass analysis (Figure 5A). Con-
sistent with our fingerprinting analysis of other mRNAs,
hRNase 4 provided a higher signal-to-noise ratio (S/N)
of the mean identity score associated with BNT162b2 (see
Methods for details) than RNase T1 did, particularly for
the unmodified sequence (Figure 5A). More importantly,
the sequence coverage of BNT162b2 produced by hRNase 4
(m!'W: 61.6% and U: 57.9%) was nearly twice that of RNase
T1 (m'W: 31.9% and U: 32.9%) (Figure 5B and C). Taken
together, our data indicate that hRNase 4 can improve
the characterization of long mRNA substrates (>4000 nt),
which are generally challenging to assess with conventional
enzymatic tools.

Detection of an m’ GpppAm cap structure in IVT RNAs using
hRNase 4

The 5’ terminal cap structure is critical to mRNA stability
and translation. We asked whether hR Nase 4 could provide
evidence of 5 terminal capping in mRNA. A m’GpppAm
cap was introduced into a preparation of EPO mRNA us-
ing a co-transcriptional capping system (26) (Figure 6A).
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Figure 6. hRNase 4 enables characterization of an m’GpppAm capped mRNA. (A) A schematic of the capped and poly-adenylated EPO mRNA. (B)
A sequence coverage map of positions in either uncapped or capped EPO mRNA detected in at least two independent digestions with hRNase 4. The
percentage sequence coverage is reported above each map. (C) A comparison of hR Nase 4 cleavage products identified by oligonucleotide MS! mass analysis
of uncapped and capped EPO mRNA. hRNase 4 cleavage products identified in two independent experiments are reported. (D) The mean intensity of 5
terminal hR Nase 4 cleavage products with a maximum of three missed cleavages from the 5’ end and variable addition of possible terminal cap structures
(see Materials and Methods for details). Error bars represent standard deviation from two independent experiments.

The m’GpppAm-capped EPO mRNA was digested with
hRNase 4 and then analyzed by LC-MS/MS. The mapping
coverage of m’GpppAm-capped EPO mRNA obtained
from analysis of all sequenced cleavage products identified
by NASE (77.1%) was similar to that of uncapped EPO
mRNA (73.0%) (Figure 6B). Furthermore, most oligonu-
cleotides identified by oligonucleotide MS' mass analysis
were shared between hRNase 4 digests of capped and un-
capped EPO mRNAs (Figure 6C). To specifically examine
mRNA cap incorporation, we searched for oligonucleotide
MS! masses corresponding to all possible 5" terminal cleav-
age products and variable addition of possible terminal cap
structures (see Materials and Methods for details). We de-
tected a series of 5 terminal cleavage products with an in-
crease in mass corresponding to a guanosine triphosphate
and two methyl groups in the capped EPO mRNA sample,
consistent with presence of a m’GpppAm structure (Figure
6D). Interestingly, we observed 5’ terminal diphosphory-
lated products in the uncapped EPO mRNA samples (Fig-
ure 6D), possibly due to the monophosphatase activity of
T4 PNK. Studies to deploy hRNase 4 to accurately quanti-
tate capping levels in IVT mRNAs are currently underway.

DISCUSSION

hRNase 4 is a new enzymatic tool for analytical character-
ization of mRNAs by LC-MS/MS. Our systematic study

shows that this endoribonuclease delivers a unique pro-
file of predominantly mappable cleavage products, result-
ing in robust sequence coverage of mRNAs as long as 4000
nt. hRNase 4 can be utilized to identify key features rele-
vant to medicinal mRNA applications, including the pres-
ence of modified uridines (such as m'¥ and mo’U), tar-
geted uridine-depletion, and 5 capping. Notably, hR Nase
4 offers an improvement on existing enzymes utilized for
the sequence validation of IVT mRNAs. A recent study
(13), reported sequence coverages of 73-87% for three syn-
thetic mRNA substrates through a combination of three en-
doribonucleases (MazF, Colicin-E5 and RNase T1). In the
present study, we showed that similar sequence coverages
were achievable with hRNase 4 alone (71-81%) for mRNAs
of similar sizes. Unlike these endoribonucleases, hR Nase 4
produces a population of cleavage products that are of op-
timal length distribution for both MS/MS-based oligonu-
cleotide sequencing and oligonucleotide MS! mass analy-
sis, thereby aiding the identification of individual oligonu-
cleotide fragments.

Given the robust sequence coverage attainable with
hRNase 4, it is intriguing to speculate that other endori-
bonucleases that cleave RNA at a similar frequency (on av-
erage every eighth nucleotide) may be equivalently useful for
RNA LC-MS/MS analysis. A relevant recent study (37),
reported the specificity of endoribonuclease toxins from E.
coli, several of which appear to exhibit di- and mononu-
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cleotide specificities. In addition, other endoribonucleases
of the RNase A family that exhibit structural and/or se-
quence homology to hRNase 4 may also display simi-
lar specificities. Moreover, thermophilic endoribonucleases
that may mimic the cleavage frequency of hR Nase 4 would
potentially enable cleavage of RNA under high tempera-
ture conditions facilitating denaturing of RNA structure.
Finally, screening for enzymes that cleave at different com-
binations of dinucleotide sites is an important area of future
development and may yield novel endoribonucleases with
useful specificities and further expand the enzymatic toolkit
for RNA analysis by LC-MS/MS.

In addition to validating the sequence and modifications
present within IVT mRNAs, hRNase 4 will likely be useful
for RNA modification mapping in cellular RNAs (e.g. ri-
bosomal RNAs) and in other RNA-based biotechnological
platforms, such as RNA-guided CRISPR-Cas genome edit-
ing tools. Currently, multiple endoribonucleases have been
necessary to achieve robust sequence coverage for modifi-
cation mapping of native RNA sequences (17) and for se-
quencing of CRISPR guide RNAs (38). Hence, the use of
hRNase 4 may help simplify and improve the specificity of
these approaches.

The purified recombinant hR Nase 4 enzyme that we have
described here may serve applications beyond the analysis
of RNA by LC-MS/MS. Given its robust endoribonucle-
ase activity, hRNase 4 may be deployed for the digestion of
RNA during DNA and protein purification and in certain
enzymatic workflows (for example, reverse transcription), in
which efficient RNA digestion may be desirable. Further-
more, in absence of chemical denaturants hR Nase 4 may be
useful for mapping RNA structural elements. Lastly, due
to the close relationship between hRNase 4 and angiogenin
(19,21), the RNAs targeted for digestion by hRNase 4 are
intriguing yet, altogether undefined. To this end, purified
recombinant hRNase 4 may be a valuable tool to help dis-
sect its RNA targets and the molecular underpinnings of its
biological activity.
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