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Sugars are essential biomolecules, serving as metabolic fuels, nucleic acid
backbone components and structural or energy-storage polymers. A central
questionin origin-of-life research is how monosaccharides formed onthe
primitive Earth, as laboratory experiments under prebiotic conditions yield
insufficient concentrations. The detection of ribose, glucose and other
monosaccharides in asteroids and meteorites suggests an exogenous origin,
possibly in the interstellar medium (ISM) before meteoritic parent-body
formation. However, no sugar has been observed in the ISM so far. Here we
report the discovery of erythrulose, a chiral four-carbon ketose, in the ISM.
The detection was achieved through ultrasensitive, broadband spectral
surveys of the Galactic Centre molecular cloud G+0.693-0.027, using the
Yebes 40 m and IRAM 30 mtelescopes. Erythrulose appears to be at least
eight times more abundant than analogous three-carbon sugars, which
remain undetected in our ultrasensitive observations. Quantum chemical
and astrochemical models indicate that erythrulose forms efficiently on
interstellar dust grains from simpler two-carbon aldehydes and alcohols.

As ketoses readily isomerize into aldoses in aqueous conditions, interstellar
erythrulose could have contributed to the sugar inventory available for early
metabolic and replication processes.

The interstellar medium (ISM) is an impressive chemical factory in
which more than 340 molecules have been detected so far', includ-
ing large aromatic species®*. Several of these molecules, such as
urea, hydroxylamine and ethanolamine®’, are directly connected to
origin-of-life chemistry because they are considered precursors of
ribonucleosides and lipids'®™. Sugars are also central molecules to
prebiotic chemistry™'*"; however, they are usually introduced ad hoc
(thatis, asinputs) in prebiotic reaction schemes because their forma-
tion under plausible early-Earth conditions remains inefficient * ",

The detection of bio-essential sugars such as ribose and glucose
in primitive meteorites and in asteroid Bennu suggests that at least
part of the sugar inventory available on the early Earth may have had
an exogenous origin?>?. A natural possibility is that these sugars, or
their precursors, formed before parent-body accretion. However, no
sugar has so far beenreported in the ISM. Glycolaldehyde (HOCH,CHO)
iswidespread ininterstellar space’”* and has often been discussed in
this context because of its structural relationship to aldose sugars. Yet,
itisahydroxyaldehyde rather than a true saccharide®.

A full list of affiliations appears at the end of the paper.
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A major obstacle to searching forinterstellar sugars hasbeen the
lack of accurate gas-phase rotational data. Such data are essential for
astronomicalidentification, but obtaining them was long considered
extremely challenging because sugars are thermally fragile and strongly
hygroscopic, which hampers their manipulationand conventional ther-
mal vaporization. This limitation has recently been overcome using
ultrafast laser vaporization, which enabled the gas-phase rotational
characterization of ribose, 2-deoxyribose and erythrulose®* ™, These
laboratory dataopened the way to sensitive astronomical searches for
sugars with three and four carbon atoms (that is, C3 and C4 sugars)—for
example, glyceraldehyde (HOCH,CH(OH)CHO), dihydroxyacetone
(HOCH,COCH,OH) and erythrulose (HOCH,CH(OH)COCH,OH)—
although previous searches remained unsuccessful®*™,

Here, wereportthe discovery of erythrulose—the only C4 ketose—
in the ISM, towards the molecular cloud G+0.693-0.027 (hereafter
G+0.693), located in the Galactic Centre region at a distance of 8.2 kpc
from us®. The identification was enabled by an ultrasensitive broad-
band spectral survey with the Yebes 40 m and the IRAM 30 m radio-
telescopes covering more than 91 GHz across the 7 mm, 3 mm and
2 mm atmospheric windows (Methods). G+0.693 is one of the rich-
est molecular reservoirs known in the Galaxy®**** and has yielded
numerous detections of new interstellar species of prebiotic interest
inrecent years®*>>°,

Results

Detection of erythrulose in G+0.693

Althoughline blending remains a challenge in chemically rich sources
such as G+0.693, the analysis presented here identifies a set of transi-
tions that are consistent with the predicted spectrum of erythrulose.
Figure 1shows 12 sets of lines of erythrulose (accounting for a total of
17 individual transitions) identified in the G+0.693 cloud using the
MADCUBA-SLIM software (https://cab.inta-csic.es/madcuba/; see also
Extended Data Table 1). These correspond to the brightest and most
unblended transitions of erythrulose presentin our dataset withinte-
grated intensities 290—with 0 = r.m.s. x Vév x FWHM, wherer.m.s.
is the root mean square noise level of the spectra, v is the velocity
resolutionand FWHM the full width at half maximum of the lines—which
areusedtofit the erythrulose emission under the assumption of local
thermodynamicequilibrium (LTE) using MADCUBA-SLIM (Methods).
Theindividual contribution of the erythrulose transitionsis shownin
red, while in blue we report the total spectrum predicted by
MADCUBA-SLIM considering the contribution fromall molecular spe-
ciesidentified and modelled towards G+0.693 (more than 180 species,
includingisotopologues, are considered in the model). Note that tran-
sitions from higher vibrational states are not expected in this cloud
because the molecular emission is subthermally excited with measured
T, <15K (refs.34,37).

Six sets of transitions out of the 12 shown in Fig. 1 are classified as
predominantly unblended (at 42,023, 40,932, 35,442, 39,782, 40,329
and 33,385 MHz), with contamination levels <25% (Extended Data
Table 1; the criteriato establish the predominantly unblended features
oferythrulose are described in the Methods and Supplementary Infor-
mation). This ensures that the emission in these featuresis dominated
by erythrulose and provides arobust basis for identification. The transi-
tions at 34,639, 39,073 and 37,060 MHz are classified as blended with
U-lines according to our selection criteria (Methods; Extended Data
Table 1). However, a visual inspection shows that the erythrulose fit
predicted by MADCUBA-SLIM reproduces well the observed spectra
(Fig. 1). The features at 44,611, 38,346 and 32,227 MHz are blended
with known molecular species, but the agreement with the global fit is
excellent, further reinforcing the detection of erythrulose.

Extended Data Fig. 1shows the remaining transitions of erythru-
lose presentin our dataset with peakintensities 1.2 mK, thatis, 3x the
averager.m.s. noiselevelin the spectrashowninFig.1. These transitions
are weaker or more affected by blending and/or noise and are hence

not used for the LTE fit of erythrulose. Despite not being used for the
LTE fit, all these erythrulose lines predicted by MADCUBA-SLIM are
consistent with the observed spectra. Given the physical properties
of erythrulosein G+0.693 (see below), its brightest lines are expected
to fall within the frequency range covered by Yebes 40 m (31-50 GHz),
asobserved for other complex organic molecules (COMs)**. However,
some transitions also appear at3 mm (Extended DataFig. 1, blue aster-
isks), although they are largely blended. The agreement across the full
setof detected transitions provides strong, independent validation of
the identification.

Thefitofthe12sets of erythrulose transitions shownin Fig.1using
the MADCUBA-SLIMtoolyields an excitationtemperature of T,,=11.3 +
1.8 Kandacolumndensity of N=(8.7 +0.8) x10" cmfor afixed central
radial velocity v,; = 69 km s*and alinewidth FWHM of 22 km s (Meth-
ods). The derived column density of (8.7 +0.8) x 10" cm ™ translates into
anerythrulose abundance of (6.4 +0.6) x10™ assuming an H, column
density 0f1.35x10% cm™for G+0.693 (ref. 39). Glycolaldehyde (with 2
C atoms) is observed with an abundance in G+0.693 similar to that of
erythrulose (Table 1). By contrast, the only C3 sugars, glyceraldehyde
and dihydroxyacetone, are not detected in this cloud, with upper limits
to their abundance <4 x10™ and <7 x 107, respectively. Erythrulose
appearstobe>8-17 times more abundant than C3 sugars (Table1). This
is striking, as other chemical families (for example, alcohols, thiols,
aldehydes and isocyanates) show an abundance decrease of roughly
one order of magnitude with each added carbon atom**°~*>, One might
consider the triol compound glycerol (HOCH,CH(OH)CH,OH) as a
potential precursor of erythrulose, but this molecule was not detected
inour survey either (Table1).

We can estimate the confidence level of the erythrulose detectionin
G+0.693 following refs. 43,44. Assuming the confusion limit and Gauss-
ian line profiles, the chance of finding a feature at the v, of G+0.693
withatolerance of +4 km s (thatis, the largest velocity shift observed
for the molecular line emission in G+0.693)** is p = 36% for a velocity
coverage equivalent to the FWHM of the erythrulose lines. The detec-
tion of each successive line has a probability p”, where n is the number
of unblended transitions. The probability of chance alignment for the
six most unblended transitionsis then p® = 0.2%, providing strong sta-
tistical support for the identification of erythrulose. It isimportant to
stress that, although G+0.693 presents line-rich and complex spectra,
the molecular emission in this cloud is subthermally excited with low
T..» which yields much lower levels of line blending and line confusion
ascompared to hotter sources such as massive hot cores and low-mass
hot corinos. Even if three or four unblended lines were considered in
our analysis, we would still obtain confidence levels 0f 95.2% and 98.3%,
respectively. Note that this estimate is conservative because line confu-
sion has not been reached in our G+0.693 spectral surveys.

Formation mechanism on interstellar ice surfaces

The C3 sugars glyceraldehyde and dihydroxyacetone are at least 8-17
times less abundant thanerythrulose, suggesting that they are unlikely
tobeitsdominant precursors under the physical conditions of G+0.693.
Therefore, we turn our attention to smaller and more abundant build-
ingblocks of this C4 sugar such as glycolaldehyde and ethylene glycol.
Recent laboratory experiments of irradiated CH,OH ices reveal that
sugars with up to six carbon atoms can be produced from smaller
sugar and sugar-derivative fragments (that is, C6 sugars would form
from C3 sugar precursors)*®. By inspecting the chemical structure of
erythrulose, one canenvisionits formation via the combination of two
C2fragments: CH,0OHC O and CHOHCH,OH. Thefirst fragment is the
glycolaldehyde radical (g*), and the second is the ethylene glycol radical
(e*), which contains a pro-chiral centre at carbon C’, responsible for the
chirality of erythrulose. Both glycolaldehyde and ethylene glycol are
presentin G+0.693 at high abundances; their measured abundances
are (6.9+0.2) x10™°and (1.7 + 0.4) x10~%, 1.1 and 2.7 times the eryth-
rulose abundance, respectively (Table 1). Moreover, the radical g* has
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Fig. 1| Brightest and most unblended transitions of erythrulose observed
towards the G+0.693 molecular cloud. a-1, Filled histograms report the
observed spectra, red lines show the line profiles of the erythrulose transitions
fitted with MADCUBA-SLIM, and blue lines present the total fit to the spectra
considering all the molecules identified towards the cloud. The intensity of the

observed spectrais shownin units of antenna temperature, 7,*. The quantum
numbers of each transition of erythrulose are givenin the upper part of each
graph. Blue labels indicate the molecular species contributing to the observed
spectrainthe vicinity of the erythrulose lines. The transitions are sorted from the
brightest to the weakest lines according to the LTE model.

beenidentified as the mainintermediate species formedin laboratory
experiments simulating the reaction of atomic H with glycolaldehyde
in solid para-H, (dense cloud conditions)*’. Besides, sugar acids have
also been synthesized experimentally by the energetic processing of
interstellarice analogues containing ethylene glycol and CO,, through
the formation of the radical e* (ref. 48). Therefore, the combination of
g*and e* could lead to the synthesis of erythrulose in the ISM.

Figure 2 illustrates the formation mechanism of this C4 ketose
sugar on the surface of amorphous solid water ice (ASW) from the
radicals g* and e*. This formation mechanism has two isoenergetic
mirror symmetry mechanisms that form the two enantiomers with 50%
probability each. Figure 2a shows the most favourable orientation of
theglycolaldehyde-ethylene glycol complex (g—e) on the ASW and all
possible reactive collisions of atomic Hwith the complex. Among these,
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Table 1| Derived physical parameters and modelled abundances of erythrulose and chemically related species towards the

G+0.693 molecular cloud
Molecule N T Visr FWHM Xobs ern od
(x10®cm™) (K) (kms™) (kms™) (x107'°) (x107)

Glycolaldehyde (HOCH,CHO)® 9.3+0.3 21.8+0.8 68.9+0.2 19405 6.9+0.2 ~20
aGg'-ethylene glycol [aGg'-(CH,0H),] 23.5+5.2 10.3+26 67.9+28 21° 17.4+3.9 ~100
Glyceraldehyde (HOCH,CH(OH)CHO) <0.5 10° 69° 21° <04 ~20
Dihydroxyacetone (HOCH,COCH,OH) <1.0 10° 69° 21° <0.7 ~50
Glycerol (HOCH,CH(OH)CH,OH) <25 10° 69° 21° <1.9 ~1
Erythrulose (HOCH,CH(OH)COCH,OH) 87+0.8 1n.3+18 69° 22° 6.4+0.6 ~20

*Molecular abundances calculated using N(H,)=1.35 x 102cm (ref. 39). ®Derived physical parameters taken from ref. 9. “This parameter was fixed in MADCUBA SLIM-AUTOFIT to reach

convergence. “Modelled abundances at 1.6 Myr from the simulation with =1.3 x10™s™.

the hydrogenabstractionreaction 3-g-e, is the fastest reaction (Fig. 2a,
green), with an energy barrier of 4.1 k) mol™ and a reaction energy of
27.4 k) mol™ (zero-point energy corrected; see the Supplementary
Information for further details). The quantum tunnelling-corrected
rate constant of reaction 3-g—e ranges from 3.1x10° s t0 1.2 x 10*?s™
in the temperature range of 20-300 K (Fig. 2e), and hence it is a very
fastreaction.

After the H abstraction reaction 3-g-e, the activated glycolalde-
hyde complex (g*-e; Fig.2b) is formed, which could proceed with either
subsequent Habstraction reactions or two isomerization reactions by
hydrogen migration to the activated carbon of the aldehyde group.
The two isomerization reactions present energy barriers of 77.0 and
97.3 k) mol™, which makes them non-viable under ISM conditions. For
the H abstraction reactions, reaction 1-g*~e shows a repulsive poten-
tial (Supplementary Information). However, reactions 2-g*-e and
3-g*-eareenergetically favoured and form hydroxyketene for reaction
2-g*-e, and the doubly activated complex g*-e* for reaction 3-g*-e
(Fig. 2¢). The branching ratios for these two reactions are approxi-
mately 50% in the whole range of temperatures, being slightly higher
for the formation of the g*-e* complex at low temperatures (Fig. 2g).
The tunnelling-corrected rate constant of reaction 3-g*~e ranges from
9.7x10°s™"t02.5x10° s between 20 Kand 300 K.

Onceformed, the g*-e* complexisinthetriplet state and the radi-
cals cannot recombine because the approach of atoms having parallel
electrons induces a repulsive potential. However, the g*-e* complex
can experience a spin change under ISM conditions throughout an
intersystem crossing (ISC) process, because both states are practically
degenerate withan energy difference (zero-point energy corrected) of
only 0.04 k) mol™infavour of the singlet state (Supplementary Informa-
tion). Thelatter process shows rate constants of 2.4 x10° s *-1.6 X107 s
between20 Kand 300 K, makingit the slowest step in the entire reaction
mechanism (Fig.2h and Supplementary Table 2). Finally, the association
ofthe two carbons with antiparallel spin yields erythrulose (Fig. 2d).

Astrochemical modelling of erythrulose formation

We have demonstrated that erythrulose can form on the surface of
interstellar dust grains from glycolaldehyde and ethylene glycol at arate
constant of (1-2) x10° s at the typical dust temperatures measuredin
Galactic Centre molecular clouds (T, = 20-30 K)***°. Using this infor-
mation, we now evaluate whether we can predict the observed amount
of erythrulose inthe G+0.693 cloud by implementing the mechanism
described above in a kinetic Monte-Carlo (KMC) simulation code®*.
We expanded our chemical network toinclude the formation of other
C3 and C4 sugars (glyceraldehyde, dihydroxyacetone, threose and
erythrose) andrelated compounds (for example, glycerol). The network
allows radicals from C1and C2 species (for example, H'CO, H,C'OH,
HC"'OHCHO, CHOHC 0 and CH,0OHC'HOH) to recombine**, forming
five different C3 compounds (including the sugars dihydroxyacetone

and glyceraldehyde, plus glycerol and two C3 aldehydes) and six dif-
ferent C4 compounds (including threose and erythrulose). Additional
hydrogen abstraction, hydrogenation and ultraviolet (UV) photodis-
sociation reactions (including those inducing the breaking of the CC
bond of glycolaldehyde and ethylene glycol) were added to allow the
interconversion between species (Methods). We ran simulations of the
ice build-up for different cosmic-ray ionization rates: {=1.3x1077 s™
(the standard Galactic value) and 1.3 x10 ¥ s?and 1.3 x 10 ™5™ (100
and 1,000 times higher, as applicable to Galactic Centre molecular
clouds®°°). The model assumes an initial hydrogen-nuclei density of
10°cm™, rising to 2 x 10* cm™ over 1.5 Myr during the collapse of the
cloud, after which the density is kept constant (Fig. 3). We fix the dust
temperature at T, = 20 K, consistent with observations of G+0.693
(ref. 50). Each simulation was run with nine different random seeds.

Figure 3 shows that both C3 and C4 sugars can form efficiently in
theiceinour models. Erythrulose is the most efficiently produced C4
sugar, achieving higher abundance than the C4 aldoses (threose and
erythrose) under most conditions. Consistent with our observations,
erythrulose tends to reach slightly higher abundances than the C3
sugars (glyceraldehyde and dihydroxyacetone), especially at higher
{and shorter timescales. This behaviour results from the higher UV
photodestruction rate assumed for C3 sugars compared with C4 sug-
ars (Methods). Chemically, smaller sugar molecules are expected to
be more easily destroyed than larger ones, as larger molecules have
more degrees of freedom to distribute energy upon UV absorption.
In our simulations, ethylene glycol is always more abundant than any
C3and C4 sugar, in agreement with our observations. Glycolaldehyde,
however, reaches abundances comparable to, or slightly higher than,
those of the C3 and C4 sugars only towards the end of the simulations.

Molecular clouds in the Galactic Centre are pervaded by
low-velocity shocks from cloud shearing and collisions”. G+0.693 is
believed tobe undergoing such a collision, driving alarge-scale shock
of v;= 20 km s™ (ref. 37). Ice material is thus expected to be partially
injected into the gas phase in G+0.693 by grain sputtering®. Figure 3
shows that the KMC models whose ice abundances come closest to the
observed gas-phase values in G+0.693 are those with {>1.3 x10 s,
Such highvalues of {were also invoked in previous models of this source
to explain the abundances of certain molecular ions (for example, PO*
and HOCS")**°, In our simulations, the predicted abundances in the
ice of CH,0H, glycolaldehyde, ethylene glycol and erythrulose all lie
withinafactor of 5 of the observed values (Table 1) and well within the
tolerance of one order of magnitude typically considered in chemical
modelling. The C3 sugars (glyceraldehyde and dihydroxyacetone)
are overproduced in the model by factors of ~25-70. However, the
abundanceratios of glycolaldehyde, ethylene glycol, and the C3 sugars
with respect to erythrulose differ by slightly more than one order of
magnitude (Table 2), while remaining broadly consistent given the
large uncertainties in our simulations.
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Fig. 2| Reaction mechanism of erythrulose from glycolaldehyde (g) and
ethylene glycol (e) on ASW. a-d, Optimized geometries are shown for the
complexes g-e (a), the first activated g*-e complex (b), the doubly activated
g*-e*complex (c) and erythrulose (d). The available hydrogen and carbon
atoms for abstraction, addition and recombination reactions are highlighted
inblue, green and purple. The green and purple highlighted hydrogen atoms in
aandbrepresent, respectively, the most viable reactions. Green carbon atoms

in crepresent the recombination of the two radicals. e f, Arrhenius plots of the
thermal rate constants for reaction 3-g-e (e) and reactions 2-g*-e and 3-g*-e (f).
g, The branching ratios for reactions 2-g*-e and 3-g*-e leading to the complexes
hydroxyketene-ethylene glycol (not shown) and g*-e*. h, The rate constant for
theISC of the g*-e* complex. Some water molecules have been removed from the
images of the optimized geometries for the sake of clarity.

The discrepancy between the modelled abundances in the ice
and the observed abundances in the gas could be due to a combina-
tion of effects. First, only afraction of the ices may be sputteredin the
shock (<30%, based on the KMC results). C3 and C4 sugars are more
refractory than water and, hence, may be harder to eject from grains.
Alternatively, C3 and C4 sugars may rapidly re-adsorb onto dust grains
given the low dust temperature (T, =20 K) in G+0.693. This could
resultin less of those sugars remaining in the gas to be observed. The
detection of CO and CO, ice in Galactic Centre molecular clouds®
indicates that a fraction of the ices remain on dust grains despite the
dust energetic processing. In addition, note that the KMC simulations
do not include an extended gas-phase chemical network for these
COMs and, hence, C3 and C4 sugars may undergo efficient gas-phase
destruction through ion-neutral reactions®® after the ice release in
the shock. Glyceraldehyde has recently been found to be more unsta-
ble than glycolaldehyde in the gas phase, which may explain its lack
of detection®. Finally, uncertainties in reaction rates (for example,
photodissociation efficiencies)®, reaction branching ratios or even
unmodelled processes might also play a role in overestimating sugar
abundancesin theice in our model.

Discussion

Erythrulose, with 14 atoms in its structure, represents the largest
non-cyclic molecular species identified so far in the ISM (cf. ref. 64),
and the first detected molecule containing four oxygen atoms (cf. the
catalogue inref. 1). It is also the first sugar and the second chiral mol-
eculereportedintheISM after thatreportedinref. 65.Its detection not
only provides direct evidence that complex, chiral species can form
under interstellar conditions, but it also takes us to a higher level in
the ladder of interstellar chemical complexity, suggesting that other
prebiotic (and potentially chiral) molecules could also form and survive
under the extreme conditions of the ISM.

Prebiotic chemistry experiments have shown that ribonucleo-
tides—the building blocks of RNA—can be synthesized from mixtures
containing sugars such as erythrulose®. Ketoses such as erythrulose
can readily isomerize into their aldose counterparts (that is, threose

and erythrose) in aqueous environments®, a transformation that is
central to the formation of ribose and then nucleic acids®®. However,
prebioticexperiments have typically introduced such sugars as exter-
nalinputs. Our detection of erythrulose in the G+0.693 molecular cloud
demonstrates that thismonosaccharide can be synthesized abiotically
under interstellar conditions. The similarity of the organicinventories
of comets and presolar environments supports aconnectionbetween
the chemistry observedinthe ISM and thatinherited by minorbodies
of the Solar System®’. Therefore, the detection of interstellar erythru-
lose suggests that complex sugars may have formed in the protosolar
molecular cloud and were subsequently transferred to minor bodies.

Sugars such as ribose and glucose have indeed been found in
meteorites®® and in asteroid Bennu?®. In addition, erythrulose has
also been proposed to exist on the surface of outer Solar System
bodies, including the Kuiper Belt object Arrokoth*®. Laboratory
irradiation experiments support theinterstellar formation of eryth-
rulose, as well as other sugar derivatives such as sugar acids and
sugar alcohols***%, in agreement with our astrochemical model.
Our astrochemical simulations indeed show that erythrulose can
formefficiently inices under arange of cosmic-ray ionization rates,
including those expected in dust traps of protoplanetary disks™. In
theseregions, energetic processing transforms simpleices into mac-
romolecular organics, with up to 4% of the ice reservoir affected™.
Hence, once formed, erythrulose and other sugars may be incor-
porated into planetesimals (as measured in Arrokoth*® and mete-
orites®’), later contributing to the inventory of prebiotic organic
material on planetary surfaces. The discovery of chiral erythrulose
also supports the idea that small enantiomeric excesses measured
in meteorites (of afew per cent)’””’>may originate in extraterrestrial
environments, which could have contributed to the emergence of
biological homochirality on early Earth through subsequent chemi-
calamplification processes”.

Even under conservative assumptions—considering only the
observed gas-phase abundance of erythrulose in G+0.693—and given
the interstellar water abundance of 107 (see ref. 74), the erythrulose/
water abundance ratio measured in G+0.693 is of ~6 x 107¢. Other

Nature Astronomy | Volume 10 | September 2026 | 1353-1363

1357


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-026-02905-7

7=1.3x10"s"

7=1.3x10"s"
T T 3 P T

107 E

n(X) gram/nH

T T T T T T 10°

— CO

— H,0
CH,OH
Glycolaldehyde
Ethylene glycol

/ Dihydroxyacetone

1‘ = Glyceraldehyde

= Erythrulose

L1 1102

107 I I I
0O 02 04 06 08 10 12

Time (Myr)

Fig. 3| KMCsimulations of the ice build-up in a cloud with similar physical
conditions to those of G+0.693. Colour lines indicate the solid ice abundances
of CO, H,0, CH;0H, glycolaldehyde, ethylene glycol and all C3 and C4 sugars
considered in the model (Methods). The ratio n(X)g,./ny refers to the molecular
fractional abundance measured with respect to hydrogen nuclei, n,,. 1(X)g5in is
the volume density of molecule Xin the ice in units of cm™. Data are presented
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as mean values +1standard deviation spread of the nine simulations carried out
with different random seeds. Labels are shown on the right, and the cosmic-ray
ionizationrate, {,is presented at the top of each panel. Dashed lines indicate
theincrease of the gas density during the cloud’s collapse. Horizontal colour-
shaded ranges show the molecular abundance values measured towards G+0.693
together with their louncertainty (Table 1).

Table 2 | Observed and predicted abundance ratios with
respect to erythrulose

Abundance ratio Observed Modelled Observed
Modelled
Glycolaldehyde/erythrulose 11 ~1 ~1
Ethylene glycol/erythrulose 27 ~5 ~0.5
Erythrulose/glyceraldehyde >17.4 ~1 >17
Erythrulose/dihydroxyacetone 287 ~04 222

The predicted abundances are taken from the model with 1.3 x10™s™ at ~1.6 Myr.

prebiotic organics such as ethanolamine, also detected in G+0.693,
have been found in meteorites with abundance ratios with respect to
water similar to those measured in the ISM®. Therefore, considering
that the average water content in meteorites is 7,500 ppm (ref. 75)
and an estimated amount of organic matter delivered to early Earth
of 1010 kg (ref. 76), we estimate that ~(0.5-50) x 10° kg of eryth-
rulose could have been delivered to early Earth during the Late Heavy
Bombardment between 4.1 and 3.9 billion years ago”’. Although the
extentand intensity of the Late Heavy Bombardment has recently been
questioned’®, Monte-Carlo simulations of Earth’simpact history show
that biopoiesis—the process describing the development of living
matter from non-living organic matter—could occur within a much
broader timeline between 4.45 and 3.9 billion years ago with at least a
16% chance”. Because glycolaldehyde, small sugars and sugar deriva-
tives have been shown to survive meteoriticimpacts®®®, the presence of
erythruloseininterstellar space strengthens the case for an exogenous
origin of sugarsrelevant to the synthesis of the first nucleicacids. The
presence of erythrulose on the surface of a primitive Earth and its rapid
isomerizationinto threose® supportitsinvolvementin the formation
ofthreose nucleic acid (TNA), astructurally simpler RNA analogue and
the simplest of all potential sugar-containing nucleic acids. Threose
nucleicacid hasbeensynthesized in the laboratory and, in the context
ofthe origin of life, hasbeen proposed as one of the polymers that could
have been involved in a pre-RNA world®. Therefore, the discovery of
interstellar erythrulose suggests that the ISM could be a viable source

of sugar feedstock for the prebiotic synthesis of the first nucleic acids,
not only on the primitive Earth but also elsewhere in the Universe.

Methods

Observational campaign and spectral coverage

We conducted abroadband, ultrasensitive spectral survey of the Galac-
tic Centre molecular cloud G+0.693 using the Yebes 40 m (Guadalajara,
Spain) and IRAM 30 m (Granada, Spain) radiotelescopes. Observations
were performed in position-switching mode towards a(J2000) =17 h
47 min2s,6(J2000) =-28°21'27”, witha theright ascensionand §the
declination of the source, and using an off position shifted by Aa =
-885”and A6=290". The Yebes 40 m data (project 21A014) were col-
lected between March 2021 to March 2022 using the ultrabroadband
Nanocosmos Q band (7 mm) HEMT receiver, which provides full fre-
quency coverage from 31.07 to 50.42 GHz in two linear polarizations®.
Spectra were recorded using the 16 fast Fourier transform spectrom-
eters (38 kHz channel width), with frequency set-ups at 41.4 and
42.3 GHzto flag spurious features. Datareduction and averaging were
performed using the Python-based pipeline (https://github.com/
andresmegias/gildas-class-pipeline/) developed by ref. 84 and the
MADCUBA software (https://cab.inta-csic.es/madcuba/index.html;
seeref. 85). The final spectrawere smoothed to afrequency resolution
0f256 kHz (1.5-2.5 km s™). The half power beam width of the telescope
ranged between 35”and 55”. All data were calibrated in T} units because
the molecular emission towards G+0.693 is extended over the beam**,
The final r.m.s. noise achieved was 0.25-0.9 mK per channel.

The IRAM 30 m observations (projects 123-22 and 076-23) were
performed during different sessions in 2023 (February) and 2024
(March and April) using the Eight Mixer Receivers (EMIR). Spectral
coverage spanned 83.2-115.41,132.28-140.39 and 142-173.81 GHz. Each
frequency set-up was shifted in frequency to identify possible contami-
nation of spurious lines coming from the image band. The fast Fourier
transform spectrometer (FTS200) provided a spectral resolution of
195 kHz, although the spectra were subsequently smoothed to 615 kHz
(1.0-2.2km ™). The spectra were calibrated in T% units. The half power
beamwidthranged from14”t029”. The final r.m.s. noise was 0.5-2.5 mK
at3mm and 1.0-1.6 mK at 2 mm per channel. Frequency gaps were

filled using data from previous IRAM surveys>**°,
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Identification of predominantly unblended transitions

The rotational spectrum of the L-1 conformer of erythrulose—the
lowest-energy open-chain conformer—was measured in the labora-
tory by ref. 28. Its spectroscopic entry was calculated using SPCAT up
to 720 GHz. Predicted frequencies below 18 GHz have uncertainties as
low as1kHz, which translatesinto errors of upto120 kHzin the Q band,
equivalentto~0.7-1.2 kms™. These uncertainties are much smaller than
the typical linewidths (of ~20 km s™) observed in G+0.693 and than
the spectral resolution of our data (minimum of 256 kHz). A similar
approach has been used for the discovery of several other molecular
species in this cloud, even when using spectra at higher frequencies
(for example, at 3 mm; see the case of HOCS*)°%%¢,

The SPCAT spectroscopy entry was incorporated into the MAD-
CUBA package (version 31/05/2024)%, and transitions of erythrulose
were identified using the Spectral Line Identification and Modeling
(SLIM) tool under the assumption of LTE. SLIM generates the LTE syn-
thetic spectra for comparison with observed data. This allows us to
identify the brightest and most unblended transitions of erythrulose
showninFig.1. Theline classification has been carried out following the
criteriadescribedinref. 87, whichare based on the accepted standard
ofref.43 and ref. 44:

(1) Accurate rest frequencies: The frequency uncertainties of the
identified erythrulose transitions are <120 kHz (see values in
parentheses within the first column of Extended Data Table 1),
which lies below the spectral resolution of our Yebes 40 m and
IRAM 30 m data with a minimum value of 256 kHz.

(2) Frequency agreement: “An accurate astronomical rest frequen-
cy of the assigned transition must be in reasonable agreement
with the frequency corresponding to the LSR velocity of the
source””. The erythrulose emission is well reproduced by fixing
its V, sz to 69 km s (Table 1), in excellent agreement with the
V. sr Obtained for other COMs towards G+0.693 (ref. 34).

(3) Linewidth agreement: The derived linewidth of the erythrulose
lines is 22 km s (Table 1). This value is consistent with those
observed for other molecules towards the G+0.693 cloud®.

(4) Beam dilution: Our data do not suffer from beam dilution
because the emission of COMs such as glycolaldehyde and
ethylene glycol towards G+0.693 is extended across the Sgr B2
molecular cloud® and, therefore, across the single-dish beams
of the IRAM 30 m and Yebes 40 m telescopes.

(5) Relative intensities: “Once several molecular transition assign-
ments have been made, their relative intensities must be tested
for consistency”. All observed spectral features are consistent
with the LTE predictions obtained with MADCUBA-SLIM (Fig. 1
and Extended Data Fig. 1).

(6) Confirmation of transitions: “There must be spectral features at
all favorable, physically connected transitions over a sufficiently
large wavelength range”. Our dataset covers over 91 GHz in the
7 mm, 3 mm and 2 mm wavelength ranges, and all predicted
features of erythrulose are consistent with the observed
spectra. Note that the global LTE fit overpredicts the spectrum
for the17,,,~> 16, and 17, > 16, ,, transitions at ~40.070 GHz
(Extended Data Fig. 1y), but this can be considered an outlier in
our model. Other blended transitions such as the 125, > 11, ; and
15,1, > 14, o transitions (Extended Data Fig. Im,ff), and the
145> 13,3114y, > 13,9, and 105, > 9, ,+9;, > 8, ; line sets
(Extended Data Fig. 1s,bb), match the observed spectra very well.

(7) Level of blending: To determine the level of blending with
other molecules or U-lines, we obtained the residual area
after subtracting the LTE fit of the erythrulose lines from the
total measured area in the observed spectra, over the velocity
range defined by Vs = 69 £+ FWHM (that is, over 2 x FWHM).
This velocity range covers 98.2% of the total area underneath a
Gaussian line profile. As shown in Supplementary Fig. 2, if one

considers the most unfavourable case in which the observed
spectral feature is flat due to heavy line blending, the derived re-
sidual area would represent ~50% the total area measured over a
velocity range of 2 x FWHM. Therefore, we establish a criterion
whereby an observed feature is considered mostly unblended if
the residual contribution is less than half this limit, that is, <25%
(Supplementary Information). A similar approach has been
adopted inrecent detections of new molecules in G+0.693,
including large complex organics®¥.

Following these criteria, we identify a total of six mostly unblended
features, which account for nine individual transitions of erythrulose.
Although blended with residual emission >25%, the visual inspec-
tion of Fig. 1b,d,h shows that the global LTE fit reproduces well the
observed spectra for the sets of transitions 8;; > 7, ,+8,, > 7, ,, and
761> 651175, > 65,, and for the 13, , > 12, ;; line. All these transitions,
together with the consistency of the remaining lines showninFig.1and
in Extended DataFig. 1, yield a robust assignment of erythrulose. Full
line parameters of the transitions shownin Fig.1arelisted in Extended
DataTablel.

LTE analysis with MADCUBA

We performed anonlinearleast-squares LTE fit of the erythrulose emis-
sionby applying the AUTOFIT tool based on the Levenberg-Marquardt
algorithm within SLIM®* to derive the best-fit physical parameters: exci-
tation temperature (T,), radial velocity (v,), linewidth (FWHM) and
column density (N). To achieve convergence, the FWHM of the eryth-
rulose emission had to be fixed to 22 km s™, consistent with the typical
line profiles in G+0.693 (refs. 33,34). Derived values are reported in
Table1and agree with those obtained for other COMs in this source®**,

Computational methods

We simulated the ASW ice by carrying out molecular dynamic simu-
lations of 100 water molecules at 300 K to amorphize the system,
which was then cooled at 10 K to preserve the amorphous structure.
Because our mechanistic approachinvolves the non-diffusive associa-
tionofactivated glycolaldehyde (g) and ethylene glycol (e) on ASWice
(Fig.2), we placed several glycolaldehyde molecules around ethylene
glycol and optimized each pair, obtaining only two stable structures:
one with a carbonyl-hydroxyl interaction (CO) and another with a
hydroxyl-hydroxyl interaction (OH). The two optimized CO and OH
structures were used as fragments in a rigid docking study to gener-
ateglycolaldehyde-ethylene glycol complexes placed across the ASW
surface (Fig. 2). Binding energies for both types were similar overall,
but the CO complex showed a higher maximum interaction energy,
so its strongest-bound structure was selected for the mechanistic
study (Supplementary Fig. 3). Electronic structure calculations were
performed with Gaussian 16°° using a three-layer ONIOM method
(PW6B95(D3)/def2-TZVP:PM7R6:UFF)°**to model the reaction mech-
anism on ASW ice. Reactivity was initiated via hydrogen abstraction
reactions forming radicals on the surface. The ISC needed to form
erythrulose was studied using CASSCF(6e,50)/def2-TZVP in ORCA*¢,
The unimolecularrate constants for the hydrogen abstraction reactions
were studied using transision state theory using the Pilgrim software”.
Tunnelling corrections were applied using the Eckart approximation®.
The ISC rate of the g*-e* intermediate was estimated using Marcus’
semi-classical theory®™'°°, The details of these calculations can be found
inthe Supplementary Information.

Grain-surface chemistry simulations using the KMC approach

We extended a previously established grain-surface network®'°' to
include six C3-forming radical-radical reactions (leading to, for exam-
ple, tartonaldehyde, hydroxypyruvaldehyde, glyceraldehyde, dihy-
droxyacetone and glycerol) and seven C4-forming reactions (leading
to 2,3-dihydroxybutanedial, 2,4-dihydroxy-3-oxobutanal, tetrose,
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dimethylolglyxoxal, erythrulose and tetritol). The rate constant is
estimated to be 2 x 10°s™. Additional hydrogenation reactions and
abstraction reactions (k=10°s™) were included to allow interconver-
sion via radical intermediates'®’. The C3 radicals can react with HC'O
and C'H,OH to C4 sugar and sugar-derivative species. The glycolalde-
hyde-ethylene glycol complex was alsoincluded explicitly in the model
to account for the surface reactions outlined in Fig. 2 (rate constants
from Supplementary Table 2). All photodissociation processes were
modelled using canonical rate constants of the following form.
For C2 species:

k =107% exp(-2.5A4) + 500{s7}; ()

for C3 species:
k=9.0 x1071% exp(—2.54,) + 450s7%; ¥))

for C4 species:
k =8.1x1071% exp(—2.54y) + 4057s~". 3)

Theslightly reduced photodissociation rates for C4 species reflect
their greater resilience due to higher internal degrees of freedom. The
grain-surface chemistry is triggered by deposition ofH,H,,C,N, O, CO,
N, and O,. Their fluxes are calculated self-consistently, assuming that
these represent the main elemental reservoirs in the gas phase, with
theremainder residing on grain surfaces. UCLCHEM (https://uclchem.
github.io/v3.5.5/; seeref.103) is used to determine the time-dependent
gas-phase CO/C, O,/O and N,/Nratios and H and H, fluxes.

Data availability

This Article makes use of data from projects 21A014 (Yebes 40 m), and
123-22and 076-23 (IRAM 30 m). The observed spectraand LTE fits of the
transitions of the different species presentedin this work are available
via Zenodo at https://doi.org/10.5281/zenod0.20081358 (ref. 104).
The spectroscopicinformation of erythrulose can be found in ref. 28.

Code availability

The MADCUBA software is publicly available at https://cab.inta-csic.
es/madcuba/. A description of the package is provided in ref. 85. The
Python-based script developed by ref. 84 is available via GitHub at
https://github.com/andresmegias/gildas-class-python/. UCLCHEM
can be downloaded freely from https://uclchem.github.io/. The KMC
codeisavailable onreasonable request to H.M.C.
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(mK)

7

Extended Data Fig. 1| Remaining erythrulose transitions presentin our
dataset with peak intensities >1.2 mK. Filled histograms report the observed
spectra, red lines show the line profiles of the erythrulose transitions fitted with
MADCUBA-SLIM, and blue lines present the total fit to the spectra considering
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all the molecules identified toward G+0.693. The quantum numbers of each

transition of erythrulose are given in the upper part of each panel. In blue, we
label the molecular species contributing to the observed spectra in the vicinity of
the erythrulose lines. Blue asterisks indicate those transitions covered within the
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Extended Data Table 1| Spectroscopic information of the erythrulose transitions shown in Fig. 1

Frequency Transition Log I Eiow rms J Tadvo S/N  Residual Blending
(MHz) (J,K',K\y - J", K" ,KY)) (um?MHz) (cm~') (mK) (mKkms™')

42023.08 (0.12) 7,7,0—6,6,0 -6.339 4.0 0.4 81.9 32 25% mostly unblended
42023.08 (0.12) 7,7,1—6,6,1 -6.339 4.0 0.4

44611.73 (0.12) 8,7,1-7,6,1 -6.279 4.6 0.6 81.6 22 37% blended (c-C¢H5CN)
44611.73 (0.12) 8,7,2—7,6,2 -6.279 4.6 0.6

40931.91 (0.07) 8,6,2—7,5,2 -6.407 4.0 0.5 2.7 23 13% mostly unblended
40932.25 (0.07) 8,6,3—7,5,3 -6.407 4.0 0.5

38345.96 (0.07) 7,6,1—6,5,1 -6.478 3.3 0.3 714 36 40% blended HCCCH2CN
38346.02 (0.07) 7,6,2—6,5,2 -6.478 3.3 0.3

35442.28 (0.06) 15,1,15—14,1,14 -6.274 8.4 0.4 66.8 24 20% mostly unblended
35443.77 (0.06) 15,0,15—14,0,14 -6.274 8.4 0.4

39782.32 (0.04) 9,5,4—8,4,4 -6.462 4.1 0.3 32.4 17 3% mostly unblended
34639.84 (0.04) 14,1,13—13,1,12 -6.333 7.9 0.5 31.9 9 35% blended (U-line)
32227.63 (0.03)° 13,2,12512,2,11 6.427 6.8 05 31.7 9 20% blended (CH20M)2
40329.80 (0.07) 15,3,12—14,3,11 -6.180 9.9 0.5 30.2 9 24% mostly unblended
33385.03 (0.03) 13,3,11—12,3,10 -6.408 7.3 0.5 30.1 9 18% mostly unblended
39073.86 (0.05) 15,4,12—14,4,11 -6.222 10.1 0.4 27.6 10 49% blended (U-line)
37059.88 (0.02) 10,3,8—9,2,8 -6.635 4.1 0.4 23.6 9 52% blended (U-line)

The S/N ratio is computed from the integrated signal /(T dv) and its associated noise level, o = rms xy/(dv X FWHM), where dv is the velocity resolution of the spectra and the FWHM is
fitted from the data. We also provide the contribution of the contamination to the overall area after subtracting the LTE fit of erythrulose from the observed spectrum over a velocity range of +
FWHM (Residual area in %). We consider that the observed feature is mostly unblended if the residual area is <25%. A similar approach has been adopted in recent detections of complex
organic molecules in line rich sources®. Note (a) indicates that the line is considered blended although the residual area is <25%, because of a close (CH,OH), line. Values in parenthesis in the

first column correspond to frequency uncertainties given in units of MHz.
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