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ABSTRACT

Eukaryotic life benefits from—and ofttimes critically
relies upon—the de novo biosynthesis and sup-
ply of vitamins and micronutrients from bacteria.
The micronutrient queuosine (Q), derived from diet
and/or the gut microbiome, is used as a source
of the nucleobase queuine, which once incorpo-
rated into the anticodon of tRNA contributes to
translational efficiency and accuracy. Here, we re-
port high-resolution, substrate-bound crystal struc-
tures of the Sphaerobacter thermophilus queuine
salvage protein Qng1 (formerly DUF2419) and of its
human ortholog QNG1 (C90rf64), which together with
biochemical and genetic evidence demonstrate its
function as the hydrolase releasing queuine from
queuosine-5'-monophosphate as the biological sub-
strate. We also show that QNG1 is highly expressed
in the liver, with implications for Q salvage and recy-
cling. The essential role of this family of hydrolases
in supplying queuine in eukaryotes places it at the
nexus of numerous (patho)physiological processes
associated with queuine deficiency, including altered
metabolism, proliferation, differentiation and cancer
progression.
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‘  , €, )

N, o
Microbiome-derived
Queuosine ||

S1OH
Q Q"W QNG1 OH
H ? (C9ORF64)

* HI
— HI
H
; i N o / )

7 OH OH
", 7 H,0 |
3 0—% e, Ho 5 P,

OHOH OH OH
Ribose

Queuosine Q-5"-monophosphate Queuine
5'-phosphate

INTRODUCTION

Queuosine (Q) is a modified nucleoside found in most bac-
teria and eukarya at the wobble position (position 34) of
tRNAs containing G34U35N36 anticodons (isoacceptors for
Tyr, Asp, Asn, His) (Figure 1A) (1). Structurally, Q com-
prises a cyclopentenediol ring and aminomethyl sidechain
appended to a 7-deazaguanosine core (2,3). In most bacte-
ria, Q is biosynthesized de novo, and the pathway has been
fully elucidated in Escherichia coli (4). In eukaryotes, Q-
biosynthetic enzymes are absent. Therefore, this molecule

“To whom correspondence should be addressed. Tel: +1 619 206 3864; Fax: +1 619 594 4634; Email: mswairjo@sdsu.edu

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://orcid.org/0000-0001-9067-2035
https://orcid.org/0000-0003-2048-4148
https://orcid.org/0000-0001-9739-244X
https://orcid.org/0000-0001-9456-3864
https://orcid.org/0000-0002-6526-1338
https://orcid.org/0000-0001-7067-5407
https://orcid.org/0000-0002-9955-3785
https://orcid.org/0000-0003-1334-1763

936 Nucleic Acids Research, 2023, Vol. 51, No. 2

Tyr
Asp
A Asn
His
7
OHOH Q34 U35 N36
B

Queuosine (Q)

Queuine (q)

OH
o Pool of q
DUF2419/C90RF64 Q‘HHOH precursors Q”"DH
H

(QNG1)
B¢ " I
AN | NH 'o—ﬁ 4 /NH
O‘ { ® § 7 \H, & iy
N

4 eTGT

Q
GUN ‘. oron oH Q-5'MP
A/ QTRT1 QTRT2 QMHOH

HI
Guanine H\
NH
|
\ 4 " N/)\NHZ

tRNA
degradation

® yOC s _t o asw
O W =
QUN e K &

man/gal QUN

Figure 1. Queuine salvage by eukaryotic cells. (A) Queuosine structure and its location in bacterial and eukaryotic tRNAs carrying GUN anticodons
(tyrosyl-, aspartyl-, asparaginyl- and histidyl-tRNA). (B) Current model for queuine uptake, incorporation in tRNA and salvage in the eukaryotic cell.
Queuine (q) can be salvaged directly from the extracellular space, or alternatively from exogenous queuosine nucleoside (Q) via the recently discovered
DUF2419 (C9orf64)-dependent pathway, incorporated into tRNA by the eTGT (comprised of QTRT1 and QTRT?2 subunits) and further modified with
mannose and galactose by unknown sugar transferases. Both q and Q enter the cell via unknown transporters, with early studies suggesting that imported
queuosine may be converted to the 5'-nucleotide. Salvage of the queuine base from tRNA turnover could occur from Q, queuosine-5'-monophosphate
(Q-5MP) or queuosine-3’-monophosphate (Q-3'MP). The exact biochemical function of DUF2419 has remained unknown.



must be sourced from ingested food and/or the microbiota,
and metabolized to its corresponding nucleobase, queuine
(q), before incorporation into cytoplasmic and mitochon-
drial tRNAs (1,5-7). The incorporation reaction involves
the exchange of the genetically encoded guanine at posi-
tion 34 of tRNA with queuine and is catalyzed by the eu-
karyotic tRNA-guanine transglycosylase enzyme (eTGT),
comprising a catalytic subunit (QTRT1) and a regulatory
partner subunit (QTRT2) (8) (Figure 1B). In eukaryotes,
Q-modified aspartyl and tyrosyl tRNAs can be further gly-
cosylated at the C4” hydroxyl of the cyclopentenediol ring
with mannose and galactose to form manQ and galQ, re-
spectively, by yet unidentified enzymes (9-11).

Q is the only eukaryotic tRNA modification that relies
upon the supply of an exogenous substrate. A number of
intriguing physiological roles for this micronutrient have
emerged. For example, in mice and human HepG2 liver
cells, the absence of Q in tRNA affects tetrahydrobiopterin
(BH4) production, resulting in a compromised ability to
produce tyrosine from phenylalanine (12). Given that BH4
is a critical cofactor for the production of numerous bio-
genic amine neurotransmitters, including dopamine, sero-
tonin, epinephrine, norepinephrine and the gaseous mes-
senger nitric oxide, a neuro-(patho)physiology role for Q
has been speculated (13). Indeed, queuine is enriched in
the brain (14), and axenic mice co-deficient in queuine and
tyrosine present with neurological abnormalities (seizures,
lethargy, staggered walking) and ultimately death within 18
days, symptoms that are reversed by the re-administration
of queuine or tyrosine alone (15). Recently, the neuroprotec-
tive role of queuine has been demonstrated in in vitro mod-
els of Parkinson’s Disease and in acute and chronic mod-
els of Alzheimer’s Disease (16), highlighting its therapeutic
potential in neurological disorders. In this regard, Q may
bridge ancient lines of communication along the gut-brain
axis.

Other Q-related metabolic changes have also been ob-
served. Q-deficient HeLa cells demonstrate a cancer-like
Warburg metabolism characterized by elevated glycolysis,
glutaminolysis and lactate dehydrogenase (LDH) activity
(17), in agreement with mitochondrial and LDH changes
seen in other cells and organisms (18,19). These metabolic
changes may be developmentally relevant since both LDH
activity and the metamorphosis of slime mold D. dis-
coideum and of D. melanogaster are accompanied by dra-
matic changes in the Q-modification status of tRNA (20).
In addition to changes in metabolism and differentiation,
Q-modified tRNA is deficient in a wide range of blood
and solid cancers (21-23), and the Q-modification status
of tRNA has been linked to the grade of malignancy and
patient survival (22,23). The observation that tRNA in
rapidly-proliferating cells is hypomodified with respect to
Q led to the development of queuine analogues that could
induce complete remission of multiple sclerosis in an animal
model (24).

Although the eTGT-dependent incorporation of q in eu-
karyotic tRNA has been well characterized (25-27), little is
known about the molecular mechanisms of its salvage from
the extracellular space or its recycling from intracellular
pools. Pioneering studies in human cells revealed highly spe-
cific /Q membrane transporters, but their identities remain
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unknown (28,29). Q-5-phosphate, Q-3'-phosphate and Q
are all postulated intermediates in the intracellular salvage
pathway, arising intracellularly from the normal turnover of
Q-containing-tRNA (Figure 1) (30-32). This, together with
early studies in algae, implied the existence of unidentified
but specific nucleosidases that release q from nucleoside pre-
cursors to make it available for its incorporation into tRNA
by eTGT (32,33). More recently, comparative genomic anal-
ysis of genes that co-distribute with QTRT1 led to the dis-
covery of DUF2419 (domain of unknown function 2419)
as a protein family required for q salvage in Schizosaccha-
romyces pombe (34). Yeast complementation studies showed
that this role is shared by the human homolog C9orf64,
and the homolog from Sphaerobacter thermophilus; bacte-
ria that lack the canonical genes for de novo Q biosynthe-
sis and must therefore, like eukaryotes, salvage q from the
environment. Consistent with a role for Q in differentia-
tion, C9orf64 has recently been linked to the efficient gen-
eration of induced pluripotent stem cells, being the top in-
completely silenced gene during stem cell reprogramming
(35), and it is among a group of possible tumor suppressor
genes on the long arm of chromosome 9 commonly deleted
in acute myeloid leukemia (36). Although predicted struc-
tural similarity of DUF2419 with 8-oxoguanine DNA gly-
cosylases suggested a hydrolase role (34), its exact biochem-
ical function in q salvage remained unknown.

Recently, two groups reported a weak in vitro activ-
ity of DUF2419 from S. pombe (37) and from the hu-
man parasite Entamoeba histolytica (38), that converts
queuosine to queuine, and one assigned it the function of
‘queuosine nucleoside glycosylase.” Here, we report com-
prehensive functional, structural and biochemical charac-
terization of S. thermophilus and human DUF2419, and
show with in vitro and in vivo evidence that DUF2419 is
a queuosine-nucleotide N-glycosylase/hydrolase (Qngl for
the bacterial enzyme, and QNGI1 for the mammalian or-
tholog C9orf64), that releases q from Q-5-monophosphate
as the biological substrate, and this activity is required for
the salvage of q from exogenous Q by S. pombe and hu-
man cells. Notably, in human cells Q-5-monophosphate
accumulates intracellularly in the absence of QNGI, in-
dicating intracellular conversion of imported Q to the 5'-
nucleotide by an unidentified kinase. The high-resolution
substrate-bound structures, combined with complementa-
tion of a gngl A S. pombe strain with structure-guided mu-
tants delineate the catalytic residues and strongly support
a DNA-glycosylase-like mechanism for the Qngl-catalyzed
reaction.

MATERIALS AND METHODS
Mice

Adult C57BL/6J mice (12 weeks of age for both sexes)
were bred in specific pathogen-free conditions in individ-
ually ventilated cages (Tecniplast Green Line) and fed ad
libitum with standard chow diet (PicoLab rodent diet 20).
Studies were conducted under license from the Health Prod-
ucts Regulatory Authority (AE19136-P086), with prior ap-
proval from Trinity College Dublin Animal Research Ethics
Committee.
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HelLa cell culture

HeLa cells were purchased from the European Collection
of Cell Cultures (ECACC), grown in an atmosphere of 5%
CO; at 37°C and routinely maintained in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) media containing 10% fetal
bovine serum (Sigma), 1.5 mM L-glutamine (Gibco), 1%
penicillin/streptomycin (Gibco), except for studies evalu-
ating q/Q salvage, where cells were grown in OptiPro™
Serum-free media (Gibco) supplemented with 2 mM L-
glutamine for three or more passages before experiments.
Chemically synthesized q was a gift from Dr. Susumu
Nishimura (Tsukuba University, Japan) or purchased from
Epitoire (Singapore). Queuosine was purchased from Epi-
toire (Singapore).

S. pombe strains and plasmids

The haploid S. pombe strains WT, qirtlA
(SPAC1687.19cA), gnglA  (formerly  duf2419A /
SPAC589.05cA) were acquired from Bioneer, Inc. (39)
and described previously (34). For Q/q salvage assays,
S. pombe strains were grown in YES media (39) at 30°C.
Chemically synthesized queuosine or queuine (both from
Epitoire, Singapore), or 1% Bacto™ Peptone (as a queuo-
sine source, BD Difco, Fisher Scientific Inc.) were added
as needed. All plasmids and strains used in S. pombe
complementation assays are listed in Supplementary Tables
S1 and S2 and their construction steps and validations are
explained in the Supplementary Methods and in Supple-
mentary Figure S1. All oligonucleotides used to construct
StQngl mutants used for in vivo complementation studies
in S. pombe are listed in Supplementary Tables S3 and S4.

CRISPR targeting of ONGI gene (C90rf64) in HeLa cells

The QNGI1 knock-in template was amplified by PCR
from the p2attPC plasmid (Addgene 1D #51547) us-
ing the forward primer 5-GGAATATACTTCGTT
CTGACACAGACGTTTCCATGGGCTCTGG
CGGCGGAAGCGGAATGGCTACCGAGA
AGCCCACG-3 and the reverse primer 5'-
TTCCCGGTTTCATTGAGAATCCGATGCCT
CTCTTCCCATAGAGCCCACCGCATCCCCAG-3
according to a thermocycle of 98°C for 30 s, followed by
98°C for 10 s, 72°C for 30 s for 35 cycles. Homology arms
(underlined solid line) and a spacer (underlined dotted line)
were introduced as overhangs into the repair-template.
PCR products were purified using the QIAquick gel PCR
kit (Qiagen).

A CRISPR-Cas9 targeting site was identified in the
ONGI gene (5-TGTGTATATGTGGGACAGCC-3') us-
ing the CRISPOR online tool (http:/crispor.tefor.net/).
Equimolar concentrations (12 wM) of recombinant Cas9
protein from S. pyogenes (PNA Bio Ltd.) was annealed
to tracrRNA and crRNA (Sigma) and delivered together
with linear dSDNA repair template (3.6 pg) to HeLa cells
(6 x 10°) using the Neon™ Transfection System (Thermo-
Fisher Scientific); 1005 V, 35 ms, 2 pulses. Electroporated
cells were transferred to a 10 cm dish containing 10 ml of
complete media and allowed to grow to ~90% confluency
before treatment with puromycin (3 pg/ml) for 72 h. Cells
were washed with PBS twice and resistant colonies allowed

to grow for a further 4-5 days. Colonies were harvested us-
ing 8 mm cloning cylinders (C3983, Sigma) and expanded
for analysis.

APB-northern assay for Q-tRNA detection in S. pombe

A 24-h (2 ml) S. pombe starter culture in YES media
was raised using fresh 3-day grown YES plates, and from
which a 6-ml culture in YES media was initiated with
ODyggo of 0.02 and allowed to grow to ODgy of 2.0.
Bulk S. pombe tRNA extraction was performed using the
PurLink™ miRNA isolation kit (Thermo Fisher Scien-
tific Inc.) and TRIzol™ reagent (Thermo Fisher Scien-
tific Inc.). The tRNA samples (600 ng) were separated
on 8 M urea-PAGE gel supplemented with 10% APB (N-
acryloyl-3-aminophenylboronic acid; Sigma-Aldrich. Co.)
in 1x TAE buffer. Migrated tRNAs were transferred onto
Biodyne™ B nylon membranes (Thermo Fisher Scientific
Inc) using a wet transfer apparatus in 1 x TAE at 150 mA at
4°C for 90 min. After the transfer, the membrane was irradi-
ated in a UV Crosslinker (Fisher FB-UVXL-1000, Thermo
Fisher Scientific, Waltham, MA, USA) at a preset UV en-
ergy dosage of 120 mJ/cm?. The S. pombe tRNA*P Gy
was detected with the North2South Chemiluminescent Hy-
bridization and Detection Kit (Thermo Fisher Scientific,
Waltham, MA, USA). The initial membrane blocking was
performed using DIG Easy Hyb reagent (Roche, Basel,
Switzerland) because it drastically limits the background
noise compared to the membrane blocking buffer sup-
plied with the North2South kit (Thermo Fisher Scientific,
Waltham, MA, USA). Hybridization was done at 55°C
with S. pombe tRNAAP gy c-specific biotinylated probe (5'-
GCACGTGACAGGCTTG-3) (Qiagen) at 0.3 wM final
concentration. Final probe detection on the membrane
was performed using the iBright FL1000 Imaging System
(Thermo Fisher Scientific Inc.). Similar methods used to
quantify Q-tRNA in HeLa cells are described in Supple-
mentary Methods.

Cloning of wild-type proteins for in vitro studies

Prof. Gaetano T. Montelione (Rutgers University, Piscat-
away, NJ, USA) provided pET21_NESG plasmid deriva-
tives containing the synthesized H. sapiens QNGI1 cod-
ing sequence (plasmid HRS5270-1-341-21.6) or S. ther-
mophilus DSM 20745 Qngl (Sthe_2331) recoded sequence
(GenScript USA Inc., plasmid PeR1-21.1). The corre-
sponding gene sequences are provided in the Supplemen-
tary Table S5. The S. thermophilus gene was PCR ampli-
fied from PeR1-21.1 using the primer set StQngl_pet28_F
and SrQngl_pet28_R, respectively (Supplementary Table
S6), and subcloned into the Ncol (5-end) and Xhol
(3’-end) of pET28b to give plasmid pRGZ355. To pro-
duce Qngl constructs with cleavable 6x-Histidine tags, the
HsQNG1 and SrQngl genes were PCR-amplified from
plasmids HR5270-1-341-21.6 and pRGZ355 using primer
sets StQnglsubclone and HsQNGlsubclone (Supplemen-
tary Table S6), respectively. The genes were each subcloned
into the Ndel (5'-end) and Xhol (3’-end) restriction sites of
a pET28a expression vector (Novagen, San Diego CA), in
frame with the N-terminal Hisq tag and thrombin cleavage
site, using the NEBuilder®) HiFi DNA Assembly Cloning
Kit (New England BioLabs). The nucleotide sequences of
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the resulting constructs, MAS03J1 and MAS03J2, were
confirmed by Sanger sequencing (Genewiz, Inc., NJ, USA).

Mutagenesis of StQng1 for crystallographic studies

Point mutagenesis was carried out on StQngl using the
Q5® Site-Directed Mutagenesis Kit (New England Biolabs
Inc.) and plasmid VDC3994 as the PCR template. 11e176
was mutated to Met (ATT — ATG) and Lys199 to Cys
(AAA — TGC) to generate single-mutant constructs. All
primer sets used for cloning and mutagenesis and the result-
ing constructs are listed in Supplementary Tables S6 and S7,
respectively.

Protein production for crystallography and enzyme assays

Proteins were overexpressed in E. coli C41 (DE3) cells
(Lucigen Corporation, WI, USA). Cultures were grown in
Luria broth (LB) at 37°C with shaking to an optical density
Agoo of 0.5-0.6. For StQngl, expression was induced by ad-
dition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to
a final concentration of 0.5 mM, followed by 4 h of growth.
For HsQNG], the culture was cooled on the ice for 15 min
with gentle mixing before induction with IPTG and subse-
quent incubation overnight at 18°C with shaking. Cells were
harvested by centrifugation at 6000 x g for 10 min at 4°C.
The cell pellet was flash-frozen in liquid nitrogen and stored
at a —20°C until the protein purification procedure.

All proteins were purified by Ni-NTA chromatography
followed by size-exclusion chromatography (SEC). Briefly,
cell pellet from 1-liter culture was suspended and lysed
in 50 ml buffer containing 50 mM Tris-HCI (pH 7.0),
300 mM NaCl, 10 mM imidazole, 5% glycerol, 1| mM -
mercaptoethanol (BME), and half a tablet of cOmplete™
ULTRA protease inhibitor cocktail (Roche Diagnostics, IL,
USA; Buffer A). The cell lysates were centrifuged at 23
000 x g for 45 min at 4°C, and the supernatant loaded
onto a gravity column containing 3 ml His60 Ni Super-
flow Resin (Takara Bio USA, Inc.), pre-equilibrated with
Buffer A. The column was washed with 50 ml of Buffer A,
followed by 50 ml of Buffer A modified to 500 mM NaCl
and 20 mM imidazole, followed by 50 ml of Buffer A mod-
ified to 200 mM NaCl and 20 mM imidazole. The protein
was eluted in Buffer A modified to 200 mM NaCl and 400
mM imidazole. The elution fractions were pooled and sub-
jected to SEC using a BioRad NGC chromatography sys-
tem and an ENrich™ SEC 650 10 x 300 column (Biorad)
pre-equilibrated with 50 mM Tris (pH 7.0), 50 mM KCl and
1 mM dithiothreitol (DTT). For proteins used in enzyme
assays (constructs MAS03J1 and MASO03J2), the Hisq tag
was removed before the final SEC step as follows. The 15-
ml Ni-NTA eluate was concentrated to 1 mlin an Amicon™
Ultra-15 centrifugal filter unit (30 kDa, MilliporeSigma™),
and exchanged into buffer containing 50 mM Tris—HCI (pH
7.0), 300 mM NaCl, 10 mM imidazole by two consecutive
dilution and concentration steps, brought to a final concen-
tration of 2 mg/ml and subjected to thrombin digestion (1
thrombin unit per mg of protein) for 16 h at 18°C before
SEC purification. For all proteins, purity of > 95% was ver-
ified by SDS-PAGE.
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Preparation of selenium-labeled protein

Because StQngl lacks methionine residues, point mutage-
nesis was used to introduce a single methionine residue
in the wild type sequence to produce selenomethionine-
containing protein for de novo structure determination by
seleno-MAD methods. Based on naturally occurring con-
servative substitutions in the bacterial Qngl proteins (Sup-
plementary Figure S2), residue 1176 was selected for point
mutagenesis to methionine. To produce selenomethionine-
labelled protein, the SrQngl-I176M mutant (construct
MASO03GS5 containing non-removable C-terminal Hisg tag)
was overexpressed in E. coli C41(DE3) in M9 mini-
mal media (Molecular Dimensions) supplemented with L-
selenomethionine, and additional amino acids to suppress
endogenous methionine biosynthesis (40). Briefly, 50 ml
of overnight culture in LB media was transferred to 1-
liter M9 minimal media and grown at 37°C with vigor-
ous shaking to an optical density Aggy of 0.6. One hundred
mg each threonine, lysine hydrochloride and phenylalanine,
50 mg each leucine, isoleucine and valine, and 60 mg L-
selenomethionine were then added to the culture. Follow-
ing 15 minutes of incubation, protein overexpression was
induced by addition of IPTG to a final concentration of 0.5
mM, followed by 6 h of growth at 37°C. Cells were harvested
and the protein purified as described above.

Crystallization and crystal structure determination

Crystals of selenomethionine-labeled StQngl-1176M mu-
tant (SeMet-StQngl-1176M, construct MAS03GS5, C-
terminal Hisg-tag on) were grown using the vapor diffusion
method in drops prepared by mixing 1 wl 10 mg/ml pro-
tein solution with 1 pl crystallization solution containing
1.1 M sodium malonate, 0.1 M HEPES (pH 7.0) and 0.5%
(v/v) Jafftamine ED-2001. Crystals ~0.2 x 0.03 mm in size
grew in 7 days at 20°C. Crystals of wild-type StQngl (ac-
tive enzyme, construct MAS03J2 after Hisg-tag removal)
were grown in drops containing 10 mg/ml protein, 20%
PEG3350 and 0.2 M sodium thiocynate (pH 6.9). Crystals
of wild-type HsQNGT1 (active enzyme, construct MAS03J1
after Hisg-tag removal) in complex with q were prepared by
growing apo crystals in drops containing 5 mg/ml protein,
25% PEG3350, 0.2 M NaCl and 0.1 M Bis-Tris (pH 5.5)
followed by soaking in 0.5 mM queuine.

To generate crystals of StQngl (inactive enzyme, C-
terminal Hisg-tag on) in complex with substrates, the com-
plex was formed by direct addition of an aqueous solu-
tion of Q or Q-5MP to 10 mg/ml protein solution to a
final ligand concentration of 0.5 mM, and the complex
was subjected to crystallization using the same conditions
mentioned above for SeMet-StQngl-1176M. All crystals
were cryoprotected in a solution containing crystalliza-
tion reagent conditions and sucrose at 25-30% (w/v) fi-
nal concentration, and flash-frozen in liquid nitrogen. X-
ray diffraction data were collected at the Stanford Syn-
chrotron Research Laboratory’s (SSRL, Menlo Park, CA,
USA) beamlines BL9-2 and BL12-2, equipped with Pilatus
CCD detectors. Data were processed in HKL3000 (41) or
XDS (42).

The StQngl de novo structure (Supplementary Table
S8) was determined in space group P4,2,2 by the multi-
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wavelength anomalous dispersion (MAD) method using
MAD (diffraction data from the SeMet-StQngl-1176M
crystal (construct MAS03GS, C-terminal Hisg-tag, sele-
nium as the anomalous scatterer), and native diffraction
data from an isomorphous crystal of StQngl retaining the
wild-type 1176 residue (construct pRGZ355, C-terminal
Hisg-tag). Using the Phenix program suite (43), a search for
heavy-atom positions using the Hyss program (44) yielded
2 Se sites in the asymmetric unit with occupancies 1.23
and 1.25. Following refinement of heavy atom positions,
phases were calculated using the two sites in Phaser (45).
The resulting phases were subjected to density modification
in DM program (46), which increased the figure of merit
(FOM) from 0.28 to 0.72, upon which the FOM-weighted
protein map (FOFOM) was calculated and autotraced in
AutoBuild (47). At this point, 604 residues were built, 590
of them with sidechains, accounting for 91% of the total
structure. Initial structure refinement in Phenix-refine (48)
yielded R-factor of 0.29. Subsequent model building, sol-
vent fitting and refinement were conducted in coot (49) and
refmacS (v5.8) (50) against the native data set. The final
structure contains the wild-type 1176 residue and, for sim-
plicity, we call it the ‘StQngl de novo structure.’

The structure of wild-type StQngl (active enzyme, Hisg-
tag removed, Table 1) apo enzyme was determined in space
group P3,21 by molecular replacement using the Phaser-
MR program (45) in the CCP4i program suite (51) and one
subunit of the refined SrQngl de novo structure as a search
model. The rotation and translation searches yielded a sin-
gle solution with Log-Likelihood Gain (LLG) = 11617,
crystallographic R-factor of 0.308 and representing one
molecule in the asymmetric unit.

The structure of wild-type HsQNG1 (active enzyme,
Hisg-tag removed, Supplementary Table S9) in complex
with q was determined in space group P2; by molecular re-
placement using the Phaser program (45) in the Phenix pro-
gram suite (43) and a model generated by AlphaFold (52)
as a search model. The rotation and translation searches
yielded a single solution with Log-Likelihood Gain (LLG)
= 2596, crystallographic R-factor of 0.43 (R-free = 0.41)
and representing two molecules in the asymmetric unit.

The structures of the C-terminally Hisg-tagged StQngl
(inactive enzyme) in complex with Q or Q-5'MP (Table 1)
and Hisg-tagged K199C mutant in complex with Q (Sup-
plementary Table S9) were determined by direct difference
Fourier methods using the StQngl de novo structure as a
starting model. For all structures, solvent fitting and refine-
ment were conducted in coot (49) and refmac5 (v5.8) (50).

In vitro enzyme activity assays

Initial tests of SrfQngl/HsQNGI activity were carried out
in 200 wl time-course reactions containing 10 wM StQngl
or HsQNG1 (with Hisg-tags removed), 50 mM Tris pH 7.0,
100 mM NacCl, 1% (v/v) glycerol, and 50 wM synthetic Q.
Time-course competition assays using synthetic Q and Q-
5'MP (both purchased from Epitoire, Singapore) as com-
peting substrates were carried out in reactions containing
2 uM enzyme and 33 pM each Q and Q-5MP and mon-
itored over time for 180 min. Time-course activity assays
on individual substrates were carried out in similar reac-

tions containing 2 wM enzyme and 33 wM either Q or Q-
5'MP and rates calculated under initial velocity conditions.
The reactions were held at 50°C (for StQngl) or 37°C (for
HsQNGT1) and 30 ul aliquots were taken at the indicated
time points and quenched by addition of 3 pl 70% perchlo-
ric acid followed by 3 pul 5 M K,COs, centrifuged for 1 min
at 3884 x gand the supernatants were subjected to LC/MS
analysis. End-point activity assays using Q nucleotides de-
rived from tRNA digests as substrates were carried out in
30 wl reactions for 1-2 h using the same buffer and tem-
perature conditions described above but containing 50 puM
StQngl or 10 pM HsQNGI (with Hisg-tags removed) and
either Q-3'MP (22.9 uM), Q-3/,5DP (17.9 uM) or Q-5 MP
(6.82 wM), quenched as described above and analyzed by
LC/MS. End-point reactions on AMP, GMP, UMP and
CMP 5-nucleotides as potential substrates were carried out
similarly but contained 10 uM enzyme and 100 uM nu-
cleotide and were incubated for 120 min.

LC/MS analysis

For analysis of enzyme reactions, an Agilent 6530 QTOF
coupled with an Agilent 1200 HPLC, and a separation
method based on a previously established protocol (53)
were utilized. An Ascentis express peptide ES-C18 column
(150 mm x 4.6 mm, 2.7 wm, Supelco, Inc.) was kept at 45°C,
and the injection volume was 10 pl per sample. For sepa-
ration, solutions of 1% formic acid in pure water (A) and
1% formic acid in acetonitrile (B) were run at a flow rate
of 0.3 ml/min. The separation was started with 98% solu-
tion A, gradually decreasing to 97% solution A over 6 min,
then rapidly to 2% over 2 min, then held at 2% for an addi-
tional 2 min. The column was re-equilibrated for 13 min in
98% solution A. Data were collected for the first 14.5 min
of the 23-min run. Absorbance signal was measured with
a diode array detector at 260, 214 and 254 nm. The mass
spectrometer was used in positive ionization mode to sur-
vey masses between 100 m2/z and 3000 m1/z, with a scan rate
of 2 spectra/s and time of 500 ms/spectrum. The electro-
spray ionization parameters were: ion source at 3.5 k'V, gas
temperature 250°C, drying gas flow 8 1/min, nebulizer 35
psi, sheath gas temperature 250°C, sheath gas flow 11 1/min,
fragmentor at 175 V, and skimmer at 65 V. Data analysis
was performed using Agilent MassHunter Qualitative v10.
Mass spectra of queuine compounds used in this study are
shown in Supplementary Figure S3. LC-MS/MS methods
for quantification of free q, Q and Q-5MP in HeL a cell ex-
tracts and media are described in Supplementary Methods
and Supplementary Table S11.

Quantification of QNG1 expression levels in mouse tissue

Mice were housed under specific pathogen-free conditions,
organs recovered at 6-8 weeks of age and homogenized
in ice-cold Radio-Immunoprecipitation Assay (RIPA) lysis
buffer containing cOmplete™ Protease Inhibitor Cocktail
(Roche). HelLa cells were washed with Phosphate Buffered
Saline (PBS) and lysed in RIPA buffer. Following cen-
trifugation at 4°C for 10 min at 16 000 x g, cytoso-
lic supernatants were recovered and protein concentra-
tions determined using the Pierce BCA Protein Assay kit
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Table 1. X-ray data collection and structure refinement statistics for wild-type SrfQngl and catalytically inactive (Hisg-tagged) SrQngl in complex with

Qor Q-5MP

Data collection

StQngl (inactive) +

Structure Wild-type StQngl apo StQngl (inactive) + Q Q-5MP
PDB ID 7UK3 7010 7091

Space group i P3;21 P4,2,2 P4,2,2
Matthew’s coefficient (A3 /Da) 4.65 2.96 2.99

Solvent content (%) 73.6 58.4 58.9
Monomers/AU 1 2 2

Beamline . BL12-2 BL12-2 BL12-2

Unit cell a, b, ¢ (A) 95.16, 95.16, 129.32 105.66, 105.66, 157.74 105.63, 105.63, 159.59
Wavelength (A) 0.97946 1.03317 0.97946
Resolution (A)? 42.00-2.30 (2.34-2.30) 23.00-2.35(2.39-2.35) 50-2.39 (2.43-2.39)
Measured reflections 312 644 1222832 827 080
Unique reflections 30413 (1479) 38 007 (1864) 35946 (1733)
Completeness (%) 100 (99.9) 100 (100) 99.7 (99.5)
Multiplicity 10.3 (9.6) 32.2(16.8) 23.0(11.3)
R-merge 0.270 (6.626) 0.389 (4.268) 0.308 (2.688)
R-meas 0.284 (6.999) 0.395 (4.401) 0.315 (2.818)
R-pim 0.087 (2.233) 0.069 (1.055) 0.064 (0.826)
CCip2 0.988 (0.295) 1.001 (0.256) 0.983 (0.324)
<I/a(D)> 9.1(0.4) 12.0 (0.75) 10.7 (0.82)
Structure refinement

Resolution range (A) 41.24-2.31 22.98-2.35 47.56-2.40
No. of reflections (working/free) 24 343/1317 34207/1790 30242/ 1580
No. of atoms in the asymmetric 2724 5478 5414

unit

Protein residues 319 641 642

Water 126 267 187
Queuosine molecules - 2 -

Q-5'MP molecules - - 2

Malonate ions - 2 -

PEG - - 1

No. of TLS bodies 1 2 2
Rcryst/Rﬁeeb 0.1518/0.1746 0.1373/0.1793 0.1268/0.1673
Deviation from ideality

Bond length (A) 0.006 0.005 0.007

Bond angles (°) 0.001 1.400 1.471
Ramachandran plot

Favored & allowed (%) 99.33 99.04 98.56
Outliers (%)° X 0.67 0.96 1.44

Wilson B factor (A2) 38.49 39.11 41.59

4Highest-resolution shell information in parentheses.
PRree Was calculated with 5% of the data excluded from the refinement.

“Four outliers are in high temperature-factor solvent exposed loops preceded or followed by a glycine or a proline; one outlier (C74) is in a highly ordered
buried loop rich in bulky aromatic residues; one (D216) is at start of a 3¢ helix and engaged in a highly ordered salt-bridge which may distort its geometry.

(Thermo Fisher Scientific). Samples and pre-stained molec-
ular weight markers were run on a 10% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel, transferred to polyvinylidene difluoride (PVDF) mem-
brane and probed with primary antibodies to C9orf64 (ab-
cam, ab236115) and GAPDH (G8795, Sigma) followed by
the secondary horse radish peroxidase (HRP)-conjugated
IgG antibodies to mouse (W4021, Promega) or rabbit
(W4011, Promega) in a solution of 5% (w/v) skimmed
milk powder in PBS-Tween (0.1% Tween, v/v). The mem-
brane was imaged using a BioRad Molecular Imager Gel
Doc™ XR system in chemiluminescent and colorimetric
modes to capture the samples and molecular-weight mark-
ers, respectively.

RESULTS

Qngl/QNGT1 is required for salvage of queuine from exoge-
nous queuosine by S. pombe and human cells

Previously, the role of Qngl in q salvage from exogenous
precursors by yeast was demonstrated using a S. pombe
gngl A mutant grown in rich media and supplied with bac-

topeptone as a source of precursors, and using mass spec-
trometry for detection of q incorporation into tRNA (34).
We repeated these experiments with defined media con-
taining synthetic Q and q, and in both cases detected Q-
modified tRNA with a boronate affinity electrophoresis
northern blotting (APB-Northern) assay. In this assay, tR-
NAs containing Q migrate more slowly on a polyacry-
lamide gel containing 3-(acrylamido)phenylboronic acid
(APB) than tRNAs lacking the modification (54). As shown
in Figure 2A, supplying exogenous Q or q resulted in q in-
corporation in tRNA (monitoring tRNAA) in the wild-
type S. pombe strain, whereas the gngl/A mutant strain
failed to utilize exogenous Q to modify its tRNA while re-
taining the ability to use q. To confirm a similar function
for the QNGI1 family in mammals, the human homolog
(C9orf64) was inactivated in human HeLa cells by means of
CRISPR-Cas9 mediated mutagenesis, through the insertion
of an antibiotic-reporter gene cassette into the coding re-
gion of exon 2 (Supplementary Figure S4a,b). Homozygous
mutants were confirmed by Western blotting. In agreement
with observations in S. pombe, exogenous Q, q and bac-
topeptone could act as sources for Q modification of tRNA
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Figure 2. Qngl/QNGI-dependent q salvage from exogenous Q. (A, B) Qngl/QNGTH is required for salvage of q from exogenous Q, but not for salvage
of exogenous q, by S. pombe and HeLa cells. (A) APB-Northern gel assay showing the queuosylation status of aspartyl tRNA extracted from S. pombe
wild-type strain (top) and gngl A strain (bottom) grown in YES medium supplemented with 1% bactopeptone extract (BP), queuosine (Q) or queuine (q)
in varying concentrations (100, 50 and 10 nM). (B) APB-Northern gel assay showing the queuosylation status of histidyl (top) and asparaginyl (bottom)
tRNA extracted from wild-type and QNG1 (C9orf64)-knockout HeLa cells (CRISPR Clone 1 in Supplementary Figure S4b) grown in serum-free medium
without any additions (), or in the presence of queuine (q, 100 nM), queuosine (Q, 100 nM) or bactopeptone (BP, 19%). (C, D) UV absorbance traces at
260 nm from LC/MS analysis of in vitro time-course reactions showing release of q from synthetic Q (50 M) in the presence of a high concentration (10
pM) of recombinant StQngl (C) or HsQNG1 (D) at select time points (cyan and red lines). Active enzymes (after Hisg tag removal) were used. UV traces
of the control reactions (no-enzyme) at the highest time point (180 min) are also shown (blue line). Reaction conditions are identical except for temperature
(50°C and 37°C for the bacterial and human enzyme, respectively, based on the living environment of the source organism). The identities of the substrate
and product with corresponding retention times were verified by extracting the ion counts for the expected masses [M*H*] = m/z 278 for q and 410 for Q
(Supplementary Figure S4c,d).

lease of the q base directly from Q as substrate. However,
further investigations described below show that Q is not
the biologically relevant substrate.

(determined for tRNAMS and tRNAA) in wild-type cells,
whereas in QNGI knockout cells, only q could function as
a source to generate Q-modified tRNA (Figure 2B). These
results show that Qngl /QNGH is required for S. pombe and

human cells to salvage the q base from exogenous Q, but is
not required for salvage of exogenous q, consistent with the
notion that Qngl/QNGI1 may act as a hydrolase to release
the queuine base from its ribonucleoside precursor. Indeed,
we evaluated the ability of the recombinant S. thermophilus
and human proteins (StQngl and HsQNG1, respectively)
to release q in vitro when presented with Q as substrate. Ac-
tivities were measured quantitatively by monitoring Q con-
sumption and q formation by LC/MS over time (Figure 2C,
D, Supplementary Figures S4c,d and S3a,b). In the presence
of either protein and under conditions of high enzyme con-
centrations relative to substrate (10 uM enzyme, 50 puM Q),
q was produced concomitantly with the consumption of Q,
indicating that Qngl/QNG] proteins can catalyze the re-

Crystal structure of Qngl reveals an HhH-fold architecture
characteristic of many DNA glycosylases

To gain insight into the catalytic function of Qngl, we de-
termined the crystal structure of wild-type S7Qngl at 2.31-
A resolution in the apo form (Table 1, Figure 3a and Sup-
plementary Figure S5a). The structure reveals a monomeric
protein comprising 14 a-helices and 6 3-strands distributed
into N- and C-terminal lobes that enclose an active-site cleft
at their interface. A DALI search for similar structures re-
turned several DNA glycosylases of the base excision re-
pair pathway, all of which belong to the helix—hairpin-helix
(HhH) structural superfamily of DNA glycosylases. These
include the archaeal and eukaryotic 8-oxoguanine glyco-
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Figure 3. Qngl structure and Q recognition. (A, B) Overall structure of Qngl. (A) Ribbon diagram of the StQngl monomer. Secondary structure elements
are shown in different colors and labeled. The C-terminus marks the general location of the active site. (B) Comparison of the crystal structures of StQngl
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sylases (AGOG and Oggl, respectively) which remove ox-
idized purines from DNA (55,56), and the bacterial en-
donuclease 111 (Endolll) enzymes which remove oxidized
pyrimidines and nick the backbone at the apurinic site (57).
HhH-family DNA glycosylases share a two-lobe architec-
ture and a central HhH motif, a non-specific DNA bind-
ing element consisting of two «-helices connected by an «-
hairpin-loop, that serves to anchor the DNA to the pro-
tein and indirectly facilitate base-flipping to expose dam-
aged bases in DNA (58). Structure-based multi-sequence
alignment of Qngl/QNGT1 with representatives of the DNA
glycosylase families reveals 22% average sequence similarity
(10-13% 1identity with individual glycosylases) and only two
invariant residues, both residing in the HhH motif and crit-
ical for catalysis in HhH family DNA glycosylases (Supple-
mentary Figure S6). These residues are an aspartate (D231
in StQngl), which acts as the nucleophile that initiates gly-
cosidic bond breakage in DNA glycosylases, and a lysine
residue (K199 in SrQngl) shown to be critical (e.g. in hu-
man Oggl) for specific recognition of the target nucleoside
and positioning of its flipped ribose during the base hydrol-
ysis reaction (59). While it contains an analogous HhH mo-
tif, Qngl harbors several secondary structure insertions that
flank the active site region and distinguish it from DNA gly-
cosylases (Figure 3b and Supplementary Figure S6). These
insertions are two B-hairpins B2-B3 (W76-G92 in S. ther-
mophilus residue numbers) and B4-B5 (R185-Y198), the lat-
ter of which is preceded by a one-turn 3¢ helix (n2, P182-
F184) and is an insertion in the HhH motif itself; a 2-strand
antiparallel B-sheet (B1 and 36, V24-D26 and 1.244-Y246);
a 2.5-turn a-helix (al2, P248-R256) followed by an ex-
tended loop; and a 15-residue C-terminal tail (P309-Y323)
that extends into and positions the C-terminal carboxylate
in the active site region. These structural features, which are
conserved in the Qngl/QNGT family, cluster in and block
the inter-lobe cleft available for DNA binding in DNA gly-
cosylases. Thus, Qngl/QNGI and HhH-family DNA gly-
cosylases use a common ancient fold to catalyze the same
reaction (base excision) on different substrates in distinct
metabolic pathways.

Substrate recognition by Qngl

To elucidate how the enzyme recognizes Q, we determined
the crystal structure of a C-terminally His¢-tagged, catalyt-
ically inactive StQngl construct in complex with Q at 2.35-
A resolution (Figure 3C, D, Table 1). This construct is ren-
dered inactive due to the presence of the C-terminal Hisg
tag on the protein (see below). Q is bound in a deep hy-

drophobic pocket with its N-glycosidic bond in an anti-
conformation and its C1” atom positioned 3.6 A from the
HhH motif invariant side chain D231, strongly suggesting
that D231 is the nucleophile that initiates glycosidic bond
breakage, as in DNA glycosylases. The 7-deazaguanine ring
is sandwiched between 1203 and W302, and anchored via
H-bonding of its N4 and N5 atoms with the side chain of
D298, which provides additional specific recognition and
discrimination against adenine. W302 and D298 are con-
served in the Qngl/QNGI family, and 1203 is invariably an
aliphatic residue (Supplementary Figures S2 and S7). The
cyclopentenediol ring of the 7-substituent group of Q occu-
pies a hydrophobic pocket formed largely by the conserved
aromatic side chains W48, Y93, W94, W299 and by P46 and
H53, with Y93 stacking face to edge in cation-m interactions
with the 7-deazaguanine ring and 7-methyl-amine moiety of
Q (Figure 3C). These residues form a specificity pocket that
can accommodate the large 7-substituent group of Q, ap-
parently based on size and shape compatibility, as no inter-
actions are seen with the cyclopentenediol hydroxyl groups.

The ribose of Q adopts a C2’-endo conformation and
is held in place via edge-to-face stacking against the aro-
matic side chains of F75 and Y232, both strictly conserved
residues, and via H-bonding of its ring oxygen atom with the
side-chain nitrogen of W302, and its 2'- and 3’-OH groups
with the HhH-motif K199 (Figure 3D). The crystal struc-
ture of the S1Qngl K199C mutant bound to Q, which we
determined at 2.5-A resolution (Supplementary Table S9),
shows the ribose of Q flipped ~180° around the glycosidic
bond (Supplementary Figure S5b), suggesting that K199
serves to orient the ribose in the active site for optimal
positioning of its C1’ for catalysis, paralleling the role of
the HhH-motif lysine in monofunctional DNA glycosylases
(59).

Superposition with the wild-type apo structure shows
no substrate-induced conformational changes, but reveals
a functional role for the C-terminal carboxylate in recogni-
tion of the ribose moiety (Figure 3E): In the wild-type struc-
ture, the 3-residue C-terminal peptide I3, FY3,3 adopts a
bent conformation, positioning the terminal carboxylate
adjacent to the active site cavity, with the ultimate side
chain, Y323, stacking against Y232 (part of the ribose bind-
ing pocket) and H-bonding with E267 and H316. In the Q-
bound structure, and due to the presence of the C-terminal
Hisg tag on the protein, the C-terminal peptide adopts an
extended conformation whereby the terminal carboxylate
is pulled away from the active site. The superposition al-
lows visualizing Q in the active site of the wild-type/active

(left) and of human Oggl (right, PDB ID 1EBM (Bruner et al., 2000)) as an example of the HhH DNA glycosylase family, showing their common two-lobe
architecture and HhH motifs (red). The two lobes are indicated with brackets. DNA bound to HsOggl (gold) marks the general DNA binding cleft in HhH
DNA glycosylases, and the Qngl-specific surface insertions (green) differentiate it from DNA glycosylases. See full structure-based sequence alignment
in Supplementary Figure S6. (C-F) Q recognition by Qngl. (C) Omit Fo-Fc map (resolution 2.35 A, contour level 1.5 o) in the active site region of StQngl
bound to queuosine. All residues of the cyclopentenediol binding pocket are shown in stick model. (D) View showing enzyme interactions with the 7-
deazaguanine and ribose moieties of Q. Distances are in Angstroms. (E) The terminal carboxylate is integral to the active site and catalysis. Superposition
of the crystal structures of wild-type apo S7Qngl (active, pink) and of the Hisg-tagged StQngl bound to Q (inactive, cyan) allows visualizing substrate
binding in the active site of the wild-type enzyme. The C-terminal peptide in the wild-type structure is bent toward the active site, which would position the
terminal carboxylate within contact distance from the ribose of Q, participating in recognition together with K199. The invariant C-terminal Tyr323 side
chain is anchored by hydrogen bonds and stacking against the ribose-pocket residue Y232. (F) View of the electrostatic surface potential in the active site
region showing the positively charged pocket occupied by the malonate ion near the 5-OH of bound Q, suggesting that Q-5'MP could be a substrate for
Qng. In all panels, the Q molecule and malonate ion are shown in orange and pink stick model, respectively, and water molecules are shown as red spheres.



enzyme based on its position in the Q-bound Hisg-tagged
structure, and shows the terminal carboxylate moiety, in its
wild-type bent conformation, positioned within H-bonding
distance from the 3'-OH of the substrate’s ribose (Figure
3E). These observations, together with the strict conser-
vation of Y323 and its interacting residues (Supplemen-
tary Figures S2 and S7), strongly suggest that the termi-
nal carboxylate is an integral part of the active site where
it serves to coordinate the ribose for productive binding,
next to K199. They also explain the inactivity of all our C-
terminally Hisg-tagged Qngl constructs.

Further, closer inspection of the electron density maps for
the Q-bound structure reveals density for a malonate ion,
originating from the crystallization buffer, and bound in a
positively charged pocket adjacent to the ribose 5-OH of
Q (Figure 3C, F). The location of this malonate ion and its
presence in the Q-bound structure but not in the apo struc-
ture suggest that it occupies a binding site for the phosphate
moiety of a Q nucleotide that may also be a substrate of

Qngl.

Queuosine-5’-monophosphate is the primary substrate of
Qngl/QNG1

Early studies showed that cell-free extracts of Vero cells
(African green monkey kidney) contain a very weak Q to
q conversion activity but a robust activity that converts
queuosine-5'-monophosphate (Q-5MP) to q. These stud-
ies suggested that the latter activity was responsible for the
ability of intact Vero cells to retrieve q from cellular tRNA
degraded during the normal turnover process, as none of
the other possible tRNA degradation products (Q, Q-3'MP,
or mannosyl-Q-5MP) allowed for the maintenance of Q-
tRNA levels during q starvation (30). Further, the pres-
ence of a bound malonate ion near the 5-OH of Q in
the co-crystal structure (Figure 3f) suggests that the 5’ nu-
cleotide of Q may also be a substrate of Qngl. We there-
fore tested the activities of the bacterial and human enzymes
on Q-5MP, as well as on queuosine-3’-monophosphate (Q-
3'MP), and queuosine-3',5-diphosphate (Q-3',5DP) pre-
pared from tRNA digests (see Supplementary Methods).
End-point enzyme activity assays using each of these nu-
cleotides as a substrate and high enzyme concentration
showed 100% consumption of Q-5'MP, while very low ac-
tivity was observed on Q-3,5YDP (4.9% and 10% con-
sumption by the bacterial and human enzyme, respectively)
and no q production was detected when Q-3'MP was used
as substrate (Figure 4A-C, Supplementary Figure S8 and
Supplementary Table S10). In addition, both StQngl and
HsQNGT1 exhibited no base excision activity on full-length
E. coli tRNA by APB-Northern assay (Supplementary Fig-
ure S8g). Finally, a competition time-course assay con-
ducted in the presence of both Q and Q-5MP as com-
peting substrates (2 wM enzyme, 33 wM each Q and Q-
5'MP) showed much greater consumption of Q-5MP than
of Q by both enzymes. Specifically 70% of Q-5MP and
almost no Q was consumed by HsQNGI in the presence
of Q-5MP in the 3-h reaction time (Figure 4E and Sup-
plementary Figure S9b,d). Likewise, 54% of Q-5MP and
only 15% of Q was consumed by S7Qngl in this reaction
(Figure 4D and Supplementary Figure S9a.c). Further, re-
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action rates measured under initial velocity conditions on
the individual substrates show that both enzymes exhibit
more robust activities when presented with Q-5'MP as sub-
strate in comparison to Q (Supplementary Figure S11).
The rate of q release by StQngl is 0.255 + 0.034 wM/min
and 0.146 £+ 0.015 wM/min from Q-5MP and Q, respec-
tively, a 1.7-fold preference for Q-5MP over Q. HsQNG1
is 12-fold more active on Q-5MP than on Q, with rates
of 0.481 + 0.043 wM/min for Q-5MP and 0.040 + 0.002
pM/min for Q. These results show that Q-5MP is the pri-
mary substrate for Qngl/QNG1 and, for the human en-
zyme, it is the biologically relevant substrate. Further, both
enzymes fail to catalyze release of the nucleobase from the
5" nucleotides AMP, UMP, CMP or GMP (Supplemen-
tary Figure S9e-h), indicating specificity for the queuine
base.

As predicted, the crystal structure of StQngl in com-
plex with Q-5MP (resolution 2.4 A, Table 1) shows the
nucleotide making the same interactions as the nucleo-
side via its 7-deazapurine and 7-substituent groups (Fig-
ure 4f). The phosphate moiety, which occupies the pre-
viously observed malonate pocket, makes electrostatic
contacts with R80 and K233, and H-bonds with Y232
(water-mediated) and Q306 side chains and Y93 back-
bone, all either highly or strictly conserved residues in
the Qngl/QNG] family. The observed interactions of Q-
S'MP with Y232 and K233 are consistent with compro-
mised ability of SrQngl variants carrying alanine substi-
tutions at these residues to complement the Q- pheno-
type (absence of Q in tRNA) of the S. pombe gnglA
strain when supplied with exogenous Q (Supplementary
Figure S12).

HeLa cells harbouring a knockout of QNG1 accumulate in-
tracellular Q-5'MP from exogenously supplied queuosine

Given that the utilization of exogenous Q by HeLa cells de-
pends on QNGI1 (Figure 2A, B), the observation that Q-
5'MP is the primary substrate for the enzyme necessitates
that Q is first phosphorylated in the cell prior to hydrolysis,
as was previously suggested (30). To evaluate this possibil-
ity, we administered Q to wild-type and QNG1-knockout
HeLa cells for 24 h and then quantified Q-5MP, Q and q
in the medium and intracellular extract by LC/MS (Fig-
ure 4G-I). In wild-type HeLa cells, exogenously added Q
was converted to q base within the cell, the greatest propor-
tion of which was exported back into the medium (Figure
4H), suggesting that once tRNA is fully modified with q,
the excess free base is released from the cell. Notably, only
low levels of Q-5MP were detected in wild-type cells. By
contrast, in QNG1-knockout cells, Q that was taken up in-
tracellularly led to a large accumulation of Q-5'MP, but no
observable levels of q (Figure 4I).

Ostensibly, a cellular kinase exists to phosphorylate
queuosine, and QNG is the sole enzyme in HeLa cells ca-
pable of hydrolyzing the resulting nucleotide to queuine. In
addition, the data demonstrate that Q-5 MP is not exported
from the cell despite high levels of accumulation. It is prob-
able that queuosine phosphorylation is mechanistically ex-
ploited by the cell to capture and prevent re-release of the
molecule. Taken together, these results demonstrate that Q-
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Figure 4. Q-5-monophosphate is the biologically-relevant substrate of Qngl/QNGI1. (A-C) LC/MS analysis of end-point StQngl reactions containing
various Q nucleotides as substrates. Active enzyme (after Hisg tag removal) was used. UV absorbance traces at 260 nm from LC/MS analysis of SrQngl



5'MP, not Q, is the biological substrate of HsQNG]1, and
suggest that QNG1 may also be responsible for salvage of
q from intracellular pools of Q-5MP resulting from intra-
cellular tRNA turnover (q recycling), in addition to salvage
from exogenous Q.

QNG1 is highly expressed in the mammalian liver

Given that human cells salvage q by importing Q and con-
verting it to Q-5'MP intracellularly, we reasoned that in
mammals Q is likely to be the major salvage component
from the gut microbiome following the digestion and degra-
dation of microbiome tRNA. To test this idea, we assessed
QNGI1 (C9orf64) expression in various tissues from adult
C57BL/6 mice. Western blotting for the QNG1 protein in
cytosolic supernatants of homogenized tissues showed a
strong band in the liver, indicative of a high level of QNGI1
expression (Figure 4J). This contrasts with the data from
other organs including heart, brain, thymus, intestine and
spleen, wherein only a weak band was observed, indicating
that QNG1 expression is low at best given that the antibody
used exhibits some non-specificity (Supplementary Figure
S4b). These results strongly suggest that the liver plays a
central role in the recovery of Q from the gut (through the
portal vein) and its ultimate conversion to q for distribution
to the rest of the body.

Crystal structure of human QNG1 suggests inability to take
sugar-modified Q-5'MP as substrate

Early studies suggested that the free queuine base is sal-
vaged by mammalian cells in the unmodified form and in-
corporated as such into tRNA. Specifically, studies on q sal-
vage in Vero cells have shown that mannosyl-Q-5MP (pu-
rified from tRNA digests) is not a substrate of the q sal-
vage activity contained in the cell-free extracts of these cells,
and that when a mixture of Q-5"MP and sugar-modified Q-
5’MP is provided as substrate, no mannosyl- or galatcosyl-
q was generated (30). This can be explained by the crystal
structure of HsQNG1 in complex with g, which we deter-
mined at 2.26-A resolution (Supplementary Table S9. At-
tempts to produce co-crystals of HsQNG1 with Q/Q-5MP
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were unsuccessful). HsQNGTI exhibits 39% sequence iden-
tity with S7Qngl and shows a similar overall structure (Fig-
ure 4K, superposition r.m.s.d. 1.6 A over 314 or 95% of
C. atoms) and a conserved active site architecture. How-
ever, HsQNG1 harbors a 2-turn helix (residues V46-H53
in Homo sapiens sequence numbers, Supplementary Fig-
ure S7), absent in SrQngl, adjacent to the cyclopentene-
diol binding pocket (Figure 4K). This helix contributes
bulky side chains and a salt bridge with the last helix in
the C-terminal lobe, which constrict the pocket, render-
ing it too small to accommodate an O-mannosyl or O-
galactosyl residue on the cyclopentenediol group of the sub-
strate (Figure 4L). The helix is conserved in animal and fun-
gal QNG1/Qngl proteins (Supplementary Figure S7), sug-
gesting that these organisms would be likewise unable to
salvage sugar-modified q from exogenous glycosyl-Q pre-
cursors nor recycle it from possible endogenous glycosyl-
Q-5'MP resulting from tRNA turnover.

Mechanism of the Qng1 catalyzed reaction

Qngl/QNGI and the 8-oxoguanine DNA glycosylase Oggl
possess similar active site architectures and purine bind-
ing pockets, with the exception of the Oggl-specific residue
that anchors the N7 atom of the base, which is missing in
Qngl/QNGI, consistent with the 7-deaza structure of Q-
5'MP. Two mechanisms have been proposed for cleavage
of the N-glycosidic bond by HhH-family DNA glycosy-
lases. The first proposes that hydrolysis proceeds through
a double displacement mechanism that features a covalent
glycosyl-enzyme intermediate that forms from nucleophilic
attack of the conserved HhH-motif Asp residue (60—62).
The covalent bond is then cleaved via nucleophilic attack
of a water molecule at C1’, resulting in retention of stere-
ochemistry (i.e. a product with the B-anomeric configura-
tion). The second proposal invokes a stepwise SN1 process,
wherein N-glycosyl bond cleavage yields a discrete oxocar-
benium ion intermediate (63-65), followed by water addi-
tion to the ribose. The role of the conserved active site Asp
in this mechanism is to stabilize the transition state lead-
ing to the oxocarbenium ion intermediate and to position

reactions containing 50 wM enzyme and 22.9 uM Q-3'MP (A), 17.9 uM Q-3/,5DP (B) or 6.82 uM Q-5MP (C) as substrates (red line), and of no-enzyme
control reactions (blue line). Reaction times are 120, 90 and 60 min, respectively. Queuine release activity is robust when Q-5"MP is used as substrate (100%
of Q consumed in a 60-min reaction), and absent or negligible when Q-3’MP or Q-3/,5'DP, respectively, are used as substrates (only 4.9% of Q-3',5MP
consumed in a 90-min reaction and no Q-3'MP consumed in a 120-min reaction). Similar data for the human enzyme are shown in Supplementary Figure
S8d-f and summarized in Supplementary Table S10. (D, E) Competition assays of StQngl and HsQNGI activities using Q and Q-5 MP as competing
substrates. Substrate and product concentrations from LC/MS analysis of time-course reactions containing 2 pM StQngl (D) or HsQNG1 (E) and 35
M each Q and Q-5 MP, showing consumption of Q-5 MP, but not Q, and production of q. Time points are 5, 15, 30, 60, 120 and 180 min. Quantification
was based on Ay peak areas in the LC chromatograms (Supplementary Figure S9a-d), normalized to the concentration of a Q standard in the no-enzyme
control. Data represent triplicate reactions and errors are smaller than the displayed symbols (standard-error range £0.05 to £0.43 pM). (F) Omit Fo-Fc
electron density map of SrQngl bound to Q-5MP, in the active site region (resolution 2.4 A, contour level 3 o). Residues of the cyclopentendiol and
phosphate binding pockets are shown. (G-I) HeLa cells harbouring a knockout of QNG1 accumulate intracellular Q-5MP from exogenously supplied
queuosine. (G) LC-MS/MS was used to quantify extracellular (Media) and intracellular (Cytosol) levels of Q, Q-5MP and q in wild-type (WT, panel H)
and QNG1-knockout HeLa cells (QNG1-KO, panel I) supplied with queuosine nucleoside (250 nM) for 24 h in the culture medium. Quantification was
done using standard curves as described in Supplementary Methods (Supplementary Figure S10). (J) High-levels of QNG expression in mouse liver are
consistent with a role in Q salvage from the gut. Western blot assessment of QNG (C9orf64) expression in HeLa cells and tissues from adult C57BL/6
mice. GAPDH serves as a loading control. MW, molecular weight markers; Int, small intestine. (K) Superposition of the crystal structures of wild-type
HsQNGTI (pink) with bound q (orange stick model) onto Hisg-tagged (inactive) StQngl (cyan) with bound Q-5MP (ligand not shown). The extra helix in
the human enzyme adjacent to the cyclopentenediol binding pocket is colored in green and indicated with an arrow. View is similar to panel F. (L) Close
up view of the active site cavity in the human enzyme represented by its electrostatic surface potential, with bound q. The human-specific helix is colored
in green, and bulky side chains W49 and L52 and the H53-D319 salt bridge abutting and constricting the cyclopentene binding pocket are shown in stick
model. Water molecules are shown as red spheres.
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Figure 5. Proposed mechanism of the Qngl catalyzed reaction. (A) View of strictly conserved H-bonding network putatively leading to protonation of
the purinic N7 atom. For a complete representation of the active site as it would be in the catalytically active state, the C-terminal Y323 is modeled
based on its position in the crystal structure of wild-type (active) SrfQngl (pink stick model). For clarity, the substrate phosphate moiety is shown in
transparent stick model. (B) Proposed catalytic mechanism of Qngl. Our structural data argue strongly for bond cleavage and formation with retention of
configuration, either via a covalent intermediate with D231 in a formal double-displacement mechanism, or via an SN1 mechanism in which D231 stabilizes
the intermediate oxocarbenium ion electrostatically and water addition occurs from the same face as the departed base. These represent mechanistic
extremes on a spectrum of potential reactivity, and to reflect this mechanistic ambiguity we show the reaction intermediate as possessing an extended,
partial covalent bond between C1’ and D231, with partial oxocarbenium ion character. The interactions of Y323 and K199 are not shown after the first

frame for clarity.

and possibly deprotonate the nucleophilic water molecule,
resulting in a direct-displacement and inversion of stereo-
chemistry at C1’, producing a product with the a-anomeric
configuration.

Neither mechanism can be ruled out for Qngl by our
data (Figure 5). Given the position of the conserved HhH-
motif D231, it can easily serve as a nucleophile, forming a
covalent intermediate. D231 could also function purely in
electrostatic stabilization of a positive oxocarbenium ion in-
termediate, allowing an SN1 mechanism. However, the ab-
sence of any water molecules on the underside of Q-5MP
precludes attack of water from that side or its activation by
D231. Thus, a product with inverted stereochemistry at C1’
(i.e. with a-configuration) is not possible. Further, key to
both mechanistic proposals is protonation of the base (at
N7 of purine substrates in the case of DNA glycosylases),
which facilitates glycosidic bond cleavage and allows depar-
ture of the base as the neutral species. Q-5MP lacks N7,
and as noted above, Qngl lacks the residue that protonates
this atom in the Oggl catalyzed reaction. Instead, the N9
atom of Q-5MP appears to be the site of protonation, re-
ceiving the proton from the side chain of N72, which is able
to function as the general acid due to its participation in a
well-defined and conserved H-bonding network with D69,
D206, a water molecule, and the 2°-amine of the queuosine

side chain (Figure 5), the latter of which should arrive in
the active site in the protonated form. Thus, proton trans-
fer can be thought of as originating from the 2°-amine of
Q-5'MP. Notably, the water molecule in this network is the
only water molecule seen in all of our Qngl /QNGTH crystal
structures, trapped in the deep and otherwise hydrophobic
nucleobase binding pocket. Further, the proposed putative
role of D69, N72, D207 and D231 in catalysis is consistent
with a compromised ability of StQngl variants carrying ala-
nine substitutions at these residues to complement the Q-
phenotype (absence of Q in tRNA) of the S. pombe gngl A
strain when supplied with exogenous Q (Supplementary
Figure S12).

It is notable that the substrate Q-5 MP is essentially com-
pletely enclosed in the active site, requiring that the protein
undergo a significant conformational change to allow both
substrate binding and product departure. While the active
site is remarkably dehydrated in all our ligand bound struc-
tures, departure of the queuine product would presumably
allow binding of the substrate water and generation of the
abasic ribose product. Alternatively, the water molecule in
the H-bonding network might serve as the substrate water,
but given its spatial location and tight association with N72
and D207, we favor the entry of substrate water in concert
with queuine departure.



DISCUSSION

The data presented here establish the biological func-
tion of Qngl/QNGT1 as a queuosine-5’-monophosphate N-
glycosylase/hydrolase. We provide in vitro evidence from
both competition experiments (Figure 4D, E) and initial
rate data (Supplementary Figure S11) that Q-5MP is the
preferred substrate, and in vivo evidence that in the absence
of QNG1 Q-5MP accumulates in the cell with no q pro-
duced (Figure 4G-I). The difference between the human
and bacterial enzymes in the degree of preference for Q-
5'MP over Q in vitro (12-fold versus 1.7-fold, respectively)
may reflect different degrees of direct utilization of Q in vivo
by different species. Nonetheless, the collective evidence in-
dicates that Q-5 MP, not Q, is the biologically relevant sub-
strate of HsQNGT1 and is an intermediate in the q salvage
pathway. This intermediate may be generated by a cellu-
lar kinase. Based on previous observations that crude ex-
tracts of Vero cells contain a q salvage activity when sup-
plied with Q, but the membrane-free extracts do not (30),
we suspect that this putative kinase may be membrane asso-
ciated. QNG1 may also recycle q from intracellular Q-5 MP
pools generated by degradation of Q-containing tRNAs via
the rapid tRNA decay pathway, which includes processive
5’-to-3’ RNases that produce 5’-mononucleotides (66-68).
The tight architecture of the queuine binding pocket of
Qngl/QNGTI is consistent with its selectivity for queuine-
containing substrates (Figure 4F, Supplementary Figure
S9e-h). Such specificity would be critical for an organism’s
ability to salvage this micronutrient.

Qngl/QNGTI is the second known N-glycosylase that
is specific for the queuine base, next to the recently dis-
covered Q nucleoside hydrolase QuekK, involved in q sal-
vage in the enteropathogen C. difficile (69). The two en-
zymes are unrelated in structure and mechanism. Qngl
adopts an HhH-glycosylase fold, prefers Q-5MP as sub-
strate, is metal independent and functions as a monomer;
while QueK is a homotrimeric protein with a preference for
Q as substrate and belongs to the Ca’*-dependent nucle-
oside hydrolase (NH) superfamily which use a Rossmann-
fold catalytic core and a bound Ca?* jon to coordi-
nate the substrate ribose and nucleophilic water molecule
(single-displacement mechanism) (70). Further, Qngl is
structurally distinct from all known nucleotide hydrolases,
which are all Rossmann fold-containing multimeric pro-
teins, including the ppnN family of pyrimidine/purine-5'-
nucleotide nucleosidases (71), the LOG family of cytokinin
riboside-5’-monophosphate phosphoribohydrolases (72),
2'-deoxyguanosine-5’-monophosphate hydrolase DNPH1
(73), and cytosine-5'-monophosphate hydrolase Blsm (74)
and hydroxyl-methyl cytosine-5-monophosphate hydrolase
MilB (75) involved in the biosynthesis of the peptidyl nucle-
oside antifungal agents blasticidin and mildiomycin, respec-
tively.

The prevalence of Qngl/QNGI across species, coinci-
dent with a non-redundant and highly specific catalytic
function in Q-5 MP hydrolysis, highlights both an essential
and specialized role for this family of enzymes in queuine
salvage. This has functional consequences for optimal cel-
lular activity since deficiencies in queuine can negatively im-
pact the speed and accuracy of cytosolic and mitochondrial
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protein translation, trigger endoplasmic reticulum stress
and activate the unfolded protein response (76-79). Consis-
tent with these cellular functions, queuine and its analogues
have been shown to avert disease mechanisms associated
with neurodegeneration (16) and autoimmunity (24), lead-
ing to queuine being marketed as a key nutrient for aging
and health (80). The greater molecular, cellular, and func-
tional understanding of the Qngl/QNG]1 family provided
here, opens yet further possibilities to interrogate this an-
cient and intriguing RNA modification pathway.

DATA AVAILABILITY

Atomic coordinates and structure factors for C-terminally
Hise-tagged StQngl apo structure (SeMet structure), wild-
type (active, C-terminal Hisg tag removed) SrQngl apo
form, C-terminally Hisg-tagged StQngl bound to Q, C-
terminally Hisg-tagged StQngl bound to Q-5MP, C-
terminally Hisg-tagged StQngl K199C mutant bound to
Q, and wild-type (active, C-terminal Hisg tag removed) hu-
man QNG1 in complex with q have been deposited with the
Protein Data Bank under accession numbers 7U07, 7UK 3,
7U10, 7U91, 7USA and 8DL3, respectively, and are pub-
licly available as of the date of publication.
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